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SUMMARY

This thesis is concerned with the problem of balancing and 

operating manual assembly line production. The objective was to 

develop firstly a new balancing procedure allowing enlarged stations 

and to secondly construct a simulation model for examination of 

balancing results under actual production conditions.

A ranking heuristic approach was identified as suitable for 

balancing larger balancing problems and this was combined with a 

practical treatment of working an enlarged station as a means of 

overcoming the restrictive "closed station" approach.

Three methods were available for increasing station capacity: 

extension through upstream and downstream working, duplication through 

parallel or rotating stations and enlargement through multi-manning. 

Extended stations were rejected at balancing on the grounds of being 

a temporary increase in capacity and duplicated stations were rejected 

as being unsuitable for encouraging a group approach to work.

The advantages of enlarged stations were identified as:

- The ability to deal with multi-operator tasks.

- The ability to deal with large element durations.

- The ability to consider a limit on the assembly line 
length.

- The possibility of higher balancing efficiency.

- Use of a group approach to working.

In developing the principles of balancing with enlarged multi- 

manned stations the concept of work compressibility was introduced. 

This concept acknowledges that no matter the resources available there 

is a natural minimum time in which any task can be completed and that



consequently the time content of elements cannot be simply divided 

between the number of operators present. Work compressibility 

therefore introduces two new element durations: minimum time repre

sentative of the shortest period in which a work task can be completed 

and effective time representative of the actual time taken by a parti

cular working group.

Three balancing models and appropriate computer programs have 

been developed using work compressibility and enlarged stations:

- Single model balancing ASSIGN 1.

- Mixed-model multiple element assignment ASSIGN 2.

- Mixed-model single element assignment ASSIGN 3.

In addition, in order to examine the view that actual assembly 

lines rarely operate under the exact conditions on which they were 

balanced an extensive simulation model has been developed with a view 

to examining the versatility of balance results under changed operating 

conditions. The simulation model has three principle parts: methods 

of varying line conditions; detailed analysis of station performance 
and detailed analysis of line performance.

Both the assembly line balancing models and the simulation program 

has been used to examine a number of the key parameters involved in 

the balancing problem and to draw appropriate conclusions on the new 

models. In all 273 tests were involved in the validation of computer 

models and examination of parameters.
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INTRODUCTION
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1. INTRODUCTION

Examining economic and social history since the beginning of 
the industrial revolution, the greatest contribution to the growth 

in prosperity over this period can be identified as the introduction 

of mass-production methods into the industrial scene. This is parti

cularly true of the twentieth century where standards of health, 

wealth and social expectations have all substantially increased as 

the methods of mass production have made available to the majority 

services and products previously reserved for the financially advan

taged minority.

This growth in social welfare has continued to the point where 

the expectations and structure of many societies, particularly those 

of the industrialised European and American nations, are highly 

dependant on mass-production procedures and therefore investigations 

into methods capable of further improving the management of mass- 

production must be seen as beneficial exercises. Within this thesis 

one particular form of volume production, the manufacture of products 

on assembly lines, will be examined with a view to introducing a 

new practical approach to the assignment of work tasks on assembly 

line stations.

Economic dependence on mass production.

The dependence of society on large scale manufacturing methods, 

and therefore the importance of efficient production, can be demon- 

seated by a brief examination of how basic needs and social expecta

tions are provided for the majority of people. Consider firstly 

the provision of the three essentials: food, shelter and energy.

In the case of food production the transition towards larger and
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larger manufacturing units has been going on since before the 

industrial revolution and as a consequence of this development 
where geographic and economic conditions are suitable agricultural 

production has become characterised by mechanisation and special

isation. Mechanisation appears in the form of purpose built 

machinery for rapid planting, sowing and harvesting of large 

areas of a given product and can involve tractors, crop sprayers, 

harvesters, bailers and a host of other high volume machinery. Even 

where agricultural production takes place on medium and small scale 

lines the supply of materials (e.g. fertilizers, pest and weed 

control chemicals) and the distribution of products has of necessity 

become large scale operations in order to minimise cost and provide 

sufficient quantities.

Mass-production methods, embracing the principles of standard

isation and mechanization, has also dramatically changed the work

ing procedures of the building industry. In the first case the 

components used in construction have become standardised and in 

many cases (e.g. window frames, plasterboard, concrete) are prepared 

in factory conditions away from construction sites where large 

volumes and specialised equipment again leads to lower unit costs.' 

Secondly the actual construction sites themselves have moved 

towards factory type principles with the introduction of highly 

productive mechanised building equipment (e.g. hydraulic excavators) 

and simplification of working practices, where pre-prepared factory 

components reduces the level of skill required of the construction 

workforce and increases the level of productivity. The appearance 

over the past fourty years of concrete, steel and glass as major 

building and construction materials is a significant case of the 

move towards standardised larger scale production.
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The provision of energy in vast quantities is also an example 

of the application of mass production principles. Whilst less signi

ficant sources of energy are available (e.g. solar energy, wave and 

wind power) industrialised societies would fail to function without 

widespread availability of combinations of electricity, gas, petro

leum and coal and as a consequence the manufacture (or extraction) 

and distribution of these energy sources has been organised on mass- 

production principles. The transition to very large scale output 

can be identified in the development of the modern gas supply 

industry in the United Kingdom where low cost sources of gas in the 

North Sea have been brought ashore and distributed nationally over 

the past decade,replacing far more expensive town-gas generating 

plants.

These illustrations of volume orientated operations serve to 

identify four general principles on which mass-production is based:

(a) Mass-production will only take place when there is 

a demand for large quantities of a given service

or product. Where the product or service in question is 

essential and mass-production is the only reasonable 

method of providing sufficient quantities at the 

required quality then mass-production will take place 

even if comparatively expensive.

(b) The widespread use of mass-production principles has 

arisen because in the vast majority of cases a signi

ficant cost reduction is obtained when compared to 

lower volume more traditional procedures.

(c) Large scale production involves the standardization 

and rationalization of product ranges. For true high



4

volume production very little if any product diversity 

can be allowed as this would detract from the high 

volumes required and the uniformity desired.

(d) The transition towards large scale production or dis

tribution permits the use of highly efficient specialised 

equipment. In many cases it is the introduction of this 

specialised equipment that gives the lower unit cost.

The effect of mass-production methods on the expectations of 

society and indeed on the whole infrastructure of an economy can 

be illustrated further by considering the changes brought about in 

the field of transportation and communications by mass-produced 

products. The most dramatic change in transportation, the introduc

tion of the automobile, owes it success directly to the use of mass- 

production principles. The first petrol driven automobile using 

an internal combustion engine was produced by Carl Benz in 1885, 

followed by Daimler in 1886 and by F.R. Simms in Great Britain in 

1893, who had acquired the Daimler Patent Rights. The subsequent 

period 1900-1914- saw the introduction of many famous car manufacturers 

(Rolls-Royce, Austin, Morris, Ford and Vauxhall) and the beginning 

of mass-production in the automobile industry. The first British 

mass produced car was the model "T" Ford, assembled at Old Trafford, 

Manchester in 1911, three years after its introduction in the United 

States. It was the period 1920-1930 however that saw a rationaliza

tion in the British Motor Industry as assembly line manufacture of 

standardised light cars was introduced with resultant low prices.

The effect was a dramatic change with the number of competing firms 

falling from 88 (1922) to 31 (1929) and with Morris, Austin and 

Singer accounting for seventy-five per cent of the industries output 

of 239,000 vehicles (13). This rationalization and increasing 

concentration has continued to this day with the emergence of four
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giant mass-production companies (British Leyland, Ford, Talbot and 

Vauxhall) supplying over two million vehicles. In a period of 

seventy years therefore the use of mass-production has made available 

on a large scale a cheap and effective form of transport, which 

in turn has reduced the cost of providing goods and services in 
many other industries.

If mass production methods can be credited with improving 

transportation and welfare then it can also be credited with 

improving communications and understanding as the modern printing, 

telecommunications and broadcasting services are all based on the 

provision of high volume-low cost products. The attractions of mass- 

production can be considered to be strong if between 1945 and 1980 

the production of firstly black and white and then colour television 

sets increased from almost zero to quantities capable of supplying 

world-wide demand.

Many other illustrations of the impact of mass-production 

methods can be drawn to support the case with respect to the impor

tance of developing effective production systems in large scale 

manufacture but the automobile and television cases have been high

lighted for they are particularly relevant to the form of mass- 

production examined in this thesis.

Types of mass-production

Reference has been made in the opening part of the introduction 

to the characteristics of mass manufacture, i.e. high volume and 

low variety, but in practice the term mass-production is a global 

term used to describe a quite diverse set of manufacturing methods. 

Accepting that in the context of the work described in this thesis 

mass-production relates to the application of advanced technology 

then three polar types of large scale production emerge:
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Flow/process production

Large scale machine line production

Assembly line manufacture.

Flow/process production is largely associated with the continuous 

manufacture of products that do not appear in discrete form and can 

therefore be said to include the refining of oil, chemical engineer

ing and basic industrial processes like iron and steel production.

In these industries the organisation of manufacture is largely 

dictated by the nature of the product and the technical requirements 

of the manufacturing process and therefore will give only limited 

choice with respect to designing and operating the manufacturing 

system.

Machine lines, or transfer lines, can be considered to be the 

general engineering equivalent of flow/process production, where 

highly automated machining centres are used for the continuous 

manufacture of discrete engineering components (e.g. automobile 

engines). Transfer machining lines can vary from single unit rotary 

transfer lines, similar in appearance to large conventional machine 

tools, to extensive transfer linqs with independent machining heads 

or "stations" linked by automatic materials transfer and location.

When considering the design of transfer and flow/process pro

duction systems the alternatives available are generally restricted 

by the production technology involved and design is therefore com

paratively stereotyped. In addition, as both flow/process and 

transfer line manufacture are highly automated with very limited 

or no product variation the subsequent operation of these types of 

manufacture is also comparatively simple.

Assembly line manufacture is the converse in both cases. A
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stereotype assembly line is concerned with the fabrication and 

assembly of a given product which is generally achieved through 

manual activity. As assembly line principles can be applied to 

a wide variety of products and no specific manufacturing limitations 

exist the design of assembly lines require greater levels of planning. 

In addition, as assembly lines are manually operated and can be 

required to produce a wider variety of production the operation and 

control of assembly lines is also more complex. It is the design 

and operation of assembly lines that is the subject of the models 

presented in later chapters of this thesis.

Overview of Assembly Line Production

The design and operation of assembly lines is a particularly 

challenging problem because of the many considerations that have to 

be taken into account in order that high levels of efficiency can 

be obtained. Furthermore assembly line manufacture can be considered 

to fall into two separate stages: firstly the design and balancing 

of the assembly line and secondly the subsequent operation of the 

assembly line during production and it is an unfortunate condition of 

balancing that the assembly line will rarely operate under the exact 

conditions estimated during balancing.

Four main factors as shown in Fig. (1.1) influence the balancing 

stage of assembly line design:

The product.

The assembly line.

The balancing procedure.

The balancing criteria.

The product to be made on an assembly line can have in itself 

six major influences which are: the precedence order of assembly,
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the distribution of element task times, whether deterministic or 

variable work is being undertaken, whether mixed or single model 

production is involved and finally the estimated volume and product 

mix will have a strong influence on balancing. The precedence 
order represents the compulsory sequence for manufacture and for 

certain products this order can be so strong that very little choice 

is available when assigning work to assembly line stations, making 

efficient balancing difficult to achieve. In the same way a product 

that has an uneven distribution of element times, where elements 

are the component tasks in the manufacture of the product, would also 

prove difficult to balance as large elements cannot be efficiently 

packed together into work stations. Comments on the difficulties 
that arise from the product itself are discussed in more detail in 

the review and development of models given later.

The assembly line itself can influence the balancing problem 

as decisions have to be made in the early stage on essential assembly 

line characteristics. Amongst these characteristics that can change 

completely the nature of the problem being examined is whether the 

assembly line is paced or unpaced, whether the assembly line has 

a fixed length, whether the assembly line has to deal with zoning 

and fixed facilities and finally the definition of stations on the 

assembly line is also a major influence, with the choice ranging 

from closed to open stations and from single sized to increased capa
city stations being available.

In attempting to solve the balancing problem we also have a 

choice of procedures to use, including traditional non-numerate 

empirical methods, an area not covered within this thesis, mathematical 

optimisation approaches and finally heuristic and enumeration methods.
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The balancing procedures available will be substantially reviewed 

in Chapter 3.

The final question that can arise in balancing an assembly 

line is the question of criteria. Four criteria can be put forward: 

efficiency, equality of work assigned, job satisfaction and output 

achieved. In present balancing methods efficiency is the most 

common criteria selected with smoothness a next significant second, 

but no numerate balancing procedures have yet given consideration 

to job satisfaction as this is very difficult to quantify. The 

most important balancing criteria at the end of the day is practica

lity, for in balancing assembly lines the main objective is that 

they must eventually work, for this reason practical heuristic 

procedures and efficiency criteria would tend to dominate.

Having balanced an assembly line the subsequent operation of 

the line, would introduce dimensions to the problem that could not 

have been visualised or specified at the balancing stage. Four 

particular considerations will affect the subsequent operation of a 

balanced assembly line:

Assembly line manning.

Market variation.

Production control.

Assembly line performance.

One of the most difficult problems of assembly lines is that 

they largely at present involve manual work and therefore the 

actual operation of assembly line would have to take into account 

human characteristics including operator variability, training, 

absenteeism, attitude to work and the payments systems to be 

employed on the assembly line. Only operator variability has so far
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been considered at the balancing stage yet any of these factors 

could strongly affect the efficiency of the assembly line.

The particular problem details with which balancing would 

occur must be considered to be estimated or provisional and that 

once the assembly line is in operation an inevitable variation in 

these conditions would arise particularly with respect to such 

factors as model mix quantities to be produced and minor product 

design changes. Once these variations occur there will arise 

different operational conditions to those with which the assembly 

line was balanced and the question then arises as to whether the 

original balancing solution is still appropriate and whether in 

fact the line can still function efficiently.

One particular task that takes no part at all at present in 

the balancing stage is the question of product control on the assem

bly line where performance can be influenced by the way in which com

ponents are procured and scheduled onto the assembly line, including 

the way in which they are stored and sequenced to meet the actual 

sequence of products . Within this group of product control tasks 

can also be included a very important question of selecting methods 

for achieving remedial work on products that are found to be unsatis

factory .

Acknowledging that assembly lines in operation are a different 

matter to assembly lines being balanced then again there arises a 

question of how to assess actual assembly line performance and whilst 

actual criteria are available like output quality levels, line 

breakdowns and operator performance statistics, the question does 

arise as to whether there should be some mechanism for relating 

actual performance on an assembly line back to the balancing stage.
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In examining the assembly line manufacturing problem in this 

thesis the view has been taken that assembly line manufacture repre

sents a very important part of our economic welfare and that the 

use of assembly lines in an efficient manner can be seen as a 

two part problem of firstly balancing and secondly operating 

assembly lines. Therefore after introducing the terminology 

relating to the subject and reviewing the existing approaches to 

assembly line design a new practical approach to balancing assembly 

lines will be given and this will be followed by the introduction 

of a simulation model for examining how the balanced assembly lines 

would operate during subsequent production.



CHAPTER 2

GENERAL TERMINOLOGY AND DEFINITIONS
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2. GENERAL TERMINOLOGY AND DEFINITIONS

The design and operation of assembly lines makes use of a number 
of specialised management terms which are worthy of definition before 

the review of existing work and the development of the new balancing 

and simulation models are given. At this point only a general 

definition of each term is given and where required later chapters 

will explain in full the use made of specific terms. With a sub

stantial number of general definitions to be given the relevant 

terms have been grouped under the following headings:

Element definitions 

Precedence definitions 

Station definitions 

Line definitions 

Balancing definitions 

Operational definitions 

Evaluation definitions 

General definitions.

2.1 Element definitions

1. Work element

An indivisable element of work which can not be sub

divided rationally i.e. cannot be separated into 

smaller work units that can be completed separately.

2. Element followers

Elements that immediately follow the element under 

consideration with respect to precedence order.
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3. Normal element duration *

This is the time taken by a practiced worker working 

at normal pace to achieve the completion of a work 

element. (Equivalent 100 British Standard Rating.)

4. Minimum element duration

This is the shortest time in which a work element can 

be completed allowing unlimited resources.

5. Effective element duration

This is the actual time taken to complete an element 

of work at a given station size.

6. Element compressibility 

(Work compressibility)

This is the percentage reduction between normal element 

duration and effective element duration. By definition 

the maximum element or work compressibility is the percent 

reduction between normal element duration and minimum 

element duration.

7. Deterministic duration

This occurs where elements have so little variation in 

completion time that they can be considered to be of 

constant duration.

8. Variable duration

This occurs where significant variation in completion 

time is detected and therefore element durations are

considered not to be constant.
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9. Element variance

This is a measure of the variance in element completion 

times assuming a normal or Gaussian type distribution.

10. Large element

A general term used to describe an element whose work 

content is substantially greater than the work content of 

average elements or whose work content is greater than 

the cycle time under consideration.

11. Multi-operator elements

This describes work elements that require two or more 

workers in order to complete work in a rational manner.

12. Fixed-location elements

This describes work elements that must be located at a 

given position or limited set of positions on the 
assembly line.

13. Element models

These are models that contain the element in question as 
part of their work content.

1M-. Element resources

These are resources required under normal circumstances 

to complete a given element.

15. Element resource quantity

This is the quantity of each resource required under 

normal circumstances to complete a given element.
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2.2 Precedence

16. Precedence

This is the natural ordering of the sequence of production 

dictated by the nature of the product and the method of 

manufacture.

17. Precedence diagram

Diagrammatic representation of the precedence relationships 

between elements. The conventions for constructing and 

using precedence diagrams are discussed in Chapter 3.

18. Weakly-ordered precedence

Where the precedence relationships allow alternative 

selections of elements for completion the product is said 

to have weakly-ordered precedence. Diagrammatically this 

will appear as a diagram with few columns of elements and 

higher numbers of elements in each column and will generally 

assist the balancing procedure.

19. Strongly-ordered precedence

Where the precedence relationships restrict considerably 

the order of selection of elements for completion the product 

is said to have strongly ordered precedence. Diagrammatically 

this will appear as a diagram with few elements in each 

column and will present difficulties with respect to 

balancing the assembly line, effectively.

20. Transferability

The amount by which an element can be transferred to the



17

right on a precedence diagram without extending the 
number of columns.

21. Precedence difficulty

This is a simple expression of ordering of the precedence 

diagram and is the ratio between number of work elements 

and number of columns on the precedence diagram.

2.3 Station definitions

22. Operator

Worker manning an assembly line station.

23. Work station

A given section of an assembly line at which a specified 

set of work elements are undertaken by one or more 
operators.

24-. Simple station

A single size closed station with no zoning, upstream 
or downstream excess.

25. Complex station

A station which involves either zoning, enlargement, 
duplication or extension.

26. Upstream excess

The allowance given to a station to allow an early 

start of work. Upstream excess is outside the normal 
working length of a station.
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27. Downstream excess

The allowance given to a station to allow the late 

completion of work. Downstream excess is outside the 
normal working length of a station.

28. Closed station

Station with no upstream or downstream excess.

29. Open station

Station with either upstream or downstream excess or 

both.

30. Interference zone

The area of lxne between two consecutive stations 

in which there is a possibility of parallel working, 

i.e. operators from each station attempting to work 
on a model at the same time.

Open and closed stations are illustrated in Figure (2.1).

31. Duplicated station

A station of permanently increased length where the 

additional time gained is adjusted by additional operators 

working in parallel or rotating fashion, thus keeping 

the same overall cycle time.

32. Parallel stations

A form of duplicated station where the assembly line 

is branched into two or more equally equipped and manned 

stations where alternate products are assembled before
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A. Closed Station

Station K Line _ (

movement (

Normal working 
length

~~

B • Upstream excess open station
* Total working length

Upstream ) 
allowance/

Station K -------- 1

, Normal working
C. Downstream excess open station

-Total working length

Station K

D.
Normal working 

length
Open station (no interference)

Total working length

Upstream
allowance

Normal working 
length

Open station (with interference)

downstream
allowance

Station K

Normal working 
length

downstream
allowance

Interference zone 
----1--

station K + 1

Normal working _ 
length

Total wprking length 
Station K + 1

Total working length 
Station K

FIG- (2.1) EXTENDED WORK STATIONS.
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merging again to one assembly line.

33. Rotating stations

A form of duplicated station where two or more independent 

operators work on alternate products in a single station 

with duplicated facilities.

3M-. Enlarged station

Station manned by more than one operator or group of 

operators.

35. Group working

Where operators manning an enlarged station jointly 

attempt the completion of work.

36. Independent working

Where operators manning an enlarged station divide 

the elements of work and attempt independent working 

arrangements.

37. Minimum station size

The minimum size of enlarged station possible at a 

given point of balancing.

38. Maximum station size

The maximum size of enlarged station possible at a 

given point of balancing.

Duplicated, extended and enlarged station all in practice extend 

and enlarge resources available but as a means of differentiating 

between the three types the given definitions will be applied.
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Duplicated and enlarged stations are illustrated in Figure
( 2 .2 ) .

39. Zoning

The division of a station into separate working areas.

40. Physical zoning

Station zones based on physical position (e.g. top, 

bottom, left, right).

41. Specialised zoning

Station zones based on special requirements (e.g. clean 
and dirty working zones).

42. Station location

Position of a station on the assembly'line.

2.4 Line definitions

43. Assembly line

A defined collection of stations through which products 

are passed in an ordered sequence.

44. Paced assembly line

A motorised assembly line on which products automatically 

move from station to station at a given speed.

45. Unpaced assembly line

An assembly line on which the movement from station to 

station is dictated by individual operator performance.
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46. Line length

The length of an assembly line, usually expressed in 

numbers of equivalent simple stations.

47. Transit length

That part of an assembly line not associated with 

individual stations but used to connect dispersed 

stations and to start and finish the line.

2 • 5 Balancing

< 48. Balancing

The assignment of elements to work stations in order to 

satisfy a given objective.

49. Simple balancing

The assignment of elements to stations with consideration 

of precedence and cycle time limitations only.

50. Single model balancing

The assignment of elements to work stations where only 

one product is to be manufactured on the assembly line.

51. Cycle time

The time available at each stations normal working 

length with which to complete work assigned on a paced 

assembly line.

52. Ranking

The ordering of elements for selection in ascending or
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descending criteria value.

53. Positional weight

A calculated measure of the relative importance of an 

element with respect to selection for assignment 

(e.g. element duration).

54-. Lexicographic order

Ranking in order of appearance within the list of 

elements.

55. Candidate element

Element selected for assignment by the ranking or any 

alternative procedure.

56. Continuous ranking

The repeated ranking of subsets of elements available 

for assignment each time an assignment is about to be 

made.

5V. Backtracking

The process of returning assigned elements to the 

unassigned element list according to a specified 

procedure.

58. Reverse assignment

An alternative balancing approach.which reverses the 

normal logic, i.e. assigns elements to the last station 

first and calculates positional weight on the basis of 

a reversed precedence diagram.
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59. Mixed model balancing

The assignment of work elements to work stations where 

more than one product is to be manufactured on the 

assembly line.

60. Single element assignment

The assignment Of an element to a station on a single 

occasion irrespective of the number of models with which 

the element is associated.

61. Multi-element assignment

The assignment of elements to stations on a model by 

model basis as each station is considered in turn. In 

this case each element will be assigned the same number 

of times as it appears in the model element lists, 

noting that this may involve assignment to a number of 

stations.

62. Schedule adjustment

The adjustment of positional weights and lost time accord

ing to the relative importance of models as dictated by 

the quantities shown in the estimated production programme.

63. Model dominance

An expression of the relative distribution of model 

quantities obtained by dividing the largest quantity 

required of any model by the average model requirement.

64. Confidence level

The desired probability of being able to complete work
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assignments where variable element durations are in 

existence.

2.6 Simulation

65. Continuous scheduling

The phasing in of a production schedule between two 

other unspecified schedules so as to avoid start up 

and run down station idleness.

66. Independent scheduling

The running of a production schedule totally independent 

of other possible schedules, a process which incurs 

additional start up and run down station idleness.

Continuous and independent scheduling are illustrated in Figure 
(2.3).

67. Production schedule

The ordered list of models to be manufactured.

68. Cycle group

Part of a production schedule showing models involved 

in the cycle group, the order and quantity of models 

to be produced and the number of times the cycle is 

to be repeated. A production schedule is made up of 

an ordered list of cycle groups.

69. Production cycles

The number of launches needed to complete a given 

production program including start up and run down time.
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70. Schedule start and schedule finish times

The expected time in hours, shift, day, week and 

year of the start and finish of a particular production 
program.

71. Shift times

The daily start and finish times of each shift including 

split shifts.

72. Weekly timetable 

(Shift pattern)

The weekly pattern of shifts showing operating shifts 

day by day.

73. Production calendar

A five year, fifty-two week, seven day, four shift 

calendar showing the condition of each shift, i.e. 

working or disrupted.

7M-. Programme disruptions

Expected production breaks during manufacture of current 

schedule caused by internal or external influences.

75. Line characteristics

The physical position of component parts of an assembly 

line including start, finish, location and full details 

of each station.

Line speed

The actual operating speed of a paced assembly line.
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77. Equivalent cycle time 

(Line cycle time)

The actual cycle time of production resulting from the 

line speed.

78. Deterministic simulation

A simulation run in which element durations are 

considered to be uniform, i.e. deterministic.

79. Station variability

A simulation situation in which the performance of 

work on each model at each station is considered 

to vary normally with respect to the total station 

work.

80. Element variability

A simulation situation in which the performance of 

each individual element of work is considered to 

vary normally independent of other elements.

81. Station condition

The status of a given station at any point in time

i.e. working, finished, waiting.

82. Nominal station output

The number of cycles elapsed at a .given station 

with respect to a particular point in the given 

production programme.
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83. Actual station output

The actual number of units on which work has taken 

place at a given station with respect to a particular 

point in the given production programme.

8 .̂ Station start position

Theoretical position of operator or operators with 

respect to the arrival of the next unit.

85. Overlap working

Attempted working on a particular model by operators 

from differing stations at the same time.

86. Model run

The number of consecutive units produced which belong 
to the same model.

8?. Sequencing

The task of ordering the launching of units onto 

the assembly line.

88. Fixed-rate launching

The launching of production units at a fixed 

constant rate.

89. Variable-rate launching

The launching of production units at differing intervals 

according to individual work contents.
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2.7 Evaluation criteria

90. Idle time

Time not used by operators at each station.

91. Work deficiency

Time lost through unavailability of work.

92. Utility work 

(Lost time)

Uncompleted work.

93. Work congestion

Downstream work.

94. Efficiency

Work content expressed as a fraction of total 

station time available.

95. Balance Delay

Total idle time expressed as a percentage of 

total station time available.

96. Smoothness Index

A measure of the unevenness of work assignments 

calculated as the square root of the sum of 

individual station idle times squared.

2 • 8 General

97. Heuristic

A procedure using logic and limited mathematics
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EXISTING APPROACHES TO LINE BALANCING
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3. EXISTING APPROACHES TO LINE BALANCING

3 -1 Introduction

The considerable variety of products and product mixes that can 

be assigned for manufacture by assembly line principles combined 

with the many permutations of assembly line manning and layout arrange

ments leads naturally to both differing assembly line problems and 

solution procedures. When reviewing this range of balancing procedures 

it is logical to examine their contribution in order of the type of 

assembly problem being investigated. Using problem type therefore as 

the basis for structuring this review of existing methods of assembly 

line balancing, five areas for examination appear:

Simple balancing approaches

1. Single model balancing approaches.

2. Mixed model balancing.

Complex approaches

3. Complex station balancing

*+. Work element variation.

Balancing criteria

5. Methods of evaluation.

In carrying out the review a detailed explanation and illustration 

original single balancing approaches, along with discussion of their 

relative advantages and disadvantages, will be used to identify the 

basis for a new balancing procedure capable of dealing with enlarged 

work stations. The later section of this review concerns approaches 

for dealing with mixed model, complex station, and other possible varia

tions on line balancing along with comments on methods of evaluation and 

Will identify problems to be encountered when using enlargeable work 

stations over a variety of problems: this will indicate the suitability
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of present methods for handling assembly line balancing problems 

where group working and large element duration are involved.

Simple balancing approaches

Balancing procedures mentioned under simple balancing are summarized

along with a number of related complex balancing approaches in table 
(3.1).

3 *2 Single model balancing

A high proportion of the published work in line balancing relates 

to the assignment of work elements associated with one single product 

to work stations of a simple closed nature with no consideration of 

zoning, station size, special equipment needs or other complicating 
factors.

In reviewing these single simple balancing procedures the interest 

lies firstly in understanding the individual methods employed for select

ing and assigning work elements to stations in order that the possi

bilities for new approaches may be developed. Secondly where tests of 

comparative performance have been carried out, there is some benefit 

in determining whether any one group of techniques is shown to produce 

consistently better results. The published single model balancing pro

cedures available can be classified within the following groups based 

upon their principle approach:

Precedence diagram methods 

Heuristic ranking methods 

Linear programming methods 

Enumeration methods.
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^•^.l. Balancing by precedence diagram

In any approach to assembly line balancing one of the key pieces 

°f information, without which the balancing problem is not defined, is 
the precedence relationships between each of the work elements involved. 
These relationships represent the minimum necessary ordering of work 

elements dictated by the technical nature of the product and the restric

tions imposed by production manufacturing technology and are most con

ventionally represented in a form of a precedence diagram, although a 

less informative precedence matrix could also be used. Precedence dia

grams that have been constructed using the normal conventions outlined 

by Prenting and Battaglin (33) have in their own right been used as the 

basis of an early approach to assembly line balancing by Kilbridge and 

Wester (17). A significant early contribution to assembly line balanc- 

lng the Kilbridge and Wester method however is unique in its use of the 

Precedence diagram as a means of assigning elements to work stations.

K i l b r i d g e  a n d  W e s t e r  M e t h o d

The problem examined by Kilbridge and Wester assumes an unlimited 

number of work stations and balances to a given cycle time by using 

bhe following principle steps:

S t e p  1 ;

Starting with the first work station and repeating for 

the following subsequent new stations prepare a precedence 

diagram using the normal conventions of Prenting and Pattaglin 

(33) and construct on accompanying table containing:

Column numbers 

Element numbers

Transferability of elements between columns
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Element durations

Column totals for unassigned elements 

Cumulative column totals for unassigned elements.

The key of the Kilbridge and Wester approach is the use of 

the cumulative column duration list included in the table 

and the transferability of elements from column to column 

on the diagram. Figure (3.1) and Table (3.2) illustrate the 

precedence diagram and calculation table for a 16 element 

problem used throughout the thesis as an illustrating example. 

Transferability is calculated by fixing the number of columns 

on the diagram and then transferring as far right as possible 

for all elements, accepting that followers again cannot 

appear in the same column as predecessors. The transferability 

for example of elements "B" would be from column IV to column 
VII under these conditions.

S t e p  2 :  A s s i g n m e n t  o f  w h o l e  c o l u m n s  w i t h  n o  b a l a n c e  d e l a g .

Where the cumulative duration is equal at some point to the 

cycle time, this means that a whole number of columns can be 

assigned to the current work station with no waste time. When 

this arises all the relevant elements in the columns concerned 

are assigned to the current station and the precedence diagram 

and table are updated as shown in figure (3.1) and table (3.2) 

before going to step 7 .

S t e p  3: A s s i g n m e n t  w h e r e  p e r f e c t  b a l a n c e  m a y  n o t  b e  p o s s i b l e .

Where a whole number of columns cannot be assigned to the 

station, the procedure is as follows:
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3.a. Identify the column whose cumulative duration is closest 

but less than the cycle time and also the column whose cumula

tive duration is closest but greater than the cycle time.

3.b. Taking all the elements in the lesser column and adding 
them to each combination of elements from the greater column 

that is possible, determine the work time involved.

If one of these combination only is equal to the cycle time 

then place all elements involved in the current work station 

and the precedence diagrams and table are updated before going 
to step 7.

Where two or more solutions exist equal to the cycle time select 

the solution with the largest size elements, assign these ele

ments to the current work station and the precedence diagram 

and table are updated before going to step 7.

S t e p  4:

If a perfect balance has still not been obtained, it is now 

necessary to consider transferring elements to later columns. 

Take the set of unassigned elements up to and including the 

larger column and identify those elements of the set that can 

be transferred to other columns outside those under considera

tion. For every permutation of transfer determine the work time 

°f remaining elements.

Where only one set of transfers leaves work equal to the cycle 

time assign the elements in question to the current station, 

transfer the required elements to the next available coluipn 

and update the precedence diagram and table before going to 
step 7.

Where two or more solutions are equal to the cycle time, select
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the solution with the largest size elements, assign these 

elements to the current station, transfer the unassigned ele

ments to the next available column before going to step 7.

S t e p  5:

Where a perfect balance has still not been found increase the 

number of columns to be considered by one and return to step 
4.

S t e p  6:

When all columns have been included in step 4 and no perfect 

solution has yet been found, take the solution that comes 

closest to the cycle time and where more than one solution 

exist with this time select the solution with the largest size 

elements. Transfer elements as required and assign remaining 

elements to the current work station before going to step 7.

S t e p  7:

Check if all elements have been assigned, if so, balancing 

is complete. Where all elements have not been assigned close 

the present station and start a new station before returning 

to step 1.

The procedure outlined has been written after examining the 

aj?ticle of Kilbridge and Wester ( 17 ) and the enlightening example 

given by Wild ( 47 ) as the procedure has never been written in detail 

by Kilbridge and Wester, and table (3.3) shows the considerable calcula

tions that were required to solve the 16 element problem using Kilbridge 

n<3 Wester, it is an important point to appreciate that precedence 

^gram balancing works best when perfect assignments can be made to
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16 Element Illustrating Problem

Step 1

Work Station 1 Cycle time = 60 
Step 2
No cumulative total = 60 
Step 3 (3A)
Column I (21) < Cycle time 
Column II (78) > Cycle time
SteP 3 (3B)
Column II, Elements I, B and C 
°ssible Combinations

Elements Time 
Column I + i 63 NF 

+ B 27 
+ C 30 
+ I & B 69 NF 
+ I & C 72 NF 
+ B 8 C 36 
+ I S B & C  78 NF

°ne equal cycle time therefore step q.
Step 4
Columns I S n  
Elements A, H, I, B and C 
transferable H, B and C
Transfer Time 
B 63 NF 
c 72 NF 
u „ 69 NF
2 B 57
R C 54 H & C 63 NF 
, B 8 C 48
one equal cycle time therefore step 5.
Step 5

olumns I, h  and III therefore step 14. _
Step 4
Eoiumns 1 , n  and m .

TraÏÏf3 A ’ Hs B ’ C > J and D -ansferable H, B, C and D
2ra,'sf«' Time 
B 86 NF 
C 95 NF

92 NF

D 89 NF 
H & B PF 
H 8 D 74 NF 
B S C  83 NF 
C 8 D 80 NF 
H, B S C  PF 
H, B 8 D 68 NF 
B, C 8 D 74 NF 
H, C 8 D 65 NF 
H, B, C 8 D 59 
None equal cycle time therefore 
step 5.
Step 5
Columns I, II, III and IV.
Step 4
Columns I, II, III and IV 
Elements A, H, I, B, C, J, D, K, E 
8 G.
Transferable H, B, C, D, E 8 G. 
Number of possible transfer combina
tions = 63 .
None feasible as transfer of all 
six still exceeds cycle time.
Best solution = 64 NF.
Transfer H, B, C,D, E 8 G .
Therefore step 5.
Step 5
Columns I, II, III, IV 8 V.
Step 4
Columns I, II, III, IV 8 V.
Elements A, H, I, B, C, J, D, K, E, 
G, L, M 8 F.
Transferable H , B , D , E , G 8 F .  
Number of possible transfer combina
tions = 63.
None feasible as transfer of all six 
still exceeds cycle time.
Best solution = 85 NF.
Transfer H, B, D, E, G 8 F.
Therefore step 5.
Step 5
Columns I, II, III, IV, V 8 VI.
Step 4
Columns I, II, III, IV, V 8 VI. 
Elements A, H, I, B, C, J, D, K, E, 
G, L, M, F 8 N.
Transferable M, E, G 8 F.
Number of possible transfer combina
tions = 15.

KILBRIDGE AND WESTEFI CAJ.CUI AT ION’S.
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16 Element Illustrating Problem
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■*-6 Element Illustrating Problem

Step 4
Columns IV, V, VI, VII & VIII.
A H  elements involved.
None transferable.
Time = i m  NF.
Therefore as no optimum solution 
found go to step 6.
Step 6

Accept nearest possible solution. 
Assign K, B, C, H, L, M & D. 
Transfer none.
Ration time = 59.
Therefore step 7.
Step 7

Check is the balance completed.
° "therefore step 1.
Step i
jj2£k__station 3 Cycle time - 60 
Step 2
g° emulative total = 60. 
est solution columns VI, VII

As U  =.55-s this is below cycle time and 
olves all .remaining elements, 

lnal assignment found.
Stai?n N’ E> G, 0, F & P. station time =55.

Pp -wp ~ Precedence failure. 
Not feasible.

KILBRIDCE AM) WESTER CALCULATIONS.
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stations i.e. no waste time is incurred. If this is not the case, as 

in the 16 element problem, the number of calculations involved is 

large for the following reasons:

(s) All possible combinations of elements to be transferred or elements 

to be included are taken into account. If a particular problem 

was to have as few as six (N) possible transfers this would require 

the evaluation of:

EN _____»I____  (3.1)m=l (N-m)! x m!

alternative solutions which for six possible transferable elements 

would result in 63 combinations being evaluated.

(b) The list of transferable elements compiled each time transferability 

is considered, must be carefully checked to ensure that elements 

can actually be transferred to a position outside the complete 

range of columns being considered for allocation.

ĉ) In evaluating all the possible combinations of transfer a prece

dence check has to be carried out to ensure that the precedence 

logic has not been disturbed, i.e. elements have been transferred 

whilst their followers remain.

Both the illustrating problem of Kilbrdige and Wester and the 

Problem used by Wild were fortunate to have frequent perfect allocations.

the Kilbridge and Wester case perfect assignment were achieved to 

all work stations, solutions having been found after examining relatively 

few combinations, in the case of Wild three of the four stations achieved 

Perfect balance and personal judgement was used to reduce the amount 

calculations on the fourth station. Where computers are to be used 

full set of time consuming calculations would be undertaken. In the
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6̂ element problem used to illustrate Kilbridge and Wester method it was 

not possible to balance perfectly any station at a cycle time of 60 

time units and as a result approximately 214- possible assignments were 

evaluated. Had the cyle time been 59 time units the number of possible 

assignments evaluations would be 44, again indicating how the Kilbridge 

and Wester method is biased towards perfectly balanced stations. The 

oonclusion to be drawn from this is that the Kilbridge and Wester 

approach requires considerable computation time for evaluating unhelpful 
solutions.

One interesting conceptual problem could also arise with the Kilbridge 

and Wester method under adverse circumstances. Consider a weakly ordered 

diagram with considerable number of elements in each column and a low 

oycle time. This is likely to result in more stations than columns, 

something not seen so far in a Kilbridge and Wester example. Under these 

circumstances the concept of transferability could break down when trying 

to balance elements in the final column as transfers may be required but 

ho columns would be available.

In conclusion therefore the Kilbridge and Wester method of balancing 

Presents an approach which is of use for smaller problems but which 

requires considerable calculations for inconvenient cycle time and which 

has a potential fault in logic under difficult circumstances. For these 

reasons precedence diagram balancing has not been pursued as the basis 

^°r a new balancing procedure.

The Kilbridge and Wester approach does however highlight the impor- 

tance of taking precedence relationships into account when seeking to 

balance assembly lines efficiently. What is required however is a more 

humeric representation of precedence which requires less calculation to 

Produce a balancing solution.



48

3*2.2. Heuristic ranking methods

The balancing approach that comes closest to representing the 

restrictions on precedence in numerical form was first introduced by 

Helgeson and Birnie ( 11 ) in 1961 and can be referred to as the Rank 

Positional Weight approach. Since the first heuristic was introduced 

this group of balancing procedures has become the largest and most 

Powerful group available for solving both single and mixed model

balancing.

The essential procedure involved in the ranking methods is 

firstly rank in importance each element using a defined criteria and 

secondly use this rank order for selecting elements for assignment to 

stations. In some ranking heuristics ranking is performed once at the 

°rset of the problem and candidates are then selected in rank order 

before their availability is checked in terms of their precedence free- 

dom. in other procedures the set of the available elements for alloca- 

iion is first selected and then the set of elements are ranked by an 

aPpropriate criteria, these two different approaches will be referred 

f° as single ranking and continuous ranking respectively.

A second major variation between the different ranking methods

available is the method of selecting a solution. In some cases only

°ne ranking calculation takes place and only one solution is produced

(the original Helgeson and Birnie method). In other situations several

s°lutions using different ranking criteria are produced and the best

s°lution is selected from this set of solutions. The result of the

Variation in ranking approach means that there will be an increase in 
"the amount of calculation required as the change is made from single to 

°atinuous ranking and an additional further increase in calculation

be encountered as the move is made from single choice assignment to 

^bipie choice assignment.
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Apart from different ranking methods and different assignment 

approaches there are a few minor variations in procedure which will 

be indicated at the appropriate point, these variations have been con

cerned with whether elements are assigned to stations in a downstream 

or upstream order.

S i n g l e  R a n k i n g

Helgeson and Birnie Rank Positional Weight

The general principles of the ranking approach to assembly line 

balancing can again be demonstrated by firstly considering a representa

tive heuristic in detail and then by discussing the variation introduced 

by other published procedures. A most suitable example of rank posi

tional weight is the original work of Helgeson and Birnie, and the 16 

element problem previously used in this chapter will be used to illus

trate the steps involved in this procedure.

The Helgeson and Birnie rank positional weight procedure is concerned 

with assignments to an unlimited number of stations on an assembly line, 

in conjunction with a fixed cycle time and employes the following steps:

S t e p  i .

for each work element the positional weight is obtained using the
formula:

W.i t. +l £?t.(F) 1-1 1
(3.2)

where:

= Positional weight of element i 

t^ = Normal element duration for element i 

n = Number of all elements involved in the balancing

problem.
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tj(F)

n,t.l

Normal element duration of element j for followers 

of element i.

0 for non-followers of element i 

are as previously defined.

Positional weight equal element duration plus total durations 

°f all followers, where followers include both immediate followers and 

subsequent indirect followers.

S t e p  2:

Rank each element in descending order of positional weight.

S t e p  3:

Starting a new work station, set the time available for elements 

eiual to the given cycle time. Set the starting rank to 1.

S t e p  4 :

Find the element with the present rank and make the following
tests:

(a) Is the work element waiting to be assigned.

(b) Have all preceding elements been assigned.

(c) Does sufficient time remain at the station for the 

element to be allocated.

If any answer is no go to step 5.

S t e p  5 .

Assign the element to the work station, reduce the time available 

y the element time and return to step 6.
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J-6 Element Illustrating Problem

Element
L eì

Element
Duration

ti

Positional
Weight
Wi

Rank
Pi

A 6 158 1B 6 23 9C 9 55 3D 12 46 5E 7 17 11F 10 10 15G 17 17 12H 15 15 13

Element
Ei
I
J
K
L
M
N
0
P

Element
Duration

ti
42
11
5 
8 
4
6 
9 
6

Positional 
Weight 
Wi____
91
49
38
29
25
21
15
6

Rank
Pi

2
4
6
7
8

10
14
16

(Element durations, positional weights and ranking)

Rank Element
Work station 1 1 

2 
3

All

Check on 
Precedence

Cycle time C = 60 time units 
A /
I /
C /

remaining element durations > 3 
Work station 2 

* J5
6
7
8 
9

10 
11 

All

Cycle time C
/

D
K
L
M
B
N
E

/
/
/
/
/
/
/

Wor1 r'ema^n^ng element durât ions > 1.
12 station 3 Cycle time C = 60 t:
13
14
15
16 

All element

G
H
0
F
P

/
/
/
/
/

s are assigned, the balance complete

Element
Juration C - Ftp Comment

units
6 54 Assign

42 12 Assign
g 3 Assign

Close station
units
11 49 Assign
12 37 Assign
5 32 Assign
8 24 Assign
4 20 Assign
6 14 Assign
6 8 Assign
7 ' 1 Assign

Close station
units
17 43 Assign
15 28 Assign
9 19 Assign

10 9 Assign
6

complete
3 Assign

Close station

(Balancing procedure for rank positional weight technique)
Stati0n 1 Elements: A I

Durations: 6 42

Elements : J D 
Durations: 11 12

Elements: G H
Durations: 17 15

C
9 = 57

K
5

L
8

M B 
4 6

N
6

E
7 = 59

0 F 
9 10

P
6 = • 57

(Balancing results for the 16 element illustrating problem)

table n
^ • 4) rank positional weight balancing c a l c u l a t i o n s.



52

S t e p  6:

Move to the next rank and return to step ■+. If the highest 

rank has been exceeded go to step 7.

S t e p  7;

If elements still remain to be assigned close the present work 

station and return to step 3. If no elements remain to be assigned, 

end the balancing process.

Consider firstly the method used by Helgeson and Birnie for cal

culating the positional weights of elements and for ranking these 

elements in order. The positional weights are calculated quite rapidly 

and once having been calculated the process is not repeated again, 

making the process computationally efficient.

A more significant advantage of this R.P.W, approach is the rank- 

formula itself, which proves to be a good numerical representation 

°f both the precedence position of an element and the amount of work 

dependent on that given element. This means that if the descending 

0r>der of ranking is strictly followed in the assignment of elements, 

the number of candidate elements rejected on precedence grounds will be 

reduced considerably, again making for computational efficiency. In 

the illustrating example no elements were rejected on precedence 

grounds, whilst the 11 element problem used by Helgeson and Birnie 

Produced only 3 precedence rejections in the entire solution.

The equation used for the calculating of positional weight also 

^fleets a measure of the importance of each element in so far as the 

"*'ar'ger element or elements with the greater amount of dependent element 

^mes will come first in the ranking order. Unlike the precedence 

*agtam approach which does not distinguish between elements, the rank
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positional weight approach will therefore identify the more important 
or the more difficult elements.

The whole heuristic procedure adopted by Helgeson and Birnie is 

ln itself very computationally efficient for it both ranks only once 

and assigns elements to stations only once, later techniques which 

involve repeated ranking and multiple assignments are not so efficient 
in computational terms.

It is important to appreciate however that computational efficiency 

itself is not the objective of balancing, and if greater amounts of 

calculations are likely to produce better balanced lines then greater 

°Unts of calculations should be undertaken. However a computationally
ip*lent heuristic procedure will be able to balance more realistic 

^gcr size problems than would less efficient procedures.

The rank positional weight procedure originated by Helgeson and
T3 • ,
rnie has been used unaltered by Buxey ( M- ), Heskiaoff (12 ), and 

ckherjee and Basu ( 32 ) in alternative formulations of the line balanc
e s  Problem.

four line balancing procedures, those of Moodie and Young C 31 ), 
Arcus ( i \v x '> Mastor ( 30 ), and Mansoor ( 25 ), used an alternative rank- 

§ criteria by ranking elements in order of the largest element duration
first _

The concept of largest element first has some merits in that 
the soli]*ccion of the general set of "packing” problem of which assembly 
line bal An<-. • •ancing is an example, benefits from placing the largest elements 
firet aan subsequently using the smaller elements to fill up the dec-
^ ' ® & s i . n c r  ■ *S space remaining. However the largest candidate rule when
aPPHed t° assembly line problems gives no acknowledgement of precedence
^eiat l0p*ships or ePen^-j- importance, an important difference from the
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general class of packing problem where the order of packing is not 

important, for this reason the use of some element and element 

follower duration is considered superior to the largest candidate 

duration when selecting elements for assignment.

A third criteria that of the number of followers has been used 

by Mukherjee and Basu ( 32 ), Arcus ( 1 ), Mastor ( 30 ) and Mansoor ( 5 ) 

as criteria for selecting candidates for assignment. Mukherjee and 

Basu suggested taking total number of followers i.e. immediate and 

subsequent followers but did not apply the suggestion in his balancing 

Procedure, whereas Mansoor and Arcus applied number of followers in 

a balancing procedure. There appears only limited merit in taking 

number of followers when the same amount of calculation can produce 

bhe total duration of followers; a better indicator of relative impor

tance. Tonge ( 4-3 ), Arcus ( 1 ), and Mansoor ( 5 ) also used the number 

°f immediate followers only as a criteria for ranking but this is of 

even less merit than the total number of followers as it is only 

likely to indicate approximately the number of new elements that will 

be released should the candidate element be assigned.

Mansoor ( 5 ) did in practice produce ten different criteria with 

which to base ranking using 4 different approaches, i.e. the original 

rank positional weight equation, total followers, largest candidate 

duration, and total immediate followers, and additional six criteria 

Wej?e used by taking various combinations of the original four. Although 

discussed again later it should be noted now that Mansoor's intention 

Was not to generate one solution but to generate ten solutions and to 

Select the best results after the completion of the ten balances.

Arcus ( i ) produced nine different ranking criteria in his approach 

assembly line balancing and used each as a means of weighting the
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random selection of elements from the candidates available. Two of 

the weighting methods: largest element duration and number of imme

diate followers have been used by others whilst the remaining seven 

rules of Arcus are permutations of various precedence and time 

values available, the seven hybrid criteria having no special consi

deration as criteria.

In one of the few detailed comparative studies of balancing 

Procedures (discussed in more detail in section 3.2.5), Mastor ( 30 )

Used two further ranking criteria, random selection and lexicographic 

order, as the means of selecting elements for assignment. They are 

mentioned here for completeness but are not intended as true ranking 

Criteria, more a means of producing bench mark solutions for comparison.

After having examined the different alternative weighting formula

tion for ranking elements the conclusion is drawn that the original 

rank positional weight has the strongest merits, by being simple to 

Understand and computationally efficient and built from appropriate
iogic. As no widespread comparative investigation of different criteria

^as t>een published that indicates the original rank positional weight 

PPtoach to be inferior over a number of trials with different pro- 

dems the traditional rank positional weight approach with suitable 

^ification for enlarged station calculating, has been accepted as the 
k^sis for ranking.

t c r n a t i v e  a p p r o a c h e s  t o  e l e m e n t  a s s i g n m e n t .

C ° n t i n u o u s  r a n k i n g .

The procedure used by Helgeson and Birnie of ranking all elements 
once a and selecting from the entire list of elements each time an 

■̂gnment to a station is about to be made requires minimal calculation,
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is not the only assignment procedure in use. Moodie and Young ( 31 ) 

and Arcus ( 1 ) take the alternative approach of firstly selecting the 

subset of elements which are available at the time an assignment to 

a station is about to be made and then secondly to apply the ranking 

formula to the available subset only. Moodie and Young take elements 

for1 assignment in rank order from this subset until an element has 

been assigned whilst Arcus uses the positional weight of the elements 

ln the subset to bias random selection, continuing until an assignment 

1s successfully made. Once an element is assigned the ranked subset 

13 destroyed and the process repeated all over again for the next 

element assignment, thus leading to the concept of continuous ranking.
TV\a advantage of continuous ranking is that it does not rank elements 

wbich have no prospect of assignment and unlike the original rank 

Positional weight procedure no element is considered for allocation 

which has the prospect of failing to meet precedence relationships.

However a severe disadvantage to continuous ranking is the number of 

bteo ranking calculations take place for it is conceivable that many 

ements will have gone repeatedly through the positional weight cal

culations before actually being assigned. Although no tests have been car

ried out to support the view, it is believed that continuous ranking will 

^ire more calculations than the traditional rank positional weight.

R a n k
P o s i t i o n a l  w e i g h t  w i t h  b a c k t r a c k i n g :

Three years after the introduction of the original rank positional

ight approach Mansoor ( 26 ) introduced a modification to the problem

nc* brought forward an amended procedure for applying rank positional

■̂ ■ght. Essentially Mansoor was concerned‘with balancing an assembly

with a fixed number of stations and a given cycle time. This 
^oes no-t- o+-L stop several line lengths being examined and the best solution
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chosen, a problem equivalent to an unlimited line length, but the 

important modification by Mansoor is that once assignment starts 

the line is considered fixed in length and consequently the total 

station time available is known and by deducting the total element 

time the total free time available is also known. This total free 

time available can be checked against the lost time at each station 

as the balance progresses so that should the lost time exceed the 

free time the balancing procedure can backtrack through the solution 

with a view of discovering an alternative answer.

It is this process of allowing backtracking through assignments 

already made to station and returning elements to the candidate list 
that is uniquely different from the traditional rank positional weight 

approach, and the main steps involved are:

S t e p  1 :

Calculate the positional weight for all the elements 

and rank them is descending order (using the Helgeson 

and Brinie rank positional weight method).

Step 2:

Determine the possible range of number of work stations 

using the equations:

Minimum number of work stations - 1 

Maximum number of work stations - ^^^i
tmax

(3.3)

(3.4)

rounded up to the nearest integer.

where: n = number of elements involved in the problem.

t. = work duration for element i. l
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t = the maximum work duration for all elements, max

S t e p  3 :

For each possible number of stations calculate the lowest 

possible cycle time using the equation:

t.C = i=l i round up to the next integer
m

where

m = number of stations 

t ., n as before.l

S t e p  4:

Calculate the slack time for the given number of stations 

and the calculated lowest cycle time using the equation:

Slack time ={m x c}- 1°, t. (3.5)i=l l

where

c = cycle time to be used 

m, n and t^ are as before.

S t e p  5:

Start a new work station, set the time available for the 

elements equal to the cycle time. Set the present rank 

1° 1 (or to the lowest rank not yet assigned).

■Step 6 :

Find the element with the present ranking and make the 

Following tests:
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(a) Has the element been transferred to the list of 

elements abandoned by backtracking for the station.

(b) Is the element waiting to be assigned.

(c) Have all preceding elements been assigned.

(d) Does sufficient time remain at the station for the 

element to be placed.

If any answer is no, go to step 8.

S t e p  7:

Assign the element to the work station, reduce the time 

available by the element time and continue to step 8.

S t e p  8:

If the highest rank has been exceeded go to step 9.

Move to the next rank value and return to step 5.

S t e p  9;

If elements still remain to be assigned and the idle time 

is less or equal to the slack time, close the station and 

uPdate the slack time remaining by deducting the station 

1(ile time from the slack time, go to step 5.

If elements still remain to be assigned and the idle time 

°f the station is greater than the slack time available 

Proceed to step 10.

step 10 :

from the original list of elements assigned to the station 

remove the last element and increase the station time avail

able for assignment as appropriate, reset the present rank
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to 1 noting that some elements may have already been 

removed from the list in previous attempts at backtracking, 
return to step 6 and 7.

If none of the original list of assigned elements remain, 

then balancing is not possible at this cycle time and the 

cycle time should be increased by one before returning 
to step 4.

S t e p  1 1 ;

Select the number of stations that gave the minimum waste 
time solution.

^ihh the minimum cycle time being selected for each number of
S 4- *ions there is not likely to, be very much idle time available at 

^he keginning of each balance. This is going to lead to a generally 

tgh level of backtracking calculations compared to the simpler 

°lution approaches. The view that excessive calculations may be 

vdved is supported in a general review of balancing procedure 

y ( 15 ) who stated that:

it T +* •ic is not clear that Mansoor's method is practical to 
§et an optimal balance, "element" Ug, which is currently 
lri the forth station must be moved up to the second 
station. This takes a fair amount of "backtracking" 
work even in this case, therefore it is not clear that 
ansoor's method is practical for large lines."

Mansoor himself acknowledged the possibly excessive amount of 

Culation required in a later paper ( 6 ) in which he suggests
fou

heuristic methods for reducing the amount of calculations 

hved, the new backtracking procedures have been referred to as 
he MALB balancing method.
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One further point of interest was made by Ignal in his review 

regarding the idea of backtracking where after commenting on the 

possibility of excessive calculation Ignal stated:

"However the idea of flagging the rank positional 
weight method when the idle time gets too large is 
very appealing, and selective (as opposed to exhaus
tive) application of backtracking may be very effec
tive . "

The reason why this flagging process has not been used by others 

ls that up to this point the problem had been one of assigning 

elements to unlimited assembly line length which implies that idle 

time would always be infinitely high. It is only with limited line 

iength that the idea of monitoring the progress of element assignments
works.

Because of the computational difficulty encountered,backtracking 

ls not considered suitable for pursuing as a basis for a.new approach 

assembly line design but the principle of monitoring progress 

where a limited line length problem is being balanced is worthy of 

n°te, particularly as it is anticipated that the new procedures to be 

eveloped in this work will have to deal with limited line length
Problems.

G V e r s e  a s s i g n m e n t  w i t h  r a n k  p o s i t i o n a l  w e i g h t .

One further alternative approach to rank positional weight

dancing was originally mentioned by Helgeson and Birnie ( H  ) and

Rationed again by Moodie and Young ( 31 ) and Hoffman ( 14 ). This

Edification involves the straight forward rank positional procedure

^  °ne single ranking stage and one single assignment stage but

^  the procedure reversed i.e. the arrows are reversed on the prece- 
 ̂ * |
diagram and the positional weights calculated on this basis giving
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highest positional weights to the last elements. Elements having 

been ranked in descending weight priority, were assigned to stations 

starting with the final station and moving towards the first station.

The nature of the assembly line balancing problem with the 

difficulty of packing various size work elements under precedence 

restrictions often means that the more solutions produced,the better 

Possibility of finding the best solution. Reverse rank positional 

weight does not produce consistently better results but will by chance 

°n occasion produce a better solution than the normal rank positional 

Weight and therefore may be worth considering. This raises an inher

iting question discussed in more detail later in the review as to 

whether or not the best balancing procedures are a compromise between 

SlmPle computationally efficient heuristics and total enumeration.

The rank positional weight procedures represent the most impor- 

-̂ant contribution to simple single model balancing of all the 

alternative approaches. In considering the usefulness of R.P.W. for 

further investigation of the line balancing problem, the following 

§eneral conclusions have been noted:

â) Rank positional weight heuristics can produce reasonably 

good results with a relatively low amount of calculation, 

thus leaving the way open to undertake larger industrial 

problems.

(h) The rank positional weight approaches outlined are, 

in general, well defined and precise and therefore 

amenable to computer application.

(c) Of the alternative rank criteria available the traditional 

equation introduced by Helgeson and Birnie appears
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the most logical and has not been shown to be inferior.

(d) The nature of the assembly line problem indicates that 

the best approach for solving problems may be a com

promise between balancing heuristics and some form of 

enumeration.

(e) Where a limited line length problem is to be balanced 

the continual monitoring of balancing progress is worth 

considering as a means of avoiding unwanted solutions.

Mathematical Enumeration Approaches

In reviewing the heuristic approaches to line balancing and 

ln Particular the ranking methods, the point was made that the 

nature of the relationship between the distribution of element time 

and cycle time combined with the restrictions of precedence could 

mean that a solution procedure that gives several answers could be 

better than a solution procedure that gives one answer, particularly 

°ver a wide range of problems. If the idea of producing a set of 

answers, rather than a single answer, is extended then there are a 

dumber of procedures that produce balancing solutions by enumerating 

wide selection of answers and selecting from these answers. Within 

group can be included the work of Jackson ( 16 ), Tonge (41 and 42), 

Coffman ( 14 )s Klien ( 20 ), Held, Karp and Shareshian ( 1° ), Gutjahr 

and Nemhauser ( 9 ), and Arcus ( 1 ).

The procedure introduced by Jackson fits well within this group 

c°osiderable enumeration is employed to. find a solution to the 

°I>lem of minimizing the number of stations for a given cycle time.
gSs 9

entially Jackson first creates all the feasible first stations then 

aH  the feasible second station combinations that could go with



64

each combination of first station and then determines each combina

tion of the third station that could go with all first and second 

station combinations, and so on until a solution employing the mini- 

mum number of stations appears. This virtually total enumeration 

end the number of calculations will be very high for weakly ordered 

Precedence diagrams, as can be demonstrated by taking the simple 

Case of an eight element problem where each element has a duration 

5 time units and a cycle time of 10 time units exists, thus each 

Nation will contain a pair of elements. With an extremely weakly 

ordered precedence diagram i.e. no precedence relationships at all 

the number of combinations at each station can be calculated using:

Ni
2! x (N-2) I (3.6)

where

N = Number of elements available for assignment 

at the station.

Using the equation it can be calculated that 2520 possible sequences 

Xist where for a very strongly ordered duration with all 8 elements 

Precedence sequence, the number of feasible solutions would be 1. 

herefore it can be seen that Jackson's method: may be two exhaustive 

the amount of enumeration that takes place for practical problems.

The method introduced byTonge included Jackson's approach but 

addition effort was also made to smooth the line by repeatedly 

ining the current largest station i.e. the station with the largest 

^  °f duration times. The number of calculations involved in Tonge's 

 ̂ ach was therefore increased again above Jackson, making this 

c®dure also unreasonable for large size problems.
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Held, Karp, Shareshian investigated the possibilities of enu

merating all answers and finding the optimal solution but reduced 

"the vast number of possible sequences by pregrouping elements into 

feasible subsets, where a subset consists of a group of elements 

"that can be undertaken together. Using, in addition, feasible sub

sequences i.e. a subset undertaken in the required order, the vast 

number of possible sequences is reduced to a smaller number of 

Sequences made up of element subsets. The computing space required 

store the subset however grows exponentially as a number of 

elements involved in a problem increases and therefore the approach 

°f Held, Karp and Shareshian may be limited again to smaller problems.

Hoffman produced a more reasonable compromise in his enumeration 

aPproach by selecting the best solution for each station and continu- 

lng only from that solution i.e. all feasible sequences for the 

first station would be evaluated and the best solution selected, then 

aH  feasible sequences for the second station would be evaluated and 

fhe best solution selected for that station and so on until the 

c°mplete solution had been found. This therefore involves much less 

alculation than total enumeration of all possible solutions and 

epresents again that combination of heuristic and enumeration which 

ay be the best approach to solving balancing problems.

The balancing procedures of Arcus ( 1 ) which have previously been 

discussed under alternative ranking methods may also be considered 

form of enumeration for the procedure produces a number of solutions 

s®lecting, at random,elements for assignment at each stage, baising 

the random selection by any one of nine ranking criteria. By random 

ection Arcus' approach can produce any number of possible answers 

that ls desired by the designer, although the more answers produced
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the greater the chance that repeat solutions will appear.

Klien produced a method for partially solving the balancing 

Problem by providing a means of determining the minimum idle time 

solution for a given feasible sequence. As these had to be combined, 

however, with a procedure for generating all possible feasible 

Sequences, Klien's method will again only be suitable for small pro
blems .

Summarizing on the enumeration approaches it is reasonable to 

conclude that total enumeration procedures required too great a level 

computation for practical size problems. However it is worth noting 

as a Point of principle that there is nothing wrong with enumeration 

when the amount of calculation is within feasible range. The objective 

after all is to produce an efficiently balanced assembly line and 

n°P to minimize the amount of calculation in providing a balancing 

s°lution. With the considerable increase in processing power of 

computers and the general reduction in the cost of computing, enumera- 

lon may yet have the last say in finding efficient balancing solutions.

3.2 1) r .* linear Programming Approaches

The three previous approaches to single model assembly line

Sagn are, apart from total enumeration, all heuristic in nature in

they use some form of procedure to obtain a good balance result. 
Th *ls balance may be efficient but there is no guarantee that the 

imal answer has been found.

Optimal balances are possible however for simple formulations of 

line balancing problem if linear programming is used, and three 

shed references have been found regarding such application of 

ar Programming including the work of Salveson (35 ), Bowman ( 2 ),( 3 ),
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and White ( 46 ). The work of Salveson being the first published 

scientific approach to assembly line balancing. Salveson's linear 

programming model however did not use integer programming and as 

a consequence element tasks are allowed to be split between stations, 

thus raising a practical problem as in many cases work elements are 

logical tasks containing work which cannot easily be split or which 

Can only be split with the introduction of considerable inefficiency. 

^or this reason Salveson's model appears limited.

An integer programming approach was used by Bowman who proposed 

° separate models one of which was subsequently amended by White.
nri t

e limitations of linear programming as a solution approach for line 

balancing were well identified by Ignal ( 15 ) in his review of assem

bly line balancing when he showed that even simple problems involved 

c°nsiderable numbers of equations and variables quoting that for an 

eleven element example Bowman's first model needed 50 equations and
0  g

variables whilst the second model needed 100 equations and 43

^iables for the same eleven element example, the number of equations 
^nd •variables in solution approaches using linear programming is 

lated to the number of precedence relationships that exist as well
c l S  " t o  4-'Line number of work elements and stations involved, the number 

stations having to be specified.

la view of the considerable number of equations and variables 

> and remembering that the objective of this present research
1X1 p S y , ! .c was to be able to introduce a more practical model of assem- 

lnes it appears that linear programming is of only limited use, 

iat supported by Ignal ( 15 ) who stated:

t»Tu •nings do not get better as the assembly line gets bigger 
So this approach (LP) seems to be of cultural rather than 
Practical interest, no matter how fast the integer linear 
Programming algorithm of the future is."
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F°r the reasons given linear programming was not pursued as the basis 
°f a new balancing model.

Comparative Studies

In the detailed review of single model balancing procedures 

heuristic, enumeration and linear programming approaches have been 

discussed in terms of their method of operation advantages and limita

tions but no indication has been given of their relative performance 

given problems. In attempting to compare the quality of results 

Produced by these procedures, and the computational effort required 

here are three known comparative studies from which to draw comments, 

hose of Mastor ( 30 ), Gehrlein and Patterson ( 8 ) and Mansoor (6 ).

a-stor c o m p a r a t i v e  s t u d y .

The most exhaustive comparative study of balancing procedures

undertaken by Mastor ( 30 ) who used five published problems

noing from twenty-one to one hundred and eleven elements, together

^h twenty empirical cases of differing permutations of a fourty

problem and a further ten empirical cases of differing permu-

°ns °h 3 twenty element problem to examine the efficiency of a

en set of balancing heuristics. The number of tests was further

reased by varying for the thirty test problems generated from 
emPiricai aaata the dominance of precedence relationships, by varying

element times, by varying the ratio between the number of stations 
ahd the m wnumber of work elements and finally by varying problem size. 
Using thp koasic problems seven hundred and twenty five cases were 
eventuaUy examined.

The comparative study included comparison of five published pro-
■̂sdupgg .,

0se of Arcus ( 1 ), Held, Karp and Shareshian ( 10 ), Helgeson
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and Hirnie ( 11 ), Hoffman ( 14 ), and Kilbridge and Wester (17 ). In 

addition four alternative procedures were included for comparison:

Random selection of elements.

Selection of largest work element.

Selection by largest number of immediate followers. 

Lexicographic order.

After carrying out more than one thousand trials the main conclusion 

Put forward by Mastor was that there are consistent differences amongst 

results achieved by the nine techniques across the whole range of
£
ne length precedence dominance, and problem size. Mastor mitigated 

dis conclusion however by saying that the differences were not large 

Ut Were consistent. The final order of effectiveness put forward 
y  Mastor ranked the nine approaches as follows:

d• Held, Karp and Shareshian 
2 • Arcus 

 ̂• Hoffman 

H • Random 

 ̂• Time order

Kilbridge and Wester 

 ̂’ Inimediate followers 

Helgeson and Birnie 

Lexicographic order.

It * hoticeable that all three top procedures came from the enumera
tion
Held

Hup,

groups ancj that the single solution methods were relatively low.

* Harp and Shareshian and Hoffman being the two enumeration proce
ss tlvi +■ . . .c were able to bring the amount of calculation within reason

able h
°Un s whilst Arcus* procedure simply produced as many random

SoluU<ms as required.
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Mastor was also able to comment uniquely on the approximate 

amount of computational effort required to achieve results, stating 

"that significant differences occurred in computer time required.

The Held, Karp, and Shareshian and Hoffman techniques required approxi

mately ten times as much computing time as Arcus' technique and fifty 

'times as much as the simpler heuristics. Mastor further indicated 

that as problem size increased the computing time required by Arcus' and 

the simple techniques grow in proportion to the number of elements 

^ut that the computing time required by the Held, Karp and Shareshian 

technique increased much faster with problem size.

In carrying out these tests the objective was to compare both 

the effectiveness of method investigated and to comment on the time 

c°nsumed in calculating, with the measure of effectiveness being taken 

as the percentage excess of the cycle time required to achieve a balance 

°Ver the absolute lower bound cycle time, this relationship is expressed 

ln the formula: lOo

lOo { minimum computed cycle time _ ̂  j (3.7)
absolute lower bound cycle time

absolute lower bound cycle time is calculated for a given line

ength by dividing the total element durations by the number of sta
tions.

a n d  P a t t e r s o n  c o m p a r a t i v e  s t u d y .

One of the results obtained by Mastor ( 30 )j namely that the Arcus 

techniqUe was superior to the Hoffman procedure was challenged subse- 

ntly by a comparative study executed by Gehrlein and Patterson. 

a lng a range of industrial problems and examining them with integer 

^ tin'es instead of normalised task times (i.e. the sum of task times
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equals one), the conclusion was drawn that Hoffman's approach was 

superior to Arcus'. Both comparative studies could be correct for it 
is found that the result produced by many balancing procedures are 

^endtive to examples taken, remembering that the existence of procedure 

restraints makes the balancing assignment problem more difficult than 

m°re conventional linear programming problem.

M a n s o o r  c o m p a r a t i v e  s t u d y .

The third comparative study was carried out by Mansoor ( 6 ) 

end involved a comparison of two approaches developed by himself (5 )( 26 ), 

referred to as MALB and 10SP, against the random multi-path method of 

Arcus ( 1 ). The MALB procedure is an improved version of the back

tracking procedure described in section 3.2.2. whilst 10SP is a proce- 

Ure which selected the best results from ten single path solutions 

Stained by using different ranking criteria (see section 3.2.2. for
ariking comments).

lar

gave

Arcuj
Man

The conclusion drawn by Mansoor after solving a wide range of 

ge sTngle model balancing problems was that his own 10SP technique 

consistently superior results over the Arcus approach, whilst 

aPProach was in general shown to dominate the MALB procedure.

S°°r did not consider the differences in computational time to be 

1Cant and preferred to use as the objective criteria for compari- 

The balance delay of solutions, conducting his tests with a view 

Varying firstly the number of elements involved, secondly the 

Cedence dominance of problem, thirdly the ratio between number of
elem
dur,

Snts and number of stations, and fortltly the range of work element 

■̂°ns. ho details of the actual test problems were given, thereby
makin,g c°mparison with other comparative studies difficult.
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Conclusion.

The conclusions that can be drawn from the three comparative 
studies are:

(a) Over all the procedures that are a reasonable

compromise between total enumeration and single solution 

approaches pre-dominate over single solution approaches.

(b) No one technique dominates consistently through the 

three studies.

(s) Although extensive, the three studies have only compared 

seven of the published procedures available were tested. 

These tests were carried out under different circumstances 

making comparison difficult.

(d) Comments on the time required for calculation indicated 

“two contrasting opinions, with Mastor indicating a very 

considerable difference in calculating time and Mansoor 

suggesting no significant difference.

(e) Each comparative study carried out tests on different 

problem conditions indicating the wide variety of the 

problems possible but opinion was consistent with regard 

to the fact that precedence dominance and the relationship 

between cycle time and element times were very strong 

influences on results obtained. This point will be remem

bered when examining the new balancing models suggested

in this work.

the
^be simple single model balancing procedures represent by far 

ar’̂ est group of procedures available and as a consequence of
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reviewing these single model solutions procedures, it is considered 

"that the most suitable approach for further extension would be a 

compromise between a simple heuristic and total enumeration remem

bering that the objective is well balanced assembly lines and that 

bhe cost of a badly balanced assembly line over its life is going to 

be very much higher than the cost of carrying out more extensive

computer trials.

3 ’̂ • Mixed Model Approaches

Although the majority of published balancing techniques are 

concerned with simple single model balancing in practice there are 

Potentially more applications of mixed-model assembly line production 

bben there are of single model production and therefore the relatively
.C

w mixed-model balancing procedures available are worthy of detailed 

°nsideration. In referring to mixed-model balancing the concern is 

examine those situations where one assembly line has to deal with 

Variety of products with differing work content.

This means that mixed-model production involves not only the 

°cation of work elements to assembly line stations (traditional 

fencing) but may also have to consider the effect of the order in 

'ch the production program is launched onto the assembly line (the 

fencing and operational problem).

There are four published approaches to the design of mixed-model 

Ssembly n ne design and in reviewing these four approaches (Wester 

and Kilbridge ( 4 ), Thomopoulos ( 5 ), ( 37 ), ( 39 ), ( 40 ), and 

Macaskili ( 22 ), ( 23 ), ( 24 ), ( 25 )), the balancing and sequencing 

®es will be identified separately with a view to commenting on 

leld of application and suitability for further development.
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Wester and Kilbridge mixed-model approach

The first approach to balancing a mixed-model production line 

was published by Wester and Kilbridge in 1964- and contained an out

line of the tasks involved along with two possible sequencing proce
dures .

Bslancing

Mixed-model balancing i.e, the assignment of work elements from 

variety of models to stations on an assembly line will be strongly 

nfluenced by the number of common work elements between models. Two 

general cases exist, in the first case the products have no common 

laments and are entirely different products which will be referred 

as Glancing multi-product lines. The second case is the far more 

°ram°n Production of a number of model derivations, i.e. several 

°dels with only limited variation in work elements, a case which 

e referred to as mixed-model production.

Wester and Kilbridge suggest that the approach to balancing

-̂dple product lines should involve producing individual balances

each product, in their case by reference to their single model

lancing procedure ( 17 )} this is particularly suited to the Kilbridge

tester approach as the number of stations can be fixed for each
model na the procedure will minimize the cycle time required m  each
Cagg ̂

m e  justification for this approach was given by Wester and 

idSe U 5  ) as:Kilbr

since there is no essential difference between balancing 
one model and the independent balancing of several models 
(h S rUn °n same line> this aspect of the problem 
stance stage) will not be discussed here."



75

Whilst this may be reasonably true for multi-product balancing 

1't is not true for mixed-model balancing as the opportunity to take 

advantage of common work elements is not considered. However this 

does identify the point that different mixed-model procedures may be 

required for the two separate cases of multi-product and mixed-model
balancing.

■Sequencing

Having created an assembly line balance Wester and Kilbridge 

°utlined two procedures for arranging the manufacture of the produc

tion program, namely variable rate launching and fixed rate launching.

The principle of variable rate launching can be encompassed in 

two main points:

(a) Models are launched onto the assembly line at time 

intervals dictated by the individual rates of production 

required (i.e. after a time equal to the previous model 

cycle time).

(b) Work stations are located sufficiently far apart on 

the assembly line to ensure that operators will be 

available to produce the next arriving product.

How this is achieved is fairly easy to demonstrate, consider 

example taken from Wester and Kilbridge (45 ), five models

° be produced on one line with the following output required in

^ minutes shift time, the total element time for each model 
being;
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Model Quantity Work content 
per product

Total work 
content

A 80 5.52 441.6
B 120 2.76 331.2

. C 200 3.60 720.0
D 160 3.60 576.0
E 80 5.40 432.0

640 2500.8

The number of stations required can be calculated by firstly 

dividing for each model the total work content per shift by the shift 

duration, rounding up to the nearest integer where required, and by 

Taking the subsequent largest number of stations. For the Wester 

and Kilbridge problem the number of stations would be 6 (5.21t).

^he individual cycle times i.e. the rate at which each model can be 

launched (if produced alone on the line) can be calculated by dividing 

Total work content per product by the number of stations, thus giving 

individual cycle times of 0.92, 0.46, 0.6, 0.6, and 0.9 for models 

A to "E" respectively. Model "A" can then be launched and 0.92 

Minutes later model "B" can be launched and so on through five models.

The second question is to ask how far apart should stations be 

Paced so as to avoid failure to complete work. This spacing of 

aTions, expressed in terms of time for the fixed speed line, is 

deferred to by Wester and Kilbridge as the operator cycle time, the 

PTimum value of operator cycle time is equal to the largest model 

^cTe time, as any value below the largest model cycle time will 

aUSe failure to meet the work targets, and a figure above the largest
cycle -*-• . .line will introduce excessive operator idle time.

The weakness of variable rate launching is not in the theory but 

Practice, for the launching of products at times dictated only by 

P evious model will cause great difficulties in the timing of 

P°nent arrivals and will not allow the work force to establish a
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consistent rate of performance, Wester and Kilbridge acknowledged 

this point themselves and therefore because of this high level of 

impracticability variable rate launching was not considered an area 
for future investigation.

The second approach to sequencing by Wester and Kilbridge con

cerned a fixed rate of launching for all models. With fixed rate 

launching the actual sequence of launches plays the key role for 

efficient manufacture. The first task is to determine the fixed 

rate of launching, this rate of launching referred to as the produc- 

fion cycle time, is calculated using the equation:

B = j f f W
•e’V1=1 d

(3.8)

where :

Yopt = 3 = The production cycle time (optimal generated 

cycle time).

Qj = Number of units of the model j .

Cj = The cycle time of model j. 

m = Number of models.

the illustrating example the production cycle time was determined 

as 0-65125 minutes.

fhe method of determining the sequences of launches by Wester 

^ Kilbridge was to select the model at each launching interval 

minimized the function:

{j-lCj} " ii x Y> • 0.9)

where:

0^ = The cycle time of the model launched, 

i = The number of units launched to date.
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Y = The production cycle time.

This gives a fairly simple heuristic procedure for choosing 

'the next model at each step but does not avoid the occurrence of 

idle time or work congestion, with the possibility of resultant 

failure to complete work. Wester and Kilbridge made the further 

suggestion that if the entire production program could be scaled 

down in proportion to give a number of repeat cycles then the amount 

°f calculation could be greatly reduced.

The fixed rate launching approach is therefore the first prac

tical heuristic for mixed model balancing and although concerned with 

a simple closed definition of work stations, Wester and Kilbridge 

c°ncluded by commenting that a more realistic definition including 

°verlapping of stations would reduce the general level of inefficiency.

Thomopoulos mixed model approach

The first trial line balancing procedure to consider the mixed-

m°del balancing problem was introduced by Thomopoulos ( 37 ) in 1967.
Tile Procedure developed was used for designing an assembly line con- 

Cerned with the manufacture of a set of products which contained a 

reusonable proportion of common work elements, allowing emphasis 

therefore to be placed on the method of balancing as well as con- 

taring the subsequent question of sequencing work.

dancing- M o d e l  I.

The procedure proposed by Thomopoulos is a modified form
Of , •ne single model Kilbridge and Wester ( 17 ) balancing procedure

6Scribed previously in section 3.2), the essential changes to allow

*ed-model balancing being:
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(a) The element durations on the column oriented precedence 

diagram were replaced by the total amount of work 

involving that element in a production period. As a 

simple illustration, if the element duration is 16 and 

the element is involved in the production of 3 models 

A, B, and C whose respective production quantities are 

80, 100, and 120, then the duration of 16 is replaced 

by total work content of 3200.

(b) The cycle time is replaced by the total production time 

available per production period and this is used in the 

Kilbridge and Wester balancing procedure to produce 

assignment of elements to work stations.

This results in a procedure which balances work tasks using an 

ended precedence diagram and shift time available as a replacement
.C
0r the cycle time. It should be noted however that the precedence 

^ agram is a composite of all the individual model precedence

agtams, and therefore works best where a substantial proportion of 

0mmon elements exist, for there is only limited point in merging 

Precedence diagrams of entirely different products. In the example 

ncluded by Thomopoulos ( 38 ) in his thesis, of the 657 work elements 

y far the largest balancing problem found) 592 elements were common
0̂ cl't’ l-Least two of the six models involved.

The balancing example given by Thomopoulos in his paper works 

because a large number of small values were to be found in the
total aSgregated work column. Looking closer however at the procedure

an be seen that if an aggregate work total for one element was to 
eed •tne time available for the production period then the procedure 
eaks a .°wn just as the original Kilbridge and Wester method would if 

mont duration exceeds the cycle time. As there is a reasonable

It

e*c
bn,
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risk of this occurring in the aggregated total approach this first 

Thomopoulos model will need modification.

B a l a n c i n g  M o d e l  2.

In 1970 Thomopoulos ( 40 ) introduced a modification to his 

Procedure by including as a major objective the smooth balancing 

the assembly line, this resulted in a radical departure from 

Ihomopoulos' previous model and in reality represents a new multi- 

m°del balancing procedure, the outline of which is as follows:

(a) The composite precedence diagram with total element 

times are produced as before.

(b) Taking each work station in turn, all possible sequences 

of element assignments are determined along with the 

total work involved in each sequence.

(c) For each sequence the element time required by each 

model is determined and by multiplying by the required 

production of each model the total time at the station for 

each individual model can be determined.

(d) The average time per station for each model is calculated

by multiplying production required by total element time for 

each model and by subsequently dividing by the number of 

stations.

(e) The smoothness function is then calculated as the sum, 

for all models, of the absolute value of average 

station time for the model minus the work content at the 

station for each model, determined by the sequence in 

question.
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(f) The sequence with the minimum smoothness function is 

then selected and assigned to the station.

The procedure of working out the smoothness value for a given 

Sequence can be demonstrated using a simple example where 100 each 

3 models "A", "B", and "C" are to be produced and the total ele- 

m^nt time involved in each model is 11.0, 6.0, and 18.0 respectively. 

The sequence in question being investigated involves 3 elements: 

e ement 1, element 2, and element 3 whose individual element times

are as follows:

A B C

1 1.0 0.0 1.0
2 1.0 1.0 1.0
3 0.0 0.0 1.0

2.0 1.0 . 3.0

The

The
is:

total time at the station for each model is:

(A) 2.0 x 100 = 200

(B) 1.0 x 100 = 100 

<c) 3.0 x 100 = 300

average time per station knowing 5 stations are to be employed

(A) 100 x 11.0 
5

B̂) 100 x 6.0 
5

ic> 100 x 18.0
5

220

120

360
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Therefore the smoothness function can be calculated as:

A = |220 - 200| + |120 - 100| + |360 - 300[ = 100

^  this were to be the minimum A value this sequence would be assigned 

to the station and the process repeated for the next station.

The second model proposed by Thomopoulos ( 40 ) fits within the

Category of a good heuristic rule combined with a controlled amount

numeration, the type of approach which was indicated to be likely

to produce better balancing solutions for single model balancing.
TV»e am°unt of calculation involved in determining the smoothness 

ctor is more than would arise with a more simpler heuristic but as 

calculation involved still appears to be well within the capability 

a computer, then the amount of calculation cannot be criticised.

One point of concern with Thomopoulos' second model again arises
XL

m the nature of the problem demonstrated. The procedure generates an 

bivalent aggregate cycle time (total time available per period) by
d » j  •

lng the total time by the desired number of stations, and in

a°n to this aggregate cycle time each total time for individual

ents is small. The procedure therefore does not explain what

uid happen if the total element time for one particular task was to

che aggregate cycle time, a reasonable possibility on occasions 
with th *is aggregating approach and an equivalent problem to attempting 

*ngle model balance with an element exceeding the cycle time. This 

regarding the total element time of any one individual element

relat
eletTv

c°minent

g the equivalent cycle time has been brought forward in both
Th

P°ulos1 models because they are both likely to have such
S - 1, •

l0n arise as a consequence of the nature of the aggregating
Cedure t w • . . _ . ,ihis problem can be seen in an illustration of mixed-

iancing given by Wild ( 47 ) where in a problem with a 40 hour

a

Pto.

^dei
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Sgregate cycle time, four out of a possible eighteen elements exceeded 

the aggregate cycle time and were apparently balanced by allocating 

t<J ^ouble and triple stations, although no detailed explanation of 
how this was achieved was given.

In summary therefore Thomopoulos has put forward two true 

Xed balancing models which in the first case involves the relatively 

robersome Kilbridge and Wester method and in the second case 

involves limited enumeration in a similar manner to the single model 
Glancing of Hoffman ( 14 ).

^aHSn£in£

Having achieved a mixed model balance Thomopoulos then examines 
"the gestion of sequencing the actual production program, working on 

asis of the more practical fixed rate launching situation. The

'l ncing model put forward by Thomopoulos is distinctive in the 
tanner in w •n wtlich stations are defined, and in the method by which 
the bes-h osequence is determined.

our different types of work stations were allowed for by 
1homopouin . .s in his sequencing model, including closed stations, open
stati
^cess

pâght 
stati

ns> closed to the right and open to the left stations (upstream 

stations), and finally closed to the left and open to the 

stations (downstream excess stations), the nature of these 

us have been described in Chapter 2. The sequencing method of
Th

Poulos allowed for the individual definition of each station 
and then

calculated the behaviour of product and worker allowing for 
the type of stations involved. This represents a significant and 
t o t e i f o p . ^  ,

y advance in that it is an acknowledgement that when analys
es the act

Ua  ̂behaviour of assembly lines, it is a simulation approach
that ,•

* tor m  practice the sequencing procedure of Thomopoulos
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was an introductory simulation study with individually specified 

station types and station dimensions.

The actual sequencing procedure given a particular arrangement 

°f stations consisted of determining each of four types of inefficiency 

and converting these inefficiencies via penalty costs into the 

Sequencing objective criteria. The four inefficiencies defined by

Thomopoulos were:

Idleness:

Work deficiency:

Utility work:

Work congestion:

Occurs where an operator is kept waiting 

for work to enter the upstream limit of 

his work area.

Occurs when an operator completes one task 

before the arrival of the next.

This is representative of the remedial work 

required when an operator fails to complete 

his task before the product leaves the 

station.

This occurs when an operator moves out of 

his station to complete his work.

Each of the four penalty types has an associated individual 

halty cost and the sequencing criteria is based on the total of 

hSSe four Penalty costs.

The sequencing procedure works as follows:

â) Tor each model available consider launching the model 

in question and determine for each station the conse

quential penalty costs.

Select the model with the smallest inefficiency cost 

and assign the model to the schedule.
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(c) Update the position of each worker on the assembly 

line bearing in mind the work of the model just 

launched. For example after a number of models, the 

worker is currently 0.2 minutes downstream with a cyle 

time 2 minutes and a model has just been assigned to 

the sequence which has 2.6 minutes of work at the 

station in question, then the starting position for the 

next calculation is 0.2 + 2.6 - 2.0 = 0.8 minutes down

stream from the start of the station.

(d) Remove the model accepted into the sequence from the 

list of models remaining in the production program.

Continue until all models have been assigned into the 

sequence.

The concept of analysing in detail what theoretically occurs 

lnside each work station is a major contribution by Thomopoulos 

and again emphasises the potential for a simulation contribution to 

mixed-model balancing. The practical weakness that exists in the 

Thomopoulos case is that when simulating in such detail the natural 

Vapiance of human performance will, in a particular situation,give a

c°nsiderably different result than Thomopoulos1 theoretical sequence 
cost.

A second considerable difficulty arises when understanding 
Th0lr>opoUiost suggestion that a penalty cost can be tolerated at all 

6Ven though it is a minimum. Idle time by operators may be accept-

on a practical assembly line but persistent remedial work may not, 

w°uld perhaps be better to consider increasing the cycle time in
oi'de

tent
r to reduce the possibility of poor quality production. Persis- 

remedial work at one station is an indication that perhaps

^he manning is desirable whilst if intermittent remedial work is
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involved then in practice the floating "work station" should be 

acknowledged in the calculation of assignments and line efficiency.

The calculation involved in this simulation type approach to 

sequencing can be considerable but Thomopoulos pointed out quite 

lightly that if the proportion of the total program can be broken 

dqwn into smaller programs containing the same approximate proportions 

0f models then a set of repeat cycles exist and sequencing need 

°nly be undertaken for one of the repeat cycles.

3 "̂ * Macaskill mixed-model approaches

Glancing

The first reference to a mixed model balancing procedure by 

^acaskill ( 23 ) appeared in 1969 where in an article on the methods 

available for organizing the solution of balancing problems by 

°mputer the brief outline of a multi-product balancing procedure 

given, although the program involved was not fully explained, 

snce was made to a procedure which sought to determine the lowest 

Time for a number of products to be manufactured on a line of 

Siven iength.

A more detailed procedure was published in 1972 ( 24- ) where the

^ regate total approach of Thomopoulos was adapted to a ranking

Cedure rather than the precedence diagram approach. Creating a 
Pi’eceHpence diagram with total aggregate time for each element and
baqdnCe on a basis of a shift time available, the selection of ele- 

Was ranked on either positional weight or alternatively largestDents

aSgregate time order, Commenting on the subsequent problems of
Se ûenc
th*t a

That

ing the products Macaskill indicated in support of Thomopoulos 

simulation approach would be required and further pointed out 

T^o different product mixes will not achieve the same line balance,
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This brings forward a very important principle for future work in 

'the field of mixed-model balancing in a real and practical situation, 

a mixed-model assembly line will be designed on the basis of a provi

sional estimated production schedule and once built will have to oper- 

^he on a variety of actual production schedules dictated by customer 

demand. A subject therefore needing investigation is the question of 

how will mixed-model assembly lines perform if the production schedule

is varied.

A similar rank positional weight mixed-model balancing example 

that of Macaskill was referred to by Wild ( 47 ) where ranking was 

Performed once instead of continuously but no detailed explanation was 

subsequently found.

f e n c i n g

by
Macaskill further investigated the assembly line balancing problem 

carrying out computerized simulation studies along the line proposed
by Thn°mopoulos’ hand simulation model for sequencing, identifying in

simiiar manner to Thomopoulos the various values of inefficiencies 
fon a a ■given example. Macaskill concluded that the weakness of his
and tkaomopoulos’ simulation approach was that operator variability had 
Uot been taken into account, a point supporting a comment made earlier.

the
to

IT #uvmg examined the four main approaches to mixed-model balancing, 

§eneral conclusions that can be drawn from the review as a guide 

uture developments in this area include:

For the balancing of mixed-model assembly lines where 

models have substantial proportions of common elements 

then an approach which considers a composite equivalent 

all models is preferable to an approach which balances 

bor each model separately.
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(t>) Wherever possible the balancing of a mixed-model produc

tion line should be completely independent of any sub

sequent sequencing analysis for in practical applications 

of assembly line work, product mixes and product schedules 
will vary considerably over the life of the plant.

(c) An understanding of the behaviour of work within

an assembly line station can make an important contribution 

to determining the effectiveness of an assembly line. The 
use of simulation suitably fits this role.

(d) tfhen simulation is applied to investigating behaviour 

within assembly line stations employing manual operators 

it appears unrealistic not to take into account operator
variability.

*-e) Mixed-model production has two polar cases: that of the 

manufacture of entirely different products and that of 

the manufacture of products with common work elements. 

Where differing products are to be made in a mixed order 

i*e. not in batches, then a different form of multiple 

product balancing problem arises and a different solution 

procedure based on multiple element assignments may be 

appropriate compared to balancing mixed-model inter

related products with single element assignments.

£°Iijglex Balancing Approaches

TVie assembly line balancing problems so far examined have primarily
deait ,n a simplified definition of the tasks involved. This simpli-
fic*tion
the

concerns the use of deterministic element durations, where 

aximum duration is generally less than or equal to the cycle time



89

and an assumption that the assembly line is made up of a uniform 

collection of closed stations. Many practical assembly lines however 

w°uld be unduly restricted were' they to be balanced using such a 

Slmple definition of work stations, furthermore whilst deterministic 

dement durations may represent the work content of an element, the 

actual time taken by operators will behave as a normal distribution 

Mith the deterministic duration as average.

Where any modification is made to either the treatment of work 

dements or assembly line stations the problem is then termed complex. 

Complex balancing problems represent the greatest prospect for future 

^search. In reviewing the limited number of papers concerned with 

0lnplex balancing two approaches will become apparent. In the first 

Pproach simple assembly line balancing procedures are modified to 

°Pe wiPh additional difficulties and in the second balancing approach 

Pooialiy constructed solution procedures for solving more complex 

Problems will be encountered.

j «
•1 Work Element Variât ions

Three forms of element variation can be encountered in a complex 

^Ocing problem each of which would rule out the conventional deter-
pi. • t
tic approach subject only to precedence restraint. These three 

rms variation are:

(a) The use of variable work element durations.

(b) The existence of element durations greater than the 

cycle time.

(c) Additional restrictions which limit the possible loca

tions of element or the method of completing the work 

involved,
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Var i a b l e  e le m en t  d u r a t i o n s .

A number of published papers of assembly line balancing including
Moodi16 an<̂  Young ( 31 ), Ramsing and Downing ( 34- ), Mansoor and Ben Tuvia
( 28 )' i and Mansoor ( 26 ), have acknowledged that whilst the majority

Glancing approaches use deterministic element duration, the opera-
^ion °f an actual assembly line including manual work will result in 

e not deterministic completion times.

TVi are two approaches to dealing with element time variance,
III XT •

lrst case all deterministic element durations are increased

Pensate for the actual variable completion times and in the

case variable durations are allowed to replace deterministic 
i

Wlthin the balancing procedure as part of specialised cost
models.

It

Nicies
of more
A brlef
to

is not the intention in this review to include the many published 

on the nature of work on paced assembly lines, although a number 

commonly quoted references have been included in the Bibliography, 

summary of these articles would acknowledge that the time taken

Piste work tasks will vary according to two influences: 

The normal variation of human operators.
(b) The

The

®le
Prime

variation in performance over a period caused by 

fatigue and other factors.

concern at this point is to review how allowance is made for
ment Variance.

Yoi Published papers by Ramsing and Downing and Moodie and
Utlg SUmmarized
ement

the most common method of dealing with variable
■̂iroe* ibis approach consists of increasing each element time to 

work can be completed on a specified percentage of occasions.
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Kn •owing the average element times, the variance of element times, and 

assuming a normal distribution, the element durations taken in each 

^lancing procedure is calculated using the equation:

(3.10)= t. + a /t .1 1 vi

where:

= Increased element time.

= Average element time.

= Element variance,

a = Number of standard deviations equal to the risk 

required.

Ibis appears to be a simple and suitable method of dealing with

ment variance. The defence of this approach is to recognize that

manY cases an important objective on assembly lines is the comple- 
îo °f work tasks, for remedial work is comparatively expensive and 
Parsic-t-cent remedial work could be both destructive to production and
^ouid i.i j.. B .vj-cimately result in deteriorating production quality. By
ehsurlng therefore that the probability of failing to complete work is
Set at
c*h be

a level dictated by management the effect of uncompleted work 

controlled. Vrat and Virani ( 4M- ) in a paper describing a prac-
bic,al application of balancing in an Indian company supported just

view with a balancing model designed to balance the cost of 
n̂iediaq

this

COnditi0n
work against the cost of work on the assembly line, under 

s of variable work duration.

alternative approaches to dealing with variable element times
bavg k

en put forward, each of these approaches involving a specialised
Cost

m°del not normally associated with assembly line balancing, in the 
rnm°del Mansoor ( 27 ) proposes a model when operators with known 

rmance rating are selected to man stations for a given cycle time,
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effective time available found by multiplying the cycle time by

Perator performance ratings. The method of Mansoor and Ben Tuvia 
( 23 \ proposes that the more conventional additional time allowed be 
ecU but that operator be encouraged by extra payment to work at

work elements are subsequently assigned to these stations using

higher

0utPut.
performance level, thus allowing lower cycle time and more

The first model is a good example of the difference between

ademic concepts of assembly lines and assembly lines in practice, for 
it * certain that once an assembly line starts to function absenteeism, 

lngj and staff turn-over will ensure that the same operators will
hot Permanently man individual stations.

A .  ^a]or point in the philosophy being put forward in this thesis 
Ŝ "ttl *view that assembly lines do not often operate under the same
Con<Uti„ns as those in which they are designed. Changes in product
mix

will 

as de

5 the ability to alter line speed and variations in manning standards 

311 contribute to ensure this difference between an assembly line

Slgned and the assembly line as operated. For this reason it is
Cons iri

ered that balancing heuristic or procedures should not be unduly
PUfluenced by assumption of subsequent operations and that simulation
shomd
to inve
Pio:

he used to examine the balance solution after it has been produced, 

stigate how well the line will perform under a variety of condi-
hs and mot just those estimated at the design stage.

By
of

the

roason of the philosophy just proposed the conventional addition
^ jp *

lxed proportion to compensate for element variance is supported in 
to be developed.
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As stated earlier the situation may arise with certain balancing 

Problems that an element duration may be greater than the desired 

cycle time. Under these circumstances simple assembly line stations 

Mlll not be able to yield a balancing solution. How large elements 

may dealt with is particularly relevant to the balancing model 

Proposed in this work but more appropriate comment on dealing with

problem will be found in section 3.4.2^as the question of consider 

n§ versatile definitions of work stations is examined.

Large e le m en t  d u r a t i o n s .

M i s c e l i a:neous e l e m e n t  r e s t r i c t i o n s .

In a practical assembly line balancing situation elements are 

eIy free of all restrictions and a number of the simple balancing 

°cedures have indicated an additional ability to deal with various
_ r  , ,  ,or miscellaneous restrictions, these additional restrictions

inclurf* •lng element sharing, compulsory grouping of elements, location

eIenients at fixed line positions, multi-operator elements and zoning

Element sharing and divisable element does not agree with the

^ l  definition of elements as self-contained collections of work 
Eut the Point made by Mariotti that it may be preferable to pay the
c ° s t  O f one or two elements undertaken in highly inefficinet manner
rather than paying the cost of a badly balanced line has limited appeal

This

^ i l e d

SUPPorted
discPete

practice however could not be supported without a more 

analysis of what exactly is involved, for if this view is 

the logical conclusion is that the_ problem is not one of 

integer assignments but simply one of equal distribution of
a total am°unt of work between stations.
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Fixed location elements, mutually exclusive element, and mutually
lnclusive elements can be considered in the same light as precedence

estrictions for their effect is more one of restricting the choice of
Possible locations rather than of one requiring the development of a

ew approach to balancing. Only where in specific problems these extra

ictions require greater time than the time available at a given

Nation or the number of stations available on the line is exceeded will 
hew bai=•J-ancing procedures be required.

Zoned elements are a more difficult case to deal with for zoning 

"Ses a fundamental question about the definition of assembly lines.
Wester Kilbridge ( 18 ) alone defined nine categories of station

and did not elaborate on the question of dealing with overlapping
f jt tvror example front and rear overlap with left and right which 

ov0v»i saP with top and bottom) or with the question of dealing with
Mutual ly exclusive zoning. The general effect of including zoning con
gelation i
Work

^ann

is to redefine an assembly line as a series of parallel 

lng zone based sub-assembly lines and to raise the problem of multi- 
lng on stations.

The question of two-man elements as included by Mariotti is an
Intetesting one of relevance to the enlarged multi-manned station models 
^eVel°ped ii
Pumb

(for

m  Chapter 4. It is a reasonable assumption to assume that 

er of elements cannot be efficiently undertaken by one operator 

example the decking of an engine to an automobile chassis)
ahd

Will
when these elements occur the conventional simple one-man station

not produce a suitable balance solution. There is some surprise 
that the
task

M o
has

question of the minimum number of operators required by each 

n°t arisen more frequently in balance procedures, as it appears

'Meq
Sical problem likely to occur reasonably frequently. A balancing 

aHowing large stations will be more capable of dealing with this
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Restriction than the more conventional single operator procedures,

a general rule the view is supported that wherever possible, 

balancing procedure should take into account miscellaneous restric

tions as this will with time lead to more industrially applicable algo-
Rithms.

,l+"̂  y°Rk Station and Assembly Line Variation

Leaving aside the need to consider complex stations in order to 

atisfy wider definitions of work elements, the desire for improved 

oiency on assembly lines can in itself justify the move away from 
1InPle station definitions to more complex stations. The variation 

w°nk stations will take place on one of two forms, either variation
Wl "Kk *ln the size of a station or variation in the organization of the 
a^ion (e.g. zoning). The number of published balancing procedures 

have either discussed or used complex stations is relatively small 

for this reason their merits can be individually discussed noting 

the type of work station variation is illustrated in table (3.5).

tfe.'S t ~ ar and K i l b r i d g e  ( 1 9 6 2 )  , M a r i o t t i  ( 1 9 7 0 )  .

As mentioned before the first reference to balance a complex form
of

^  a
assembly line was published by Wester and Kilbridge in 1962 where 

general article discussing a practical balancing problem, the ideas
of work zoning and fixed positional elements were introduced. The justi
fi ^fion for elements being located at fixed work stations was that
spgci .et equipment would be needed. This implies however that a certain 
^ U n t  cc °f pre-knowledge is known about the final form of the assembly 

if this situation arises frequently then the balancing problem can
hof v

e formulated in the same way as a balancing problem with no known
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positional restrictions, particularly when the balancing procedure does 

initially define the number of stations on the line.

blems
In the general article by Mariotti, in which four balancing pro- 

were discussed, namely element sharing, divisible element, cycle

ii ê less than element times, and multiple stations. When dealing
with cycle time less than the largest element time the suggestion of
Mar

Mar
i°tti is to use multiple station of the enlarged multi-man type. 

lotti did not however consider how the nature of group working would 

feet the element duration and consequently simply divided the element 

me by the number of operators to produce a new equivalent duration. 

e is an inherent weakness in this argument as this implies no loss 

efficiency, a point that will be discussed in some detail when 

el°ping the new balancing model in later chapters.

enlar
hatup

The prospect for developing an efficient balancing procedure with 

§eable station is however strongly supported provided that the 

e °f group working can be rationalized, as enlarged multi-manned
statil0ns capable of dealing with large elements. 

M S ° L A r c u s  ( 1 9 6 6 )

In a Paper concerning a balancing procedure for simple type problems
Which ,aa been computerized, Arcus indicated that the computer program 
Was adn ■ +. •itionally capable of handling task, durations larger than the

two-operator tasks, and fixed-location elements. Suitable 

s °n the effect of fixed-location tasks has been made in the
discUs
Ma

sion of the respective approaches of Wester and Kilbridge, and
‘niotti.

the
rcus overcame the problem of large element durations by introducing 

ating use of double length stations, that is to say rather than
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inching to two physical stations each manned by one operator, one
j, « %T‘lon is used and each operator works in rotation on each second

Product. Duplicated stations of either, the rotating or parallel kind,

aVe -̂hree main disadvantages. Firstly they may be expensive in
luipment as key items will be needed twice over and additional branch-

n§ and merging machines may be required. Where rotating type of parallel

is undertaken there will still be a need for duplicated equipment

* Edition care must be taken to ensure that equipment does not

nterfere as operator overlap. The second problem is the need for

Perators manning parallel stations to be trained to twice the level

°iher operators, a problem which may upset job harmony. The third

^entially more serious problem arises when mixed-model production 
Is .ng Undertaken. With certain balancing procedures the sequencing 

W°r’̂ after balancing is important to eliminate the risk of over-of

M°iki; 
lar

n§- A typical example of this would be to sequence alternate
§e and small tasks. With parallel working however this will result 

in all 1xarge tasks being assigned to one operator and all small tasks 

assigned to the other, this point, i.e. that where parallel
*tatj
has

l0ns exist sequencing of work becomes substantially more complicated 

been appreciated by those authors who claim both parallel

ÌOns an<T sequencing as part of their procedure. 

0m°Poui0s ( l 9 6 7 f  l g 6 8 )  r M a c a s k i l l  ( 1 9 6 9 ,  1 9 7 2 ,  1 9 7 3 ) .

elei

kas

^he work of Thomopoulos ( 37 ), ( 39 ) and Macaskill ( 22 ), C 24 ), ( 25 ) 

n°t strictly fit into balancing procedures capable of assigning 

to complex stations, as consideration of extending stations
reserved

The
for the subsequent sequencing of mixed-model production.

uPstr,
complex station definitions used included the principle of

th
and downstream working areas outside the normal station length,

is is an acknowledgement of actual assembly line practice and therefore
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r'thy of note at this point, the merits of using an open station 
 ̂ • , •
1 lon ^aving been discussed previously in this section.

Macaskill ( 22 ) did refer in one paper to an optimal facility

"ng included in his computer programs for allowing double stations 
The Procedure works by examining the inefficiency of each single 

ion and when unacceptably high inefficiency is found the station 

is duplicated and balancing recommences from that point through 

end of the assembly line. The description of this procedure
hoty0\r0r> A oes not clarify whether a single station size would be 

ned if the inefficiency of the double station were to be worse 

the original inefficiency. If a double station is accepted the 

°f working outlined by Macaskill is that of operators working
t -4- •

lon on double length stations as opposed to operators working

ndently on branched assembly stations. Comments on the diffi- 
Culties t may arise with this approach have been made earlier andthe

rnment with respect to mixed-model balancing is particularly
X'eieva^^

as Macaskill is one of the two authors most concerned with
SSqygj. .

lng for mixed-model production, 

i^off a g e s )  a n d  B u x e y  ( 1 9 7 4 )

Two
have

computerized procedures for balancing assembly lines that

1 ically made provision for dealing with non-standard work
stati0n

are those of Heskiaoff ( 12 ) and Buxey ( 4 ). Heskiaoff 

e rank positional weight approach of Helgeson and Bi 

,° aU0W for fixed posxl
^straff

g example included in the paper referred to the recondi-

iirnie

positional elements and multiple stations, the

tiohin
test

g of "f“ iHephone handsets where certain elements of work were
dieted to

3ssutied
given stations, indicating once again the case of

Pre knowledge of the assembly line to be used. With regard
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to increasing the capacity of work stations Heskiaoff also included, 
along similar line to Macaskill, the ability to double the size of a 

station but went further than Macaskill by attempting double balancing 

at every station rather than just with those of low efficiency. The 

double station was expected to operate on the principle of overlapping 

°Perators as used by Macaskill and once again will result in increased 

training needs.

A more advanced method considering multiple stations was intro

duced by Buxey in a computerized procedure which was capable of pro

viding multiple station sizes which expected to operate on the principle 

parallel branches type, and which could accommodate certain element 

and line restrictions. The first significant extension by Buxey was 

"̂° aHow the station size to be dictated by a ratio involving the 
dumber of work element per station. Although empirical in approach 

•e* not based on any scientific principle, this advance did allow 

°Usideration of more than just single or double stations, thus 

Providing more opportunities for finding the most efficient balancing 

lution. ip should be noted however that the empirical ratio used 

dictate maximum station size would not cover all cases of problems 

e*tra large element durations.

Amongst the useful additional feature of the Buxey balancing
P^gram is included the ability to deal in a limited manner with

6ment zoning, desirable grouping of elements, mutually exclusive

raents and element requiring more than one operator. Acknowledging

tile contribution of Heskiaoff in the development of his procedures
Bux_V identified that in certain assembly line balancing problems there 

w°rk elements that actually require more than one operator and 

r>efore require assignments to extended or enlarged stations.
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The inclusion of variable station size therefore represents a 

very useful addition to assembly line balancing procedures providing 

•̂he theory behind enlarged stations is carefully analysed. Summarizing 

°n fbe methods of varying station size included in this review the 

following general conclusions have been drawn:

is) Extended work stations with upstream and downstream

excess represent a means of overcoming variations in work

load caused by mixed-model production. Extended work 

stations represent only a temporary extension and over a 

period of time the work assigned to an extended station 

must fall within the station time available (cycle time) 

and therefore extended stations should not be considered 

at the balancing stage.

(b) Duplicated stations whether parallel or rotating in 

nature can deal with large work elements at some con

siderable expense in additional equipment and training. 

Duplicated stations cannot cope with those work elements 

needing two or more operators.

ĉ) Enlarged work stations can satisfy the needs of large 

elements and elements needing more than one operator, 

whilst at the same time giving the advantages of a group 

approach to job enrichment on assembly lines without 

requiring additional line space.

^) Allowing for variable size stations in a balancing 

Procedure increases the probability of finding a good 

balancing solution as more alternative choices of 

line configuration exist.
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G l a n c i n g  C r i t e r i a

Methods of Evaluation

The text of the literature review up to this point has been 

Ucerned with analysing the merits of each actual balancing proce- 

re with a view to identifying the potential for further advances, 

is worth however for the purpose of completeness to give separate 

sideration to the evaluation criteria used in each procedure.

'S Tmportant to be able to show that the objectives of the various 

ancing heuristics are appropriate to the problem being examined
« U id  »

° subsequently consider whether new balancing models can use 

ang criteria or will need to develop new criteria formulae.

Pr»°m table ( 3.6 ) it can be seen that three principle formulas
in Use> two of which are alternative representations of the same

e f f . ,
lency criteria. The most common objective in the balancing tech- 

viewed was that of minimizing idle time,.where idle time can 

Pressed by the equation:

^Te time = Total time available - Total work time.

an imminently suitable criteria for balancing but as the 

a"tion involves absolute values it may be difficult to compare
•4.*

ra® for different problems and therefore it may be difficult
assess th .tne effectiveness of procedures over a variety of trials.

This i

form
idi«
to

An E te r n a ti-ive expression of the amount of waste time was

Educed by Kilbridge 
Delz

and Wester ( 17 ). Referred to as Balance
the equation involved is:

B.D. = P x C - .j“ t.
----P~x C 1} x 100 M (3.11)
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where:
BD = Balance delay 

C = Cycle time 

P = Number of work stations 

t^jn As before

The advantage of Balance Delay is that it is a relative expres- 

l0n efficiency and therefore can be used universally for comparing 

Tancing results. For this reason the Balance Delay equation is 
rth maintaining in some form or another as a means of evaluating 

Glancing results.

Nine of the balancing procedures reviewed used Balance Delay

addition Macaskill ( 22 ) used a close approximation to 3alance 
Doqav ,

y where the balance efficiency was evaluated using the equation:

Balance efficiency = Total work time
Total time available

(3.12)

bal
The third major formula used for evaluating assembly line

nCes was introduced by Moodie and Young ( 31 ) and termed Smooth
ness InrlQex> where Smoothness Index can be calculated using the follow- 
Bg equg-f-̂ .̂

S-I. = /¡P 

where

(S — S j 2k-1 max k

S t —*A • = Smoothness index 
 ̂= Number of work stations 

\  = Work time of station k 
m̂ax = ^aximum station time.
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This equation is unique in that it actually represents the 

smoothness for the line. The title "line balancing" implies the 

sharing equally of work yet the criteria for assessing the equal 

sharing of work is only used by three procedures, whilst idle time 

and balance delay occurs twenty-three times in table (3.6). There 

are bwo reasons for this. Firstly if idle time is low then this 
automatically means that there is a reasonable distribution or balance 

f work so indirectly idle time and balance delay are representative 

e<lual work distribution. The second reason for the lack of use 

°f smoothness index is the fact that it is difficult to give anything 

the broadest meaning to the actual values produced, a value of 

er° represents perfect balancing but what does the value of five 

fifty represent. In future balancing procedure therefore it may 

w°rth looking for a more readily understandable equation than the 
Present absolute value formulae.

to

hav

Idle time, balance delay, and smoothness index are all relevant 

simple single model balancing and alternative formulations will 

e to be found for mixed-model balancing.

When examining the assembly line sequencing problem four more

Cific time calculations were proposed. Wester and Kilbridge ( 17 )
"tially proposed that idle time and work congestion are considered

eans of examining the efficiency of an assembly line, where 
idle t-i and work congestion have the following definitions:

Idle time occurs when operators have no work to perform."

Work congestion occurs when operators are forced into 
e upstream area in order to work on'a unit,"

In

Th
Wo later articles on the sequencing of mixed-model production 

P°ulos ( 37 ) and Macaskill ( 25 ) added two more measures of time
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utilization to the two introduced by Wester and Kilbridge. The two 

additlonal measures of time utilize were work deficiency and work 
utility, defined as:

Work deficiency occurs when operators have no work.”

Work utility occurs when operators cannot complete the 
work on a unit."

should be noted that the additional measures of time apply only 

t0 Work stations with an open definition i.e. with an upstream and 

Wnstream excess. The intention in later chapters is to provide 

imulation model for assessing a given assembly line under a 

iety of conditions, and the four measures of time utilization are 

PPropriate for inclusion in some form in that simulation program.

Two further criteria were proposed in papers dealing with 
sPscial* iized balancing problems, both of the criteria in question 

S financial. In the first application Mansoor ( 27 ) was examin-
ing

e Very special case of whether assembly line operators could 
be paid more to work faster and thereby allow increased output, the

Sophy behind the method being one of constant cost production.

sec°nd case Vrat and Virani ( 44- ) also examined a very special-

problem , that of balancing the cost of assembly line production

remedial work, where various rates of output and total 
cost of n ,production gave a unit cost for output and to this was
added
'luest

The unit cost of remedial work caused by the output rate in 

giving a total cost per unit, the objective being to mini-
this total cost.

made

manuf

both cost models were very specialized no specific use can be 

them but it is a noteworthy principle that as all industrial 

tune has to be justified in financial terms, additional financial
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analysis of balancing procedure results might be of benefit,

In developing a new balancing and simulation approach a number 

general principles can be established with respect to evaluation 
criteria. These are:

(a) For overall analysis Balance Delay and Smoothness Index 

are most appropriate and should be included where 

possible.

(b) When mixed-model production is being balanced Balance 

Delay and Smoothness Index equations will have to be 

adjusted to be more representative to the product mix.

(a) When simulating the operation of assembly lines in 

detail work congestion, work deficiency, idle time, 

and work utility are suitable sources of relevant 

information and should be included.

(d) Where mixed-model production is being contemplated a 

measure of the training needs of operators, i.e. the 

total span of work to be undertaken by each operator, 

would in addition be of benefit.

The conventional rate of output 

time should also be produced.
3 g

Conclusions

5

^Pacific detailed conclusions with respect to each major section
of the
tl

Review have been given at the end of each section. The inten- 

his point is to draw out from the review the areas of poten-
tial fori hew balancing procedures. The areas identified and the
Reasons wwhy new work would be of benefit are given as follows:
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Ca) Single model balancing of simple stations is an area 

that has been widely investigated and therefore may 

not be suitable for further work.

(b) The prospect of more efficient and practical balancing 

procedures held out by enlarged work stations is an 

area not so far closely examined and therefore worthy 

of further research.

(c) Any balancing model developed with increased capacity 

stations should examine both single and mixed-model 

production.

(d) As there is no guarantee that the estimated balancing 

conditions applicable when the line is balanced will be 

the actual conditions when the assembly line is in 

production the efficiency of balancing solutions pro

duced by any given procedure should not be too sensitive 

to particular balancing conditions particularly in mixed- 

model balancing.

Little work has been undertaken to examine the versa

tility of balancing solution. Acknowledging that 

once constructed assembly lines, rarely work under 

the exact conditions used to balance the line, a simula

tion approach which investigates the effect of differing 

production programmes would be of considerable benefit.

Acknowledging these general conclusions a new balancing procedure

^ enlarged work stations for single and mixed-model production will

eLoped in the next chapter and a simulation program for detailed 
lemblv -i .m e  analysis will be proposed in Chapter 5.



CHAPTER 4

A BALANCING MODEL FOR STATIONS 

EMPLOYING GROUP WORK

/
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A BALANCING MODEL FOR STATIONS EMPLOYING GROUP WORK

*1* Introduction

Within this chapter three new balancing procedures for assigning work 

eIements to assembly line stations will be presented and illustrated.

s n̂g a combination of simple heuristic and limited enumeration, identi- 
f u
e m  the review as the approach most likely to produced efficient

alancing solutions for industrial size cases, the three procedures will 
be Required to deal with a broader, more practical, definition of the
Glancing problem.

Upon

Used

Ibe solution approach adopted in each of the three models is based 

an examination of group-manned or enlarged stations, which are to be 

as a means of overcoming balancing restrictions and as a means of

Sieving higher performance. The time limits that apply on enlarged
stati,ons will be identified in this examination and subsequent analysis
of

S^oup-working will be used to introduce the new concept of "work-

Pressibility". Work compressibility places a limit on how far the 
work c°ntent of a task can be subdivided between operators and will
therein»-, ^e be seen to control in a realistic manner the size of enlarged
tations permitted.

limitation arises from the acknowledgements that there is a

al minimum time in which any work element can be completed (mini-
nixxni Hi

ation) no matter the number of operators present and resources
aVaUable . , ... .• As each multi-manned station has to complete work within 
the

Will

the

Welx

and

ycle time available the existence of a minimum time for each element 

ffect the number of task assignments to each station and will raise 

lUestion of how to determine the -most effective size of station as 

how to determine the most efficient assignment of elements.

After fully explaining the new concept of work compressibility 

ysing how -̂0 determine the range of station sizes to be considered,
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'the three models will be presented as the first part of an integrated 

allocation and simulation approach to assembly line design,intended 

to study in depth both the balancing of assembly line work and the «, 

subsequent operation of the balanced line. The simulation model,

§!ven in Chapter 5, will in particular be concerned with examining the 

ffect on efficiency of changes in production conditions after balancing 
hss been completed.

Jhg balancing problem examined

Leaving aside the question of simulating the operation of an 

sembly line after balancing has taken place, the primary objective of 

balancing procedures given in this chapter can be stated as:

The^assignment of given work elements to assembly line 
stations so as to minimise the total idle time on the 
lne» subject to the problem conditions in existence."

^Ticiency therefore is the prime concern of the three assignment

^Ures to be developed (designated ASSIGN 1 to ASSIGN 3) and the 
actual measures of efficiency and work distribution used for evaluating
soiuti

ons (Balance Delay and Smoothness Index) will be stated in
Section n . s .

s°Lution
r̂orn bhe review it can be seen that the detailed structure of 

approaches to assembly line balancing will be dependent upon
cisi0

Tin«
ns made with regard to two main areas; the type of assembly

Production involved and the treatment given to restrictions and
Prohiem •information. As a preamble therefore to presenting the case
for

enlarged-station based set of balancing procedures the type of
pr°duction to be considered and the treatment of information and restric-
Uoins wiU  be given at this point.
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-Hlgg. °f Assembly Line Manufacture Considered

The three balancing procedures in this chapter are designed to 

§lve three differing solution methods covering single and mixed 

m°del production, i.e.

ASSIGN l - Single model production.

ASSIGN 2 - Mixed-model production

Multiple element assignment.
ASSIGN 3 - Mixed-model production

Single element assignment.

Two approaches to mixed-model production have been included to
C Q V Q J i j .1 #tne wide spectrum of mixed-model production possible. ASSIGN 2 

concerned with mixed-model manufacture where products are diverse 

c°ntain only limited common elements, whilst ASSIGN 3 will be 

eloped for the more common situation of producing a number of 

ions of a basic model, thus giving a high proportion of common

6nts- In later chapters the performance of the two mixed-model 
pr°cedure
higher

"es will be compared for it is suspected that ASSIGN 2 will give 

levels of efficiency but at considerable cost in work variation.

' of Information and Restrictions

The balancing procedures ASSIGN 1 to ASSIGN 3 have been included in 

mPuterised suite of programs under the global title ALB (Assembly 

Glancing), general details of which are given in section *+.9. and 

instructions for use of the programs are given in the Users 

U^ e> Appendix B.

Line

sonr
in designing the programs the objective was to treat the three main 

°es of information in such a manner as to be as useful and practical
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as Possible. The general treatement of work elements, stations and 

the overall line therefore includes allowance for the following:

Work elements: Deterministic or variable durations.

Large durations greater than cycle time. 

Multi-operator elements.

Zoning restrictions.

Special resources.

Both variable and deterministic durations are considered rele- 

particularly as a high proportion of assembly lines involve 

nUal operations. The natural variation in performance will be 

°unted for by increasing average duration, using normal distribu- 

11 theory, to a figure guaranteed to be achieved on a defined 
Centage of occasions.

large durations greater than cycle time and multi-operator ele
ments (1,e* elements that require two or more operators) are included 

ey do occur in practical assembly line problems. It was the
^Xclniina-+- •ion of these problems that lead to the development of work 

essibiiity and enlarged stations.

to

that

setting out the information structure for a general approach 

embly line design it is acknowledged that elements will occur
hav

m add it
e the need for special equipment or have zoning requirements

i°n to precedence restriants, both of which affect the assign
ment of e ements. For this reason provision is made for inputing and
^isp^y.

special equipment and zoning information although it should
be clear1

l y understood that at this point neither is involved in the
facing procedures.

Asse mbly Line Stations: Extended type stations

Enlarged stations.
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The more conventional treatment of assembly line stations as 

closed stations or as duplicated parallel stations is to be super- 

ceded in this work by enlarged group-manned stations, the theory 

which will be developed later in this chapter. With regard to 

^tended (upstream and downstream movement) stations the conclusion 

Was ^rawn in the review that as this form of increased capacity was 

nTy temporary, having to achieve an average work load less than or 

^Ual to cycle time over any sustained production period, it was not 

1Se 1° consider extended stations at the element assignment stage, 

tended stations however have been included in the subsequent simula

ci as they occur frequently in practical assembly lines.

The review also highlighted duplicated stations as being useful
fQr

overcoming certain balancing restrictions but identified the need
fop further consideration of the effect of diverting work in the mixed- 
model production case. For this reason duplicated stations will not 

considered further but a note on the possibility of including them 

later date is given in the future work section.

I'ho Assembly Line: Limited/Unlimited Line Length.

be

at

assi

lime

cyclç

the

The general assembly line problem is normally concerned with 

^Ing work elements to an unlimited line length with a given cycle 

* allhough the alternative of a fixed line length with variable 

lime has also been studied. A unique opportunity to study 

^ined problem, one of a fixed line length and desirable cycle
lime. ,•» is
th.

ail

presented by the enlarged station models to be developed and 

f°re both alternatives, limited and unlimited line length have

deluded. In the future the limited line length case may well
Oty •e Pre-specification of elements and facilities to given stations,

as cvidenced in a number of the published balancing problems.
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Having outlined therefore the balancing problem to be examined 

and the practical variations that are to be included, the concept 

°f work compressibility and enlarged stations will be developed as 

e basis of the three allocation procedures put forward as solution

aPProaches.

1| ^
* Enlarged stations and work compressibility.

The use of enlarged, multi-manned stations has been identified

"the solution approach that can offer the prospect of higher effi-

lency anc} j0b enrichment whilst at the same time allow the balancing

lârge elements, multi-operator elements and limited line length-
cycle .rime combinations. The use of enlarged stations is also 

PPorted by the knowledge that multi-manned stations are a common
QC p 1 1 .

ence in the mass production of certain larger products, for 

Xarnple automobiles

When examining the allocation procedure for assigning work elements

an enlarged multi-manned station however it is necessary to acknow
ledge •ne existence of two different time limitations at the station

To understand how group working will combine with these limitations 
to fpO-K- • the assignment of elements. The two time limitations
that aPply at enlarged stations are:

â ) The total time available, representative of the work 

content that can be assigned to the station, is limited 

"to the product of cycle time multiplied by the number 

of operators manning the station.

(b) The actual time available at the station is limited 

To the cycle time.
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The group of operators manning an enlarged station can complete 

tasks in one of two extreme ways. In the first case operators con

sider themselves independent and divide the tasks, working on 

separate elements individually as the product travels through the 

station. This situation could arise in a station that has mutually 

exclusive zoning and represents in practice two or more independent 

stations located at the same line position. There are severe limita

tions to this approach however when considering the problem to be 

examined and the nature of the assignment process. The undertaking 

individual tasks rules out both multi-operator elements and ele- 

ments greater than cycle time for by definition multi-operator elements 

only be undertaken effectively by a group of operators working 

°gether and again by definition one operator cannot consistently 

0niplete an element with work content greater than cycle time.

An individual approach to work will also complicate the assign- 

procedure in two respects. Firstly if the work elements 

signed to an enlarged station are to be subdivided the sum of ele- 

durations given to any one operator must not exceed the cycle 

> creating another allocation problem within the overall alloca
tio

Problem. Secondly the precedence logic of work assigned to

erent operators must be checked to ensure that operators are

Vely independent of each other, remembering that a strongly

eĉ set of assigned elements will rule out operators working

P ndently as the cycle time limit combined with the highly
ineff .

lent operationby each independent operator, will result in
failure °̂ complete work tasks.

F°r the reasons given therefore an individual approach to work 

rgcd stations is rejected as inappropriate.
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The second method of operating an enlarged station is to 

^apt a group approach to working i.e. to attempt each work task 

group, with the group therefore fulfilling the work of the 

lngle operator in a simple station. Four advantages of this approach 
Can he readily seen:

(a) Multi-operator elements can be included.

(h) Precedence relationships between assigned elements 

do not have to be considered.

(c) There is no second problem of allocation within the 

elements assigned to a given station.

(d) Under appropriate conditions large elements can be 

undertaken.

§roup approach to work therefore is the most appropriate 

nlarged multi-manned stations but as stated earlier, before 

nTs can be assigned to this type of station, a careful examina- 

ith respect to the actual time required for each task must
carried out.

for

tion 
be

siPgle 
br

°usider the general illustration of the task of fitting a
wheel diring the assembly of an automobile. With the conventional

operator available the task is a five part exercise involving

y the location of the wheel and then the fastening of four nuts

y Prescribed order. The time taken by the single operator at

Puce to achieve completion of this work is defined as the 
normax dur +■•a ion or time (t^) of the element and represents the
*ork
ttyo

ntent of the task. If the station size is increased to

utors the time taken to complete the mounting of the wheel
Vo^ d  be
iticr

approximately halved, whilst if the station size is further
'eased -f *rive operators the time taken might approach one-fifth
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0 The normal duration. There would appear to be little point in 

further increasing the station size as additional operators would 

superfluous to requirements, having little or no work to do.

The conclusion to be drawn from the illustration is that work 

6 ements cannot be infinitely subdivided between unlimited operators 

?nd that there is a consequently natural minimum time in which any 

W°r'̂ element can be completed. This natural limit to the speed with
which a task can be completed is to be defined as the minimum dura
tion or time Ctc^) of an element and will represent the natural com- 
^sibiiity of an element. The work compressibility of elements

strongly influence the assignment of elements to enlarged group
manned stations.

Returning to the example, the compressibility of fitting a wheel

Td probably not be greater than forty per cent as more than two

°rs would unreasonably overcrowd the workplace and the natural

'lUence of having to locate the wheel first before placing and

'§ tening nuts would reduce the amount of compression possible.
Ill çr er,al where group working is to be applied it is assumed that 
Work wil l k j •De distributed logically without inefficient working prac
tices b * •eing introduced just as the conventional element definition
deludes w  !xogical units of work. Under these circumstances the com- 

ility of any element will be determined by:

â) The extent of physical accessibility to the work element. 

Paced assembly lines are not particularly suitable 

the production of large items and therefore phy

sical accessibility, will be a significant limiting 

factors on the extent of compressibility possible.
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(b) The natural order of activities within the work 

elements.

Tasks that contain a number of activities that can 

be carried on inparallel can be highly compressed. 

Tasks that have a fixed sequence of activities 

that can be compressed little.

( c) The proportion of fixed process time to normal 

work time.

Elements that contain machine processes that require 

a given time cannot be compressed below that time.

The effect of normal and minimum element durations on the

ignment of tasks to enlarged station can be illustrated by the

of an attempt to allocate three elements (A, B and C) to

^■Pie-manned station with a cycle time of 7, the tasks being

n from the sixteen element illustrating problem where normal 
and m * •inimum durations are:

Element
Normal

Durations
Minimum EffectiveE.l t . tc. te.l l l

A 6 2 2B 6 3 3C 9 4 4

The

Calculated

actual or effective time taken by each element (te^) is

as the greater value obtained from the two following
eclUations:

te. s pQ i TCi (4.1)

or = q (4.2)
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te^ = Effective time for element i. 

tc. = Minimum time for element i. 

t^ = Normal time for element i.

Sk = Current size of station k.

The two time constraints given earlier can be expressed mathe- 

raatically in equation form as:

Where:

A  h  < V  * sk x c (4.3)

and
i?l tei < V  $ c (4.4)

Where:

TT(Ak) - Normal duration of element i assigned 

to station k.

^ei ^ k) .= Effective duration of element i assigned 

to station k.

C = Cycle time, 

n = Number of work elements.
SR As before.

n the example equation (4.3) is satisfied by a total of 21 time 
4nits of

work being assigned to the triple-size station with capacity 
fon 21 t‘ •*ime units of work. However the actual time taken to complete
the t-Kv,

tasks as a consequent of work compressibility would be 

utits, which exceeds the available actual time (cycle time) 

therefore rules out the assignment of the combination A, B 

a triple-manned station (equation 4.4).

9 tin, 
of 7

atld C to

ncing assembly lines where enlarged multi-manned stations 
to be -.1]owed is therefore dependent on the extent of work com-
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Possibility possible and three new balancing procedures, which 

first identify the range of reasonable station sizes and then assign 

dements to minimize idle time, have been developed.

In practice a multi-manned assembly line station will under

take work in a combination of group working and individual tasks. 

This does not detract from the importance of considering work Corn- 

Possibility, which will ensure that it is possible to complete work 

Assignments even though work practices might relax to take advantage 

station idle time.

Petermining the Range of Station Sizes

Where enlarged stations are to be permitted during the balancing 

Process ^ e  question arises as to the suitable range of station sizes 
should be considered as each station comes up for allocation, 

greatest possible range of station sizes would be obtained if all 

^ dements were assigned to the first station-, giving a maximum 

•̂fon size (SI) of t./C rounded up to the next integer and a 

Ĵnum station size (S2) of 1. This of course would lead to a

station solution with perfect balancing and would represent 

CePtable working behaviour. Work compressibility however will

in practical cases that this does not arise, because only a
limited _ , .number of elements will be accommodated at each station no
matter> wha+ -t-kux the range of sizes are available.

Assuming that initially only the largest station size necessary 
■̂S "to K

e considered then the maximum station size (SI) can be deter
g e d  by: .

rounded up to the next integer.

(4.5)
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SI

Where:

t.i max

Maximum station size.

Maximum normal element duration. 

As before.

Equation (4.5) represents the station size needed for assignment 
■f the largest element and will be greater than one in problems con

fining elements larger than the cycle time. Applied to problems 

f h  a low distribution task times where elements have high compres-
sibii1ty, equation (4.5) may rule out station sizes capable of producing

ighly efficient balancing solutions and therefore provision has been
n i3 ,(^ 0  .p r Manually inputting an alternative maximum station size where
Squired.

when
of

The lowest minimum station size under any condition is 1 and 

the problem being investigated involves no limit on the length 

line this-value is set, i.e.:

S2 = 1 (4.6)

no line length limit.

Where:

S2 = Minimum station size

^ ere a line length limit does exist for the problem being investi
gated the " ‘ •initial minimum station size is calculated using:

rn 4-ss = i h  q
Lx C

founded up to the next integer 

Minimum value = l .

(h.7)
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L = line length limit (in equivalent simple station units).

S2, C, n, t. as before.1

Equation (4.7) represents an average station size which will
have the tendancy to encourage any enlarged station early in the line. 
Th *ls can be demonstrated by considering the sixteen element example 

shown in table (4.1), where the total normal element times are 173 

hiroe units and balancing involves a cycle time of 20 and a line length
1 ■? yy • ,

it equivalent to 4 conventional stations. Under these conditions 

^he minimum station size (S2) would be calculated as 3 (2.1625+) and 

he first station would automatically become a triple-manned station 

s the maximum station size is also 3 (42/20 = 2.1+).

An alternative approach, not used in the ASSIGN models, is to 

ehect the theoretical minimum station size, which can be calculated 

stng the following equation:

S2 Z [ i ? i  ti} " x C x Si} (H.8)
—  _

Founded up to the next integer 

minimum value = 1 
Where:

S2, n, t^, L, C, SI as before.

In the sixteen element example the minimum value of S2 that
Would result from equation (4.8) would be:

S2 = (173} - {(4-1) x 20 x 3}
20

= 173 - 180 
20

Where:

= ~ 0.35
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fay.

= 0 rounded up to next integer.

- 1 minimum value condition.

Thus the minimum station size equation (4,8) can be seen to 

°ur a wider choice of station sizes at the beginning of assignment

hich has a tendency to push enlarged stations close to the end of 
limited line length case,

As the determination of the minimum station size in the limited

n̂e Case in dependent upon the total element time to be assigned
^ ihe number of stations available, the calculation of S2 using

qUation (4.7) should be repeated at the end of assigning elements

Siven station, using the remaining unassigned normal element

afions and the remaining number of equivalent simple station 
units.

to a en-

lur,

station
Summarising on selecting the range of station sizes; maximum 

size will be influenced by the largest element duration and 

iblY w°rk compressibility, minimum station size will be dependent
uPon line length limits and the total element durations/cycle time
^tio.

^hat now remains is to apply the work compressibility and station 
uize eqn=+*u unions m  the development of the three balancing models
AsSIgn n to ASSIGN 3. Before doing so however it would be appropriate 
to

CUss fhe development of equations for assessing the balances 
°btaihed.

**•5.
^iuation Criteria

With
werP

in the review of existing balancing procedures two criteria

entified as being commonly used in evaluating assembly line
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alancing, the two criteria being Balance Delay (representative of 
•'■ine effiC£ency) and Smoothness Index (representative of relative 

■̂ •location of work) . When considering mixed model production and 

s-'-ng work compressibility both Balance Delay and Smoothness Index 

Nations will have alternative formulations as shown following.

fla-*ance D e l a y

mixed-model or single model production with enlarged 

ons the traditional Balance Delay formula becomes :

BD1 = $  kii ((sk * c> - £  h  <*ik» x 100 (4.9)
v P

:=i k=iS Z  •Si' (S,. xC)

where:

BD1 = Actual Balance Delay 

m = Number of models 

P = Actual number of stations
"t f A \i'Ajk^ = Normal element duration of element i assigned 

for model j to station k.
Q as before.

®ixed-.

Adju

The calculation of BD1 gives equal weighting to each model in 

m°del cases and this may not therefore accurately reflect the 

lency of the balancing solution. A more representative 

^ Balance Delay (BD2) can be calculated using:

BD2 = rm
jfi&  a d j . ,gp {(s,, x o  - ,r: t. (a ., )>3 k-l

,n
i * l  i jk x 100 (4.10)

f l  (Sk * C)

SD2 = Adjusted Balance Delay
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ADJ_. = Adjustment fox’ model j .

rajP,n,S. ,C,t.(A., ) as before, k* * x 3k
TVie sdjustment for each model is calculated using the equation:

ADJ = Qj (4.11)

j-1 Qj

where :

Qj = Quantity of model j in estimated production 

schedule.
ADJj,m as before.

Equations (4.9) and (4.10) represent the efficiency of the 

embly line as the work content, represented by normal element 

ns5 is contrasted against the time available. Two further

Panent measures of Balance Delay however can be obtained if the

mal durations are replaced by the actual time taken by the group 
of

Senators (te.). The unadjusted apparent Balance Delay is obtained
Using;

BD3 = j S  k?l{Sk xC " i l l  tei (Ajk)}jk x 100 (4.12)

j?; ki? tsk x c>
where :
13 T\ o

Apparent Balance Delay

* jk̂  ~ Effective element duration of element i assigned 

for model j to station k, size S^.

The
k5n,»PjC,n as before.

^]UStpH apparent Balance Delay-is calculated using:

ADJ1 k-1 Sk *C ~ j^l tei (Ajk)} x 100 

k-1 (Sk X C)

(4,13)
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where :

Ŝ ,ADJ_. ,m,P,C,te^(Aj^) ,n as before, 

S m o ° t h n e s s  I n d e x

Mixed-model production and work compressibility will also 

Provide four versions of Smoothness Index; Actual Smoothness Index, 

^justed Actual Smoothness Index, Apparent Smoothness Index and 

djusted Apparent Smoothness Index, each being calculated using the 
^lowing equations:

S U  = /jil £  {(Sk * C) - j g  *1 cAik)>2
m

where:

= Apparent Smoothness Index 

m»P,C,s^,n,t^(Aj^) as before.

812 =' ,/•£ji" A  t(Sk x C) - t. (A.k)}

where :
Sl2 - Adjusted Apparent Smoothness Index
ADj.j »m jP»S^,C,n,t^(A_.^) as before.

SI3 = / vm vP
3-1 k-1 {Sk (C i Î tei (Ajk)}

m
where : 
SI3 = Actual Smoothness Index

>̂ ,Sk,C,te£(Aj^),n as before.

Sm = i ~in

^here:
ki? {sktc - ¿ s  tei (Ajk>):

Si«* = A J •rtu]usted Actual Smoothness Index 

’ADJj ,S^,C,te^(A^) ,n as before.

0.14)

(4.15)

(4.16)

(4.17)
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In applying the eight equations the two most significant will
be equations (4.10) and (4.16) for Balance Delay (BD2) and Smoothness 

(SI4) respectively, noting that whilst work content is impor-
tant ir.An calculating Balance Delay it is the actual time taken that 

he important in calculating Smoothness Index. Results from
each equation will be printed out as part of the ALB computer
aIancing programs.

With a computer available the opportunity has been taken to 

r°vide additional information with respect to the station alloca- 

s and the information provided includes for each station:tions

Time available
Maximum work assigned
Minimum work assigned
^ange of work assigned

Average work assigned

Standard deviation of assigned work

Average work assigned (weighted)

Standard deviation of assigned work (weighted) 
^Qr,k variety.

In
Piec

tion
the
for

examining the individual station allocations, two particular
- r; «

information are of interest. Firstly mixed-model produc- 

result in varying station loads with different models,
Vaniat
all

van

ion being described as station range and the total ranges 

stations being calculated as (WB1), representative of work
iety.

With single or multiple element assignment possible the second 

Piece of information is the amount of training operators
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e3ch station will have to receive, expressed as work variety,
Wit'Vi 4.1n the total training needs or total work variety being calculated
as (WB2).

Ij. c m
* Single Model Balancing - ASSIGN 1

The first balancing procedure which uses compressibility and 

^f^eged stations is designed to balance single-model production on 

sembly lines of either limited or unlimited length. Capable of
Q û 3  I •

ng with large work elements as described earlier, the procedure 
can si iso be modified to cover variable element durations and multi- 

r elements, the modifications necessary for these two varia- 

'°ns ^eing described after the basic procedure.

ASSIGN 1 can be described as operating in three parts: prepara-
n> balancing and evaluation, with the principal steps being 

f°Uows :
as

r e P a r a t i o n

Step 1;

The Positional weight of each element is determined using the
rank positional weight formula:

W. =x b  + . £  b (4.18)

where:
W -i ~ Weight of element i 

t (F.) -^ i Normal element duration of task q for followers
of task i.*1

i,n as before.

end °Wers are taken throughout this chapter to mean both immediate 
SUcceeding followers.
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S te p  2 :

Rank elements (R^) in descending positional weight order and
.C

r equal weights in order of appearance.

Step 3 .

Calculate the initial maximum (SI) and minimum (S2) station 

SlZes using equations (4.5) and (4.6) or (4.7) as appropriate, noting 

^at alternative SI values may be input.

dancing

Step 4;

Start new station and for each station size in turn set the 

rent rank to 1 and go to step 5.

SteP 5.- .

Select the next element in rank order, discounting those

already permanently assigned. If no elements remain for 
lection go to step 8.

SteP 6:

Check for the element selected:

Is the element free for assignment.

^) Does sufficient normal time remain to allow assignment

(equation 4.3).

 ̂Does sufficient effective time remain to allow assign- 

ment (equation 4.4), after determining the actual or

effective time required to complete the task (equation
4.1 or 4.2).
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If the answer to either (a), (b) or (c) is no the rank is increased 

ky 1 and the procedure returns to step 5.

Step 7.

If conditions (a) to (c) are satisfactory temporarily assign

task to the station and station size in question and adapt the 
not'ujai ,A and effective time remaining. Return to step 5.

SteP 8;

If further station sizes have yet to be evaluated repeat

3 and 6 for the next station size, resetting the starting 
to i.

step g.

Wien all station sizes have been temporarily assigned elements
Sfilect thne station size with minimum idle time as defined by:

{Sk x C> - i.g t. (Ak)} 

where:

= Normal element duration for task i assigned 

to station size k.
Q
k,C»n as before.

(4.19)

SmaUer station sizes are selected for equal values of idle time.

SteP 1 0 :

0r the selected station size permanently assign the elements
teniPorariivy assigned to the station size in question, noting that 

laments will no longer take part in the balancing procedure.
I f at
ste

"t Vi *s Point all elements have been permanently assigned go to
P 12.
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Step i i ;

Recalculate the minimum station size (S2) using equations 
^•6) or (4.7) for the next station, noting that only elements not 

Permanently assigned are considered and that the available line 

length has decreased by 1 since the last station. Return to step

V a l u a t i o n

Step i 2 ;

Calculate Balance Delay (BD1) and Apparent Balance Delay (BD3)
USll̂ n- equations (4.9) and (4.12) respectively.

Calculate Smoothness Index (SI3) and Apparent Smoothness Index 
(SU) „„ •lng equations (4.16) and (4.14) respectively.

Note '•
BD4 s u

that for single model production BD1 and BD2, BD3 and 

a n d  SI2 and SI3 and SI4 are respectively the same.

alculate station analysis as described in section 4.5.

Tt. •
° illustrations of the use of ASSIGN 1 are given in Table

 ̂̂ *1 )
(*+•2) and (4.3), where the sixteen element problem has been 

unced fr» v,r both unlimited line length and a limited line length of
lai,

fou

UlUts
alo

quivalent simple stations. The cycle time in use was 20 time

nc* the final results are given in Table (4.4) and Figure (4.1) 
bgside th°se of the two mixed model procedures.

bai
1 limited and unlimited line length examples were able to 

le large 42 time unit element I without difficulty and the
ance

result
le:nEth

s were obtained in five stations by the unlimited line 

which achieved a Balance Delay (BD1) of 3.88 percent and a
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8

dementE Duration Weight Rank
i t. tc. w . R.l i l 1

A 6 2 158 1
B 6 3 23 9
C 9 4 55 3
D 12 3 46 5
E 7 2 17 11
F 10 4 10 15
G 17 5 17 12
H 15 4 15 13
I

42 11 91 2J
K 11 3 49 4

L 5 2 38 6

M 8 5 29 7

N 4 4 25 8

0 6 3 21 10

P 9 4 15 14
6 3 6 16

SINGLE NDDEL BALANCING - CALCULATION OF WEIGHTS AND RANKS.
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Smoothness Index (SI3) of 3.74. Providing there is no unduly restric- 

1Ve limit on the size of station possible, any element can be 

Glanced if the minimum duration of the element in question is less 

lhan or equal to the cycle time. In the case of the illustrating 

Problem therefore it can be seen that all elements can be balanced 
r̂°m the data available.

further application of ASSIGN 1 and a detailed examination of 

influence of the major parameters on balancing results will be 
given in Chapter 6.

Variability

to
in many applications of assembly line balancing it is desirable 

incur inefficiency on the assembly line in preference to unfinished
Work

hake
Pussing down the assembly line. When cost and quality factors

this the case the question arises as to how the natural varia
tion of r*.operator performance can be accounted for in balancing.

is to
for

tor

guar

The solution approach, discussed in the review of existing work 

increase the deterministic normal element durations to allow 

Perator variability. Assuming a normal distribution of opera- 

Performances the number of standard deviations required to
>3 v, J,

ee completing work on a given percentage of occasions can be
Calcul34-pj6(3 • Knowing for each element the variance of performance 

n°nmal element duration can be replaced by an increased figure 

i guaranteed to allow completion of work on the specified per- 

occasions using the formula:

each

cent,

*i *,• + a /tv.1 i
where•

(4.20)
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= Increased normal duration for element i 

^  = Deterministic normal duration for element i 

= Variance of normal durations for element i 

= Number of standard deviations required for guaranteed 

level of achievement.

^11 three balancing procedures ASSIGN 1 to ASSIGN 3 have the 
db il •? -i.™  to allow for operator variability and do so by replacing 

ery aPPearance of normal duration by the increased time figures. 

WlU  have the result of increasing maximum station size inThis v»*

Cê tai cases and will reduce the number of elements assignable to
statl0ns for unlimited line lengths.

^°te however that minimum element durations (tc.) are not
aff

ec^ed by operator variability as they represent the shortest pos
sible completion time for an element irrespective of operator perfor-
mance.

M t i - £&gPator Elements

assign 1 can also be modified easily to allow for multi-operator
6le;

6nts’ detectable from the list of resources and resource levels 
given

Wlth each element (see Users Guide Appendix C). Where multi-
°Perat0r> elements occur the recommended changes to ASSIGN 1 are:

The maximum station size (SI) calculated in step 3 

should be checked to ensure that its value is equal 

to or greater than the largest number of operators 

tteeded by any one element. . 

k) When considering individual elements for assignment 

(step 6) ensure in addition to conditions (a) to (c)

That the station size is equal to or greater than
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the number of operators needed by the element,

* Mixed-Model Balancing - Multi-Element Assignment ASSIGN ̂

less

model

The occurrence of single model production is comparatively 

in todays manufacturing scene than the occurrence of mixed- 

production. When mixed-model production is to take place on
one assembly the relationship between models plays an important

in deciding the best approach to balancing. Where models have 

a few work elements in common an approach allowing the assign

or these few elements to different stations for different 
m°deis ,•1,e* multi-element assignments, may yield the most efficient
balance „results. A balancing procedure for mixed-model production 

multipie element assignments has therefore been derived using 

tension of ASSIGN 1 and the principles of work compressibility 
and liable station size.

Cedure
Called ASSIGN 2, the mixed-model multi-element assignment pro- 

imvolves the following principal steps:

f>r,e£aration

Step i ;

Fop
ail elem
asing:

each model in turn calculate the positional weight of 

ents involved in the production of the model in question

W.. =

where : 
W

h  ' V  + lq ‘W (4.21)

ij Positional weight of element i for model j 
t (l ^

j Normal duration of element i when involved in 

m°del j (if not = 0)
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W j )  = Normal duration of element q when both a follower 

of element i for model j and itself involved in 

model j (if not =0) 

n as before.

Step 2 ;

For each model in turn rank all elements involved in the model 

n Ascending weight order (W.^), to produce a rank set for each

(R.^), with equal weights being ranked in order of appearance.

•Step 3:

Calculate the maximum station size (SI) using equation (4.5),
notingS that an alternative value of SI may be input.

Step 4:

^°r each model calculate the minimum station size required 
itlg ;

S2j = t. (I.) (t.22)
L x C

limited line length case 

Founded up to next integer 

Minimum value = 1

] = 1 (4.23)

nlimited line length case 

^here•

S 2 .  =  M i r , *] minimum station size for model j 
t.(j \l j'»n,L and C as before.

J
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êtermine the actual minimum station size (S2) by taking the largest 

tn°^el minimum station size such that:

S2 = S2. C4.2<i)]max

d a n c i n g  

S t e p 5;

Start a new station and for each station size in turn:

Step 6:

Start a new model and for each model in turn set the current 
tank to 10 1 and go to step 7.

Step 7;

tank
this

Select the next element associated with the current model in 

order, discounting elements already permanently assigned for 

m°del. if no elements remain go to step 10.

St eP  8;

heck for the element selected:

Is the element free for assignment with respect to 
the current model.

k) D°es sufficient normal time remain to allow assign

ment of element for the current model i.e. is

hi * {(sx x c> - qI l  \o / k» .
where:

tq(ljAk) = formal duration of element q when involved 

in model j and assigned to station k, size
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ti^,Sk,C and n as before.

(c) Does sufficient effective time remain to allow

assignment, for the current model, after determining 

the actual or effective time required to complete 

the work task using equations (4.1) or (4.2), i.e. 
is:

te * (C - E? te (I.A, )} 1 q -1  q  3 k
(4.26)

where :

"teq (ijA^) = Effective duration of element q when

involved in model j and assigned to

station k, size S. .k
te^,C and n as before.

^ -̂be answer to either (a), (b) or (c) is no the rank is
thcrggg j *,Q by 1 and the procedure returns to step 7.

SteP 9;

the

the

uPd,

bodei

If conditions (a) to (c) are satisfactory temporarily assign 

to the present list of temporary assigned elements for 

rr>cnt model, current station and current station size. 

e normal and effective time remaining for the current 

 ̂the current station and station size and return to step 7,
St,GP 1 0 :

fop
Anther models have yet to be evaluated repeat steps 7 to

the next model, resetting the rank to 1.
SteP H .

If fur,ther station sizes have yet to be evaluated repeat
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steps 6 to 9 for the next station size, resetting the rank to 1. 

S t e P  1 2 :

When all station sizes have been temporarily assigned elements
f OŶ each individual model case select the station size with the 
^esst idle time as defined by:

{Sk * C X m> - { . g  q|J t, (AkI.)} Ot.27)

where:

tq (AkI ) ,Sk ,C,m and n as before.

SteP 1 3 :

the selected station size permanently assign for each
^O cIq .1 +-'u - . . . •Lne elements temporarily assigned to this station size, noting
thcit nese elements will no longer take part in the balancing proce- 

e for each model in question but may be involved in further assignor

Dents
have

f°r other models. If at this point 'all elements for all models 

^een assigned go to step 15.

St
eP  1 4 :

^ecalculat
(4

e the minimum station size (S2) using equations
22 ) (O20-) for the next station, noting only elements not 
anently assigned are considered and that the available line

has decreased by 1 since the last station. Return to step 5,

SvaJ-«i0n

St:eP I S :

Olcuiate Balance Delay (BD1), Adjusted Balance Delay (BD2),
^Parent Balance Delay (BD3) and Adjusted Apparent Balance Delay (BD4)



145

Using equations (4.9), (4.10), (4.12) and (4.13) respectively.

Calculate Smoothness Index (SI3), Adjusted Smoothness Index 

^14), Apparent Smoothness Index (SII) and Adjusted Apparent Smooth- 

ness Index (SI2) using equations (4.15), (4.17), (4.14) and (4.15)
respectively.

Calculate station analysis as described in section 4.5,

-E^rgtor variability and multi-operator elements

The recommendations made with respect to operator variability 

multi-operator elements under section 4.6 (ASSIGN 1) equally apply to
Assign 2.

Adju¿jLgd station size selection

In step 12 of ASSIGN 2 the station size is selected on the
basls °f the least idle time overall. When the estimated production 

edule for mixed-model production contains a wide disparity in 

Umes Squired of each model it may be more appropriate to replace
e<lUat
niodei

ion (4.27) with the following equation which takes relative 

importance into account:

tsk X «  - {.£” ADJ. tq (Aki3)>

where :

Sk’C>t (A , I.), m and n as before.H k ]

as before (equation 4.11).

(4.28)

In
Alt h0
SePa:

to

outlining the ASSIGN 2 procedure it is noticable that 

Sh models are relatively different they are not balanced 

y (.as used by Wester and Kilbridge (45 )) but considered
gethep as the overall balance is achieved station by station.
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Furth
tion

ermore balancing results will work under any product mix (varia- 

in model quantities) although the efficiency levels will change

V,1̂ h changes in mix. The solution does not need sequencing to be 

c°nsidered, trading line efficiency against line versatility.

An illustration of ASSIGN 2 is given in Tables (4.5) and (4.6) 
Using the sixteen element problem as the basis for two separate 

°dels each of ten elements, to be balanced with a cycle time of
20 j> •lme units and a limited line of 3 stations. In the calculations 

hjustment of idle time was not considered and a balance was achieved 

station sizes of 3, 3 and 2 respectively. The multi-element 

signment procedure is suspected of trading off the duplication of 

^^ts, against efficiency but as can be seen from the results in 

e (4.4) with a minimum number of assignments of sixteen (16
elenii
Thi;

cnts) exactly sixteen assignments was produced with no duplication.

ls because, as intended the procedure has been applied to an

mPle with few common elements (4 common elements A, H, I and L) 
and the common elements were assigned to the same station for both
m°dels>

Further applications of ASSIGN 2 with a view to examining the 
Pfocediiv,e m  more detail are given in Chapter 6.

*»•8.

to

Hix^~Model Balancing - Single Element Assignment ASSIGN 3 

The third assembly line balancing procedure has been developed
resolve

that

have

one of the most commonly occurring balancing problems,

F Producing a basic model and a number of derivatives which

high proportion of common elements. With the existence of 
this k * .

s proportion of common elements there are two reasons to
i^stify

restricting each element to one single assignment that must
apply For all a  i 1r 311 models:
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(a) Single assignment will be appropriate for this type

of mixed-model production as there is an approximation 

to single model assembly for a high proportion of 

involved elements.

(b) Without the restriction to single assignments the 

extent of duplicated assignments will be high for 

basically similar products, giving unnecessarily 

large training needs for operators.

In practice any mixed-model problem can be examined by either

multiple or single assignment procedures ASSIGN 2 and ASSIGN 3

there will be some value in comparing results for a range of 
Problems.

Ihe single assignment procedure ASSIGN 3 involves the follow- 
ln§ major steps:,

Reparation

SteP 1:

^0r ench element calculate the adjusted positional weight
Using:

"i = $  AM. X {t. (I.) t £  tq (F.I.» 

where :

^i»ADj t.(l.) t (F.I.),m and n as before.3 i J q i D

(4.29)

St,®P 2;

Posi
Rnk (R^) aqi elements in descending order of their adjusted 

•Innal weights and for equal weights in order of appearance.
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Sfcep 3 :

Calculate the initial maximum (SI) and minimum (S2) station 
sizes using equations (4.5) and (4.6) or (4.7) as appropriate, 

Noting that alternative (SI) value may be input.

d a n c i n g

Step 4 .

Start a new station and for each station size in turn 

 ̂'the current rank to 1 and go to step 5.

Step 5 ;

Select the next element in rank order, discounting the elements 

sady permanently assigned. If no element remain for selection 
g° ^  step 9.

step 6.

For each model in turn check whether the element is involved
its

When
manufacture. If yes go to step 7, if no go to next model. 

ahl models are complete go to step 8.

St,6P 7;

heck for the element and model in question:

Is the element free for assignment with respect 

to the current model.

Does sufficient normal time remain to allow 

assignment of element for the current model (equa
tion 4.25).
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(c) Does sufficient effective time remain to allow 

assignment for the current model (equation 4-. 26) 

after determining the actual or effective time 

required (equations (4.1) or (4.2)).

If the answer to questions (a), (b) or (c) is no for any
the rank is increased by 1 and the procedure returns to 

step 5<

s tep 8 .

If conditions (a) to (c) have been satisfactory for all models 

mP°rarily assign the task to the current list of temporary 

Igned elements for each model where appropriate
with Aspect to the current station and station size.
uPdate

consç
normal and effective time remaining for each model as a

3equence of the new temporary assignment and return to step 5,

s t e p  9 .

If further station sizes have yet to be evaluated repeat
steps 5 t° 8 for next station size, resetting the rank to 1.

SteP 1 0:

When all station sizes have been temporarily assigned elements 

S all models select the station size with the least idle 

as defined by equation (4.27).

SteP 11.

fern
is

Por
11 the selected station size permanently assign the list of 

lP°narv a _ •
y assignments to this station size, noting that each element 

manently assigned for all models in which is involved and
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Ml-ll take no further part in assignment.

If at this point all elements have been permanently assigned 
g° to step 13 .

S t e P  1 2 :

Recalculate the minimum station size (S2) using equations 
^•6) or (4 #7) for. -^e nex-t station, noting that only elements not 

P^manently assigned are considered and that the available line 

ength has decreased by 1 since the last station.

E v * l u * t i o n

S t e P  1 3 :

Calculate Balance Delay (BD1), Adjusted Balance Delay (BD2), 

PParent Balance Delay (BD3) and Adjusted Apparent Balance Delay 

(BDH) using equations (4.9), (4.10), (4.12) and (4.13) respectively.

Calculate Smoothness Index (SI3), Adjusted Smoothness Index 

Apparent Smoothness Index (SI1) and Adjusted Apparent Smooth- 

ludex (SI2) using equations (4,16), (4.17), (4.14) and (4,15)
*esPectively .

Calculate station analysis as described in section 4.5.

^£ator variability and multi-operator elements

The 
and *uiti 
ASSIGN 3.

^commendations made with respect to operator variability 

operator elements under section 4̂ .6 (ASSIGN 1) equally apply to
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¿̂3Hgj|ed station size selection

The comments made with respect to an alternative method of
Select
as

lng station size (equation 4.28) equally apply to ASSIGN 3 
they did to ASSIGN 2.

The ASSIGN 3 procedure has been applied to this sixteen element 

*eh-model problem used to demonstrate ASSIGN 2, as a means of illus-
trat
the

lng major steps in single assignment mixed-model balancing with

resultant calculations being shown in Table (4.7). Further
Teulations are given as an unlimited line length case was taken 

fot* +-i^ne same cycle time of 20. With twelve of the sixteen elements

relevant to one model only from the two models under production

toulti-assigned procedure might have been favoured but as the 
twelve pielements were evenly split between the two models the result
Wag -twQ approximately equal ten element problems each of which could 

^e independent candidates for assignment at each station. The
result

Bal,
Was an equal achievement between ASSIGN 2 and ASSIGN 3 on 

1106 Slelay (12.86% for BD1), but Apparent Balance Delay for
assign

assign
2 (BD3 = 9.64%) was better than Apparent Balance Delay for

3 (BD3 = 11.78%). Smoothness Index cannot readily be compared
as

limited line length case was applied to ASSIGN 3.

**•9. TV»-— ij_ALB Computer Balancing Programs 

The three assembly line balancing models ASSIGN 1 to ASSIGN 3
SVeloped •
have

alb
be

ln this chapter for assigning work elements to stations, 

en included in a computerised program suite designated the
Pr°gra 

6fficient
aPpi

ms- Intended to be the median by which the computationally 

procedures for single and mixed model balancing can be 

to full practical size problems, five programs are included



Model I Model II
te.i Prec. (S.C-Et.) k _ x (C-Etei) Prec. (s. c-zt. )k i (C-Ete.)l Result
6 / 14 14 / 14 14 Assign

42 / -28 -28 / -28 -28 Fail
11 X5 X9 / 5 5 Assign
8 X X

12 / 2 2 Assign
4 X

15 / -13 -13 / -10 -10 Fail
6 / - 4 - 4 Fail
7 / - 2 - 2 Fail
6 X9 X10 X17 / -15 -15 Fail

S, -

.66

Ho
lnimum duration

/ 34 17 / 34 17 Assign
/ - 8 - 4 / - 8 - 4 Fail
X

X
/ 25 12.5 Assign

X
/ 22 11

X Assign
X
/ 7 3.5 / 10 5 Assign
^ 1 0.5

/ 3 1.5 Assign
duration £ 0.5

/ 54 18 / 54 18 Assign
/ i2 4 / 12 4 Assign
^ 1 0.33

/ 7 2
Assign
Assign

/ - 2 - 2 Fail
/ _ 7 - 4.66 / - 1 - 3 Fail
J  - 6 - 3.66 Fail
^ - 3 - 3.66 Fail
/ -14 - 4.66 / - 8 - 3 Fail
/ - 5 - 2.66

X
Fail

$ 2
Station size 2 selected - Idle time - 4

(4*7 -A) MIXED-MODEL BALANCING - ILLUSTRATION OF SINGLE ELEMENT 
ASSIGNMENT.
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Ei R. t ,1 1 Ti tCj te.
Stn. , 1

1

Model I Model II
Prec. (S,C-Et.) (C-Ete.) Prec. (S,C-Et.) (C-Ete.)

K 1  1  K 1  J-

2 if2
3 11

5

Sk =
U  H2 
3 11

N l2 
0 13

G 15 
P 16 
No

8
4
6
9

10
17

6

5 
8 
4
6 
9

10
17

6

3tn.lining elanent,

/
X

X
X

/
/

-22 -22 /

X
X

X
X
/

-22

10

2 S, =
2 î2
3 H  
* 5 
6 8

•J J
? to 9
flHiO 
G 16 , p ;5 17 
f 16

'k = 2 
11 21 

5.5

No
6

rema 
3tn<
I

3 
2 
5
4
3
4
4
5 
3

2.5 
5
4 
3
4.5
5
8.5 
3

/
X

X
X

3
- 3

-  2

2
2 i|2
3 u
4 5

ining elements

/
X

/

X
X

X
X
/ 30

-23 11.5

Sk = 3 
n  m  

3.66

N
;i3 
P l4 
No

8 
4 
6 
9
10 

*e®a

3 
2 
5
4
3
4 
4

2
5
4
3
4 
4

/
/

/
/

18
7

- 1
3

6
2.33

-  2.66 
-  1.66

18

13
5

inin  ̂minimum duration $ 
Station size

2.33
3 selected

/

/
/

X
X
/

- Idle time = 10
6
8
12

k 5 1

G 13 

N

-22

10

- 1

15

4
1

'̂ in
n§ elements

(4 y
*B) mXED-NODEL BALANCING - ILLUSTRATION OF SINGLE ELEMENT

a s s i g n m e n t.

Result

Fail

Assign
Assign
Fail

Fail

Assign
Assign

Assign
Assign
Assign
Fail
Fail

Assign

S 84 u / 12 12 / 12 12 Assign
3 fi / 8 8 Assign04 ii / 6 6 Assign ̂ 4 
5 17 
3 6 /

/ - 9
2

- 9
2

/ - 3 - 3 Fail
Fail

Assign
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E
1 i h  t .
Sta. a 's ■
, . sk = 2

Free. (S

s tn .

lini-g elements
Stn.

is 17 *+
„ ’ 5 W  /

'-t:-,„1,!rairar‘8 elements

Model I Model II
.C-Zt.) (C-Zte.) Prec . (S.C-Zt.) (C-Zte.) Resultk _ l l k l l

32 15 / 32 15 Assign
28 11 Assign

/ 26 12 Assign
/ 17 7.5 Assign

11 2.5 Assign
5 - 2.5 Fail

52 15 / 52 15 Assign
48 11 Assign

/ 46 12 Assign
/ 37 8 Assign

31 5.33 Assign
25 2.33 Ass ign

size 1 selected - Idle time = 8

/ 11 11 Assign
3 3 Assign

s automatically less efficient.
Station size 1 selected - Idle time 

Balance complete.
14

ILLUSTRATION OF SINGLE ELEMENT
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(ALBI to ALB5) and a full description of how they are operated is

Slven in Appendix B, the User's Guide to the ALB suite. In addition 

^tailed listings of programs and relevant flow charts have been 
deluded in Appendix C.

Reserving comment on the simulation programs for Chapter 5, the 
nlancing of assembly lines is achieved in programs ALB1 and ALB2, 

Ihstrated in Figure (4.2), with ALB1 performing the role of data 

nion and program ALB2 executing the three balancing models
assign 1 to ASSIGN 3 according to instructions received from file
2A, rp,Lne program suite has been developed over a period of two years 

the extensive testing of influential parameters presented in 

involving over two hundred and forty test cases, was 
ted out on the ALB program suite.

The first program ALB1 is solely concerned with validating as
far as n • 'Possible the considerable information required by each pro- 
hferiï +*}-1* e main data checks carried out being shown in Table (4.8), 

huced from Appendix B.

Data
hai

verification is carried out so as to reduce the number of

hnn

bat

the

anc xxig runs required and is carried out separately to avoid 

y repetition once the data has been confirmed correct.

here faults occur ALB1 is designed to print out guiding infor- 

n respect to the location of the fault and the nature of
fault

fault
* c°ntinuing as far as possible through the data even when

thr,ee

ls found so as to again reduce the number of runs required.

main balancing program, ALB2, has been designed in a similar 

aSe manner to the balancing procedures, the three stages

The





160

Resources

2.
3,

Check that the number of resources (T3) lies within 
the range 1 to 30.
Check that each resource identity number is unique. 
Check that all identity numbers are positive.

B. Model;

2.
3.

C.

Check that the number of models (T6) lies within the 
range 1  to 1 0 .
Check that each model identity number is unique. 
Check that all identity numbers are positive.

Worki

2.
3.

D.

lng zones
Check that the number of working zones (T8) lies within 
the range 1  to 1 0 .
Check that each zone identity number is unique.
Check that all identity numbers are positive.

2.
3.

5.

6.
7.
8.
9.

to.
u.

12.
13.

E.

Check that number of elements is within the range 1  to
100.
Check that every element identity number is positive and 
Unique.
Check that every element time is positive.
eck that every element variance is zero pr positive. 
eck that every element minimum duration is positive 

Ch^ ^ess or equal to the element time.
_,eck that all element followers are in the list of elements. 
eck that every element requires at least one resource. 
e°k t îat aH  element resources are in the list of resources. 

. e°k that the level of resource for each specified resource 
ls at least one.
Check that every element has at least one working zone.
eck that all element working zones are in the list of 

working zones.
Check that every element has at least one model.

eck that all element models are in the list of models.
Time
1.
2. pi?eCk *hat the number of time units per shift is positive. 

eck that the number of time units per hour is positive.

-*matine°r^ on,ission (data left out), or errors of incorrect 
e*ecUti0n Wl^i be detected by the normal FORTRAN diagnostics and

TAfiLE Ia
LIST o f ERROR CHECKS CARRIED OUT BY ALB1.



Information display;

Balancing allocations;

Results printout.

f o r m a t i o n  d i s p l a y
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The first task of the balancing programs, after validation of
data , •* ls ho provide balancing information to aid the assembly line
des1gner, and to this end information is provided as follows:

Individual work elements - 

Work content; 

minimum duration; 

work variance.

Associated models; 

list of followers; 

list of working zones.

list of required resources; 

quantity of resources required.

Analysis of elements

“aximum/minimum normal and minimum time; 

msan/standard deviation normal and minimum time; 

tange/total normal and minimum time.

Res°urces

distribution of resource requirements.

Models

number of elements per model; 

total work content per model. !
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Precedence

precedence distribution.

number of precedence columns;

maximum/minimum column size;

precedence difficulty (elements/columns).

Balancing strategy

cycle time, number of stations, average shift 

output and Balance Delay values for varying cycle 

times.

maximum and minimum cycle time.

The balancing procedures ASSIGN 1 to ASSIGN 3, built into ALB2 

S'trongly influenced by the initial balancing conditions set by the 

embly i£ne designer and it is for this reason that a detailed ana- 

ls provided as part of the balancing programs.

^he decisions the designer will have to input via file 2A
are:

B°r all production:

Selected cycle time;

Minimum/maximum station size (replaced by calculated 

values if unacceptable - section 4.4);

Line length limit if applicable;

Variable or deterministic durations (plus confidence 

level for deterministic).

p

** mixed-model production:

Single/multi-element assignment;

Schedule adjusted/unadjusted station size selection.
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After making the eight decisions and inputting via file 2A the
ALB o

i Program will output the progressive temporary assignments made at 

6ach Nation size, giving for each assignment:

Model number;

Element number;
Normal element time ;

Effective element time;

Effective station time remaining.

When all temporary assignments have been made for a given station
Sl20 -a #* summary of the assignment efficiency is given including:

Cycle time/maximum work duration;

Time available/work content assigned;

Estimated lost time.

Nhen all temporary assignments have been made a note is printed
Of

e station size selected.

each

model

finie)

Cm completion of balancing the assignments to each station for 

model are given along with the station size selected and for each 

fhe work content (normal duration), work duration (effective 

amd minimum duration.

Bai

•ITI ^
e final output from the balancing program ALB2 is the various 

nce Delay, Smoothness Index and Work Distribution calculations
desc*ibed iln section 4.5,

stant
the

b*la;

h the desire to deal with practical sized problems and a sub- 

laT number of tests to be carried out in examining the models 

bBl/ALB2 programs proved a most suitable answer and carried out 

ncing within acceptable limits on computing time.



CHAPTER 5

SIMULATING THE OPERATION OF ASSEMBLY LINES

/
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5- SIMULATING THE OPERATION OF ASSEMBLY LINES

Introduciion

Amongst the many balancing procedures that have been 

viewed in Chapter 3 there is an implicit assumption that the
c°nditilons applicable when balancing is carried out will continue 
"to Jj 0  4-V» •cne conditions under which the actual assembly line will
P̂®r3i"De- In practical applications of assembly line productj:ion
howiSVer this assumption of continuity is not so certain when the
total ii*pQ•‘•^e-span of an assembly line is taken into account. The 

Nation available at balancing relates to the work elements 

tved in the product, the detailed estimated production sche- 

d the anticipated output (which determines cycle time), 
aM this i
is det

information the assignment of elements to stations 
er>mined. The value of the balance solution produced will

thepQp
re.be affected by the consistency of these three forms of

infor>mati0n
and

over the period in which the assembly line is constructed 
subsequently operated.

m the
over

case

Minor

*lng each major factor in turn, the work elements involved 

Manufacture of a product should remain reasonably consistent 

life-span of the assembly line. Where this is not the 

Product changes will tend to be one of two kinds. Firstly
changes

abs
caused by cosmetic product updating which can be

orbed into the existing line or secondly major changes in product
sPscif-

lcation which will affect the basis on which the assembly 
line ha

s been balanced and constructed, as a consequence of which
the need for
whi

a new assembly line may well arise. When assessing
ether a

spe
Particular assembly line can accommodate a given product

cification change the capital cost of constructing the assembly



165

will play an important part. This can be illustrated by con-

t^asting the difference between an assembly line for building auto- 

m°bile bodies and one for assembling small refrigerators. In the
•C

me:r case investment is high and involves expensive heavy 

Pecialised assembly equipment that must last a considerable period 

time and in the latter equipment is generally inexpensive, 
etsatile and far more amenable to assembly line changes.

The anticipated output and subsequent cycle time used in
balancing is also subject to possible change for at the point of

lancing anticipated output must be considered to be a provisional 
estima-t-'■e* The anticipated output is provisional because in many
Cas ̂

until the product is actually available the exact demand will 
H o t b e  Vknown. Furthermore over the life of the assembly line demand
for a product will be affected by the forces of the market place, 

ComPetition and the general economic scene being strong 

iuencing factors on demand. As a consequence of these conditions
lt wouid be 
tical
to

unusual if no fluctuation in demand and therefore theore-

output occurred. Assembly lines are relatively inflexible

^anges in volume and their ability to respond can be illustrated 
by tak * the two polar cases of large scale and small scale change, 

•̂stent large scale increases in demand will be satisfied where 

by increasing the actual number of assembly lines to meet 

0r by alternatively allowing marketing conditions (price and 

to change and thus discourage customers until output and 

Large scale decreases in demand will be dealt with 

reusing the number of assembly lines producing the product

P°ssibie 

den'and 
del
dei

by dec
* * *  balance

where this
lo;

an

is possible and the decrease in volume is expected to be
ng term m.• wnere the decrease in demand is considered to be temporary 

ei?uative solution may be to follow a policy of reduced hours of

• As can be seen therefore individual assembly lines do not°Perat,-
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deal very well with major changes in volume.

The question of dealing with variation in demand becomes more

interesting when examining how to deal with minor but persistent

changes. Where minor changes fluctuate either side of the average

Tine output then the finished product inventory can be used to

smooth out demand by selecting a suitable size of stock level.
Whore the minor change however is persistently above or below the 

Vej?age line output the finished product inventory will either 

sappear or reach the capacity limit and the question then arises 

adjustment of assembly conditions. For persistent minor 

ion the answer is to consider the question of changing the 

P rating speed of the assembly line and where this is permitted
the

Uf,
result is that the line cycle time at a given point in the 

°f the assembly line will not be the same as the original
balanni

the
ancing cycle time and the question then arises as to whether 

Tine w i n  still operate as required under the new conditions.

that
to

Tine. 

infl

T11 the case of mixed-model production it is the product mix 

raakes up the detailed production schedule that is most likely 

<Tergo repeated changes throughout the life span of an assembly
This is of some concern as the product mix has a strong

nce °n the assignment of elements and the subsequent balanc- 
l i i g  S f - P  • •

lciency. in the two mixed-model balancing procedures
ineTuded •ln the ALB programs the product-mix affects the individual 

lng of elements (ASSIGN 3) i.e. priority of assignment, the
rank
cholce of
Sh

station size and consequently the efficiency of the line.
Quid

subsequently the model proportions change the assembly line
*iTi st.

T function physically as the balancing solutions produced
y ASSIGN 9 ,and ASSIGN 3 allows manufacture of all models in any
^Portions but as commented earlier the efficiency of the line may
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dramatically affected. This physical independence from model- 

mix is not always the case, for example the three sequencing based 

pproaches to mixed-model assembly line production reviewed in 

Chapter 3 (section 3.3) have a weakness in that the estimated 

Product-mix are used to minimise the inefficiencies on the line by 

determining a low averaged cycle time and therefore the solutions 

Produced may not be able to physically operate with changes in
Product-mix.

A need to study the versatility of balancing solutions has

^erefore been identified and within this chapter a simulation
n io d g i -P ,  ,  •r°r examining the reaction of solutions proposed by balancing

dels ASSIGN 1 to ASSIGN 3 to variations in the production condi-

"°ns wbll be given. In describing the concepts and detail of

lmulation model two major areas for consideration come forward
Settin

result;
two

S the simulation conditions and obtaining detailed simulation 

s* 'The simulation conditions can be further subdivided into

S^ups, those conditions that are related to the previous

lng conditions and those conditions that have not been

°lved at balancing but which are concerned with bridging the gap
bet

The
ti

Ween Pbe balancing stage and practical assembly line operation. 

major variables associated with setting the simulation condi- 

s> each of which can be specified independent of the relevant
abcing solutions, are:

Variables related to balancing:
bine speed

Model-mix
Station definition 

blement variability
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Variables related to assembly line operation:

Production timetable

Continuous or independent scheduling.

The second major area of consideration in the simulation model 

ls the collection and output of relevant detailed information. This 

formation has been organised into three main sets associated with:

Original balancing and production planning information 

Detailed work station information 

Detailed assembly line analysis.

■Ifre Simulation Model

The simulation studies are carried out within the ALB computer

§ram suite by the program ALB 5 and draws upon five separate

r'Ces information as can be seen in Figure (5.1) reproduced 
fr Appendix B. Element and general information is drawn from

balancing file FILE 2 along with details of the balancing solu
tion ( P tt r.i-LE 3A). The balancing solution is merged with the selected
Physjlcal layout of the assembly line (FILE 3B) by program ALB 3
which 
Tine i

also performs data validation checks on the new physical

five
lnformation. Details of the production time available over a

6̂ yea # m
J ar calendar is prepared by program ALB 4 and placed in file

tile ** T"0*1 collection by ALB 5. Finally specific simulation instruc- 

an<T the production schedule to be simulated are input via 

and FILE 5 respectively. Detailed instruction on using the
simmat-

ion program is given in the Users Guide shown in Appendix B.

Tiens
Tile

The simulation program operates on a’ relatively simple integer
^sis

°tder
fr

Where each product in the production programme is moved in 

Successively through each station. As each product moves
om one station to the next calculations are made with respect to
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activities at the station and information is accumulated for 

Presentation on the output line printer. The number of cycles 

ĥat occur, what happens at each station and which information 
ls finally presented is dictated by the simulation conditions set. 

full listing of the simulation program ALB 5 is given in Appendix 
f°r detailed study.

5.3
* Setting the Simulation Conditions

ariables related to Balancing:

As identified earlier there is often a difference between 

Citions existing at the balancing stage and actual operational 

S6mbly line conditions and that in particular four of the original 

alancing variables can be subject to change, i.e. line speed, 

Product or model-mix, element variability and station definition.

the Une
subS€

With respect to line speed the simulation model can accept

y Positive value with which to simulate line operation, using

cycle time to determine an equivalent line speed

eclUently scheduling the production programme through each station

e given speed. With the case of variable element durations as 
the ij_e is speeded up efficiency will theoretically improve but 

lity wiH  deteriorate as the frequency of failure to complete 

^creases. If the time is speeded up to the point that line

is less than the sum of minimum durations at any station

woi*

Cyc^  time
then fa,*
the
effi .

^odep

the

failure to complete work will occur on every occasion. With 

importance of line speed being established with respect to 

ciency, quality and general working behaviour the simulation 

has been used to examine possible relationships in Chapter 6, 

lamination of parameters.
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In producing a balancing solution for a given problem the 

esigner is given the choice of a deterministic or variable treat- 

ment of element durations, with the variable approach increasing 

erage on normal element durations to guarantee a given probability 

completion. Irrespective of the particular treatment of element 

étions during balancing however the simulation model allows 

ee Qhoices when estimating by Monte-Carlo methods the actual 

m̂e ^a^en at each station during production. The first choice, 

automated machinery is involved, is to take a deterministic
of- 1element durations and to allocate the average or normal

dur.at -î _011 each time, suspending the use of. Monte-Carlo random numbers.

operation is considered to involve operators and subsequently 
mean thoe use of variable element durations the simulation model 

Ws two alternative forms of variability:

(a) Element variability 

(k) Station variability.

11 the case of element variability each element is considered 
to be suhnjoct to normal distribution variance independent of other 

s and therefore random variation is applied to each indivi

sement duration and variance to give actual element durations 
.̂rid

ese are totalled to give actual station time. Element varia- 
biUty can Kn be expressed in equation form as:

t'.l t* + (RD x Æ 7 7 ~ ) (5.1)
whe:re

Ui
t.i
tv.

RD

Simulated element duration for element i. 

Normal element duration for element i. 

Element variance for element i.

Random generated number (range -3.5 to +3.5).



172

and

Tk t'.1 < V

where

(5.2)

= Station time for station k.

= Number of elements.

= Simulated element duration for element i 

being performed at station k.

In the case of station variability random variation is applied 

the total station time and the total station variance to give 

t^l station time. Station variability can therefore be expressed 
11 e<luation form as:

Tk = {.£? t. (P )} + {RD x /.£? tv. (P, )} (5.3)* l-l i k l-l i k

where

" Y V  = Element variance for element i being 

performed at station k.

^ksn»t^(Pk) and RD as before.

Although the two alternative treatments of variability are 
aVallabl-Le station variability is preferred, being considered the
more renlistic for operators are unlikely to change pace from element

lament but are more likely to show variation from model to model.

Principle element variation will produce a narrower more consis
tent H •lstribution of station times than station variability.

hut

as

T ' *
n the balancing algorithms enlarged stations are permitted 

Pstream and down extended stations were considered inappropriate 

temporary increases in capacity are obtained in this method.
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developing the simulation model however it has been felt appro

priate to allow open stations as they are used frequently on 

actual assembly lines. In addition the widest choice of assembly 

line configuration can be obtained by allowing the designer to 

sPscify the exact position of each station along with the individual 

founts of upstream and downstream excess working space. By allow- 

lnS the specification of station position and upstream-downstream 

working to be combined with station size total control is given 

the assembly line designer particularly with respect to the 

ani0Unt °f transit length or overlap working area available.

The strongest probability for a difference between balancing
and actual production conditions in the mixed-model case lies in the

1rUâ  Product mix. The simulation model is designed to input any

duction schedule and as a consequence considerable changes in pro
duct m ■lx can be examined. One difficulty that arises however with 

Pect to product mix is the mathematical determination of relative 

dominance, the most important aspect of model-mix. As a
prej_i .

rnary approach to overcoming this difficulty the term model
dom

def
nance ratio has been introduced where model dominance is
ined as:

KDR = ^ a x
ijZl QjVm

where

(5.4)

- Model dominance ratio.

^max ~ The maximum quantity required of any 

given model.

Qj - The quantity required of model j.

m ~ Number of models at balancing stage.
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In applying variation in product mix it is possible to leave
out completely in the production simulation models that have been 
nvolved at the balancing stage and therefore the entire range of 

Product mix from equal product quantities (model dominance 

I) to single model production (model dominance = m) can be
accommodated.

allowing in addition the input of an actual production 

hedule which involves the specification of the sequence of 

^S1 launches further information can be obtained than by simply 
Putting the relative quantities of each product. In particular 

simulation model, when associated with a production schedule, 

Used for detailed analysis of behaviour at stations and
fop analysing the effect of particular schedules, for example
analysis with respect to average model runs and work variation.

Var•Lables ̂ Related to Practical Assembly Line Operation.

e four simulation subjects so far discussed are concerned
With the development of a practical assembly line simulation program 

ln addition two further variables have been included as a stepand

"t°wapds tv*-ne use of the simulation program for production planning
and control.

Uc*s or
the
on

fpr
e first new variation is to allow the choice between contin- 

independent scheduling. In the case of continuous scheduling

Production programme being simulated is considered to follow
i  t • • ••*-axeiy behind an unspecified previous programme and is 

c°hsider aed to be followed in turn by another unspecified production
^cgramme.
starts

This has the effect that as the production schedule 

stations with no product from the correct schedule are not
C°uhted ian any of the line efficiency calculations and similarly
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The end of the production schedule as stations complete the 

Schedule they are no longer counted in calculations. In the case 

independent scheduling all stations are counted from the arrival 

The first model at the first station to the departure of the 
iast model from the last station. In consequence continuous 

Ĉ eduling, which is accepted in this work as the norm, will give
higher efficiency results.

As a further move towards using the ALB 5 program for planning

Production timetable has also been included in the simulation

formation, in the form of a calendar covering five years, fifty

weeks a year, seven days a week and four shifts per day the

iendar contains a list of shifts not available for production 
( fo example holiday breaks, industrial disputes or unused shifts). 
When  ̂*emulating the actual production schedule the starting time,

o "f*r each cycle and completion time are calculated using the 
Calend^ *to move past time not available. The production timetable
then
but

efore does not affect the efficiency calculations in any way 

^°es provide for planning purposes estimates of start and finish
t i m e s  i j  * . 1rth respect to the schedule in question.

The simulation model in ALB 5 can therefore be seen to provide

chanism for testing out under a wide range of more practical 
c°nditions balancing solutions obtained by models ASSIGN 1 to

The simulation program plays a significant part in testA S S I G N  3

Seri 

fiorii
7  +-to 9, Chapter 6, where the effect of changing conditions 

Those relevant at the balancing stage are examined.

5.4. ^SÎçiiled Simulation Informaticion

That
^esigning the ALB 5 simulation program it was considered 

The value of the contribution made to the understanding of
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Sembly line operations would be influenced strongly by the quality

the information printed by the program. Considerable care has

before been taken in deciding the right quantity of information

type of information to be produced in order to achieve a

s°nable compromise between a simulation program that works well

Produces no output and a simulation program that produces so
much infformation that considerable further work is required to 
aluate the output.

The
Snoups; 

Stalled

output produced by ALB 5 can be sub-divided into three 

original balancing and production planning information; 

Nation information, and finally detailed assembly line
arialysis.

Ori
Slnal Balancing and Production Planning Information:

Before the simulation begins in earnest and as an aid to the
assembX'y line designer summaries of the information used by the
simui

faU
alion program are printed first. The information printed 

under the following general headings :

A T •ltle and Identification of Simulation. 

Production Timetable.

Programme Disruptions.
Weekly Timetable.

Shift Times.

g
Production Schedule Summary. 
M°del Ratios.

Actual Schedule.

Q
Simulation Information. 

Assembly Line Information.
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The first set of information provides the designer or production 

c°ntroller with details drawn from the five year calendar and time
table file FILE M-. Using the calendar, simulation cycle time and 

ttumber of products in the production run the expected start and
fjn• _ #

lsh times for the current schedule is identified along with any 

n^iciPated breaks in production time over the current manufacturing 
P tiod. The production breaks in question could arise from any 

eternal or external source (e.g. holidays, disputes or planned 

ifttenace), the breaks being entered into the five year shift 

Tendar. Information on production time available is completed 

^ Printing the weekly shift pattern and the working hours of each
shift.

The second set of introductory information provides details of
the Production programme to be manufactured. This information

Tudes the number of models involved, the total number of units

u 3nd the Model Dominance Ratio which is accompanied by the

Titiesj proportions and original balancing proportions of each

ual model as well as the actual production schedule. This 
lnf:ormat * •lon is provided for two purposes: firstly as a formal
record . .r simulation details and secondly as a means of identifying 
chatiges j  .xn model-mix from the original balancing conditions.

rec
lhe third set of introductory information provides a formal 

°t the original balancing and present simulation conditions
Elated t° the current exercise. From the original balancing exer- 

ls drawn the balancing cycle time, variable or deterministic 

^ ^ t  of element durations and whether originally single or 

° el balancing. The simulation conditions with respect to 

cy of work station printout, type of work station printout,

cise 
tr

fteTUen

scheduling (continuous or independent) and type of variability
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deterministic, station or element) is then printed. This informa
tion set is completed by printing the simulation cycle time and 

onsequent time available at each station.

The final information set contains details of the physical 

ayout of the assembly line, starting with line length, total upstream 

11 downstream working length, total overlap length and unused 

ansit length. This is followed by details of station sizes and 

en hy the specific location of each working and transit zone.

Preliminary information is provided primarily as a formal 
°rd of simulation conditions and secondly as an analytical guide 

program user. A fuller description and illustration ofto the

the

Guid
Preliminary information can be obtained by reference to the Users
e> Appendix B.

Petailed Station Information:

Throughout the actual simulation the designer can request a 

°ut of station information for any given interval of simulation 

When this is done the information shown in Figure (5,.2), 

^hreviated version, is produced. Initially the schedule 

Jetable are identified along with the number of cycles in the

Print

cycles
or

Pr°duction
and

programme, and the current cycle and finally the time
date at which the current cycle ends.

stat
Of

e station information can be sub-divided into four groups; 

n condition, station output, time statistics and distribution
time.

size
wait

Station condition information includes station number and

hhe current model at the station and whether the station is

working or finished in the current programme. The number 
Models +.V.cnat theoretically have passed through the station and the

actual
number of models (excludes models not involved at station) is

of
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then printed,

The time statistics provided are a cumulative record of the 

maximum and minimum work time at the station so far found in the 

Production schedule along with the total work assigned and total 

time available up to the current point. The current station work
timee rs included in this group.

Of greater interest is the actual distribution of work over 

°h station and therefore the cumulative quantity and frequency

occurrence ¿s printed for downstream, normal, upstream and lost
Work T. .m e  distribution of time figures are completed by printing
the next start position for the operation (assuming continuous
Work) and the initial estimate of overlap work,

When the assembly line designer is concerned in particular 
with h°M individual stations will perform it is the station informa- 

that provides the necessary data. On occasions the full

°ut of information may not be required and therefore an
3bbrevia+. o . . .ted station printout excluding the distribution of time is

Pet
Assembly Line Analys is:

On
iinp

c°mpletion of the simulation run a final detailed assembly

ŜSi
alysis is produced on which the overall performance of the 

■Py line can be assessed. The information provided in this 

nalysis can be sub-divided into three groups: planning
detaCaUs * Production details and efficiency measures.

the

ror

Planning information is simply a repeat identification of 
ûle being simulated, the completion time and a confirmation

feeord Purposes that simulation is complete.
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With respect to production information, this consists initially 
of output details covering the number of assembly line cycles, 

e<iuent number of finished units produced, average production 
P r model and model dominance. Included in this section of 

formation is data on the consistency of model runs, where a model 

ls defined as the number of consecutive products associated 

single model. In particular the Average Run Length (ARL) 

the Standard Deviation of Run Length (SDRL) are calculated, 

cwo values being indicative of the number of occasions on
which ne work pattern at stations will change. Average Run Length 

Standard Deviation of Run Length can be expressed in equation
form as:

Pun

*ith a

ARL =
l - l N1-1 x (5.5)

where:

ARL = Average Run Length.

^r ~ Number of model runs in production schedule 

~ Wumber of models in model run x.

and;

SDRl - '/■T (N 2) - {Z_N,r N /N }2 X~1 X______x=l x r
N

(5.6)

where:

^  ~ Standard Deviation of Run Length
N Mr’ x as before.

erage production per model (APPM) and model dominance 
) ans e calculated using the equations:
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APPM
M

(5.7)

where :

APPm = Average production per model

= Number of models in simulation schedule 
M and Q as before.

(5.8)

liS  V /M,
where;

SnaxiM, -̂i >MC as before.

N°te that APPM and MDR are related to the number of models . s
in the <,•simulation schedule and therefore will produce different
vaiues nat the equivalent balancing equation (equation 5.4-) when
a model xs not present in a particular simulation run.

TV»e final section of the detailed assembly line analysis
starts by presenting a comparison of Balance Delay and Smoothness

from the balancing and simulation stages. At the balancing 
Sta§e four

index

of
Sm°othne

eff,

versions of Balance Delay (BD1 to BD4) and four versions 

ss Index (SI1 to SI4) were calculated to allow for the 

°f model adjustment and effective time. The theory and cal-
culatio

°ns -involved are given in Chapter 4, equations (4.9) to

°n (4.17), When calculating Balance Delay and Smoothness Index 
^  the sim, i .mulation stage the actual time taken to complete work is
USe<1 plar ct-j-uce of work content. Under these conditions the equivalent
Of r,n°r'mal h • •auration is given by T, , where T, has been obtained using
6(lUati0n ,

'5-2) for element variability or equation (5.3) for station
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liability. The equivalent of effective time allowing for compres- 
lbility, is -¿he greater of the two equations :

T\  = T, (5.9)

°r TSk = ilî t^i (P]<)

. taking the greater value

(5.10)

where :

To —k = Effective time for station k 
te,(p \ _i k^ ~ Minimum element duration for element i being 

performed at station k. 
n = number of elements.

^k ~ Station size of station k.

^k as before.

-̂e effect of model dominance is automatically accounted
f°r Mjje

actual completion times are taken in the simulation model 

BD4, SI2 and SI4 equivalents that are produced by the
lowing equations:

BD2 =
y=l kil ^ Sk x Cs  ̂ Tky* X 100 (5.11)

S,,} x C_ x N

where:

BD2s = Model adjusted Balance Delay for 

simulation.

N, = Number of production cycles in the 

simulation.

P = Number of stations in the line.

^s ~ Simulation cycle time.
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= Normal station time for station k cycle y. 

Sjç as before.

BD4 =
yÎÎk i! (sk * (cs - TV } * 100

{. £? S. } x C x N k-1 k s c

where:

(5.12)

BD4S = Model adjusted effective Balance Delay 

for simulation.
ITe -ky = Effective station time for station k 

cycle y.
Nc’P^k and C as before.

SI2s = kiï «SK * V - V 2
^ere; = Model adjusted Smoothness Index for 

simulation.

N ,p,S, ,C and T, as before, k s ky

(5.13)

SI,s = ^ ? k ? ?  lSk x (Cs - TV > 2

where•

(5.14)

Sl4 _s - Model adjusted effective Smoothness Index
for simulation.

c’P»E >c and Te, as before.K s ky

The comparison of balancing and simulation values for Balance
°elay a .

Smoothness Index does in practice print eight values for
silr>uiatinr, kon by making BD1 , BD3 , SI1 and SI3 equal to BD2 , BD4 , 5̂ 2 s s s s s s

s n<3 Elh^ respectively. As Balance Delay and Smoothness Index
ar'e the ma •ln criteria by which balancing results are judged the cal-
Culation„ Printed at this point are the most valuable part of the
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simulation output.

The detailed assembly line analysis and the simulation output 

ls completed by a listing of the total upstream, downstream and 
formal working time used along with time available and lost time 

 ̂at occurred in manufacturing the production progamme.

5.5. Summary

As stated earlier the simulation program has been designed to 

Xamine the effect on assembly lines of changing the conditions under 

^i°h they were balancing. This has been done because the view is 

forward that on many occasions actual assembly lines will operate
Under varied conditions and therefore there is a need to examine
ssembly line versatility.

Accepting this need a simulation model has been built to cover
two main requirements :

(u) A wide variety of simulation conditions can be 

easily set.

A well balanced collection of resultant information 

will be provided as output by the simulation model.

What remains on completion of this model is to test out the
model and background theory on a suitable collection of problems.

/



CHAPTER 6

exam in atio n  of the alb  programs

/
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6. EXAMINATION OF THE ALB PROGRAMS

Test.¿gst cases and significant parameters

In introducing three new balancing models based upon work 

mPnessibility and enlarged stations and subsequently developing
exten .

SlVe computer programs for their use, the need arises to
°ughly test the accuracy and efficiency of the programs and 

at the

of the
same time to make a preliminary examination of the influence 

more significant parameters.

p

r this purpose five test problems have been selected and

Us Permutations of the basic data will be used to carry out 
Prograni ,resting and analysis of variables. The five problems
Elected to cover a suitable range of problem sizes are:

16 Element Driscoll-Shafi Balancing Problem

This problem was initially developed for this research 

as a basic problem on which to carry out program 

validation and model development.

2
21 Element Wild ( 48 )

This problem was originally used to demonstrate 

^ e  Kilbridge and Wester single model balancing 

method (qs) (Pg. 62) and is used in this thesis 

with the same normal element durations.

^0 Element Sawyer ( 36 )

This problem was adopted by Sawyer to demonstrate 

the Helgeson and Birnie rank positional weight 

Procedure (36) (Pg. 86) and has been used in this
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thesis with the same element durations but without 

the original zoning considerations.

**• ^5 Element Problem Kilbridge and Wester ( 17 )

This problem appears in a paper on balancing 
given by Kilbridge and Wester and has been used 

unaltered.

^• TO Element Problem Tonge (42)

Extracted from Tonge's thesis (42) (Pg. 66), this 

problem has again been used with unaltered element 

durations.

70

of 100

The five problems represent a spread of elements from 16 to

5 n°ting that the computer programs are designed for a maximum

elements, and will represent an original range of cycle 
times fy>r°m 36 to 176 time units. The precedence diagrams for

£ie model balancing are shown in Appendix A, figures (A.l) to
(A.5)

nd the selection of elements for the various mixed model
k^lancin§ tests based on these five exercises are shown in Tables
U . i )

t° (A.5), Appendix A.

In
maj

developing the test program for the ALB suite the following
or ,•

lrifluences on assembly line efficiency were identified for

ular attention with respect to the newly developed ASSIGN
Models.

Part:

Element compressibility 

Confidence level
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Line length limitations

Single or multi-element assignment

Mixed model weighting

Simulation

Assembly line speed 

Work station definition 

Variation on product mix

in addition a limited attempt has been made to reproduce 

solutions to those obtained by the original authors for 

four previously published test cases. In all 273 test runs were 

ln examining these major influences and the results have 

Siven for each case in Appendix A, along with the conditions 
<let’ wilich the tests

la

similar

e*ecuted 
been

were run.

6 - 2 . ■Slĝ Effect of Work Compressibility

The
signif

concept of work compressibility represents one of the major

""lels and
Of

lcant new introductions associated with the ASSIGN balancing

is considered to be capable of both allowing the balancing
Probiems that cannot be balanced by conventional means and of

3eihg 

1 humb,
P°tentially capable of giving more efficient solutions over 
ep of trials.

To examine whether these assumptions are true, test series 1, 

ning sixteen trials on four of the five test problems, has

tor each

out with varying levels of compressibility. The four 

selected were the 16, 21, 30 and 45 element problems and 

Problem 0, 50, 75 and 90 percent compressibility of normal



189

Tement durations was allowed for each element. This range of com

pressibility is in practice quite considerable as it would theoreti- 

9 ^  aHow at one extreme only single-man stations and at the
°ther extreme ten-man stations. The results of the sixteen trials

"test series 1 are shown graphically in Figure (6.1) to (6.4).

Del,

the
OVgp

figure (6.1) demonstrates the relationship between Ealance 

ay anĉ  compressibility and can be seen to support the case that 

Use of enlarged stations is likely to lead to better efficiency 

a number of trials. None of the four test cases showed
deteri0ration £
bat no

in Balance Delay as compressibility was increased 
change at all was detected in the case of the 30 and 45 ele-

•»ent
ifiipno

Problems, whilst the 21 element problem showed a significant 

Vement in balance delay from 20.56 to 0.69 percent as the com- 

1kility increased from 50 to 75 percent. This confirms that 

nlarged stations will not give improved results on everywhilst e
°cCa

l0n potential for better line efficiency exists.

The
ls hoi 
30

relationship between Smoothness Index and compressibility
’Wever rot so clear as evidenced in Figure (6.2) where the 21,

ahd 45 element problems all show an initial deterioration in the 

or work assignments to stations and only the 21 element 

eventually improved, going from a worst Smoothness IndexPl?oblem
Value

s°und
30.33 to a final value of 1.00. There is however

ai*toie 

">«4 be

a very 

are more

mentE
Of Srnoi

xPlanation for this behaviour. As work elements 

ntly Packed into the earlier stations the eventual result 

Phe creation of a final station with only limited assigned 

and this final station will severely affect the calculation
°thne

Per,'cent
ss Tndex. In the case of 30 element problem with ninety 

°mpressibility the final station contained only two elements
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W;L̂ h normal duration totalling 21 for a cycle time of 44-, having up 

that point had at worst three time units wasted at any station. 

n the case of 45 element problem at ninety percent compressibility 

final station contained one element of normal duration 5 against 
cycle time of 59, having to that point had at worst 4 wasted time 

■̂ ts at any station. This situation arose in the 21, 30 and 45 

ement Problems because the cycle time was kept fixed for consis- 

Cy throughout all tests. Should the cycle time be allowed to 
y a limited amount then both the Smoothness Index and the 

nce l*elny could be improved as shown in the first three

carried out on the 16 element case, where the slight increase 

ycle time from 20 to 21 time units resulted in both an improve- 

Balance Delay (17.67 to 3.89) and Smoothness Index (27.29
to 4,50)

> over the 0 to 75 percent compressibility range.

tests
of

ment of

Test series 1 therefore can be seen to confirm that more
eff

and

also

stat

l6nt balance solutions can be possible with enlarged stations
Viwhere combined with minor adjustments to cycle time can

Provid
ions.

e improvement in the distribution of elements between work

The Use of compressibility and enlarged work stations would also
Effect th

e physical appearance of assembly lines in terms of station
sizes

line length, this is confirmed by Figures (6.3) and (6.4)
th e

average station size and assembly line length are plotted
i'6sPectiVel .y tor various levels of compressibility. Figure (6.3)
C°^irms

e point that increased station sizes are not selected

Pact

hey are more efficient for in the case of 30 and 45 element 

bbe average station size increased to only 1.143 and 1.286 

6ly* furthermore the extent to which enlarged stations will
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used will depend on the particular relationship in any given 

Problem as evident that the 21 element problem had an average station 

SlZe 2.0 for the same ninety percent level of compressibility.

One further point of considerable importance can be drawn from
•̂ ■gure (6.3). The test allowed up to a maximum station size of

s x̂~man station but the balancing procedure kept the station

1Zeat lower levels in each case, with the largest station used

any the sixteen tests being a three-man station, thus the

SS^bility of a single station solution containing all elements

■̂ng proposed as the perfect but unrealistic answer has been elimin
ated rpK •^nis criticism that enlarged stations could theoretically be 

feasible one station solution has been controlled by two factors:

â) The maximum station size that would have been
allowed by work compressibility would have been ten 

(90% compressibility).

b̂) The ASSIGN 1 model tends to favour smaller station 

sizes as smaller station sizes are selected for 

eS.ual values of efficiency.

is
Op

sho-

figure (6.4) shows the change in line length as compressibility 

fitted and as suspected line length either remains the same 

ases as compressibility increases. In the three cases
Wp (lit> 30 and 21 element problems) line length changes were

horded • The 16 element problem has not been included on this
gl?aPh as +.Lne change in the cycle time would produce misleading results.
The value °f Figure (6.4) is that it' confitms that where there is
g°ing to

e a limited line length available then the ASSIGN balancing
^dei a

-Likely to be able to produce acceptable solutions, a point
fu.*ther ekamined in section (6.4).
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 ̂‘ ̂ ‘ The Influence of Confidence Level

Within the ALB computer programs there is the ability to consider 

liable element durations as an alternative to deterministic comple- 

°̂n Times. This has been included because the nature of many 
ssembly lines is that the work is carried out by manual operators 

^re subjected to natural variation. Assuming this natural varia- 

'°n Shaves according to the normal distribution the normal element 

rations can be increased to allow for this natural variation up to 

 ̂cified levels of confidence (see Chapter 4).

the

Were

Un

Were

The tests carried out in test series 2 were designed to confirm 

sTrongly suspected relationship that if variable element durations 

c°nsidered and element durations increased then larger assembly 

s would be needed. Two problems, the 16 and 30 element examples 

Tested'with four different levels of compressibility (90, 75, 50
end o

Percent) and at four levels of confidence (50, 75, 95 and 99
Per,cent
fidence

confidence of completing work), noting that 50 percent con- 

ls equivalent to deterministic element durations.

The resultant graphs showing the effect of confidence level on
bivalent number of simple stations (total size of assembly line)
Is

in
shown m  Figure (6.5). As suspected there is not a linear increase

^ *VaTent number of simple stations but as element times are
Tpcr

Lne spare time available at stations will firstly absorb
'nitl0r duration i,
re.TUired
le:

increases until an additional equivalent station is 

nnd will then absorb more increases until yet further equiva-
nt

str,
s tati°ns are required in a step type function. The fairly

forward
Tes
fir:

Ut

tried.

conclusion that increase element durations will 

in a trend towards increased station size is therefore con-



195

FI
G.
 
(6
.5
) 

EF
FE

CT
 O

F 
CO

NF
ID

EN
CE

 L
EV

EL
 O

N 
EQ

UI
VA

LE
NT

 N
UM

BE
R 
OF

 S
IM

PL
E 

ST
AT
IO
NS
.



196

The amount of extra assembly line capacity that will be needed 

WlH  be a function of the ratio between variance and normal durations 

an  ̂also a function of the confidence level desired. In the two test 

°ases the ratio between variance and normal duration varied between 

^•167 and 0.30 for the 16 element problem and 0.12 and 0.333 for the 

element problem. As these ratios are relatively low then even at 

highest level of confidence dramatic changes in the size of the
assembly iine will not be encountered. In the tests carried out the
greatest extension was an increase of the three equivalent stations
fop The 16 element problem at fifty percent compressibility.

As the influence of variable element durations is relatively 

fTe with respect to balancing all the remaining tests will be
pH °ut with deterministic durations.

1 -Slg. Influence of Limited Line Length

withi
on

developed in Chapter 4 a second practical consideration 

the ALB balancing programs is the ability to specify a limit 

length of an assembly line in terms of the number of stations
That

Can l*e included. Where such a line limit exists it is often
nee6ssar
St*Uon
The:refop,

y  To consider enlarged stations as the alternative parallel

ch°ice does not decrease overall line length. To consider

e the effect of balancing a line limit on a given problem 
‘eSt s<*ies , . , .s o involving the 16, 21, 30 and 45 element problems was 
^evised with •Ln a view to testing a range of station limits (1, 2, 4,8 and nnii
corvsTant

inuted length), whilst maintaining other variables as

as Possible.

The min*‘ imum station size is affected by the line length limit
,Ua«o„ ,• > and where as a consequent of a line limit the minimum
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station size is greater than the maximum station size (equation 9.5) 

then the maximum station size will also be affected by the line 

■'•ength limit as the maximum station size is automatically raised 

t0 The greater minimum station size. In order to examine this
®ffect no pre-specified maximum station size was input for the pro
blems, thus leaving the maximum station size to be determined by 
Nation (9.5).

The result of the decision not to input a manual maximum station 

lze is demonstrated in table (A. 12) where of the seventy-three 

T^tions that were assigned elements during the twenty test cases 

ly thirteen of the station assignments had any choice of station
-L i  •5 cnis occurred because the largest element duration in three of 

Problems was less than the cycle time, thus setting maximum
size by equation (9.5) to 1. The nett result of this approach 

That each solution for specified line length contained exactly 

humber of stations in the line length limit.

station 
is

the

This tendency to give the longest line possible is demonstrated
in p •

® re (6.7) where the unlimited line length cases with no maximum
St*Ti0n
Oni

size produced a set of solutions of single size stations.

y The 16 element problem, with an element duration greater than 
Cycle t i me

case

1. 5
(test

produced an enlarged station in the unlimited line length 

53). This can be contrasted with the solutions to tests
» 0 j g5 and 13, extracted from test series 1. Where identical condi-
ti

In
°hs

aP P lie d  e x c e p t th a t  a maximum station size of six was specified.
This

w*th ho
case  the s o lu t io n s  produced were s h o r te r  than th ose  produced 

s p e c i f ie d  maximum s t a t io n  s i z e .

Of
of

Sweater importance perhaps is that by eliminating any choice
station size potentially more efficient solutions are being ruled
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0ut as can be seen from Figure (6.6) where the same two sets of tests 

(53> 58, 63, 68 and 1, 5, 9, 13) are being compared.

for the 16 element, 30 element and 45 element problems the 

Same balance Delays were obtained but with a shorter line length 

whilst for the 21 element problem a considerably more efficient solution 

^20.56 reduced to 0.69) was obtained with again a shorter line length.

The importance of not restricting the choice of station size 
here efficienCy goal can be seen in Table (A.12) which also

stains the station choice for tests 1, 5, 9 and 13. In these tests 

^ere alternative station sizes were available^out of the twenty 

°ns that were assigned elements, nine of the station sizes 
fected had alternative stations sizes of equal efficiency, support- 

2 the view that where station size choice is available more efficient 

utions will be found.

Summarizing on the effect of limited line length therefore the

Gedure does work efficiently to ensure that balancing is possible

ln the number of stations available but care must be taken to 
®hsure '-nat as minimum station size increases it does not unduly 

cne range of station sizes available.

further point of interest arises where a limited line length
°ase . .encountered. The inclusion of a line length limit may under
cert
this

tUiiib
the

circumstances prohibit the production of a feasible solution. 

Sl-tuation arises when the total minimum element durations for 

e-*-ements is greater than the product of cycle time and a limiting
of stations, for in this case no matter the size of the stations

Work t. • i -iwin never be completed within the line length limit.

/
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6.5. Sjjlgle Versus Multiple Element Assignment

^en the question arises as to the balancing of mixed-model 

ion there are two models available in the ALB program suite, 

iled in Chapter 4 the two models, which both employing work
Ik * i • •1 1'tyj differ in the number of occasions on which an 

can be assigned. The ASSIGN 2 model is generally related to 

cl production when models have only limited commonality
of eleui

nts an<̂  therefore multiple assignments of elements, where 
todel being treated separately is preferred. The ASSIGN 3

bal

hay

assi

and* nrr

procedure is related to mixed-model production when elements 

Ê level of common elements and therefore single element
Scents ^cy be preferable.

In

by eithe
the

P cctice any mixed-model balancing problems can be tackled 

Procedure and therefore there is some value in comparing

Kleins,
test

(16,

dement
each

^suits' 3t would be obtained from each method for identical 

For this purpose test series 4 has been carried out. The 

contains thirty tests carried out on all five problems
2l} go

5 *+5 and 70 elements) with both single element and multi- 

edures being applied to three mixed-model permutations of

Series

ôdel
(nil■ode!
'Uff

P^blem. Tflne mixed-model versions of each originally single
Problem s been obtained by taking five models in each case 
^00 to boa. \ . .

) and removing at random elements under three
ê n t cjrc

d*, Umstances: random removal from the entire precedence
^  randodia °m removal from the early portion of the precedence
Sr>aci and ranri

dia 0m rernoval from later portions of the precedencegr>am. The
actual elements involved in each model are shown in

{M )
'iatg, t0 ^-6) at the beginning of Appendix A, with approxi-

y twehty~si
percent of elements removed overall, the number
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of individual elements removed for each example being 27.5, 23.8, 

2^.5 and 27.8 percent respectively for the 16 to 70 element 

lems. in practice only thirty-four occasions arose in the five 

lems in which an element was assigned uniquely to one model and 

fore the test series should theoretically be more appropriate
to n *

lngle element assignments.

igure (6.8) shows the Balancing Delays obtained from test 
seri6s a f .

°n single and multi-element assignments and it can be
o leariy een that the multi-element assignment is producing more

*

solutions than the single element assignments. This is 
Ogical when t -t- • j1 it is understood that multi-element assignments are 
^Pable of fJ-iximg up each station according to individual model
n6eds where b single element assignments will always produce meffi-
cient iQst

oime when the element in question is not involved in all
°ther models.

ver.
^igurre (6.9) shows the resultant Smoothness Indices for single 
multi-eiement

ar>e assignments and again multi-element assignments
P^odu

0f the
Clng consistently better results. This again arises because

ass1gnm,
^neffi

ents.
oient lost time that will be obtained in single element

The, P^ice to be paid for the more efficient packing of elements
btai*edMith
- multi-element assignment is increased variety in work
SiSned tQ

4.- each station as is clearly shown in Figure (6.10) where
5 total tr ' •_ aiIUng need of each assembly line for both single and

element ao •<w assignment is given. In the five sets of tests carried
* on avep

ifto °per,
the

ago the multi-element assignment required 57.1 percent
'ator* *dlnm g  than single element assignment confirming 

ec trade-off of work variety again,st efficiency.



3
0

—
/

 
B

a
la

n
c

e
 

D
e

la
y

202

e<D 
I—I

P  jq  
w O<1) uH 0<

_co co _
C O  O l p

c<u
-CN »  ^  

C O  O T  2

or~_■—I to 
C O  CD

+-> •a p
<u C
6 a>
G e
to c

•H bO
60 •H
w W
fd W

<d
4->
c 4->
<D C
B a;
<V e

•—1 a)
<v •—l

a)
<D i
1—i •H
bO P
C

•H G
CO S

II II

CO s

_  O  LO
co cn ^

_ c d  z t
[ >  CD

+-*
c
CD
ba;rHw

LO
0 0  C O  5
[•"* c d

o  CD

— tO i—I
r -  c d

_ to o
t >  CD

-P
P
Q)
B0) i—1w
o

ztO'

0 0  CO  
o  C O

+J
c  
0) 
B <D 

I—IW
^  C N  O ' 

O ' CO

H
CN

r—1 tO 
c -  CO

O  LO 
O ' CO

-  C D  I t  
t O  CO

uT

•H
c
<D
B
<V

rHW
torH

W M

FI
G.
 
(6
.8
) 

CO
MP

AR
AT

IV
E 

BA
LA

NC
E 

DE
LA

YS
 F

OR
 S

IN
GL

E 
AN

D 
MU

LT
I-

EL
EM

EN
T 
AS
SI
GN
ME
NT
S.



2
0

0
 

7 
S

m
o

o
th

n
e
ss

 
In

d
e
x

203

FI
G.
 
(6
.9
) 

CO
MP

AR
AT

IV
E 

SM
OO

TH
NE

SS
 I

ND
IC

ES
 F

OR
 S

IN
GL

E 
AN

D 
MU

LT
I-

EL
EM

EN
T 
AS

SI
GN

ME
NT
.



204
6QJ

£t)

I W

+J X5 W O 
<D Phh  a

CO CO 00 CT> ,

CM l >  
0 0  (T>

c0)eQ)I-1H
O

i— I CO
co cn

O  lO'—n 
co cn +-> C 

CD 
B

cn j-  
r -  cn

Cl) i—Iw
LO
ztco cow  

o  cn

[ >  cn  ^  
o  cn 4-e

a

CD i— I
[> cn

a
—Cx:
C
co

inO^ 
t>  cn

= t c n , [> co c
CL'

CO 0 0  
O  00

CN O  
O  CO

~  i—I CO ^ ' 
O C0 -PP

(D
B

_  O  cn 
t>  00

<DrHW
COH

_  cn zf w  
co co

FI
G.
 
(6
.1
0)
 

CO
MP

AR
AT

IV
E 

WO
RK

 V
AR

IE
TY

 F
OR

 S
IN

GL
E 

AN
D 
MU

LT
I-

EL
EM

EN
T 
AS
SI
GN
ME
NT

.



205

Test series 4 represent the first mixed-model production test 

and therefore it is of interest to examine the change in work loading 

each station from model to model. A representation of this is
shown in Figure (6.11) where the total range, i.e. the sum for all
Tntions of the difference between the greatest and smallest work 

Ssignment is given for both single and multi-element assignment.
p •

re (6.11) again confirms that multi-element assignment can pack 
*lQns more efficiently and therefore will have less variation in 

Wonk i ,J-oad from model to model at each station. Only in one test
Pt'obl

Pnodu
em (the 21 element case) did the single assignment procedure 

Ce less variety in work and the difference in this case can be
Seen -f. ,

he insignificant.

6 , g
■Ihg, Effect of Model Weighting

ere mixed-model production is to be undertaken a second 

ence on efficient balancing is going to be the relative quantities
of each
the

rcodel involved in the production programme. In mixed-model. 

s to this point, the estimated production schedule contains
exactly eq.ual quantities of each model and therefore no one model
W°Ul(i

ang is designed however to adjust the rank positional weight

dominate balancing. The ASSIGN 3 procedure for mixed-model 
Ung i

sc:

Th
Schedule

of
lepef0re

ASSlQN

s for each element where an uneven estimated production 

e*ists as described in Chapter 4 (equation (4.29)). 

variation in product mix will affect the balancing results

I>U

<U:
fin

 ̂hy giving higher priority to the more significant elements.

e assignment of elements both ASSIGN 2 and ASSIGN 3 can be

the
t° select the most efficient station size on the basis of

actual
ele

estimated production schedule rather than giving each
^ent eiual weighting (equation (4.28)), thus uneven estimated
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deduction schedules can again influence both mixed-model balancing 

Procedures (ASSIGN 2 and ASSIGN 3).

To examine whether relative model weighting can be a significant 

lnfluence on mixed-model balancing test series 5 was carried out 
011 the 16 element problem with 4-2 tests at various product mixes 

^e n̂g considered, covering both single and multiple element assign- 

ment with the results shown in Appendix A.

The expression of variance between the quantity of each model 
esded is difficult to qualify but as a basic guide to model variance

term model dominance has been introduced where model dominance is 
defined as:

Maximum model quantity 
Average model quantity

^est was designed to cover a full range of dominance values for 

^tve models in the 16 element problem with dominance values being 

e between the two extremes of complete dominance by one model 

minance ratio = 5) and no dominance of any model (dominance ratio :
1 ) .

The
Snii10°thn
for

it

effect of varying model dominance on Balance Delay and 

le°s index is shown in Figures (6.12) and (6.13) respectively 

't^tions in dominance of model 200. In the case of balance delay 

be seen that the Adjusted Balance Delay calculation (BD2) shows
detPrioreration in Balance Delay, i.e. an improvement in efficiency

20Q becomes more and more dominant, the same relation being
f°und f- .

r l>oth single and multi-element assignments. This is under-
statidahie when it is known that model 200 contains the largest total 

dUration of all the models and therefore as more models
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31,0 produced less time will be wasted overall. This is confirmed by 

figure (6.14) which shows the change in Balance Delay as model 203 

écornes dominant. Model 203 has the least work content (125 time 

Utlits> and therefore as more model 203s are produced the amount of 

Efficient production will increase. The change in Balance Delay
Models become dominant is however relatively small, the greatest 

<Uff€etence between unadjusted Balance Delay (BD1) and Adjusted
BalaT1Ce Delay (BD2) being 3.09 in the case of model 200. The question 

1Ses therefore as to why there is so little change. The answer lies 

"the fact that there is little difference in the work content in the 

e Models 200 to 204 (work content 132, 131, 130, 125 and 131 time 

respectively). Had there been a considerable difference between 

Work content of each model then the change in Balance Delay would 

en far more significant.

Units 
the

With

finance
Aspect.to test series 5 the relationship between model 

and balancing efficiency can be summarized, as:

Where dominance exists and a model or models with 

Sreater than average work content are dominant then 

model adjusted balancing will give improved balance

results.

g
Where the dominant model or models contain less than 

the average work content then the line efficiency 

will deteriorate.

Q
The amount of change in Balance Delay will be a function 

not only model dominance but also the actual difference 

ln w°rk content between models, i.e. where there is 

Tittle difference between the work content of models,



210

-p
pi

(DO
Crtf
a

• Hs
oQ

FT
P 

ffi
 -

m
 

EF
FE

CT
 O

F 
MO

DE
L 

DO
MI

NA
NC

E 
ON

 B
AL

AN
CE

 
„T
r 

f 
lc
n 

EF
FE

CT
 O
F 

MO
DE

L 
DO
MI
NA
NC
E 

ON
 S

MO
OT
HN
ES
S

I0
.1
4J
 

de
la

y 
(M
OD
EL
 2

03
) 

IN
DE
X 

(M
OD
EL
 2

03
)



211

dom

model dominance will have little effect on line 

efficiency.

Figures (6.13) and (6.15) shows the relationship between model 

anance and Smoothness Index for models 200 and 203 respectively.
From
Ind

the graphs no general relationship exists, i.e. the Smoothness
Sx does not improve or deteriorate in proportion to models con-

'̂ irg above or below average work content, what does clearly

Ppear however, just as in the case of the balance delay graphs, is 
" th e ft t h i *  •iere is a difference between actual Smoothness Index and Balance
Pel,

dom;

dom

for

ay and the conventional smoothness and Balance Delay where model 

inance exists. The traditional equations which ignore model 

nance are BD1 and SI1 respectively and the equations that adjust 

°del dominance are BD2 and SI2 respectively.

allowing for model dominance the final observation worth

§> which can be seen from the detailed results in Appendix A, 
is that
the

6.7.

model dominance when taken fully into account changes both 

^i^g of elements and the actual assignment to stations.

New and Original Test Case Results

The 
lud 

balanc-'
Coricludes the

test series examining the effect of mixed-model weighting 

main tests to be carried out on the assembly line

an
lng models put forward in this thesis. Before moving on to

examilnation of the simulation model included in the ALB programs,
*°Wever> an
^Ult;

attempt has been made to see how closely the original

to °f the five test cases used can be reproduced by the ASSIGN 1
assign

and homi

SfUcien

3 models. This modest comparison, containing seven tests 

hated test series 6, is not intended to be a statement on the 

Cy the ASSIGN models but has been included out of interest
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^  as further verification that the computer programs operate 

ectively. A summary of the results drawn from Appendix A are 
h°wn in ^he f0pp0w;j;ng table:

' ---- _____
Problem Original Solution Test Test solution

^  Element 141 CT=16, BD=1.7, SI=3.00

^  Element
142 CT-59, BD=2.26, SI=2.83

CT=36, BD=0.7, SI=1.0 143 CT=37, BD=3.38, SI=4.12
^  Element CT=44, BD=7.95, SI=11.22 144 CT=43, BD=5.81, SI=10.68

^  Element
CT=41, BD=1.2, SI=2.0 
CT=69, BD=0.0, SI=0.0 145 CT=71, BD=2.82, SI-10.68

^  Element CT=176, BD=8.95 146 CT=179, BD=1.94, SI=32.39
147 CT=319, BD=3.71, SI=63.37

TABLE (6.1) New and Original Test Case Results

The 16
the

6}{ami

element problem was developed specifically to test out

mPuter program and has not therefore been published previously, 

a wide possible range of cycle times at varying levels of
c°tnpress

aiity during this development, the best results achieved were 
3 Glance nQiueiay of 1.7 and a Smoothness Index of 3.0 under conditions
of a

yCle time of 16 and ninety percent compressibility. In the
c°hventi°nal balancing problem, i.e. allowing no compressibility, the
best r

SUlt achieved was a Balance Delay of 2.26 and Smoothness Index 
°f 2.83 •

Mith cycle time of 59. In both cases the single station
s°lutiori

as been excluded from consideration and these results are
Siven f

record purposes.

used
The 21 

to dem
element problem originating from Wild ( 48 ) was originally 

°nstrate the Kilbridge and Wester balancing method and, as
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commented earlier in the review of balancing procedures, this problem

eminently suitable for the cycle time and procedure in question 

as evidenced by the resulting Balance Delay of 0.7 and Smoothness 

nĉ ex l.o. Using ASSIGN 1, with no compressibility, the best 

6SUlt achieved by the ALB programs was a Balance Delay of 3.38 and 

smoothness index 4 .12 for a cycle time of 37.

The 30 element problem given by Sawyer ( 36 ) was applied to 
both i/• i, .^linridge and Wester and rank positional weight procedures, 
IlOtincr .L-.S that the problem involved a small amount of element grouping 
and fixed
the

station elements. Ignoring these limitations and treating 

Problem as a straight forward balancing case, the best result

feved by ASSIGN 1 was a Balance Delay of 5.81 and Smoothness Index 

at a cycle time 4-3. Although this represents a better
I'eSUlt cnan the rank positional weight solution of Sawyer's, this is 
Hot

time
for

in reality a fair comparison as results are sensitive to the cycle

taken and therefore different results would have been obtained 

cycle times of 41 and 44.

The 45 element problem, originating from Kilbridge and Wester,
is an

techn
ejtcellent example of a problem eminently suited to a particular

ique, at a cycle time of 69 perfect balancing was achieved
using

ribridge and Wester approach. The best result obtained with
the
Tad,

assign procedures was a Balance Delay of 2.82 and Smoothness
ex in cp•oo under conditions of no compressibility and 71 cycle time.

The 70
aTancea 

the 

wi-th

element problem published by Tonge ( 42 ) achieved a

Delay of 8.94 at a cycle time of 176. In order to achieve
cycie +.•time of 176 Tonge allowed the breaking up of elements
work

th
content greater than 176, to approximate to this condition

er,ef, 1.1tne ALB version of the problem allowed fifty percent
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impressibility on all elements and resulted in a Balance Delay 
 ̂1.94 at a cycle time of 179. Running the problem without compres- 

lbility produced a Balance Delay of 3.71 at a cycle time of 319.

lest series 6 conclude examination of balancing models.

6.8 r •ijine Speed Variation

model
of an

the development of the balancing and assembly line design 

s ar> important distinction has been made between the balancing 

assembly line and the subsequent operation of that line. In
Parti
fr,

lcular three of the balancing parameters are likely to change 

bba estimated conditions used for balancing when full production
is taki

of
lnS place. These three changes are changes in line speed, the 

extended stations for overcoming temporary work variation

ln case of mixed model production, possible changes to the
Product . . .mix* In test series 7 the effect of changing line speed is

Use

and

ekamined With respect to differing balancing strategies.

Pn0
The

S^am
cent

simulation model was used on a twenty unit single model

where line speed was allowed to vary between -25 and +25 per- 
Of +■]«.e estimated conditions at balancing (actual line speed

laU 0n

Sin,ul«ton
blem solut

used -25, -10, -5, 0, +5, +10 and +25 percent). The 

exercise was run on four of the 16 element balancing pro- 

i°ns, i.e. 50%, 75%, 95% and 99% confidence on variable
"ent N a t io n s .

igUres (6.16) and (6.17) show the unused time available andthe i_ios+ *■
^  me respectively that resulted from the simulation studies,

pi?
St

in8 that
var

'U b U i t,
elosed work stations were specified and that station 

y> es given in Chapter 5, was used. Examining firstly the
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percentage lost time curves for varying levels of confidence

the expected results have been confirmed. This expectation was that

the percentage confidence is increased then the greater the
Possibility for operators to cope with variation in time taken to

°mplete work. Figure (6.17) clearly shows that as the percentage

nfidence increases for any given line speed the amount of lost

rh decreases. The second simple assumption confirmed by Figure 
(5.17)

speed is i
time

ls that, where for any given percentage confidence the line 

increased (line cycle time decreases), the amount of lost 
Wor>k will increase.

fr
^ en examining the curves for unused time a pattern also emerges 

which two general conclusions can be drawn. In the first
instanc r •e figure (6.16) confirms that as line speed is increased the 
Amount ofr unused time decreases. Secondly the amount of unused time 

assembly line is related to the confidence level required at
on an

kalancinn§* This relationship is not linear but is in the nature of

P ^unction where the level of unused time will be proportional 
t0 the cePacity of the line rather than the confidence level. Figure 
6̂*l6) in .lustrates this well for there is a step growth is unused time
as

assembly line steps from nine (50% confidence) to ten (75%
C°nfidence)
Stations.

and then to eleven (99% confidence) equivalent simple

(6.17)
level

âr'labii
s*Snif£

§eueral observation that can be drawn from Figures (6.16) and

ls that where an assembly line has been balanced with high 
 ̂of confidence, i.e. with measurable extra time for operator 

U y ’ then changes in line speed can take place without 

ant increases in lost time (failure to complete work).
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When operating an actual assembly line the opportunity to change 

^ ne conditions from those of the estimated balancing conditions will 

6an ^hat the original estimates of balancing efficiency (Balance 

lay) and evenness of work distribution (Smoothness Index) could be 

hstantially different from those actually achieved. Taking the 

tual simulation times as each model is manufactured, actual simula- 

n Balance Delay and Smoothness Index can be calculated as illus- 

ror the four confidence level test cases at line cycle time 20, 

ch are shown in Figures (6.18) and (6.19). These figures show 
that there 
resmt 

than 

widen

^  is
alio-

is a general relationship between balancing and simulation

s hut that the actual simulation figures are worse proportionally

those produced at the balancing stage. The explanation for this

lng gap between simulation and balance results is that at balancing

assumed that every element will take the additional time to be

W6d> whilst in reality, as the simulation shows, the actual time 
win be

e based on an average of the ordinary normal duration, thus time 

average will be less than the confidence allowance and greaterta*en on
rdle .£•

e and work variability will result.

Exam
sPeed

ining this relationship more closely for changes in line
it

ihcr,

hess

Can he seen that as the line speed decreases (available time
eases) wore idle time will be encountered, thus increasing Smooth-
Ind

Pt'obi
ex and Balance Delay. These increases are shown for the test

eiris in Figures (6.20) and (6.21).

£wtendedStations
6-9.

he review of assembly line balancing procedures and in the
bsequent creation of the ASSIGN balancing models the view was putr<*w'and that extended type stations should not be considered at the
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dancing stage as they do not give a permanent increase in capacity 

over a number of trials the work assigned must be less than or 

Ûal to ^ e  permanent station capacity. However the point was made 

the allowing of upstream and downstream movement beyond the 

its set by the closed station would be a good method of over- 

the variation in time taken to complete elements.

fp

0 examine whether this is true test series 8, containing 

ty ^ave tests based upon the sixteen element problem, was carried
Out with =3 range of upstream and downstream working zones. The 

s °f these tests and the conditions undertaken are shown again
3 Appendix A.

e first and most interesting question that arises when open
Stations
the

are allowed is the question of how open stations will affect

ttern of working for the operator. Figures (6.22) and (6.23) 
Sh°" the

Pi

operators working pattern changes for two of the balancing

as greater amount of upstream and downstream excess are 
°wed. Tw •wo interesting conclusions can be drawn from these figures, 

greater upstream and downstream time is allowed the opera-

Pr°blems
aU,

rstly as
t:or' win

ltlcfeaS£n
to

the

the

the

uP str l

m°ve out of his normal closed station working zone and 

Sty Use the upstream length available. This will continue 

P°lnt where the majority of operations will be undertaken in 

6am working zone if this is permitted by the definition of
stat

dePupd.
as

l0n> and can be seen in Figure (6.23). This conclusion is
ept o n  i-vone assumption that an operator will wish to start work

soon as
Possible but acknowledging this assumption the question

aris
up

ron

es as to whether the amount- of upstream working being under-
should K je undertaken as equipment may not be the best position

c°Pst upstream working. The second conclusion that can be
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r̂avm from Figures (6.22) and (6.23) is that equal amount of upstream 

and downstream working may not be the best policy as the figures 

lndicate that operators will move upstream relatively quickly and 

n°t subsequently find much use for downstream working.

The major justification for open stations is that they will be
able to deal with variation in work performance. Figure (6.24)

a,T>ines whether this is true in the case of most difficult balancing

■LOn i-e. the solution produced with deterministic element dura-

"°n (50% balancing confidence). As can be seen from Figure (6.24) 
heariv +.

y cwo percent of the work remains uncompleted when closed stations
Were subsequently used in the simulation model, this two percent 

Pr®sents twenty-one occasions out of a possible eighty on which 

lity Silures would occur. This is dramatically decreased as
uPstreamm and downstream excess is allowed confirming that where

Hity exists, as is the case with operator manned assembly lines, 
The ere +■ *ation of some form of upstream or downstream excess would be
Us®fui.

111 the
Where there is a spare time already built into the assembly 

f°rm of a higher level of balancing confidence then upstream
atld dow
lost

nstream excess may not be needed as indicated by the very low 

tlme figures for 75, 95 and 99% confidence.

The simulation program ALB 5, also includes a preliminary attempt
at

Ohe
measur *lng possible overlap working, i.e. those occasions where 

am of operators may stray into the actual working area of
another arn of operators. Taking the possible total overlap time

by
fiai

* On
tev

the particular location and dimension of stations, an ini- 

timate of overlap working has- been made as described in Chapter 

closer examination this part of the simulation model will need
ision

Ho as true overlapping is not being calculated and therefore
°ncIusion has been drawn with respect to this particular point.
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Test series 7 and test series 8 contain six test sets based on
the 75 percent balancing confidence version of the 16 element pro- 

> which were intended to examine the difference between taking 

romistic simulation times, for work at each station, or alter-deti

ely variable durations based on station and element variability.

Proposed as a preliminary stage that the distribution of 
ŝ tion +* *imes would be greater with station variability than with
elernent
w°uld be

variability and that consequently higher levels of lost time 

encountered, the results however showed little difference
fop

clus
"test problem selected (Figure (6.25)) and therefore no con- 

is drawn with respect to the difference between station and
terrien t variability other than to suggest that tests should be
carrie<j

°n problems with less inbuilt spare time (e.g. 50% confidence)

6-10.
■Slg^Effect of Product Mix Change

When
derate
at the

th

the concept is accepted that assembly lines will actually

Under different conditions then the estimated conditions 
trime °f designing the assembly line then the greater difference 

en the«;a two occasions is likely to arise when mixed-model

is being undertaken. In particular the product mix, i.e.

Proportion of each model desired is sensitive to change and 
°re the final

ï*0dUct.ion i

Urs when an
ror °ther

The

test series 9 has been designed to examine what

assembly line designed for one product mix is operated
Product mixes.

thi
est series involves examining both the sixteen element

-h; ^ eiement problems as set out in Appendix A under the condi-
0tls that bai 'f0 ancing was undertaken with estimated equal requirement
eaoh of _

Op e -ive models and that subsequent operation then
â ted Under varying product mixes as shown in Table (A.21). It
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UW  be noted in the results presented that as balancing involved 

ty percent compressibility and equal weighting for all four possible 

nce Delay (BD1 - BD4) and Smoothness Index (SI1 - SI4) values
-j-t_

e same, and that as the simulation program also involved ninety 

 ̂compressibility the two values of Balance Delay possible
(BD1

lent)
and BD3 equivalent) and Smoothness Indices (SI1 and SI3 equiva- 
Were also equal.

e effect on Balance Delay of varying product dominance for 
®ach of +K r: •xne tlve models is shown in Figures (6.26) and (6.27) for
the sixteen dement and thirty element problems respectively. From

Igures three conclusions can be drawn. Firstly when actual
0o»PWtlon times

the;se

dur,
b e

étions
are taken into account rather than work content time 

the estimated Balance Delay and Smoothness Index will not
°bta

under
ned even under the same simulation conditions as existed

¿r balsncing. The only exception to this would be where simulation
011(1 bal.
Sec

ncing have both been based on deterministic duration. The
°nd conclus

t h e
ion that appears is that as model dominance increases

bal,
centains
^Pn,
the

ove

n'odeis

si*b

show
lo-

nce delay will change. Where the increasingly dominant model

m°re than the average work content then efficiency will

ad where the increasingly dominant model contains less than

So work content line efficiency will deteriorate. The

c°ataming above work content were model 200 and 203 for the
een i

ement and thirty element problem respectively and both 
decaeasi

aver,

West work
Paohj.em
Us

lng Balance Delay values and again the models with the 

content (203 and 200 for the sixteen and thirty element 

sPectively) both showed increases in Balance Delay values

th
their domi
at

nance increased. The conclusion is drawn therefore
if Product mixes change the efficiency of the line will depend 

cj. ’ models with greater than average work content become
°r not.
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A third conclusion can be drawn when the overall change in 

Glance Delay is examined. The change from a totally dominant 

smgle model case to an equal dominance for all models showed 

Verall only a 2.90 percent change. This occurs because the work 

c°ntent of different models is quite similar, a point made earlier 

section (6.6) where the same distribution of model was applied at 

e balancing stage, the conclusion being drawn therefore is that

cne model range comprises models with similar model total work 

ntent only marginal change in line efficiency will occur as the
Product mix changes and where there is considerable difference between
the w°rk content of various models far more care must be taken in 

mix as greater variation in line efficiency willOusting model
occUr,.

figures (6.28) and (6.29) show the associated Smoothness Index 
values fr°r the two simulated test problems. As a general rule when
®ffi

seen

ibpro
ho-

oiency deteriorates the associated Smoothness Index also be 

^eteriorate and vice versa and when the line efficiency 

es the Smoothness Index generally also improves. There is
wever

bel,
no direct equivalence between Smoothness Index and Balance

^ as Smoothness Index values are strongly affected by the dis- 
^^butio°n °b elements over the stations. This can be seen in

|Q /  p
•29) where model 201 shows a considerable improvement in:igUr

Sin-onJ°othn
index for relatively small improvement in balance efficiency, 

ecause other models do not have anywhere near as even as
^istri^

Uti°n elements overall the stations. The conclusion drawn
f*om

is similar to that drawn for Balance Delay in that where
""“•'Is
bess 
S

poor Smoothness Index at balancing become dominant Smooth- 

in simulation will deteriorate and where models with goodindex
"tooth
h<5;Ss

Ss index at balancing become dominant improvements in Smooth-
*nd-ex can be expected.
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Chapter 6 has been concerned with two major tasks, the examination 

of balancing and simulation parameters and the overall testing of the 

c°mputer programs. Comments with respect to the major variables have 

keen given throughout this chapter and as a conclusion to the current 

°r^ it should be noted that 273 test cases have been successfully 

PPlied to the ALB programs confirming that the program structure and 

°mPutational efficiency is acceptable.



CHAPTER 7

FUTURE WORK
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7. FUTURE WORK

The models for balancing and simulating assembly line opera- 
ions "that have been developed in Chapters 4- and 5 and the 

Sequent examination of the major influences on design and 
PeRation of assembly lines in Chapter 6 each suggest potential 
ai'eas ^or further development. Amongst the more important deve- 

P®ents brought forward by the existing work can be included:

Advances in the Balancing Models

~~-~-^Hfing for the effect of station zoning

hasic
to

The balancing models ASSIGN 1 to ASSIGN 3 consider only the

Restriction of precedence ordering when assigning elements
rk stations. A step towards wider applications of the models 

W°uld be achieved if in addition zoning restrictions imposed on

elements could also be taken into account, particularly as 
PROvisJ-n has already been made in the ALB.computer programs and
fil

B).

es for inputing the necessary zoning information (see Appendix
This would require the development of modified models for
Rment, which because of the increased level of restrictions

bay

S4îi-o

Produce the same levels of efficiency in balancing results. 

¿Rator elements

for

elem
ÌVg

CeRtain balancing problems it is not unknown for specific 

lents to require at least two or more operations for effect-

<le Potion. As the three balancing models are specifically
Signed to

^Iti.
cope with enlarged multi-operqtor stations specific

Rator elements can be allowed for after minor modification
to eaCb

°^el* The following two minor changes to ASSIGN 1, ASSIGN 2
assign ,3 are recommended:



231
(a) The maximum station size should be checked to ensure 

that it is equal to or greater than the largest number 

of operators needed by any one element.

(£>) When considering individual elements for assignment, 

ensure in addition to other acceptance checks that 

the station size is equal to or greater than the 

number of operators needed.

~~~^S^ping of elements

With assembly line production there may arise the need for the 
tse of very expensive equipment or equipment that needs isolation
ftom °ther work. To solve this problem it may be necessary to

l°p balancing models which allow for pregrouping of work elements. 
Thi

esquire the development of new ASSIGN models but it is
v/0r>th

n°ting that again provision has been made for inclusion of 
the nec ssary information within the existing ALB programs and files.

(See Appendix B.)

-S*ffflination of assignment criteria

The
miXeci
Bai,

fo

Sin.

■ance
irmuiae

'°othn

introduction of work compressibility and the existence of 

m°del production gave rise to four differing values of both 

Belay (BD1-BD4) and Smoothness Index (SI1-SI4). These 

challenge the accuracy of traditional Balance Delay and

Part
crit

thf

iess Index under the new balancing conditions and futher work, 

larly with the simulation model, may identify the more suitable
:e*ia. Bn addition future work should consider in more detail 

ability of the information provided by the simulation model.
L » •

i°n approach

The Approach taken with the problems used in this thesis has
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^6en one of assuming a single specific cycle time and subsequently 

Producing the single most appropriate solution according to the 
relevant balancing models.

When seeking the highest balancing efficiency however a better

°lution may be found by taking a limited set of cycle time based 
C ln 6 to the desired output range and to produce a set of solutions 

appropriate models, with the objective of selecting eventually 

most efficient. At present this can be achieved by repeating 

Particular problem at differing cycle times however a more formal 

fusion of examining a cycle time range would be an improvement.

Two Points can be put in support of this additional approach;

U y is not normally the case that the output rate of assembly
iines ,s super critical i.e. output must be met exactly. Quality
c°Ptro] irosses alone usually make output rates slightly uncertain.
Se

^  in comparing results obtained originally in the problems 

Chapter 6 with the best results obtained by the three modelsÜSed in
assign i ho ASSIGN 3, results could be seen to be sensitive to
actual cyole time and that improved results could be obtained with 

changes in output and hence acceptable cycle time.

•~^BHfj-~automated work stations

te
it be a m  
is

reasingly assembly lines for large products are becoming c 

automated and manually operated stations and therefore

suihable to consider new balancing models to allow for
thi* .

present the assignment models can consider elements 
3s

Case- At
either aH  deterministic or all variable, with a given level of

c°hf îiden
ion fut

Ce for the normal variance involved. A more suitable approach

U
re models may be to pre-specify stations as either automated

nistic element durations) or manually operated (variable



233

element durations) and in combination with this to specify selected 

Nations for elements where desirable.

7.2. Advances in the Simulation Model

Mixed manual-automated simulation

JUst as the balancing models are either all deterministic or 

^  Va*'iable in their treatment of work elements so the simulation 

0<̂el gives the same uniform treatment to work elements. In the 

aSe 'the simulation model however it would be particularly appro
bate to allow mixed combinations of manual and automated stations 

•̂he use of the simulation model is the most suitable approach 

deciding whether to automate particular stations or not.

This change to the simulation model can be achieved with 

ative ease by including in the simulation information structure 

bst of stations to be treated as automated. The computer pro- 

3111 ALB 5 wili then use this list to suppress any variability.

^iti
but

.station operation

Th® simulation model presented in Chapter 5 included an 

lah attempt at identifying overlap working between stations
"this

°ver>i
was found not to be truly representative of actual

aP working on the occasions where overlap working was
Pos

fo:
S1 Kie* A more accurate record of overlap working should there- 
h)e developed particularly for those cases where quality

^ i o
att

Nation may result as a consequence of successive stations
emptw& to work at the same point.

.simulation model

The q isimulation model ALB 5 is very detailed and can be time
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consuming for large production schedules. Management however may 

n°t require all the simulation output in certain cases, particularly 

where planning decisions are the main interest. In this situation 

would be appropriate to have the facility to abbreviate the 

simulation and to restrict output and calculations to those asso

ciated with relevant planning decisions. Within this type of 

information would be included:

Expected start time 

Expected finish time

Shut-down periods during production run 

Einal analysis of performance.

~-^£iEication of operating conditions

The investigations carried out by the simulation model show 

aT the conditions under which assembly lines are operated can 

ect considerably the estimated efficiency of the assembly line 

Ûced at the balancing stage. A future development of this 

PPtoach therefore could be the specification of operating condi- 

s for assembly lines as part of the requirements for achieving 

^ Tred levels of performance, the operating conditions being 

^cd through the use of the simulation model.

Scleral Future Work

.work station choice

With
w0rk

in the three assignment models presented two choices of 

Nation type were available; simple single manned stations

Tnnged stations, the choice between the two being made on
The £,as-

ls of balancing efficiency. In the simulation model the
■satiiU Y of station definition is increased by allowing for any
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combination of open, partially open or closed stations. A further 

development in model versatility however would be to allow also 
the inclusion of the two types of extended station in the balancing 

and Emulation models. By adding the two extended station types 

*e* Parallel duplicated stations and parallel rotating type stations, 

wider choice of solution is obtained and consequently the possi- 
ility of higher efficiency levels is also improved.

¿S^tion of minimum and effective time

the
The concept of work compressibility creates in addition to 

m°re conventional normal element duration two further time

hsrvals; minimum element duration and effective element duration.
In subsequently simulating the operation of enlarged stations,
where
the

work compressibility takes place, average time is taken as

sum of element normal durations plus a random proportion of the

n(Iurd deviation of all elements (obtained by taking the square 
root of the sum of element variances). This time is then divided 
by static
eff,

Lon size and compared against minimum duration to obtain 

ctive element duration.

This treatment assumes a linear and relatively simple relation-
ShiP betwe
Cong

ieen operations, their colleagues and their work. As a 

'luence a further examination of the behavioural aspects of
Sroup

*ctuai
of the

Working and in particular studies of operating practices on 

ussembly lines would enhance further practical development 

Assignment and simulation models.

improvements

Present the ALB computer programs are operated in batch
on ,an ICL 1906S computer and therefore has the disadvantages



236

°f comparatively slow turnaround i.e. job processing time. The 

first recommendation for future work with respect to computing 

fscillties therefore is to recommend a move towards an interactive 

computing service as a means of decreasing job turnaround time 

thereby making the ALB programs a more powerful management
aid.

The second general recommendation with respect to computing 

o move towards making greater use of computing facilities 

Vailable, with the computer being made capable of automatic pro- 

1Si°n °f precedence diagrams, line layouts and balance results 

graphic output form.



CHAPTER 8

CONCLUSIONS
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8. CONCLUSIONS 

and the Assembly Line Problem 

^ ngle Model Production

Single model balancing of simple stations is an area that 

has been widely investigated using enumeration, mathematical
*J •-Linear programming and heuristic approaches.

2
Enumeration procedures are capable of determining good or 
°Ptimal solutions for limited size problems only. For 
Practical balancing problems the considerable computing 
Squired would need to be justified, acknowledging that 
ôr> some problems the computing time required would be 
heyond reason.

3.  r .inear programming approaches are also unsuitable for 
Practical balancing problems due to the excessive numbers 

Equations and variables required to cover balancing
limitations.

*+. The nature of the assembly line balancing problem indicates 
ihat the best solution approach is a balance of heuristic 
Procedure and limited enumeration.

5* Ra kn Positional weight procedures can produce good results 
■for» Practical size problems and are well defined and precise
°utines. For this reason Rank Position Weight is suitable

0r> further extension.
6. S(> •

^ar only limited comparative studies between balancing
oadures have been carried out. The three comparisons

ailable covered diverse examination conditions and did not
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indicate that any one procedure dominated.

* Of the different types of solution approach examined

compromises between simple heuristic and limited enumeration 

pre-dominated over single-solution methods, supporting 

conclusion 4.

Mixed Model Production 

8 Mixed model production can vary between the two extremes

totally dissimilar products and products with a high pro

portion of common elements. A single mixed model balancing 

procedure will not produce satisfactory results with such a 

wide variety of possible problems.

^ en mixed model balancing is to take place the relative 

importance of each model should be capable of influencing

k°th the balancing procedure and the evaluation formulae
Used.

Xo.

XX.

X2.

listing mixed model balancing procedures have treated the 

Problem as a two stage exercise consisting of firstly producing 

3n assignment of elements and secondly the sequencing of given

Production schedules.

Th *ls aPtempt to integrate balancing and sequencing together 

makes "the solutions produced highly sensitive to changes in 

Production program and therefore suspect.

In Practice the balancing of mixed model assembly lines should

independent of any subsequent sequencing analysis for in

actical applications of assembly line work product mixes 
r̂icl schedules will vary considerably over the life of the 
Assembly iine.
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Complex Balancing

13.

15.

16.

17.

As a general rule assembly line balancing procedures should 

capable of dealing with practical assembly line conditions, 
Two major limitations at present are the treatment given to 

Work elements and assembly line stations.

Four problems that may arise with work elements have been 

identified: element variability, fixed location elements, 

dement durations greater than cycle time and multi- 

operator elements. An acceptable solution to element 

variability has been identified as the increasing of element 

durations to allow for variance and fixed location elements 
are a simple procedural problem.

8°th large element durations and multi-operator elements

recluire a more complex definition of assembly line station.
Thr 'ee possible variations from closed simple stations have 

en identified: extended, duplicated and enlarged stations.

^tended work stations with upstream and downstream excess 

Present a means of overcoming variation in work load 

used by mixed model production. As extended stations 

Present only a temporary increase in capacity they should 

be considered at the balancing stage.

°upli

18.

can
but

mult

Enl

lcate stations, where parallel or rotating in operation, 

give increased capacity for dealing with large elements 

as they remain single manned they cannot deal with 

^operator elements.

rged stations represent a method of dealing with large
eie®ent<5 .) multi-operator elements and limited line length
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whilst giving the additional benefits of group working and 

Possible higher efficiency.

The majority of balancing procedures reviewed were restricted 

b° simple station definitions. Two applications of extended 

stations related to mixed model sequencing were found and 

three applications of duplicate station procedures. This 

implies that a severe practical limitation exists with a 

iarge proportion of existing balancing procedures.

20, rm_ae prospect of more efficient and practical balancing 

Procedures held out by the use of enlarged stations is an 

area not so far closely examined and therefore is worthy of 

development into balancing models.

Generai

21.

22.

kittle work has been undertaken to examine the versatility 

balancing solutions. Acknowledging that once constructed 

assembly lines rarely operate under the exact conditions used 

b° balance the line a simulation model for investigating the 

effect of changing conditions would be of considerable benefit.

understanding of the behaviour of work within an assembly 

lne station can make an important contribution to determining 

be effectiveness of an assembly line. A simulation model 

b°uld therefore include a full diagnosis of station behaviour.

23.
3ustification for accepting many balancing solutions is 

efficiency claimed through values of Smoothness Index and 

ance Delay. A simulation model provides the opportunity to

The

-the 

Bal

ermine actual Balance Delay and Smoothness Index over a wide

nge of rea  ̂conditions and can therefore be used to comment
oq thG validity of suggested solutions.
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• A useful contribution to assembly line design theory can be 

achieved by the development of a two stage balancing and 

simulation approach, using enlarged stations for balancing 

and allowing subsequent examination of solutions under a 

wide variety of operating conditions.

TV*6 Balancing Models ASSIGN 1 to ASSIGN 3 

25 A suite of assembly line balancing programs entitled the 

ALB programs (ALB 1 and ALB 2) have been developed to use 

enlarged station theory and a modified rank positional weight 
aPproach for both single and mixed-model production.

The three models developed are:

24*

ASSIGN 1 - Single model balancing.

ASSIGN 2 - Multi-element assignment mixed model (for 

diverse products).
ASSIGN 3 - Single element assignment mixed model (for 

similar products).

26.
A Practical model of behaviour at enlarged stations has been 

^evel°Ped for use in the three balancing cases, identifying 

■̂he new concept of work compressibility. Work compressibility 

acknowledges that there is a natural minimum time in which 

ny Wor,k element can be completed no matter the resources 

Vailable. This has been shown to place a realistic limit 

the size of station allowed along the assembly line.

• Tv*
e ALB programs, using the model of enlarged station behaviour 

w°rk compressibility, are capable of dealing with large 

ment durations, element variability, limited length assembly 

1160 and are suitable for multi-operator elements. This
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results in a more practical balancing approach.

op• The ALB programs have been demonstrated to work effectively 

in over one hundred and forty test applications and to have 

produced acceptable results in pursuing the objective of 

fine efficiency.

The Simulation Model

assembly line balancing package of ALB programs has been 

extended to include an integrated simulation model (programs 

ALB 3 to ALB 5). Capable of merging a given balancing solution 

with production planning and physical line data a wide variety 

simulation conditions can be set with a view to producing 

detailed analysis of station and line performance.

Amongst the major simulation conditions that have been 

successfully applied are included:

Variation of mixed model production schedules.

Variation of the location and extension of stations.

Variation in actual line speed.

3 1 . m.
e simulation model also successfully introduces a preliminary 

Production planning function with the inclusion of shift 

Patterns and a five year production calendar whilst providing 

accurate start and finish times for each schedule. In addition 

Particular schedules can be integrated as continuous with 

espect to other schedules or can be treated from a production 

^ficiency view as independent.

32 .  T h
e simulation program ALB 5 has been demonstrated to work 

actively in over one hundred and thirty further test appli- 

•̂i°ns and has produced acceptable sets of detailed station
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and line information.

Test Cases

In developing the balancing and simulation models several

liables were identified as being likely to have -an effect on

ssembly line efficiency. To examine the possible relationships

nd 1:0 verify the computer programs two hundred and seventy-three 
tests vwers carried out in an organised programme. The main conclu- 

l0ns drawn from these tests with respect to the major variables
are as follows :

Balancing

Work Compressibility

33. Work compressibility strongly influences the range of station

34.

sizes worth considering and in particular the maximum station 

SlZe as station sizes greater than the maximum compressibility 

®1Ve increasing lost time. This rules out the unreasonable 

Slngle station theoretical solution.

As work compressibility indirectly controls the range of 

Nation sizes so it controls the change of improved efficiency. 

As compressibility was increased a number of improvements in 

Glance Delay were noted on initially inefficient lines. No 

direct relationship between Smoothness Index and compressibility
Was detected.

35. As

of
work compressibility increases so does the probability 

accePting enlarged stations, as a consequence of which line
leagth will decrease. Work compressibility therefore influences
the Physical appearance of assembly line solutions.
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Confidence Level 

36 As suspected allowing for variable element duration increased 

'the size of assembly line required. As confidence level was 

increased assignments made were noted to change and eventually 

additional station capacity was required to deal with increased 
dement times.

Cimilted Line Length

37. No major conclusion could be drawn with respect to the effect

a limit on line length other than to confirm that the pro

cedure produced working solutions to overcome the problem on
each occasion.

3 in

38

39.

*•0.

V ‘ Multi-element Assignment

Over the test series carried out the multi-element assignment
Procedure was consistently producing more efficient solutions.
This confirms the view that Balance Delay results will be
better with multi-element assignment as better opportunities

lst for packing elements into stations.

°°thness Index values on average were also better with
multi- iElement assignment but the difference was less discern-
able

the
cases of close values of Balance Delay. This reflects

S^neral improvement in Smoothness Index as Balance Delay 

P °ves and does not indicate that multi-element assignment
is betteer at distributing work.

As Uspected the multi-element assignment procedure produced 
higher, ievels of work variety, i.e. will require greater
°Perator. - . . ,training as elements had been assigned to a number
°f N ations.



Effect of Model Weighting

Where model adjustment is included as part of a mixed model 
Glancing procedure the following conclusions will be indicative 
°f the consequences:

Model dominance will not influence balance results unless 
there is a noticeable difference between the work content of
models.

il2
Where the dominant model has more than the average work 
content then model adjusted balancing will produce a more 
efficient solution whereas when the dominant model has less 
than the average work content line efficiency will decrease.

E l a t i o n
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Llne Speed Variation

*+3,

*5.

line speed is increased the amount of unused time decreases 

anh the amount of lost time (indicative of quality) increases.
This is confirmation of the expected relationships.

The
the

actual effect of changes in line speed will be related to
amount of spare time built into the line to overcome work 

liability, i.e. where high confidence levels were set at 

alancing greater spare time exists and the less will be the 

fect °f speeding up an assembly line.

e*pected when a line is slowed down actual Balance Delay 

nd Smoothness Indices increase and as a line is speeded up 

the Cor‘Verse occurs.
Ext

Stlded Wo1*  Stations
*»6

Whera both upstream and downstream excess working space is
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available the simulation results show that work is concentrated 

under normal conditions into the upstream and normal working 

^eas, the proportion of time spent in each being dictated 

by the amount of upstream working available. The explanation 

for this is the assumption that the operator or operators 

will move as far upstream as possible on each cycle.

As the amount of upstream and downstream working is increased 

the percentage of lost time decreases confirming the expected

relationship.

Pr°duct Mix Change

il8
^hen variation in actual product mix occurs during production 

as a result of which the mixed model balancing conditions 

change then the actual efficiency of the assembly will change.

*+9. ^hen models with less than the average work content dominate 

the production schedule then actual Balance Delay and Smoothness 

ffidex will deteriorate. When the opposite occurs, i.e. models 

with greater than the average work content dominate efficiency
^proves.

e am°unt of change will be dependent on the different work 

rtent of each model. Conclusions 4-9 and 50 further support 

c°nclusions 41 and 42.

T}\e relationship between balancing efficiency at the design

a£s and actual efficiency will depend on the original balancing

mix and the actual model mix, although it should be noted

 ̂the assumption that balancing element times will be at

c°nfidence limit produces optimistic Balance Delay and 
Stti thness Index values when compared to simulation actual element
times fn »  +. 1 . . .or the same model mix.



APFENDIX A

TEST RESULTS FOR ALB 

PROGRAMS

/



TEST PROBLEMS



247



248

Element mixed model element list

21 ELEMENT WILD PROBLEM.
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1

Element identity 
Element normal duration

('A-3) 30 ELEMENT SAWYER PRECEDENCE DIAGRAM

Eie

8
9

io
U
12
13
m
ls
16
17
18
19
20 
21 
22 
23 
2<t
25
26
27
28
29
30

R a n d o m  r e m o v a l s E a r l y  r a n d o m  r e m o v a l s L a t e  r a n d o m  r e m o v a l s
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O
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O
CM

COo
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j -o
CM
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CM
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CM
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O
CM

(Oo
CM
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O
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/ / / / / / / / / / / / /
/ / / / / / / / / / / //

J / / / / / / / / /
Y

J / / / / / / / /
Y

/ / / / / / / / / /

J / / / / / / / / / / /
Y

J
/ / / / / / / / / /

Y

J / / / / / / / / / /

J / / / / / / / / /
Y

J / / / / / / / / /
/ / / / / / / / / / /
/ / / / / / / / / / / /

j
/ / / / / / / / / /

j
/ / / / / / / / / / /

j
/ / / / / / / / / / / /

J
/ / / / / / / / / /

j / / / / / / / / / /

J
/ / / / / / / / / / / /

J
/

/ / / / / / / / /
/ / / / . / / / / / / / /

/
/ / / / / / / / / / /

/
/ / / / / / / / /

/
/ / / / / / / / /

/ / / / / / / / / / / / /

/
/ / / / / / / / / /

/ / / / / / / / / /
/ / / / / / / / / / /

/ / / / / / / • / / /

/
/ / / / / / / / / / / / / /

/
/ / / / / / / / / /

Element mixed model element list
^  ‘ 'A .3)

30 ELEMENT sauter problem.
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7 0 Element mixed model element list



70 Element mixed model element list



BALANCING MODELS

I

/
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BD!;

bd2:

BD3 •

BDi+:

SU :

Sl2.

si3>

Sii*.

USEFUL EQUATIONS AND DEFINITIONS 

(See Chapters 4 and 5)

Actual balance delay

BD1 = j=l k f l  {(Sk X C) ~ jgj tj (Ajk)} x 10Q 

j-1 k-1 (Sk X C)
Adjusted balance delay

Bn, - £  ADJi kll t ( S K *  C> ~ £  h U jk»
kïl (sk x c)

Apparent balance delay

BD3 = j-1 k-1 <3k x c “ ill tei ^ik*1

j f l k?l <Sk x c>
x 100

Adjusted apparent balance delay

BD4 a j g  ADJi k g  Sk * i  ^ j k )}
kll (Sk X C)

x 100

^Parent smoothness index

Sll= / £ ^ {<Sk x C >-ili t± (Aik)>.2/ --------— -------------- -----  x 100m
^justed apparent smoothness index.

>/ii~ADJj kll {(Sk X C) ' ill ti (Ajk)}2
Actual smoothness index

S t 3  ,  t S k  ( C  -  i g  t e i  ( A j k ^

m
Adjusted actual smoothness index

(Eqn

x 100 (Eqn.

(Eqn.

(Eqn.

(Eqn.

(Eqn.

(Eqn.

k£P (Sk (C - te. (A )}2

. 4.9)

4.10)

4.12)

4.13)

4.14)

4.15)

4.15)

(Eqn. 4.17)
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WBX;
Cumulative station range for the line

WB2 :

WTl;

WT2:

WB1 = rP ( T -  T )k=l k max k min
Total work variety for the line

m  = kll T\

Average station range of work variety over the entire line.

"u  = (k?i V /p
Standard deviation of station range of work variety over 
the entire line.

WT3:
WT2 = - WTl)2

Range of work variety over the entire line.
WT3 Tv - Tv . max m m

k max Maximum work time assigned to the station k for 
any given model.

Tk min Minimum work time assigned to the station k for any 
given model.

Tvk Work variety assigned to the station k for all
models i.e. the sum of work durations for each 
unique element assigned.

Tvmax The maximum individual station work variety over
the entire line.

Tv .min The minimum individual station work variety over
the entire line.



TEST SERIES 1

THE EFFECT OF COMPRESSIBILITY

FINAL ASSIGNMENTS AND RESULTS

/
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TEST PROBLEMS

Tests X to 4 16 Element Driscoll-Shafi

5 to 8 21 Element Wild

9 to 12 30 Element Sawyer
•13 to 16 4-5 Element Kilbridge and Wester

EXAMINATION CONDITIONS

No confidence effect 

No line limit restriction 

Single model

Maximum station size = 6 (Manual input) 

Constant cycle time

T'̂ cept 16 element problem.

/
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Test Series 1

Test number Problem
Minimum duration 
Normal duration 

(%)

Element
Compressibility

(%)

1 16 Element 10 90

2 25 75

3 50 50

4- 100 0

5 21 Element 10 90
6 25 75
7 50 50
8 100 0

9 30 Element 10 90
10 25 75
U 50 50
12 100 0

13 45 Element 10 90
14 25 75
15 50 50
15 100 0

PROBLENK INVOLVED IN TEST SERIES 1.
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êst No. 6 (21 Element, Cycle time = 36 S 75% comp.)
Stati

Number on
Size Elements Et.l Ete^

i 3 21/1/2/3/4/5/6/7/8/9/10/11/12/ 107 35.67
2 1

13/14/15/16
17/18/19/20 36 36

No. 7 (2i Element, Cycle time = 36 & 50% comp.)
\r StationNuintep

1
2
3
4

Test w
°. 8 (21 Element, Cycle time = 36 & 0% comp.)

1
2
3

Tes-t- j,
°* 9 (30 Element, Cycle time = 44 & 90% comp.)

»>»teiatl0n
1
2
3
4
5
6 
7

5st No.

Size Elements
2 1/2/3/5/6/10/12/13/14/16
1 20/21/24
1 4/7/8/9/15
1 17/22/25/26
1 23/27
1 18/19/29/30
1 11/28

10 (30 Element, Cycle time = 44 & 75% comp.)

Size Elements Et.l Ete

2 21/1/2/3/4/5/6/7/8/9/11/12 70 35
1 10/13/14/15 32 32
1 16/17/18/19 35 35
1 20 6 6

Size Elements Et.l Ete

1 21/1/2/4/5/6 33 33
1 3/7/8/9/11 32 32
1 10/12/13/14 27 27
1 15/16/17/19 35 35

• 1 18/20 16 16

Et. Etel
88 44
44 44
44 44
42 42
41 41
44 44
21 21

ion
Ete.lSize Elements Et.l

1
2 2 1/2/3/5/6/10/12/13/14/16 88 44
3 1 20/21/24 44 44
4 1 4/7/8/9/15 44 44
5 1 ' 17/22/25/26 42 42
6 1 23/27 41 41
7 1 18/19/29/30 44 44

1 11/28 21 21
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Test No. U  (30 Element, Cycle time = 44 & 50% comp.)
N ationNumber

1
2
3
4
5
6 
7

»«,b2atlon

Size Elements Eti Ete.

2 1/2/3/5/6/10/12/13/14/16 88 44
1 20/21/24 44 44
1 4/7/8/9/15 44 44
1 17/22/25/26 42 42
1 23/27 41 41
1 18/19/29/30 44 44
1 11/28 21 21

(30 Element, Cycle time = 44 & 0% comp.)

Size Elements Et.l Ete.l
i 2/3/12/17 43 43
i 1/5/6/13/14/16 43 43
i 10/20/21 41 41
i 4/7/15/24 40 40
i 8/9/22/25 42 42
i 18/23/26 35 35
i 19/27 43 43
i 11/28/29/30 37 37

^ ■ 1 3  ( « Element, Cycle time = 69 & 90% comp. )

Size Elements Et.l Ete.l1
2 1 1/2/7/11/12/13/15 69 69
3 1 8/14/16/18/19/20 68 68
4 2 3/17/21/23/24/27 138 69
5 2 4/5/6/22/25/26/28/33/36 138 69
6 1 9/10/30/31/34/35/38 69 69

, 7  1 29/32/37/39/40/41/42/43/44 65 65
45 5 5

(45
R-t/m ~— — -—

Elements, Cycle time = 69 S 75% comp .)

^ e ? tl0nSize Elements Et.l Ete.i
2 1 1/2/7/11/12/13/15 69 69
3 1 8/14/16/18/19/20 68 68
4 2 3/17/21/23/24/27 138 69
5 2 4/5/6/22/25/26/28/33/36 138 69
6 1 9/10/30/31/34/35/38 69 69
7 1 29/32/37/39/40/41/42/43/44 65 65

^  1 45 5 5



262

TeSt No. 15 (45 Element, Cycle time = 69 & 50% comp.)
Station Number

w Stati Number

Size Elements It. Ete.l l
1 1/2/7/11/12/13/15 69 69
1 8/14/16/18/19/20 68 68
2 3/17/21/23/24/27 138 69
2 4/5/6/22/25/26/28/33/36 138 69
1 9/10/30/31/34/35/38 69 69
1 29/32/37/39/40/41/42/43/44 65 65
1 45 5 5

(*+5 Elements, Cycle time = 69 & 0% comp.)

Size Elements Zt.l Ete.l
i 1/2/7/11/12/13/15 69 69
i 8/14/16/18/19/20 68 68
i 17/21 67 67
i 23/24/27/31 68 68
i 3/4/5/22/33/38 69 69
i 6/25/28 67 67
i 9/10/26/34/35/36 69 69
i 29/30/32/37/39/40/41/42/43 65 65
i 44/45 10 10





TEST SERIES 2

THE INFLUENCE OF CONFIDENCE LEVEL

FINAL ASSIGNMENTS AND RESULTS



264

TEST PROBLEMS

Tßsts I? to 32 16 Element Driscoll-Shafi
33 to 48 30 Element Sawyer

EXAMINATION CONDITIONS

No line length restriction
Single model

Maximum station size = 6

Variable compressibility (0%, 50%, 75% and 90%)

Ratio variance in range 0.1667 to 0.3 
normal duration

Ratio variance in range 0.12 to 0.333
normal duration
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Element Problem 30 Element Problem
•en>ent
Ko. Normal Element Normal

Duration Variance No. Duration Variance
1

2
6.0 1.5 1 8.0 1.5

3
6.0 1.5 2 7.0 2.0

4
9.0 2.0 3 19.0 3.0

5
12.0 3.0 4 10.0 2.0

6 7.0 2.0 5 2.0 0.5
7

10.0 3.0 6 6.0 1.0
8

17.0 4.0 7 14.0 3.0
9

15.0 4.0 8 10.0 2.0
io

42.0 8.0 9 1.0 0.25
U

11.0 2.0 10 4.0 1.6
12

5.0 1.0 11 14.0 3.0
13

8.0 2.0 12 15.0 3.0
I t *+.0 1.0 13 5.0 1.0
15 6.0 1.0 14 12.0 3.0
16 9.0 2.0 15 9.0 3.0

6.0 1.5 16 10.0 2.0
• 17 2.0 0.5

18 10.0 3.0
19 18.0 3.0
20 . 16.0 3.0
21 21.0 4.0
22 14.0 3.0
23 16.0 4.0
24 7.0 2.0
25 17.0 4.0
26 9.0 1.5
27 25.0 3.0
28 7.0 1.5
29 14.0 4.0
30 2.0 0.5

DURATIONS AND VARIANCHS -  T E S T  S E R IE S  2 .
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T e s t  S e r i e s  2

T e s t  N u m b e r Problem Element compressibility Confidence
( % ) ( % )

17
18 16 Element 10 50
19 It 75 50
20 1» 50 50tr 0 50
21
22 it 90 75
23 il 75 75
24 ri 50 75ft 0 75
25
25 it 90 95
27 n 75 95
28 it 50 95

U 0 95
29
30 it 90 99
31 n 75 99
32 ii 50 99it 0 99

33 •

34 30 Element 90 50
35 h 75 50
36 h 50 50

h 0 50
37

C
O

C
O h 90 75

39 h 75 75
40 h 50 75

h 0 75
*»1

42 . h 90 95
4 3 h 75 95
44 P 50 95it 0 95
45
46 h 90 99
47 h 75 99CO

=t h 50 99
h 0 99

^ oblems involved IN TEST SERIES 2 .
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Station 
«umber

1
2 
3
5

Size Elements Et. Ete.l X
4 1/3/9/10/11 79.46 19.87
3 2/4/5/12/13/14/15 59.54 19.85
1 7 18.64 18.64
1 8 16.64 16.641 6/16 18.42 18.42

Test No. 23

w Stat Nuniber ion
Size Elements Et. Ete.

1
2 1 1/3

l
17.16

l
17.16

3 1 2/4 20.42 20.42
4 1 5/6 19.58 19.58
5 1 7 18.64 18.64
6 1 8 16.64 16.64
7 3 9 44.32 21
8 1 10/11 17.98 17.98
9 1 12/13/14 20.80 20.80

1 15/16 17.16 17.16
Tes* No. 24

»»«beÌatlon
Size Elements Et. Ete.l l

1/2/3/4 37.59 37.59
5/6/7 38.22 38.22
8 16.64 16.64
9 44.32 42.00
10/11/12/13/14 38.78 38.78
15/16 17.16 17.16

*est

ation
Elements Et.

1
2
3

6
4
1

1/2/3/4/9/10/11/12/13
5/6/7/8/14/15
16

119.97
76.25
7.57

20
19.06
7.57
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Test No. 26

StationNumber Size Elements It. Ite.l l
1 1/3 18.38 18.38
9 4/9/10/11 78.93 19.73
2 2/5/12/13/14 38.75 19.38
1 7 19.56 19.56
1 8 17.56 17.56
1 15/16 18.38 18.38
1 6 12.22 12.22

NumkStation
U®he* Size Elements It. Ite.l X
1
2 2 1/2/3/4 40.17 20.08
3 2 5/6/7 40.59 20.30
4 1 8 17.56 17.56
5 3 9 45.62 21.00
6 2 10/11/12/13/14 41.47 20.73

15/16 18.38 18.38

Size Elements It. Ite.
1
2 1 1/2/3/4 40.17 40.17
3 1 5/6/7 40.59 40.59
4 1 8 17.56 17.56
5 2 9 45.62 42

1
10/11/12/13/14
15/16

41.47
18.38

41.47
18.38

r - - ! ! ! ^ 2 9

"wwbe*“ l0n .Size Elements It. Ite.
1 l l
2 5 1/3/4/9/10/11 99.62 19.92
3 4 2/5/7/8/12/13/14 78.29 19.57

\ ^ 4  1 15/16 19.01 19.01
— i _ 6 12.63 12.63
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Te*t No. 3o

>. Station

M Station Nuniber

X
2
3
4
5
6
7
8

rest- No. 32

33

Size Elements Et.l Ete.l
1 1/3 19.01 19.013 9/10 59.45 19.824 2/4/5/8/11/12/13/14 79.40 19.852 7/15/15 39.05 19.531 6 12.63 12.63

Size Elements Et. Ete.l l
2 1/2/3/4 41.51 20.752 5/6/7 41.83 20.91
1 8 18.04 18.043 9 46.30 211 10/11 19.67 19.67
1 12/13 15.67 15.671 14/15 18.67 18.67
1 16 7.86 7.86

Number ion
Size Elements Et. Ete.

1
2 1 1/2/3/4

l
41.51

l
41.51

3 1 5/6/7 41.83 41.83
4 1 8 18.04 18.04
5 2 9 46.30 42.01 10/11/12/13 35.34 35.34

■ — 1 14/15/16 26.53 26.53

l

1
Size Elements Et.l Ete^

2 2 1/2/3/5/6/10/12/13/14/16 88 44
3 1 20/21/24 44 44
4 1 4/7/8/9/15 44 44
5 1 17/22/25/26 42 42
6 1 23/27 41 417 1 18/19/29/30 44 441 11/28 21 21
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TeSt No. 31+

. Station Number Size Elements Et.i Eté
2 1/2/3/5/6/10/12/13/14/16 88 441 20/21/24 44 44
1 4/7/8/9/15 44 44
1 17/22/25/26 42 42
1 23/27 41 41
1 18/19/29/30 44 44
1 11/28 21 21

«»»bei3*10! .Size Elements Et. Eté.
1 1 1
2 2 1/2/3/5/6/10/12/13/14/16 88 44
3 • 1 20/21/24 44 44
4 1 4/7/8/9/15 44 44
5 1 17/22/25/26 42 42
6 1 23/27 41 41
7 1 18/19/29/30 44 44

11/28 21 21

36

ÌOn'Size Elements Et. Eté.
1 i 1
2 1 2/3/12/17 43 43
3 1 1/5/6/13/14/16 43 43
4 1 10/20/21 41 41
5 1 . 4/7/15/24 40 40
6 1 8/9/22/25 42 42
7 1 18/23/26 35 35

1 19/27 43 43
11/28/29/30 37 37

.. stTTr-— — —
lonSize Elements Et. Eté.

1 1 1
4 1/2/3/4/5/6/7/10/12/13/14/152 16/20/21 175.68 43 .924 8/9/11/17/18/19/22/23/24/25 '

3 26/27/29/30 175.91 43.98
28 8.0 8.0
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Test No. 38

KT Stationdumber Size Elements Et.i Eté.i
i 4 1/2/3/4/5/6/7/10/12/13/14
0 15/16/20/21 175.68 C

MC
D

C
O

4 8/9/11/17/18/19/22/23/24/25
3 26/27/29/30 175.91 C

O
C

D

C
O

3
-

1 28 8.00 8.00

Ni, , Stration

1
2
3
4
5
6 
7

Te

Size Elements Et.i Eté.i
2 1/2/3/5/12/13/14/16 86.93 43 .49
1 4/6/10/17/20 42.80 42.801 15/21/24 41.22 41.22
1 7/8/9/22 43.21 43.21
2 18/23/25/26/27 84.12 42.06
1 19/28/29 43.06 43.06
1 11/30 18.00 18.00

st No.

NUmbeÍatÍOnSize Elements Et. Eté.
1 i i

2 1 2/3/16/17 42.32 42.32
3 1 12/13/14 35.66 35.66
4 1 1/5/6/10/20 40.64 40.64
5 1 4/21/24 41.96 41.96
6 1 7/15/22 41.26 41.26
7 1 8/9/25/26 41.21 41.21
8 • 18/23 29.06 29.06
9 1 27/29 42.06 42.06

l o 1 11/19/28 42.84 42.84
1 30 2.58 2.58

lest No. 41<at
1

ion
Size Elements Et.

i
Eté.i

2
6 1/2/3/4/5/6/7/8/9/10/12

13/14/15/16/20/21/22/23/24/25 262.23 Or-̂C
O
■3*

3 1 17/26/27 40.69 40.69
4 1 18/19/28 41.01 41.011 11/29/30 35.69 35.69



Station
Size Elements

1
2
3
4
5
6 
7

Test No, 44

1
2
3
4
5
6
7
8 
9
lO

leSt

Hib,

1

2

N°* t|5

Ŝ U o nen Size

5

4

2/3/16
1/4/5/6/12/13/14/20
7/8/10/15/21/22/23/24/25
9/16/26/27
18/19/28
11/29/30

Elements

1/2/3/4/5/6/7/10/12/13/14
15/16/17/20/21/22/24
8/9/11/18/19/23/25/26/27
28/29/30

Et. Ete.l l
41.84 41.84-
87.50 43.75

131.24 43.75
42.33 42.33
41.01 41.01
35.69 35.69

Size Elements Et.l Ete.X
1 2/3/16 41.84 41.84
2 1/4/5/6/12/13/14/20 87.50 43.75
1 10/15/17/21 42.97 42.97
1 7/22/24 41.25 41.25
1 8/9/25/26 43.58 43.58
2 18/19/23/27/28 86.79 43.39
1 11/29/30 35.69 35.69

Size Elements Et. Ete.l l
1 2/3/16 41.84 41.84
1 12/13/14/17 40.62 40.62
1 1/5/6/10/20 43.25 43.25
1 4/21 35.37 35.37
1 7/15/24 36.25 36.25
1 • 22/25 35.78 35.78
1 8/9/23/26 42.58 42.58
1 18/27 39.44 39.44
1 19/29/30 39.69 39.69
1 11/28 24.79 24.79

It. Ete.l i

219.66 43.93

170.37 42.59



Test No. 1+6

Station Number Size Elements I t .l Ete.l
1 2/3/16 42.94 42.94
3 1/4/5/6/10/12/13/14/15/20/21 131.23 43 .74
2 7/8/9/22/24/25/26 87.23 43 .62
3 11/17/18/19/23/27/28/29/30 128.63 42.88

xj. NationNumber Size Elements Zt. Ete.l l
1
2 1 2/3/16 42.94 42.94
3 2 1/5/6/10/12/13/14/17/20 86.48 43.24
4 2 4/7/8/9/15/21/24 87.52 43.76
5 1 22/25 36.68 36.68
6 2 18/23/26/27/29 87.21 43.61
7 1 11/19/30 -P o CO .p -P o CO -p

1 28 8.86 8.86

^ ^ t N o . 48

IiumbepCltionSize Elements Zti Zte.
1
2 1 2/3/16 42.94 42.94
3 1 12/13/14/17 41.86 41.86
4 1 1/5/6/20 39.09 39.09
5 1 4/10/21 41.71 41.71
6 1 7/15/24 37.42 37.42
7 1 22/25 36.68 36.68
8 1 . 8/9/23/26 43.81 43.81
9 1 18/27 40.27 40.27

‘\ 1 ° 1 19/29/30 40.75 40.75
1 11/28 25.50 25.50
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THE INFLUENCE OF LINE LENGTH

FINAL ASSIGNMENTS AND RESULTS
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TEST PROBLEMS

Tests 49 to 53 16 Element Driscoll-Shafi
54 to 58 21 Element Wild
59 to 63 30 Element Sawyer
64 to 68 45 Element Kilbridge and Wester

EXAMINATION CONDITIONS

No confidence effect.

Minimum duration = 10% of normal duration. 

Single model.

Fixed cycle time:

16 Element = 20 

21 Element = 36 

30 Element =4*+

45 Element = 69
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Test Series 3 

Test Number

*+9
50
51
52
53

54
55
56
57
58

59
60 

61 
62 
63

64
65
66

67
68

Problem Line length 
(Number of Stations)

16 Element

21 Element

30 Element

45 Element

1
2
4
8

No limit

1
2

4
8

No limit

1
2

4
8

No limit

1
2

4
8

No limit



Test
No,
49

279

Stat:ion Station Size
No- Min. Max. Selected

50

51

52

53

59

56

57

58

59

50

61

62

63

1
2

1
2
3
4

1
2
3
4

1
2
3
4

1
2

1
2
3
4

1
2
3
4

1
2

1
2
3
4

1
2
3
4
5
6
7
8

5
4

3
2
2
2

2
1
1
1

1
1
1
1

2
3

1
1
1
1-

1
1
1
1

4
4

2
2
2
2

1
1
1
1
1
1
X
1

5
5

3
3
3
3

3
3
3
3

3
3
3
3

2
3

1
1
1
1

1
1
1
1

4
4

2
2
2
2

1
1
1
1
1
1
1
1

1
1

5
4

3
2
2
2

2
3
1
1

2
3
1
1

2
3

1
1
1
1

1
1
1
1

4
4

2
2
2
2

1
1
1
1
1
1
1
1

1
A .

Test Station Station Size
No. No. Min Max. Selected
(63 3 1 1 1
cont.) 4 1 1 1

5 1 1 1
6 1 1 1
7 1 1 1
8 1 1 1

64 1 8 8 8
65 1 4 4 4

2 5 5 5
66 1 2 2 2

2 3 3 3
3 2 2 2
4 3 3 3

67 •1 1 1 1
2 1 1 1
3 2 2 2
4 1 1 1
5 1 1 1
6 1 1 1
7 1 1 1
8 1 1 1

68 1 1 1 1
2 1 1 1
3 1 1 1
4 1 1 1
5 1 1 1
6 1 1 1
7 1 1 1
8 1 1 1
9 1 1 1

1 1 1 6 2*
2 1 6 3
3 1 6 3
4 1 6 1

5 1 1 6 3*
2 1 6 1

9 1 1 6 2*
2 1 6 1*
3 1 6 1*
4 1 6 1
5 1 6 1*
6 1 6 1
7 1 6 1

13 1 1 6 1
2 1 6 1*
' 3 1 6 2*
4 1 6 2*
5 1 6 1
6 1 6 1
7 1 6 1

S E C T IO N  OF STATION SIZES FOR TEST SERIES 3.
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Test No. 60

StationNiinibei? Size Elements Et.l Ete.l
i 4 1/2/3/4/5/6/7/8/9/10/12/13/14

15/16/20/21/24 176.00 44.00
2 4 11/17/18/19/22/23/25/26/27

28/29/30 148.00 37.00

Test No. 61

Station
Size Elements Et.l Ete.l

i 2 1/2/3/5/6/10/12/13/14/16 88.00 44.00
io 2 4/7/8/9/15/20/21/24 88 .00 44.00o1» 2 17/22/23/25/26/27 83.00 41.50
*+ 2 11/18/19/28/29/30 65.00 32.50

No. 62

Station Number

1
2
3
5
6
7
8

Size Elements

1 2/3/12/17
1 1/5/6/13/14/16
1 10/ 20/21

. 1 . 4/7/15/24
1 8/9/22/25
1 18/23/26
1 19/27
1 11/28/29/30

5st No. 63

"'»Iber” 10'’
1
2
3
4
5
6
7
8

Size Elements

1 2/3/12/17
1 1/5/6/13/14/16
1 10/ 20/21
1 4/7/15/24
1 8/9/22/25
1 18/23/26
1 19/27
1 11/28/29/30

Et.l
43.00
43.00
41.00
40.00
42.00
35.00
43.00
37.00

Et.l
43.00 
43 .00
41.00
40.00
42.00
35.00
43.00
37.00

Ete.l
43.00 
43 .00
41.00
40.00
42.00
35.00
43.00
37.00

Ete.l
43.00
43.00
41.00
42.00
42.00
35.00
43.00
37.00
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Test No. 64

Station Number Size Elements Et.i
8 1/2/3/4/5/6/7/8/9/10/11/12/13

14/15/16/17/18/19/20/21/22/23 
24/25/26/27/28/29/30/31/32/33 
34/35/36/37/38/39/40/41/42/43 
44/45 552.00

No. 65

Ete.i

69.00

Station
Size Elements Et.i Eté.i

1 1/2/3/7/8/11/12/13/14/15/16
2 17/18/19/20/21/23/24/27 275.00 68.75

5 4/5/6/9/10/22/25/26/28/29/30
L 31/32/33/34/35/36/37/38/39

40/41/42/43/44/45 277 .00 55.40

Number ÌO\.Size Elements Et.i Eté.i
1 2 1/2/7/8/11/12/13/14/15/16/18
2 19/20 137.00 68.50

3 3/4/17/21/22/23/24/25/27/33
3 38 206.00 68.67

2 5/6/9/10/26/28/29/31/34/35
4 36 138.00 69.00

2 30/32/37/39/40/41/42/43/44
45 71.00 35.50

V t i M Size
Ì Elements Et.i Eté.i•l
2 1 1/2/7/11/12/13/15 69.00 69.00
3 1 8/14/16/18/19/20 68.00 68.00
4 2 3/17/21/23/24/27 138.00 69.00
5 1 4/22/25/33/38 68.00 68.00
6 1 5/6/28/36 67.00 67.00
7 1 9/10/26/31/34/35 67.00 67.00

X. 8 1 29/3Qß2/37/39/40/41/42/43 65.00 65.00
44/45 10.00 10.00
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Test No. 68

Station 
Number

1
2 
3

5
6
7
8 
9

Size Elements Zt.l Ete.l
1 1/2/7/11/12/13/15 69.00 69.00
1 8/14/16/18/19/20 68.00 68.00
1 17/21 67.00 67.00
1 23/24/27/31 68.00 68.00
1 3/4/5/22/33/38 69.00 69.00
1 6/25/28 67.00 67 .00
1 9/10/26/34/35/36 69.00 69.00
1 29/30/32/37/39/40/41/42/43 65.00 65.00
1 44/45 10.00 10.00
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TEST SERIES 4

SINGLE VERSUS MULTI ELEMENT ASSIGNMENT

MIXED MODEL BALANCING

FINAL ASSIGNMENT AND RESULTS
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TEST PROBLEMS

Tests 69 to 71 and 84 to 86 16 Element Problem Driscoll-Shafi

72 to 7i+ and 87 to 89 21 Element Problem Wild

75 to 77 and 89 to 92 30 Element Problem Sawyer

78 to 80 and 93 to 95 45 Element Problem Kilbridge S Wester

81 to 83 and 96 to 98 70 Element Problem Tonge

EXAMINATION CONDITIONS

No confidence effect.

Minimum duration = 10% of normal duration. 

No line limit.

5 models.

Equal model weights schedule.

Case (a) Random Removal of Elements.

Case (b) Random Removal of Elements

Early Part of Precedence Diagram. 

Case (c) Random Removal of Elements -

Late Part of Precedence Diagram. 

Single and Multi Element Assignment.
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Test Series 4

Test Number

78
93

79
94

80
95

81
96

82
97

83
98

Problem
PlSiRgle
^ment Multi

Element
69 84 16 Element (Random removal)
70 85 16 Element (Random early removal)
71 86 16 Element (Random late removal)

72 87 21 Element (Random removal)
73

74
88 21 Element (Random early removal)
89 21 Element (Random late removal)

75
90 30 Element (Random removal)

76
77

91 30 Element (Random early removal)
92 30 Element (Random late removal)

45 Element (Random removal)

45 Element (Random early removal) 

45 Element (Random late removal)

70 Element (Random removal)

70 Element (Random early removal) 

70 Element (Random late removal)

. ¡ ^ ¿ P R O B L E M S  in vo lved  in  TEST SERIES 4,
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Test

t

Numbf

No. 69

^tion
r Size Model Elements Et. E te.l i

2 200 1/2/-/-/5/6 29.00 14.50
201 1/2/3/-/5/6 38.00 19.00
202 1/2/3/-/-/6 31.00 15.00
203 . 1/-/3/4/5/- 34.00 17.00
204 -/-/3/4/5/6 38.00 19.00

3 200 9/10/- 53.00 17.67
201 9/10/11 58.00 19.33
202 9/10/- 53.00 17.67
203 9/10/11 58.00 19.33
204 9/10/- 53.00 17.67

1 200 12/13/- 12.00 12.00
201 12/-/14 14.00 14.00
202 12/-/14 14.00 14.00
203 12/13/14 18.00 18.00
204 12/-/- 8.00 8.00

1 200 7 17.00 17.00
201 - 0.00 0.00
202 7 17.00 17.00
203 - 0.00 0.00
204 7 17.00 17.00

1 200 8/- 15.00 15.00
201 8/- 15.00 15.00
202 8/- 15.00 15.00
203 -/15 9.00 9.00
204 -/15 9.00 9.00

1 200 16 6.00 6.00
201 16 6.00 6.00
202 - 0.00 0.00
203 16 6.00 6.00
204 16 6.00 6.00

io- 70

Size Model Elements Et.i Ete.ì
3 200 1/-/3/9/- 57.00 19.00

201 ~/-/3/9/~ 51.00 17.00
202 1/2/3/-/10 32.00 10.67
203 -/-/-/9/10 53.00 17.67
204 -/2/3/9/- 57.00 19.00

1 200 4/11 17.00 17.00
201 -/ll 5.00 5.00
202 4/11 17.00 17.00
203 -/- 0.00 0.00
204 U/- 12.00 12.00
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A ? tlons.Size Model Elements It. Ite.
3 1 200 12/13/14

i
18.00

i
18.00

201 12/13/14 18.00 18.00
202 12/13/14 18.00 18.00
203 12/13/14 18.00 18.00

ti 204 12/13/14 18.00 18.00
1 200 7 17.00 17.00

201 7 17.00 17.00
202 7 17.00 17.00
203 7 17.00 17.00

S
1

204 7 17.00 17.00
200 ~/15 9.00 9.00
201 -A5 9.00 9.00
202 5/15 16.00 16.00
203 5/15 16.00 16.00

6
204 -A5 9.00 9.00

1 200 5/15 16.00 16.00
201 6/15 16.00 16.00
202 6/16 16.00 16.00
203 6/16 16.00 16.00

7 204 6/16 16.00 16.00
1 200 _ 0.00 0.00

201 8 15.00 15.00
202 8 15.00 15.00
203 8 15.00 15.00
204 - 0.00 0.00

Size Model Elements Et.i Eté.i
3 200 1/9/10 59.00 19.67

201 1/9/- 48.00 16.00
202 1/9/10 59.00 19.67
203 1/9/10 59.00 19.67
204 1/9/10 59.00 19.67

1 200 -/3/-/13 13.00 13.00
201 2/3/11/- 20.00 20.00
202 2/3/11/- 20.00 20.00
203 2/-/11/13 15.00 15.00
204 2/3/-/13 19.00 19.00

1 200 -/5/12 15.00 15.00
201 4/-/12 20.00 20.00
202 -/-/12 8.00 8.00
203 -/-A2 8.00 8.00
204 4/-/12 20.00 20.00
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Te5

Station 
*** Size Model Elements St. Ste.
4 2 200 6/-/8/14/15 ooo3- 20.00

201 -/7/8/14/- 38.00 19.00
202 6/-/8/14/15 40.00 20.00
203 6/-/8/14/15 40.00 20.00

5 1
204 -/7/-/-/15 26.00 13.00
200 16 6.00 6.00
201 16 6.00 6.00
202 16 6.00 6.00
203
204

16
16

6.00
6.00

6.00
6.00

t No. ,2

St^7^T~--- — ----- ------------------------------ ---- ----------------l0n
Size Model Elements St. Ste.

1 l l
1 200 21/-/2/-/-/6/9/11 24.00 24.00

201 21/1/2/4/5/-/9/11 33 .00 33.00
202 21/1/2/4/5/-/-/11 30.00 30.00
203 21/1/2/4/5/-/9/11 35.00 35.00

2 204 -/1/2/4/-/6/9/- 28 .00 28.00
1 200 3/7/8/10/12/- 36.00 36.00

201 3/7/8/-/12/13 34.00 34.00
202 3/7/8/-/12/13 34.00 34.00
203 3/7/-/10/12/13 30.00 30.00

3 204 -/7/8/10/12/13 31.00 31.00
1 200 -/15/16/17/- 30.00 30.00

201 -/15/16/17/19 35.00 35.00
202 -/-/16/17/19 25.00 25.00
203 -/15/16/17/19 35.00 35.00

4 204 14/-/-/17/19 32.00 32.00
1 200 18/20 16.00 16.00

201 ~/20 6.00 6.00
202 18/20 16.00 16.00
203 -/20 6.00 6.00
204 18/20 16.00 16.00

t!r î73
V > Ŝ iorT~~— '—

. size Model Elements St.l Ste. i
1 200 21/-/-/4/5/-/7/9/10/11 34.00 34.00

201 21/-/-/4/5/-/-/9/10/11 28.00 28.00
202 21/-/2/4/-/6/7/-/10/- 36.00 36.00
203 21/1/2/4/-/-/-/9/10/- 35.00 35.00
204 21/1/2/—/5/—/7/—/—/— 29.00 29.00
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» C ati0nq.Size Model Elements Et.i £te.i2 1 200 -/-/12/13/14/15 31.00 31.00
201 3/-/12/-/14/15 36.00 36.00
202 -/8/-/-/14/15 32 .00 32.00
203 -/8/-/13/14/15 36.00 36.00

0 204 3/-/-/13/14/15 35.00 35.00
1 200 16/17/18/19 35 .00 35.00

201 16/17/18/19 35.00 35.00
202 16/17/18/19 35.00 35.00
203 16/17/18/19 35.00 35.00

i*
204 16/17/18/19 35.00 35.00

1 200 20 6.00 6.00
201 20 6.00 6.00
202 20 6.00 6.00

L 203 20 6.00 6.00
204 20 6.00 6.00

r ^ ! l 7asì^Tr— — ----
Si«* Cl0n

Size Model Elements Et. Ete.1 i i
1 200 21/1/2/4/5/6 33.00 33.00

201 21/1/2/4/5/6 33.00 33.00
202 21/1/2/4/5/6 33.00 33.00

* 203 21/1/2/4/5/6 33.00 33.00
2 204 21/1/2/4/5/6 33.00 33.00

1 200 3/7/8/9/11 32.00 32.00
201 3/7/8/9/11 32.00 32.00
202 3/7/8/9/11 32.00 32.00
203 3/7/8/9/11 32.00 32.00

3 • 204 3/7/8/9/11 32.00 32.00
1 200 10/12/13/- 15.00 15.00

201 10/12/13/- 15.00 15.00
202 10/12/13/- 15.00 15.00
203 10/12/13/14 27.00 27.00

'i 204 10/12/13/- 15.00 15.00
1 200 -/-/17/18/-/20 31.00 31.00

201 -/16/17/-/-/20 26.00 26.00
l 202 15/16/-/-/19/20 26.00 26.00

203 15/16/-/-/-/20 21.00 21.00
204 -/16/17/-/-/20 26.00 26.00
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» « 4 ati0ns.Size
i

Model Elements Ite.i1 i 200 -/3/-/17 21.00 21.00
201 2/-/12/'- 22.00 22.00
202 -/3/12/17 36.00 36.00
203 2/3/12/17 43 .00 43 .00

0
204 2/3/12/17 43 .00 43 .00

1 200 -/14/16/20 38.00 38 .00
201 13/14/16/20 43.00 43 .00
202 13/14/16/20 43.00 43.00
203 13/-/16/20 31.00 31.00

3
204 13/14/16/- 27.00 27.00

1 200 1/5/-/10/- 14.00 14.00
201 1/-/-/-/21 29.00 29.00
202 1/5/6/10/21 41.00 41.00
203 1/5/6/10/21 41.00 41.00
204 1/5/6/10/21 37.00 37.00

1 200 4/7/15/24 40.00 40.00
201 -/7/15/- 23.00 23.00
202 4/-/-/24 17.00 17.00
203 4/7/15/24 40.00 40.00

S 204 -/7/15/24 30.00 30.00
1 200 8/9/22/25 42.00 42.00

201 -/-/22/25 31.00 31.00
202 8/-/-/25 27.00 27.00
203 8/9/22/- 25.00 25.00

6 204 -/-/-/25 17.00 17.00
1 200 18/23/26 35.00 35.00

201 18/23/- 26.00 26.00
.202 18/-/26 19.00 19.00
203 18/23/- 26.00 26.00

7 204 18/23/26 35.00 35.00
1 200 -/29/30 16.00 16.00

201 27/29/- 39.00 39.00
202 27/29/- 39.00 39.00
203 27/29/- 39.00 39.00

8 204 27/29/30 41.00 41.00
1 200 11/19/- 32.00 32.00

201 11/19/- 32.00 32.00
202 11/19/28 21.00 21.00
203 -/-/28 7.00 7.00
204 11/-/- 14.00 14.00
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Test No. 76

°n_.Size
1

Model Elements It.i Ite.i
1 200 -/2/-/4/-/12/-/14/- 44.00 44.00

201 1/2/-/-/5/12/-/-/16 42.00 42.00
202 1/2/-/-/5/12/-/14/- 44.00 44.00
203 1/-/-/-/-/-/13/14/- 25.00 25.00

2
204 -/2/3/-/-/-/-/-/- 26.00 26.00

1 200 6/20/21 43 .00 43.00
201 -/20/21 37.00 37.00
202 6/20/21 43 .00 43 .00
203 6/20/21 43 .00 43.00

3
204 -/20/21 37.00 37.00

1 200 -/15/17/22/24 32.00 32.00
201 10/15/-/22/24 34.00 34.00
202 -/15/-/22/24 30.00 30.00
203 10/15/17/22/24 36.00 36.00

4 204 -/15/-/22/24 30.00 30.00
1 200 -/8/9/25 28.00 28 .00

201 -/8/9/25 28 .00 28.00
202 -/8/9/25 28.00 28.00
203 7/8/9/25 42.00 42.00

5 204 7/8/9/25 42.00 42.00
1 200 18/23/26 35.00 35.00

201 -/23/26 25.00 25.00
202 18/23/26 35.00 35.00
203 18/23/26 35 .00 35.00

S 204 ~/23/26 25.00 25.00
1 200 27/29/30 41.00 41.00

201 27/29/30 41.00 41.00
•202 27/29/30 41.00 41.00
203 27/29/30 41.00 41.00

7 204 27/29/30 41.00 41.00
1 200 11/-/28 21.00 21.00

201 11/19/28 39.00 39.00
202 -/19/28 25.00 25.00

\ 0 203 -/19/28 25.00 25 .00
204 11/19/28 39.00 39.00

\



294

Test No. 77

< ? tioa.
1

bize ModeX EXements It.l Zte.lI 1 200 2/3/X2/X7 43 .00 43.00
20X 2/3/X2/X7 43 .00 43.00
202 2/3/X2/X7 43 .00 43 .00
203 2/3/X2/X7 43.00 43.00

o
204 2/3/X2/X7 43 .00 43.00

*. 1 200 X/5/6/X3/X4/X6 43.00 43 .00
20X X/5/6/X3/X4/X6 43 .00 43.00
202 X/5/6/X3/X4/X6 43 .00 43.00
203 X/5/6/X3/X4/X6 43 .00 43.00

3
204 X/5/6/X3/X4/X6 43 .00 43.00

1 200 4/7/X0/20 44.00 44.00
20X 4/7/X0/20 44.00 44.00
202 4/7/X0/20 44.00 44.00
203 4/7/10/- 28.00 28.00
204 4/7/X0/20 44.00 44.00

1 200 -/9/X5/21/24 38.00 38.00
20X 8/9/15/-/24 26.00 26.00
202 -/9/15/2X/24 38.00 38.00
203 10.00 10.00

5 . 204 8/-/X5/-/24 26.00 26.00
X 200 22/-/26 23.00 23.00

20X -/-/26 9.00 9.00
202 ~/25/~ 17.00 17.00
203 22/25/26 40.00 40.00

6 204 -/-/- 0.00 0.00
1 200 18/-/-/- 10.00 10.00

.201 X8/-/27/- 35.00 35.00
202 X8/-/-/28 17.00 17.00
203 18/23/-/28 33 .00 33 .00

? 204 18/-/27/- 35.00 35.00
X 200 19/29/30 34.00 34.00

20X 19/29/30 34.00 34.00
202 19/29/30 34.00 34.00
203 19/29/30 34.00 34.00

8 204 19/29/30 34.00 34.00
X 200 11 14.00 14.00

20X 11 14.00 14.00
202 11 14.00 14.00
203 11 14.00 14.00
204 11 14.00 14.00
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TfiSt No. 78

< ? tlons .Sizev*4 p •Size
i Model Elements It.l £te.ii i 200 1/2/-/8/11/12/13/15 69.00 69.00

201 1/2/3/-/11/12/13/15 66.00 66.00
202 1/2/-/8/11/-/13/15 58.00 58 .00
203 1/-/-/8/-/12/-/- 33.00 33 .00

2

204- 1/-/-/8/11/12/-/- 43 .00 43.00
1 200 7/14/16/18/19/20 68.00 68 .00

201 7/14/16/18/-/20 65.00 65 .00
202 7/-/16/18/19/20 46.00 46.00
203 7/14/16/18/19/20 68.00 68 .00

3
204 7/-/16/-/19/20 42.00 42.00

1 200 17/21 67.00 67.00
201 17/- 12.00 12.00
202 17/21 67.00 67.00
203 17/21 67.00 67.00

h
204 17/21 67.00 67.00

1 200 4/22/-/24/27/29/31 69.00 69.00
201 4/22/-/24/27/29/31 69.00 69.00
202 4/22/23/-/27/-/31 63.00 63 .00
203 4/22/23/-/-/29/- 55.00 55.00

5 204 4/22/-/-/27/29/31 40.00 40.00
1 200 6/-/33/36 41.00 41.00

201 -/25/33/36 50.00 50.00
202 6/25/33/36 67.00 67.00
203 6/25/33/36 67.00 67.00

6 204 6/25/33/36 67 .00 67.00
1 200 -/10/26/- 26.00 26.00

•201 5/10/26/28 67.00 67.00
202 5/10/26/28 67.00 67.00
203 -/10/26/28 50.00 50.00

7 204 5/10/26/28 67.00 67.00
1 200 -/30/32/34/35/38/39/40/41

-/- 56.00 56.00
201 9/-/-/34/35/38/-/40/41

~/45 67.00 67.00
202 -/30/-/-/35/38/39/-/-/42

45 37.00 37.00
203 9/-/-/34/-/38/39/40/-/42/45 56.00 56.00
204 -/30/32/34/35/38/39/40/41

8 42/- 68.00 68.00
1 200 37/43/- 10.00 10.00

201' 37/43/44 15.00 15.00
202 37/-/44 11.00 11.00
203 37/43/44 15.00 15.00
204 37/43/44 15.00 15.00N
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TestNo. 7g

Size
ì

Model Elements Et.i Eté.i
i i 200 1/-/-/-/12/-/-/16/19/39 47.00 47.00

201 -/2/-/11/12/-/15/16/19/39 68.00 68.00
202 1/2/-/11/-/-/15/16/-/39 63 .00 63 .00
203 1/2/8/11/-/13/-/-/-/39 52.00 52.00

2
20*4 -/-/-/11/-/-/-/-/19/- 13.00 13.00

1 200 -/-/6/7/-/17/18/20/27/29 62.00 62.00
201 3/4/6/-/-/17/18/20/27/29 69.00 69.00
202 -/-/-/7/-/17/18/20/27/- 41.00 41.00
203 -/4/-/7/-/17/18/20/27/- 51.00 51.00

3 20*4 -/-/6/-/14/17/18/20/27/- 67.00 67.00
1 200 21/22 69.00 69 .00

201 21/22 69.00 69.00
202 21/22 69.00 69.00
203 21/22 69.00 69.00

4 204- 21/22 69.00 69.00
1 200 -/24/30/31/-/-/43 47.00 47.00

201 -/-/30/31/32/37/43 26.00 26.00
202 -/24/-/-/-/-/- 29.00 29.00
203 23/24/-/-/-/-/- 60.00 60.00

5 209 23/24/-/31/32/-/- 67.00 67.00
1 200 25/28/33/38 68.00 68.00

201 25/28/33/38 68.00 68.00
202 25/28/33/38 68.00 68.00
203 25/28/33/38 68.00 68.00

6 204 25/28/33/38 68.00 68.00
1 200 -/9/10/36 49.00 49:. 00

201 -/9/10/36 49.00 49.00
202 5/9/10/36 66.00 66.00
203 -/9/10/36 49.00 49.00

7 204 5/9/10/36 66.00 66.00
1 200 26/34/35/40/41/42/44/45 67.00 67.00

201 26/34/35/40/41/42/44/45 67.00 67.00
202 26/34/35/40/41/42/44/45 67.00 67.00
203 26/34/35/40/41/42/44/45 67.00 67.00
204 26/34/35/40/41/42/44/45 67.00 67.00
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Test No. go

Size Model Elements Et.X Eté.i1 1 200 1/2/8/11/12/13/15 69.00 69.00
201 1/2/8/11/12/13/15 69.00 69.00
202 1/2/8/11/12/13/15 69.00 69.00
203 1/2/8/11/12/13/15 69.00 69.00

?
204 1/2/8/11/12/13/15 69.00 69,00

1 200 7/14/16/-/19/-/30 62.00 62.00
201 7/14/16/-/19/20/30 69.00 69.00
202 7/14/16/18/19/-/30 66.00 66.00
203 7/14/16/18/19/-/30 66.00 66.00

3
204 7/14/16/-/19/20/30 69.00 69.00

1 200 17/23/24 68.00 68.00
201 -/23/24 56.00 56.00
202 ~/23/24 56.00 56.00* 203 17/23/24 68.00 68.00

4 204 17/23/24 68.00 68.00
1 200 4/-/23/29 28.00 28.00

201 4/21/-/29 69.00 69.00
202 4/21/-/29 69.00 69.00
203 4/-/-/29 14.00 14.00

S 204 4/-/-/29 14.00 14.00
1 200 3/S/6/-/33/-/39 64.00 64.00

201 3/5/6/27/33/-/39 69.00 69.00
202 3/5/6/27/-/38/39 57.00 57.00
203 3/5/6/27/33/-/39 69.00 69.00

6 204 3/5/6/27/33/-/39 69.00 69.00
1 200 10/25/26/-/34/35/- ■ 66.00 66.00

201 10/25/-/-/34/-/- 53 .00 53.00
' 202 10/-/26/-/-/35/- 33.00 33.00
203 10/-/26/28/-/35/36 66.00 66.00

7 204 -/25/-/2S/-/-/- 50.00 50.00
1 200 -/31/32/37/-/41/43 42.00 42.00

201 -/31/32/37/40/-/43 25.00 25.00
202 9/31/32/37/40/41/43 66.00 66.00
203 9/31/32/37/40/-/43 45.00 45.00

8 204 9/31/32/37/40/41/43 66.00 66.00
1 200 -/44/45 10.00 10.00

201 -/-/- 0.00 0.00
202 -/-/45 5.00 5.00
203 ~/44/45 10.00 10.00
204 42/-/- 12.00 12.00

1 " .................. ...... ;.. ...... .. « 1 .........

\  ---- -------------------------------------------- ---------------



Model Elements Et.i Ite.i
200 1/2/3/-/24/- 149.00 149.00
201 1/2/3/5/24/30 166.00 166.00
202 ~/2/-/-/-/- 66.00 66.00
203 ~/2/3/5/24/- 138.00 138.00
204 1/2/3/5/24/30 166.00 166.00
200 4/7/-/15/15/17/41 323.00 161.50
201 4/7/9/-/16/17/41 297.00 148.50
202 -/-/9/15/16/17/41 318.00 159.00
203 ~/-/9/l5/16/17/41 318.00 159.00
204 4/7/9/15/16/-/41 341.00 170.50
200 6/10 158.00 158.00
201 6/10 158.00 158.00
202 6/10 158.00 158.00
203 5/10 158.00 158.00
204 6/10 158.00 158.00

200 8/69 151.00 151.00
201 8/69 151.00 151.00
202 -/69 23.00 23.00
203 8/- 128.00 128.00
204 8/69 151.00 151.00

200 18/-/- 319.00 159.00
201 -/19/70 64.00 23.00
202 18/19/- 338.00 169.00
203 18/19/- 338.00 169.00
204 18/-/70 346.00 173.00

200 11/-/20 139.00 139.00
201 11/12/20 160.00 160.00
202 11/12/20 160.00 160.00
•203 ~/12/~ 21.00 21.00
204 11/12/- 106.00 106.00

200 13/22 174.00 174.00
201 13/22 174.00 174.00
202 13/- 134.00 134.00
203 13/22 174.00 174.00
204 13/22 174.00 174.00

200 -/21/23/25 275.00 275.00
201 14/21/-/25 337.00 337.00
202 -/-/23/25 225.00 225.00
203 14/-/-/25 287.00 287.00
204 -/21/-/25 202.00 202.00

200 26/31/- 73.00 73.00
201 26/31/33 175.00 175.00
202 26/31/- 73.00 73.00
203 -/31/33 133.00 133.00
204 -/31/33 133.00 133.00
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fc»¿atlonSize Model Elements Xt. £ te.
lo X X

1 200 28/32/34 170.00 170.00201 28/32/34 170.00 170.00202 -/32/34 96.00 96.00203 -/-/34 46.00 46.00204 28/32/- 124.00 124.00
U 1 200 27/29/35/-/-/62 133.00 133 .00

201 27/29/32/44/-/- 149.00 149.00
202 27/29/32/44/-/62 176.00 176.00
203 -/-/32/44/51/62 116.00 116.00

12
204 27/29/-/-/-/62 98.00 98.00

1 200 -/-/48/53 100.00 100.00
201 45/46/-/53 157.00 157.00
202 45/-/48/53 130.00 130.00
203 45/46/48/- 169.00 169.00

13 204 45/-/-/- 30.00 30.00
1 200 -/-/38/-/40/47/52 129.00 129.00

201 36/-/-/39/40/47/52 171.00 171.00
202 36/-/-/39/40/47/52 171.00 171.00
203 -/-/38/39/40/47/52 132.00 132.00

14 204 36/37/-/39/40/47/52 173 .00 173.00
1 200 42/- 25.00 25.00

201 42/- 25.00 25.00
202 -/63 156.00 156.00
203 -/63 156.00 156.00

is 204 -/63 156.00 156.00
1 200 43/54/57/58/- 171.00 171.00

201 43/-/57/58/64 78.00 78.00
202 43/54/57/58/- 171.00 171.00
203 43/-/-/5S/64 56.00 56.00

le •204 43/54/57/-/- 164.00 164.00
1 200 59/55/67/- 115.00 115.00

201 59/55/-/68 169.00 169.00
202 49/55/-/68 169.00 169.00
203 49/55/-/68 169.00 169.00

17 204 -/S5/67/68 128.00 128.00

*8

50/56/59/60/-/- 
-/56/59/60/61/65 
50/56/-/60/61/- 
50/56/59/-/61/65 
50/-/59/-/61/-

159.00
156.00
168.00 
167.00
84- .00

159.00
156.00
168.00 
167.00
84.00

0 .00
26.00
26.00
26.00

0 . 0 0

0 .00
26.00
26.00
26.00

0.00
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Test No. 82

Station Number Size Model Elements It.l Ite.l
200 -/2/-/4/-/-/-/9/-/16/68 348 .00 174.00
201 1/2/3/-/-/-/7/-/15/16/- 342.00 171.00
202 1/-/3/4/5/6/7/-/-/16/- 328.00 164.00
203 1/2/-/-/5/-/-/-/15/16/- 273.00 136.00
204 1/-/-/-/5/-/-/-/15/16/68 279.50 139.00
200 -/18/19/24/30 350.00 175.00
201 -/18/-/24/30 342.00 171.00
202 17/-/19/24/30 92.00 46.00
203 -/18/-/-/30 330.00 165.00
204 -/18/-/24/30 342.00 171.00
200 -/11/22/41 141.00 141.00
201 -/-/22/41 56.00 56.00
202 10/11/-/- 155.00 155 .00
203 10/11/-/41 171.00 171.00
204 -/-/22/41 56.00 56.00
200 -/-/-/14/-/-/23 208.00 104.00
201 -/12/13/14/20/-/- 344.00 172.00
202 8/12/-/14/20/-/- 338.00 169.00
203 8/-/13/-/20/-/- 316.00 158.00
204 8/-/-/14/-/21/- 313.00 156.00
200 25/57 174.00 174.00
201 25/57 174.00 174.00
202 25/57 174.00 174.00
203 25/57 174.00 174.00
204 25/57 174.00 174.00
200 28/- 74.00 74.00
201 28/- 74.00 74.00
202 28/33 / 176.00 176.00
203 28/- 74.00 74.00
204 28/33 176.00 176.00

200 26/27/29/-/3 2/34/35/44/58 
62 321.00 160.50

201 26/27/29/31/32/34/35/44/
58/62 352.00 176.00

202 26/27/29/31/32/34/35/44/
58/62 352.00 176.00

203 26/27/29/-/32/34/35/44/ 
58/62 321.00 160.50

204 26/27/29/-/32/34/35/44 
58/62 321.00 160.50

200 45/46/51/52/53/63 ' 350.00 175.00
201 45/46/51/52/53/63 350.00 175.00
202 45/56/51/52/53/63 350.00 175.00
203 45/46/51/52/53/63 350.00 175.00
204 45/56/51/52/53/63 350.00 175.00
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NümkStatÍOn«umbep ,Size Model Elements St.1 Eté.i9 2 200 36/37/38/39/40/42/47/48/49 350.00 175.00
201 36/37/38/39/40/42/47/48/49 350.00 175.00
202 36/37/38/39/40/42/47/48/49 350.00 175.00
203 36/37/38/39/40/42/47/48/49 350.00 175.00
204 36/37/38/39/40/42/47/48/49 350.00 175.00

lo 1 200 43/49/56/64 176.00 176.00
201 43/49/56/64 176.00 176.00
202 43/49/56/64 176.00 176.00
203 43/49/56/64 176.00 176.00
204 43/49/56/64 176.00 176.00

U
l 200 50/55/59/60/61/67 172.00 172.00

201 50/55/59/60/61/67 172.00 172.00
202 50/55/59/60/61/67 172.00 172.00
203 50/55/59/60/61/67 172.00 172.00

12
204 50/55/59/60/61/67 172.00 172.00

200 65/66/69/70 91.00 91.00
201 65/66/-/- 41.00 41.00
202 65/66/69/70 91.00 91.00
203 65/66/-/70 68.00 68.00
204 65/66/69/- 64.00 64.00

NH eí,atlon
Size

1 Model Elements Et.i Eté.i
2 200 1/2/3/5/15/16/24/30 350.00 175.00

201 1/2/3/5/15/16/24/30.. 350.00 175.00
202 1/2/3/5/15/16/24/30 350.00 175.00
■ 203 1/2/3/5/15/16/24/30 350.00 175.00

2 204 1/2/3/5/15/16/24/30 350.00 175.00
2 200 4/6/7/9/10/17 349.00 174.50

201 4/6/7/9/10/17 349.00 174.50
202 4/6/7/9/10/17 349.00 174.50
203 4/6/7/9/10/17 349.00 174.50

3 204 4/6/7/9/10/17 349.00 174.50
1 200 8/41/70 171.00 171.00

201 8/41/70 171.00 171.00
202 8/41/70 171.00 171.00
203 8/41/70 171.00 171.00

9 204 8/41/70 171.00 171.00
2 200 18/19 338.00 169.00

201 18/19 338.00 169.00
202 18/19 338.00 169.00
203 18/19 338.00 169.00
204 18/19 338.00 169.00
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s« 4 atì° " .Size
c* Model Elements Iti ite.i5 2 200 11/12/14/20/21 345.00 172.50

201 11/12/14/20/21 345.00 172.50
202 11/12/14/20/21 345 .00 172.50
203 11/12/14/20/21 345.00 172.50

R 204 11/12/14/20/21 345.00 172.50
VJ

l 200 13/22 174.00 174.00
201 13/22 174.00 174.00
202 13/22 174.00 174.00
203 13/22 174.00 174.00

7 204 13/22 174.00 174.00
1 200 23/33 175.00 175.00

201 23/33 175.00 175.00
202 23/33 175.00 175.00
203 23/33 175.00 175.00

8 204 23/33 175.00 175 .00
1 200 25/69 175.00 175.00

201 ~/69 23.00 23.00
202 25/69 175.00 175.00
203 25/69 175.00 175.00

9 204 25/69 175.00 175.00
1 200 28/-/31/-/-/-/59 121.00 121.00

201 -/-/31/-/57/58/- 60.00 60.00
202 28/-/31/34/57/-/- 173 .00 173.00
203 28/-/31/34/-/-/- 151.00 151.00

Ì0 204 -/29/31/34/-/-/-» 103 .00 103.00
1 200 -/-/32/-/44/-/-/-/-/53/62 164.00 164.00

201 -/-/-/-/-/-/-/-/-/-/62 72.00 72.00
202 26/27/32/-/-/-/-/5-/52/-/- 174.00 174.00
203 26/27/-/35/44/-/-/51/-/-/- 176.00 176.00

U 204 -/-/-/-/-/48/49/51/52/-/- 152.00 152.00
i 200 56/- 68.00 68.00

201 -/63 156.00 156.00
202 -/- 0.00 0.00
203 -/63 156.00 156.00

12 204 -/63 156.00 156.00
1 200 36/-/-/39/-/-/46/- 126.00 126.00

201 3S/-/-/-/-/45/46/- 153.00 153.00
202 36/-/38/-/-/45/47/- 154.00 154.00
203 _/_/-/_/_/45/_/_ 30.00 30.00

13 204. 36/37/38/-/40/45/-/60 118.00 118.00
1 200 47/-/68 161.00 161.00

201 47/-/68 161.00 161.00
202 -/61/68 97.00 97.00
203 -/61/68 97.00 97.00
204 -/61/68 97.00 97.00
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O tton..Exze Model Elements It. Ete.
i 200 42/-/-/64/-/-

X
53.00

X
53 .00

201 42/54/-/Ö4/-/- 174.00 174.00
202 42/-/55/-/65/- 78.00 78.00
203 _/_/-/_/_/67 18.00 18.00
204 42/-/-/64/-/- 53 .00 53.00

15
200 0.00 0.00
201 43/50/66 90.00 90.00
202 43/-/- 21.00 21.00
203 -/50/66 69.00 69.00
204 43/-/- 21.00 21.00

Size Model Elements Et.X Eté.X
3 200 1/9/10 59.00 19.67

201 1/9/10 59.00 19.67
202 1/3/3 57.00 19.00
203 1/9/10 59.00 19.67
204 3/9 51.00 17.00

1 200 2/5/13 17.00 17.00
201 2/3/11 20.00 20.00
202 2/10 17.00 17.00
203 11/12/13 17.00 17.00
204 4/5 19.00 19.00

2 200 7/8/12 40.00 20.00
201 5/8/12/14 36.00 18.00
202 7/8/12 40.00 20.00
203 3/4/14/15 36.00 18.00
204 7/10/12 36.00 18.00

1 200 6/16 16.00 16.00
201 6/16 16.00 16.00
202 6/14 16.00 16.00
203 5/16 13.00 13.00
204 6/15 19.00 19.00

1 200 0.00 0.00
201 — 0.00 0.00
202 — 0.00 0.00
203 _ 0.00 0.00
204 16 6.00 6.00
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ItSt »0.85

H er tionSize Model Elements ■Et. Ete.
1 X x

2 200 1/3/4/6 37.00 18.50
201 3/6/7 36.00 18.00
202 1/3/4/10 38.00 19.00
203 5/7/8 39.00 19.50

2
204 3/4/7 38.00 19.00

3 200 9/11/12/13 59.00 19.67
201 9/11/12/13 59.00 19.67
202 2/5/7/11/12/13/14 53.00 17.67
203 9/10/13 57.00 19.00

3
204 9/12/13/14 60.00 20.00

2 200 7/14/15/16 38.00 19.00
201 8/14/15/16 36.00 18.00
202 6/8/15/16 40.00 20.00

L 203 6/12/14/15/16 39.00 19.50
204 2/6/15/16 31.00 15.50

Tes t
' No- 86

Size
1 Model Elements Et.l Ete.

X

3 200 1/9/11 59.00 19.67
201 1/3/9 57.00 19.00
202 1/9/11 59.00 19.67
203 1/9/11 59.00 19.67

2 204 1/3/9 57.00 19.00
3 200 3/5/8/12/13/14/15 58.00 19.33

201 4/7/8/11/12 57.00 19.00
202 2/3/8/11/12/14/15 58.00 19.33
203 2/8/11/12/13/14/15 59.00 19.67

3 204 2/4/7/10/12/13 58.00 19.33
1 200 6/16 16.00 16.00

201 2/14/16 18.00 18.00
202 6/16 16.00 16.00
203 6 10.00 10.00
204 15/16 15.00 15.00

k
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^ 1 N ô 87
dationer Size Model Elements It.i Ete. i

1 200 21/2/3/6/7 34.00 CJ -P o o

201 21/1/2/3/4 33.00 33.00
202 21/1/2/3/4 33 .00 33'.00
203 21/1/2/4/5/9/11 35 .00 35.00
204 1/2/4/6/7/9 34.00 34.00

1 200 8/9/10/12/15 36.00 36.00
201 5/7/8/9/12/13 34.00 34.00
202 4/7/8/11/13/16 36.00 36.00
203 3/7/10/12/13 30.00 30.00
204 8/10/12/13 25.00 25.00

1 200 16/17/18/20 36.00 36.00
201 15/16/17/19 35.00 35.00
202 17/18/19/20 36.00 36.00
203 15/16/17/19 35 .00 35.00
204 14/17/19 32.00 32.00

1 200 _ 0.00 0,00
201 20 6.00 6.00
202 - 0.00 0.00
203 20 6.00 6.00
204 18/20 16.00 16.00

6st No. 

^ e ? tion
Size Model Elements Et.i Eté.i
1 200 21/4/5/7/9/11/12 33.00 33.00

201 21/3/4/5/9/11/12 36.00 36.00
202 21/2/7/8/10 36.00 36.00
203 21/1/2/4/8 34.00 34.00
204 21/1/2/3/5/13 36.00 36.00

1 200 10/13/14/15 32.00 32.00
201 10/14/15/16 33.00 33.00
202 4/6/14/15 32.00 32.00
203 9/10/13/14 27.00 27.00
204 7/14/15/16 33.00 33.00

1 200 16/17/18/19 35.00 35.00
201 17/18/19/20 36.00 36.00
202 16/17/18/19 35.00 35.00
203 15/16/17/19 35.00 35.00
204 17/18/19/20 36.00 36.00

1 200 20 6.00 6.00
201 — 0.00 0.00
202 20 6.00 6.00
203 18/20 16.00 16.00
204 — 0.00 0.00
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Size Model Elements Et.i Eté.i
1 200 21/1/2/4/5/6 33.00 33 .00

201 21/1/2/4/5/6 33.00 33.00
202 21/1/2/4/5/6 33.00 33.00
203 21/1/2/4/5/6 33.00 33.00
204 21/1/2/4/5/6 33.00 33 .00

1 200 3/7/8/9/11 32.00 32.00
201 3/7/8/9/11 32.00 32 .00
202 3/7/8/9/11 32.00 32.00
203 3/7/8/9/11 32.00 32.00
204 3/7/8/9/11 32.00 32.00

1 200 10/12/13/17 30.00 30.00
201 10/12/13/16/17 35.00 35.00
202 10/12/13/15/16/19 35.00 35.00
203 10/12/13/14 27.00 27.00
204 10/12/13/16/17 35.00 35.00

1 200 18/20 16.00 16.00
201 20 6.00 6.00
202 20 6.00 6.00
203 15/16/20 21.00 21.00
204 20 6.00 6.00

L .

>ize Model Elements Et.i Eté.i
1 200 1/3/5/14/17 43 .00 43.00

201 2/12/13/14 39.00 39.00
202 1/3/5/12 44.00 44.00
203 2/3/12/17 43.00 43 .00
204 2/3/12/17 43.00 43.00

1 200 4/10/16/20 40.00 40.00
201 1/15/16/20 43.00 43 .00
202 13/14/16/20 43.00 43.00
203 1/5/13/16/20 41.00 41.00
204 1/5/6/13/14/16 43.00 43.00

1 200 7/15/22/24 44.00 44.00
201 21/22 35.00 35.00
202 4/6/10/24/25 44.00 44.00
203 6/10/15/21 40.00 40.00
204 15/21/24 37.00 37.00

1 200 8/9/23/25 44.00 44.00
201 18/23/25 43.00 43.00
202 8/17/21/26 42.00 42.00
203 4/7/22 38.00 38.00
204 7/25/26 40.00 40.00
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Stater ion

5
Size Model Elements Et.i Eté.i
1 200 18/19/26 37.00 37.00

201 7/27 39.00 39.00
202 11/27 39.00 39.00
203 8/9/18/23/24 44.00 44.00
204 23/27 41.00 41.00

1 200 11/29/30 30.00 30.00
201 11/19 32.00 32.00
202 18/28/29 31.00 31.00
203 27/29 39.00 39.00
204 11/18/29/30 40.00 40.00

1 200 _ 0.00 0.00
201 29 14.00 14.00
202 - 0.00 0.00
203 28 7.00 7.00
204 - 0.00 0.00

1
Size Model Elements 2ti Eté. i
1 200 2/6/12/14/17 42.00 42.00

201 1/2/5/12/16 42.00 42.00
202 1/2/5/12/14 44.00 44.00
200 1/13/14/17/20 43.00 43 .00
204 2/3/20 42.00 OoCN-rf

1 200 20/21/24 44.00 44.00
201 10/20/21 41.00 41.00
202 6/20/21 43.00 43.00
203 6/10/15/21 40.00 40.00
204 7/15/21 44.00 44.00

1 200 4/8/9/15/22 44.00 44.00
201 8/9/15/22/24 41.00 41.00
202 8/9/15/22/24 41.00 41.00
203 7/22/24 35.00 35.00
204 22/24/25 38.00 38.00

1 200 23/25/26 42.00 42.00
201 23/25/26 42.00 42.00
202 23/25/26 42.00 42.00
203 8/9/23/25 44.00 44.00
204 8/9/23/26 36.00 36.00

1 200 27/29/30 41.00 41.00
201 19/27 43.00 43.00
202 18/27/28 42.00 42.00
203 18/26/27 44.00 44.00
204 19/27 43.00 43.00
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»«»e?110",.Size Model Elements St. Ete.
6 1 200 11/18/28

1
31.00

1
31.00

201 11/28/29/30 37.00 37.00
202 19/29/30 34.00 34.00
203 19/28/29/30 41.00 41.00
204 11/28/29/30 37.00 37.00

Size Model Elements Zti Zte^
1 200 2/3/12/17 43.00 43 .00

201 1/2/3/5/6/17 44.00 44.00
202 2/3/12/17 43 .00 43.00
203 1/2/3/16 44.00 44.00
204 1/2/3/5/6/17 44.00 44.00

1 200 1/5/6/13/14/16 43.00 43.00
201 4/12/13/14 42.00 42.00
202 1/5/6/13/14/16 43.00 43.00
203 5/6/10/12/13/14 44.00 44.00
204 4/12/13/14 42.00 42.00

1 200 10/20/21 41.00 41.00
201 7/10/16/20 44.00 44.00
202 4/10/20/24 37.00 37.00
200 4/7/17/22 40.00 40.00
204 7/10/16/20 44.00 44.00

1 200 4/7/9/15/24 41.00 41.00
201 8/15/24/26 35.00 35.00
202 21/25 38.00 38.00
203 8/23/25 43.00 43.00
204 8/15/18/24 36.00 36.00

1 200 18/22/26 33.00 33.00
201 18/27 35.00 35.00
202 7/9/15/18/28 41.00 41.00
203 18/19/26/28 44.00 44.00
204 19/27 43.00 43.00

1 200 19/29/30 34.00 34.00
201 19/29/30 34.00 34.00
202 19/29/30 34.00 34.00
203 11/29/30 30.00 30.00
204 11/29/30 30.00 30.00

1 200 11 14.00 14.00
201 11 14.00 14.00
202 11 14.00 14.00
203 - 0.00 0.00
204 - 0.00 0.00
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Size Model Elements St.X Ste.i
1 200 2/11/12/13/15/16/19 69.00 69.00

201 1/2/7/11/12/13/15 69.00 69.00
202 1/2/11/13/15/16/19 67.00 67.00
203 1/7/8/12/16/19 68.00 68.00
204 1/8/11/12/16/19/37 69.00 69.00

1 200 1/7/8/14/18/20 69.00 69.00
201 14/16/17/18/20/27 69.00 69.00
202 4/7/8/17/18/20/27/30 69.00 69.00
203 4/14/17/18/20/29/37/39 68.00 68.00
204 4/7/17/20/27/29/33/38 69.00 69.00

1 200 17/21 67.00 67.00
201 3/22/24/33 68.00 68.00
202 21/22 69.00 69.00
203 21/22 69.00 69.00
204 21/22 69.00 69.00

1 200 4/24/27/33/36 68.00 68.00
201 5/25/28 67.00 67.00
202 6/23/33/36 68.00 68.00
203 23/25/33 68.00 68.00
204 6/25/28 67.00 67.00

1 200 6/10/22/26/34/38 67.00 67.00
201 4/9/10/26/36/38 68.00 68.00
202 5/25/28 67.00 67.00
203 6/9/26/28 67.00 67.00
204 5/10/26/34/35/36 66.00 66.00

1 200 29/30/31/32/35/37/39/40
41/43 67.00 67.00

201 29/31/34/35/37/40/41/43/44 65.00 65.00
202 10/26/31/35/37/38/39/42/44 69.00 69.00
203 10/34/36/38/40/42/43/44 66.00 66.00
204 30/31/32/39/40/41/42/43/44 69.00 69.00

1 200 0.00 0.00
201 45 5.00 5.00
202 45 5.00 5.00
203 45 5.00 5.00
204 - 0.00 0.00



Model Elements Zt.
i

Ite.i
200 1/7/12/16/18/19/20 66.00 66.00
201 2/11/12/15/16/19/30 68.00 68.00
202 1/7/11/15/16/20 69.00 69.00
203 1/2/7/8/11/13/20 67.00 67.00
204 11/14/17/18/19/20/27/32 67.00 67.00
200 17/21 67.00 67.00
201 18/20/21 66.00 66.00
202 2/18/21 68.00 68 .00
203 4/18/21 69.00 69.00
204 21/22 69.00 69.00

200 22/24/27/33/38 66.00 66.00
201 3/4/17/22/27/33/38 69.00 69.00
202 17/22/24/27/39 65.00 65.00
203 17/22/24/27/37/39 69.00 69.00
204 23/24/31 63.00 63.00

200 6/25/28 67.00 67.00
201 6/25/28 67.00 67.00
202 5/25/33/36 67.00 67.00
203 23/25/33 68.00 68.00
204 5/25/33/36 67.00 67.00

200 9/10/26/34/35/36 69.00 69.00
201 9/10/26/34/35/36 69.00 69.00
202 9/10/28/38 67.00 67.00
203 9/10/28/38 67.00 67.00
204 9/10/26/28 67.00 67.00

200 29/3O/31/39/40/41/42/43/44 69.00 69.00
201 29/31/32/37/39/40/41/42/43 67.00 67.00
202 26/34/35/40/41/42/44/45 67.00 67.00
203 26/34/35/36/40/41/42 66.00 66.00
204 10/34/35/38/40/41 62.00 62.00

200 45 5.00 5.00
201 44/45 10.00 10.00
202 - 0.00 0.00
203 44/45 10.00 10.00
204 42/44/45 22.00 22.00
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^ ¿ tatl0n
Size Model Elements it.i ite.i
1 200 1/2/8/11/12/13/15 69.00 69.00

201 1/2/8/11/12/13/15 69.00 69.00
202 1/2/7/11/12/13/15 69.00 69.00
203 1/2/7/11/12/13/15 69.00 69.00
204 1/2/7/11/12/13/15 69.00 69.00

1 200 4/7/14/16/19 67.00 67.00
201 7/14/16/19/20/27 69.00 69.00
202 8/14/16/18/19/27 66.00 66.00
203 8/14/16/17/19 69.00 69.00
204 8/14/16/17/19 69.00 69.00

1 200 17/23/24 69.00 69.00
201 4/21/37 69.00 69.00
202 3/21/29 69.00 69.00
203 18/23/24/27/29 69.00 69.00
204 3/5/20/24/27 68.00 68.00

1 200 3/6/25/33 68.00 68.00
201 3/23/24 66.00 66.00
202 4/23/24/38 69.00 69.00
203 3/4/5/6/33 69.00 69.00
204 4/23/25/30 68.00 68.00

1 200 5/10/22/26/30/31 69.00 69.00
201 6/25/29/33/34 69.00 69.00
202 5/6/9/26/35 67.00 67.00
203 9/10/28/30 69.00 69.00
204 9/28/31/33 66.00 66.00

1 . 200 29/32/34/35/37/39/41/43
44/45 68.00 68.00

201 5/10/30/31/32/39/40/43 68.00 68.00
202 10/30/31/32/39/40/41 66.00 66.00
203 26/31/32/35/36/37/39/40

43/44/45 62.00 62.00
204 6/29/32/39/40/41/42 67.00 67.00

1 200 0.00 0.00
201 - 0.00 0.00
202 37/43/45 15.00 15.00
203 - 0.00 0.00
204 37/43 10.00 10.00

/
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s,«atlon
1

ùize Model Elements Et.i Eté.i
J. 2 200 1/2/3/15/16/24/41 349.00 174.50

201 1/2/3/4/5/6/9 351.00 175.50
202 2/9/15/16/41 334.00 167.00
203 2/3/5/15/16/24/41 338.00 169.00

2
204 1/2/3/5/15/16/24/30 350.00 175.00

2 200 18/69 342.00 171.00
201 7/8/10/11/12/24/30 348.00 174.00
202 18/69 342.00 171.00
203 6/8/9/17 334.00 167.00

3 204 18/41 335.00 167.50
2 200 4/6/7/10/17/20 335.00 167.50

201 14/16/17/19/20 348.00 174.00
202 6/10/11/12/17/19 333.00 166.50
203 18/19/58 345.00 172.50
204 4/6/7/9/10/21 349.00 174.50

2 200 8/11/13 347.00 173.50
201 13/21/22/33/57 348.00 174.00
202 13/20/23/31/32 342.00 171.00
203 10/12/14/22/68 338.00 169.00

S 204 8/11/12/22/68 346.00 173.00
1 200- 21/22/23 163.00 163 .00

201 25/41/58 175.00 175.00
202 25/57 174.00 174.00
203 13/31 165.00 165.00

6 204 13/31 165.00 165.00
2 200 25/27/28/31/32 352.00 176.00

201 26/27/28/29/31/32/34/35 349.00 174.50
202 26/27/29/34/35/44/52/53

58/62 341.00 170.50
203 25/33/34/35/38/39/40 352.00 176.00

7 204 25/28/33/57 350.00 175.00
2 200 26/29/34/35/38/52/53/54 341.00 170.50

201 36/39/40/44/45/46/47/53 345.00 172.50
202 36/39/45/54/63 350.00 175.00
203 44/45/46/51/62/63 350.00 175.00

8 204 27/29/32/52/62/63/67 348.00 174.00
2 200 40/42/47/48/49/56/57/58 339.00 169.50

201 42/49/52/56/59/60/61/64
68 351.00 175.50

202 40/43/47/48/49/55/68 348.00 174.00
203 43/47/48/49/52/56/64 347.00 173.50
204 36/37/39/40/43/45/47/54

70 346.00 173.00
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^ atio”
Size Model Elements St.X Ete •l9 1 200 43/50/55/59/62/67 163.00 163 .00

201 43/55/65/66/69/70 150.00 150.00
202 50/56/60/66 169.00 169.00
203 50/53/59/61/65/66 163.00 163 .00

In
20i+ 50/55/59/61/69 145.00 145.00

1 200 60 32.00 32.00
201 - 0.00 0.00
202 61 25.00 25.00
203 - 0.00 0.00
204 - 0.00 0.00

97

HbJ; tlQn
Size

] Model Elements Et.l Ete.l
2 200 2/9/11/16/24/41 337.00 168.50

201 1/2/3/7/15/16 342.00 171.00
202 1/3/4/5/6/7/10/24/30 331.00 165.50
203 1/2/5/10/15/16 343.00 171.50

2 204 1/5/8/15/16/24 347.00 173.50
2 200 18/19 338.00 169.00

201 12/18/24 352.00 176.00
202 8/11/12/16/70 351.00 175.00
203 18/30/41 346.00 173.00

3 204 18/30/41 346.00 173 .00
1 200 4/22/57/58/59/70 164.00 164.00

201 14/22 175.00 175.00
202 17/19/20/57/58/59 168.00 168.00
203 8/57/58/59 173.00 173.00

4 204 14/22 175.00 175.00
2 200 14/23/32/34/69 327.00 163.50

201 13/20/25/30 351.00 175.50
202 14/25/29/31 344.00 172.00
203 11/13/20/32/70 350.00 175.00

5 204 21/25/33/34 350.00 175.00
2 200 25/26/27/28/29 339.00 169.50

201 26/27/28/29/31/32/34/35 349.00 174.50
202 27/28/32/33/34/69 340.00 170.00
203 25/27/28/29/34 343.00 171.50

6 204 26/27/28/29/32/35/44/62 342.00 171.00
2 200 35/44/45/51/53/62/63 346.00 173.00

201 44/45/46/51/62/63 . 350.00 175.00
202 26/35/44/45/51/62/63 344.00 172.00
203 26/35/44/45/51/62/63 344.00 172.00
204 45/46/51/52/53/63 350.00 175.00
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«^*ationSize
7

Model Elements St.
l

Ste.
l

~ 2 200 36/37/38/39/40/46/48/52/54 345 .00 172.50
201 36/37/38/39/40/41/42/48

52/53/54 347.00 173.50
202 46/48/52/53/54 330.00 165.00
203 46/48/52/53/54 330.00 165 .00

8

204 36/37/38/39/40/42/47/48/54 350.00 175.00
1 200 42/47/49 173.00 173.00

201 47/49/64 176.00 176.00
202 36/37/38/39/40/42/47 173 .00 173 .00
203 36/37/38/39/40/42/47 173.00 173.00

9 204 43/49/57/58/59/64/69 176.00 176.00
1 200 56/64/68 168.00 168.00

201 43/56/57/58/59/61/65 174.00 174.00
202 43/49/56/64 176.00 176.00
203 43/49/56/64 176.00 176.00

lo 204 56/61/68 165.00 165.00
1 200 43/50/55/60/61/65 174.00 174.00

201 50/55/60/66/67 157.00 157.00
202 50/55/60/61/66 164.00 164.00
203 50/55/60/61/66 164.00 164.00

U 204 50/55/60/65/66/67 172.00 172.00
1 200 66/67 44.00 44.00

201 - 0.00 0.00
202 65/67 33.00 33.00
203 65/67 33.00 33.00
204 - 0.00 0.00

Db^ion * *
i Size Models Elements St.l Ste.l

2 200 1/2/3/5/15/16/24/30 350.00 175.00
201 1/2/3/5/15/16/24/30 350.00 175.00
202 1/2/3/5/15/16/24/30 350.00 175.00
203 1/2/3/5/15/16/24/30 350.00 175.00

2 204 1/2/3/5/15/16/24/30 350.00 175.00
2 200 4/6/7/9/10/17 349.00 174.50

201 4/6/7/9/10/17 349.00 174.50
202 4/6/7/9/10/17 349.00 174.50

3
203 4/6/7/9/10/17 349.00 174.50
204 4/6/7/9/10/17 349.00 174.50

1 200 8/41/70 171.00 171.00
201 8/41/70 171.00 171.00
202 8/41/70 171.00 171.00
203 8/41/70 171.00 171.00
204 8/41/70 171.00 171.00
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lo

U

i?

Size Model Elements t.i te.i
2 200 18/19 338.00 169.00

201 18/19 338.00 169.00
202 18/19 338.00 169.00
203 18/19 338.00 169.00
204 18/19 338.00 169.00

2 200 11/12/14/20/21 345.00 172.50
201 11/12/14/20/21 345.00 172.50
202 11/12/14/20/21 345.00 172.50
203 11/12/14/20/21 345.00 172.50
204 11/12/14/20/21 345.00 172.50

ì 200 13/22 174.00 174.00
201 13/22 174.00 174.00
202 13/22 174.00 174.00
203 13/22 174.00 174.00
204 13/22 174.00 174.00

1 200 23/33 175.00 175.00
201 23/33 175.00 175.00
202 23/33 175.00 175.00
203 23/33 175.00 175.00
204 23/33 175.00 175.00

1 200 25/69 175.00 175.00
201 27/31/36/45/62 173.00 173.00
202 25/69 175.00 175.00
203 25/69 175.00 175.00
204 25/62 175.00 175.00

2 200 28/31/32/36/39/44/46/62 351.00 175.50
201 46/47/57/63 350.00 175.00
202 26/27/28/31/32/34/45/51/57 351.00 175.50
203 26/27/28/31/34/35/44/45 346.00 173.00
204 29/31/34/48/51/52/63 352.00 176.00

1 200 47/68 161.00 161.00
201 42/43/54 174.00 174.00
202 42/46/52 175.00 175.00
203 63/67 174.00 174.00
204 36/37/38/40/42/43/68 174.00 174.00

1 200 42/53/56/64 165.00 165.00
201 50/64/66/68 169.00 169.00
202 43/55/61/65/68 171.00 171.00
203 50/61/66/68 166.00 166.00
204 45/49/60/61/64 174.00 174.00

1 200 59 16.00 16.00
201 69 23.00 23.00
202 0.00 0.00
203 51 11.00 11.00
204 0.00 0.00
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TEST SERIES 5

THE EFFECT OF MODEL WEIGHTING

MIXED MODEL BALANCING

FINAL ASSIGNMENTS AND RESULTS
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TEST PROBLEMS

Tests 99 to lt+0 16 Element Problem Driscoll-Shafi

EXAMINATION CONDITIONS

No confidence.

Minimum duration = 10% of normal duration. 

No line limit.

5 models.
Elements removed at random.

The considered schedule weighting are:

Models Ml M2 M3 M4 M5

Pattern PI 1.0 0.0 0.0 0.0 0.0
P2 0.8 0.05 0.05 0.05 0.05
P3 0.6 0.1 0.1 0.1 0.1
P4 0.4 0.15 0.15 0.15 0.15
P5 0.20 0.20 0.20 0.20 0.20

Single and Multi-Element Assignment.
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Test Number
-*-6 Element Problem Model weights pattern

element
Sxgnment

Multiple element
assignment Model 200 201 202 203 204

99 120 PI 1.00 0.00 0.00 0.00 0.00
lo o 121 P2 0.00 1.00 0.00 0.00 0.00
l o i 122 P3 0.00 0.00 1.00 0.00 0.00
102 123 P4 0.00 0.00 0.00 1.00 0.00
103 124 P5 0.00 0.00 0.00 0.00 1.00

l04
125 PI 0.8 0 .05 0.05 0.05 0.05

105
126 P2 0.05 0.8 0.05 0.05 0.05

106
127 P3 0.05 0.05 0.8 0.05 0.05

107
128 P4 0.05 0.05 0.05 0.8 0.05

h
-*

O C
O

129 P5 0.05 0.05 0.05 0.05 0.8

l0 9
130 PI Ò.6 0.1 0.1 0.1 0.1

U o
131 P2 0.1 0.6 0.1 0.1 0.1

Ui
132 P3 0.1 0.1 0.6 0.1 0.1

Ü2
133 P4 0.1 0.1 0.1 0.6 0.1

ila
134 P5 0.1 0.1 0.1 0.1 0.6

114

Us
135 PI 0.4 0.15 0.15 0.15 0.15

136 P2 0.15 0.4 0.15 0.15 0.15
Us

u?

Us

137 P3 0.15 0.15 0.4 0.15 0.15

138 P4 0.15 0.15 0.15 0.4 0.15

139 P5 0.15 0.15 0.16 0.15 0.4

U 9
140 PI 0.2 0.2 0.2 0.2 0.2
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TestNo. 99

>««bÌitlonSize Model Elements Et.l Ete.l
2 200 1/2/-/-/5/6 29.00 14.50

201 1/2/3/-/5/6 38.00 19.00
202 1/2/3/-/-/6 31.00 15.50
203 1/-/3/4/5/- 34.00 17.00
204 -/-/3/4/5/6 38.00 19.00

1 200 7 17.00 17.00
201 - 0.00 0.00
202 7 17.00 17.00
203 - 0.00 0.00
204 7 17.00 17.00

1 200 8 15.00 15.00
201 8 15.00 15.00
202 8 15.00 15.00
203 - 0.00 0.00
204 - 0.00 0.00

3 200 9/10/- 53.00 17.67
201 9/10/11 58.00 19.33
202 9/10/- 53.00 17.67
203 9/10/11 58.00 19.33
204 9/10/- 53.00 17.67

1 200 12/13/- 12.00 12.00
201 12/-/14 14.00 14.00
202 12/-/14 14.00 14.00
203 12/13/14 18.00 18.00
204 12/-/- Ó.00 8.00

1 200 ~/16 6.00 6.00
.201 -/16 6.00 6.00
202 -/- 0.00 0.00
203 15/16 15.00 15.00
204 15/16 15.00 15.00

N>eJati°n
1

Size Model Elements Et.l Etei
3 200 1/9/10 59.00 19.67

201 1/9/10 59.00 19.67
202 1/9/10 59.00 19.67
203 1/9/10 59.00 19.67
204 -/9/10 53.00 17.67

1 200 2/-/-/13 10.00 10.00
201 2/3/11/- 20.00 20.00

. 202 2/3/-/- 15.00 15.00
203 -/3/11/13 18.00 18.00
204 —/3/—/— / 9.00 9.00
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Station 
er

3
Size Model Elements It. Ete.X i
2 200 -75/8/12/- 30.00 15.00

201 -/5/8/12/14 36.00 18.00
202 -/-/8/12/14 39.00 14.50
203 4/5/-/12/14 33.00 16.50
204 4/5/-/12/- 37.00 13.50

1 200 6/- 10.00 10.00
201 6/- 10.00 10.00
202 6/- 10.00 10.00
203 -/15 9.00 9.00
204 6/15 19.00 19.00

1 200 16 6.00 6.00
201 16 6.00 6.00
202 - 0.00 0.00
203 16 6.00 6.00
204 16 6.00 6.00

1 200 7 17.00 17 .00
201 - 0.00 0.00
202 7 17.00 17.00
203 - 0.00 0.00
204 7 17.00 17.00

X
Size Model Elements Et.i Eté.i
2 200 1/2/-/-/7 29.00 14.50

201 1/2/3/-/- 21.00 10.50
202 1/2/3/-/7 38.00 19.00

. 203 1/-/3/4/- 27.00 13.50
204 -/-/3/4/7 38.00 19.00

1 200 8 15.00 15.00
201 8 15.00 15.00
202 8 15.00 15.00
203 - 0.00 0.00
204 - 0.00 0.00

3 200 9/10/- 53.00 17.67
201 9/10/11 58.00 19.33
202 9/10/- 53.00 17.67
203 9/10/11 58.00 19.33
204 9/10/- 53.00 17.67

1 200 5/12/13 19.00 19.00
201 5/12/- 15.00 15 .00
202 -/12/- 8.00 8.00
203 5/12/13 19.00 19.00
204 5/12/- 15.00 15.00
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Size Model Elements Et. Eté.
5 1 200 6/-/-

i
10.00

i
10.00

201 6/19/- 16.00 16.00
202 6/19/- 16.00 16.00
203 -/19/15 15 .00 15.00
209 6/-/15 19.00 19.00

0 1 200 16 6.00 6.00
201 16 6.00 6.00
202 - 0.00 0.00
203 16 6.00 6.00
209 16 6.00 6.00

v r ionSize Model Elements Et. Eté.
1 1 1

3 200 1/9/10 59.00 19.67
201 1/9/10 59.00 19.67
202 1/9/10 59.00 19.67
203 1/9/10 59.00 19.67

2 209 -/9/10 53.00 17.67
3 200 2/-/-/8/11/12/13/-/-/16 39.00 13.00

201 2/3/-/8/11/12/-/19/-/16 55.00 18.33
202 2/3/-/8/-/12/-/19/-/- 99.00 19.67
203 -/3/9/-/11/12/13/19/15/16 59.00 19.67

3 209 -/3/9/-/-/12/-/-/15/16 99.00 19.67
1 200 5/6 17.00 17.00

201 5/6 17.00 17.00
202 ~/6 10.00 10.00
203 5/- 7.00 7.00
*209 5/6 17.00 17.00

1 200 7 17.00 17.00
201 _ 0.00 0.00
202 7 17.00 17.00
203 — 0.00 0.00
209 7 17.00 17.00

I Model Elements

200 1/2/-/-/5/6
201 1/2/3/-/5/6
202 1 / 2/ 3 / - / - / 6
203 1/-/3/9/5/-
201+ -/-/3/9/5/6

Et.i
29.00
38.00
31.00
39.00
38.00

Eté.i
19.50
19.00
15.50
17.00
19.00



Model Elements Et, Ete.i X

200 7 17.00 17.00
201 - 0.00. 0.00
202 7 17.00 17.00
203 - 0.00 0.00
204 7 17.00 17.00

200 9/10/- 53.00 17.67
201 9/10/11 58.00 19.33
202 9/10/- 53.00 17.67
203 9/10/11 58.00 19.33
204 9/10/- 53.00 17.67

200 12/13/- 12.00 12.00
201 12/-/14 14.00 14.00
202 12/-/14 14.00 14.00
203 12/13/14 18.00 18.00
204 12/-/- 8.00 8.00

200 -/16 6.00 6.00
201 ~/16 6.00 6.00
202 -/- 0.00 0.00
203 15/16 15.00 15.00
204 15/16 15.00 15.00

200 8 15.00 15.00
201 8 15.00 15.00
202 8 15.00 15.00
203 - 0.00 0.00
204 - 0.00 0.00

Model Elements E t .i
I t e .i

200 1 / 2 / - / - / 5 / 6 29.00 1 4 .5 0
201 1 / 2 / 3 / - / 5 / 6 38 .00 1 9 .0 0

202 1 / 2 / 3 / - / - / 6 3 1 .0 0 1 5 . 5 0
203 1 / - / 3 / 4 / 5 / - 4 3 .0 0 1 7 .0 0

204 ~ / - / 3 / 4 / 5 / 6 38 .00 1 9 .0 0

200 7 1 7 .0 0 1 7 .0 0
201 — 0.00 0.00
202 7 1 7 .0 0 1 7 .0 0

203 0.00 0.00
204 7 1 7 .0 0 1 7 .0 0

200 8 1 5 .0 0 1 5 .0 0

201 8 1 5 .0 0 1 5 .0 0

202 8 1 5 .0 0 1 5 .0 0

203 0.00 0.00
204 0.00 0.00
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< atl° vSize Model Elements Et. Ete.

CO 200 9/10/-
1

53.00
l

17.67
201 9/10/11 58.00 19.33
202 9/10/- 53.00 17.67
203 9/10/11 58.00 19.33
204 9/10/- 53.00 17 .67

1 200 12/13/- 12.00 12.00
201 12/-/14 14.00 14.00
202 12/-/14 14.00 14.00
203 12/13/14 18.00 18.00

6
1

204 12/-/- 8.00 8.00

200 -/16 6.00 6.00
201 -/16 6.00 6.00
202 -/- 0.00 0.00
203 15/16 15.00 15.00
204 15/16 15.00 15.00

"s‘ No.

S V tl0nSize Model Elements Et. Ete.

GO 200 1/9/10
1

59.00
1

19.67
201 1/9/10 59.00 19.67
202 1/9/10 59.00 19.67
203 1/9/10 59.00 19.67

2 204 -/9/10 53 .00 17.67
1 200 2/3/-/13 10.00 10.00

201 2/3/11/- 20.00 20.00
¿02 2/3/-/- 15.00 15.00

■ 203 -/3/11/13 18.00 18.00
3 204 -/3/-/- 9.00 9.00

2 200 -/5/8/12/- 30.00 15.00
201 -/5/8/12/14 36.00 18.00
202 -/-/8/12/14 29.00 14.50
203 4/5/-/12/14 33.00 16.50

4 204 4/5/-/12/- 27.00 13.50
1 200 6/- 10.00 10.00

201 6/- 10.00 10.00
202 6/- 10.00 10.00
203 -/15 9.00 9.00

S 204 6/15 19.00 19.00
1 200 16 6.00 6.00

201 16 6.00 6.00
202 - 0.00 0.00
203 16 6.00 6.00
204 16 6.00 6.00
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Size Model Elements St. Ete.i l
200 7 17.00 17.00
201 - 0.00 0.00
202 7 17.00 17.00
203 - 0.00 0.00
20*+ 7 17.00 17.00

V ^ i o „
Size Model Elem ents

3 200 1 / 9 / 1 0
201 1 / 9 / 1 0
202 1 / 9 / 1 0
203 1 / 9 / 1 0
20i+ - / 9 / 1 0

^ r tionSize Model Elements Et.l Ete.
i l

3 200 1/-/9 48.00 16.00
201 1/3/9 57.00 19.00
202 1/3/9 57.00 19.00
203 1/3/9 57.00 19.00

2
2

204 -73/9 51.00 17.00

200 2/-/7/8/10/-/12 57.00 19.00
201 2/-/-/8/10/11/12 45.00 15.00
202 2/-/7/8/10/-/12 57.00 19.00
203 -/4/-/-/10/11/12 36.00 12.00

3 204 -/4/7/-/10/-/12 48.00 16.00
1 200 5/6 17.00 17.00

201 5/6 17.00 17.00
202 ~/6 10.00 10.00
203 5/- 7.00 7.00

<+ 204 5/6 17.00 17.00
1 200 13/-/- 4.00 4.00

201 -/14/- 6.00 6.00
202 -/14/- 6.00 6.00
203 13/14/15 19.00 19.00

S ' 204 -/-/15 9.00 9.00
•1 200 16 6.00 6.00

201 16 6.00 6.00
202 - 0.00 0.00
203 16 6.00 6.00
204 16 6.00 6.00

Et.l Ete.l
59.00 19.67
59.00 19.67
59.00 19.67
59.00 19.67
53.00 17.67



C ati°\.Size Model Elements Et. Ete.
2 1 200 2/-/-/13

l
10.00

i
10.00

201 2/3/11/- 20.00 20.00
202 2/3/-/- 15.00 15.00
203 -/3/11/13 18.00 18.00

3 1
204 —/3/—/— 9.00 9.00

200 -/12 8.00 8.00
201 ~/12 8.00 8.00
202 -/12 8.00 8.00
203 4/12 20.00 20.00

1,

204 4/12 20.00 20.00
H 1 200 -/- 0.00 0.00

201 14/- 6.00 6.00
202 14/- 6.00 6.00
203 14/15 15.00 15.00

In

204 ~/15 9.00 9.00
0

1 200 5/15 13.00 13 .00
201 5/16 13.v00 13.00
202 -/- 0.00 0.00
203 5/16 13.00 13.00

R 204 5/16 13.00 13 .00
u

i 200 7 17.00 17.00
201 - 0.00 0.00
202 7 17.00 17.00
203 - 0.00 0.00

7 204 7 17.00 17.00
1 200 8 15.00 15.00

201 8 15.00 15.00
202 8 15.00 15.00
203 - 0.00 0.00

8 • 204 - 0.00 0.00
1 200 6 10.00 10.00

201 6 10.00 10.00
202 6 10.00 10.00
203 - 0.00 0.00
204 6 10.00 10.00

Size Model Elements Et.l Ete.l
2 200 1/2/-/-/5/6 29.00 14.50

201 1/2/3/-/5/6 38.00 19.00
202 1/2/3/-/-/6 31.00 15.50
203 1/-/3/4/5/- 34.00 17.00
204 -/-/3/4/5/6 38.00 19.00
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‘SSt;

Stationter- 0.Size Model Elements Et. Ete.1 1
2 1 200 7 17.00 17.00

201 - 0.00 0.00
202 7 17.00 17.00
203 - 0.00 0.00
204 7 17.00 17.00

3 3 200 9/10/- 53 .00 17.67
201 9/10/11 58.00 19.33
202 9/10/- 53 .00 17.67
203 9/10/11 58.00 19.33
204 9/10/- 53.00 17.67

4 1 200 12/13/- 12.00 12.00
201 12/-/14 14.00 14.00
202 12/-/14 14.00 14.00
203 12/13/14 18.00 18.00
204 12/-/- 8.00 8.00

i 200 -/16 6.00 6.00
201 ~/16 6.00 6.00
202 - 0.00 0.00
203 15/16 15.00 15.00
204 15/16 15.00 15.00

i 200 8 15.00 15.00
201 8 15.00 15.00
202 8 15.00 15.00
203 - 0.00 0.00
204 - 0.00 0.00

No- 109

Size Model Elements Et.l Ete.l
2 200 1/2/-/-/5/6 29.00 14.50

201 1/2/3/-/5/6 38.00 19.00
202 1/2/3/-/-/6 31.00 15.50
203 1/-/3/4/5/- 34.00 17.00
204 -/-/3/4/5/6 38.00 19.00

0u 200 9/10/- 53.00 17.67
201 9/10/11 58.00 19.33
202 9/10/- 53.00 17.67
203 9/10/11 58.00 19.33
204 9/10/- 53.00 17.67

2 200 7/8/12 40.00 20.00
201 -/8/12 23.00 11.50
202 7/8/12 40.00 20.00
203 -/-/12 8.00 4.00
204 7/-/12 25.00 12.50
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< î atl0\.Size Model Elements It.i Eté.i
1 200 13/-/- 4.00 4.00201 -/14/_ 6.00 6.00202 -/14/- 6.00 6.00203 13/14/15 19.00 19.00

5 1
204- -/-/15 9.00 9.00
200 16 6.00 6.00201 16 6.00 6.00202 - 0.00 0.00203 16 6.00 6.00204 16 6.00 6.00

^ • U O

Size
i

Model Elements Et.i Eté.i
3 200 1/9/11 59.00 19.67

201 1/9/11 59.00 19.67
202 1/9/11 59.00 19.67
203 1/9/11 59.00 19.67

2 204 -/9/11 53.00 17.67
1 200 2/-/-/13 10.00 10.00

201 2/3/11/- 20.00 20.00
202 2/3/-/- 15.00 15.00
203 -/3/11/13 18.00 18.00

3 204 -/3/-/- 9.00 9.00
2 200 -/5/8/12/- 30.00 15.00

201 -/5/8/12/14 36.00 18.00
202 -/-/8/12/14 29.00 14.50
203 4/5/-/12/14 33.00 16.50

4 204 4/5/-/12/- 27.00 13.50
1 200 6/- 10.00 10.00

201 6/- 10.00 10.00
202 6/- 10.00 10.00
203 -/15 9.00 9.00

S 204 6/15 19.00 19.00
1 200 16 6.00 6.00

201 16 6.00 6.00
202 - 0.00 0.00
203 16 6.00 6.00

6 204 16 6.00 6.00
1 200 7 17.00 17.00

201 - 0.00 0.00
202 7 17.00 17.00
203 - 0.00 0.00
204 7 17.00 17.00
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m

N̂ ation_.Size Model Elements Et. Eté.
1 i i

3 200 1/-/9 48.00 16.00
201 1/3/9 57.00 19.00
202 1/3/9 57.00 19.00
203 1/3/9 57.00 19.00
204- -73/9 51.00 17.00

2 1 200 10/-/13 15.00 15.00
201 10/11/- 16 .00 16.00
202 10/-/- 11.00 11.00
203 10/11/13 20.00 20.00

3
1

204 10/-/- 11.00 11.00

200 2/-/12 14.00 14.00
201 2/-/12 14.00 14.00
202 2/-/12 14.00 14.00
203 -74/12 20.00 20.00

h 204 -74/12 20.00 20.00
2 200 5/7/8/-/- 39.00 19.50

201 5/-/8/14/- 28.00 14.00
202 -/7/8/14/- 38.00 19.00
203 5/-/-/14/15 22.00 11.00

S
1

204 5/7/-/-/15 33.00 16.50

200 6/16 16.00 16.00
201 6/16 16.00 16.00
202 5/- 10.00 10.00

L 203 *716 6.00 6.00
204 6/16 16.00 16.00

lest No. U  2

Vibrion
Size Model Elements Et.l Eté.i
3 200 1/9/10 59.00 19.67

201 1/9/10 59.00 19.67
202 1/9/10 59.00 19.67
203 1/9/10 59.00 19.67
204 -79/10 53.00 17.67

1 200 2/-/-/13 10.00 10.00
201 2/3/11/- 20.00 20.00
202 2/3/-/- 15.00 15.00
203 -/3/11/13 18.00 18.00
204 -73/-/- 9.00 9.00

1 200 ~/12 8.00 8.00
201 -A2 8.00 8.00
202 -712 8.00 8.00
203 4/12 20.00 20.00
204 4/12_________ L----------

20.00 20.00



< ? u °”bize/ Model Elements E t.l Ete.l4 1 200 0.00 0.00
201 14/- 6.00 6.00
202 14/- 6.00 6.00
203 14/15 15 .00 15 .00

5 1
204 ~/15 9.00 9.00

200 5/16 13 .00 13.00
201 5/16 13.00 13 .00
202 -/- 0.00 0.00
203 5/16 13.00 13.00

6
1

204 5/16 13.00 13.00

200 7 17.00 17.00
201 - 0.00 0.00
202 7 17.00 17.00
203 - 0.00 0.00
204 7 17.00 17.00

/
1 200 8 15.00 15.00

201 8 15.00 15.00
202 8 15.00 15.00
203 - 0.00 0.00

0 204 - 0.00 0.00
0

1 200 6 10.00 10.00
201 6 10.00 10.00
202 6 10.00 10.00
203 - 0.00 0.00
204 6 10.00 10.00

Size Model Elements £t.l Zte.l
2 200 1/2/-/-/5/6 29.00 14.50

201 1/2/3/-/5/6 38.00 19.00
202 1/2/3/-/-/6 31.00 15.50
203 1/-/3/4/5/- 34.00 17.00
204 -/-/3/4/5/6 38.00 19.00

3 200 9/10/- 53.00 17.67
201 9/10/11 58.00 19.33
202 9/10/- 53.00 17.67
203 9/10/11 58.00 19.33
204 9/10/- 53.00 17.67

2 200 7/12/13/-/-/16 35.00 17.50
201 -/12/-/14/-/16 • 20.00 10.00
202 7/12/-/14/-/- 31.00 15.50
203 -/12/13/14/15/16 33.00 16.50
204 7/12/-/-/15/16 40.00 20.00
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Te:

c atio\.
| |

Size
4

Model Elements zt.1 Eté. Ii J
1 200 8 15.00 15.00 I

• 201 8 15.00 15.00
202 8 15.00 15.00 I
203
204 -

0.00
0.00

0.00
0.00 1

Size
1

Model Elements Et.i Eté. I
2 200 1/2/-/-/5/6 29.00 14.50

201 1/2/3/-/5/6 38.00 19.00 1
202 1/2/3/-/-/6 31.00 15.50
203 1/-/3/4/5/- 34.00 17.00

2
3

204 -/-/3/4/5/6 38.00 19.00 I

200 9/10/- 53.00 17.67
201 9/10/11 58.00 19.33
202 9/10/- 53.00 17.67
203 9/10/11 58.00 19.33

3
204 9/10/- 58.00 17.67

1 200 12/13/- 12.00 12.00
201 12/-/14 14.00 14.00
202 12/-/14 14.00 14.00
203 12/13/14 18.00 18.00

if 204 12/-/- 8.00 8.00
1 200 7 17.00 17.00

201 - 0.00 0.00
202 7 • 17.00 17.00
203 - 0.00 0.00

S ' 204 7 17.00 17.00
1 200 8/- 15.00 15.00

201 8/- 15.00 15.00
202 8/- 15.00 15.00
203 -/15 9.00 9.00

6 204 -/15 9.00 9.00
1 200 16 6.00 6.00 I

201 16 6.00 6.00
202 - 0.00 0.00 I
203 16 6.00 6.00
204 16 6.00 6.00



Model Elements Et. Ete.i i
200 1/9/10 59.00 19.67
201 1/9/10 59.00 19.67
202 1/9/10 59.00 19.67
203 1/9/10 59.00 19.67
204 -/9/10 53 .00 17.67

200 2/-/-/13 10.00 10.00
201 2/3/11/- 20.00 20.00
202 2/3/-/- 15.00 15.00
203 -/3/11/13 18.00 18.00
204 ~/3/-/- 9.00 9.00

200 -/5/8/12/- 30.00 15.00
201 -/5/8/12/14 36.00 18.00
202 -/-/8/12/14 29.00 14.50
203 4/5/-/12/14 33.00 16.50
204 4/5/-/12/- 27.00 13.50

200 6/- 10.00 10.00
201 6/- 10.00 10.00
202 6/- 10.00 10.00
203 -/15 9.00 9.00
204 6/15 19.00 19.00

200 7 17.00 17.00
201 - 0.00 0.00
202 7 17.00 17.00
203 - 0.00 0.00
204 7 17.00 17.00

200 16 6.00 6.00
201 16 6.00 6.00
202 - 0.00 0.00
203 16 6.00 6.00
204 16 6.00 6.00

Model Elements Eti Ete.i
200 1/-/9 48.00 16.00
201 1/3/9 57.00 19.00
202 1/3/9 57.00 19.00
203 1/3/9 57.00 19.00
204 ~/3/9 51.00 17.00

200 10/-/13 15.00 15.00
201 10/11/- 16.00 16.00
202 10/-/- 11.00 11.00
203 10/11/13 20.00 20.00
204 10/-/- 11.00 11.00



333

« » 4 ations.Size Model Elements Et. Eté.
3 1 200 2/-/12

i
14.00

i
14.00

201 2/-/12 14.00 14.00
202 2/-/12 14.00 14.00
203 -/4/12 20.00 20.00

I. 204 -/4/12 20.00 20.00
H 2 200 5/7/8/-/- 39.00 19.50

201 5/78/14/- 28.00 14.00
202 77/8/14/- 38.00 19.00
203 5/-/-/14/15 22.00 11.00

tr 204 5/7/-/-/15 33.00 16.50
0

i 200 6/16 16.00 16.00
201 6/16 16.00 16.00
202 6/- 10.00 10.00
203 -/16 6.00 6.00
204 6/16 16.00 16.00

^  Mo.

»He?110"
Size Model Elements Et.i Eté. i
3 200 1/9/10 59.00 19.67

201 1/9/10 59.00 19.67
202 1/9/10 59.00 19.67
203 1/9/10 59.00 19.67
204 •79/10 53.00 17.67

1 200 2/-/-/13 10.00 10.00
201 2/3/11/- 20.00 20.00
202 2/3/-/- 15.00 15 .00
203 -/3/11/13 18.00 18.00
204 ■73/-/- 9.00 9.00

1 200 712 8.00 8.00
201 712 8.00 8.00
202 712 8.00 8.00
203 4/12 20.00 20.00
204 4/12 20.00 20.00

1 200 5/- 7.00 7.00
201 5/14 13.00 13.00
202 71 4 6.00 6.00
203 5/14 13.00 13.00
204 5/- 7.00 7.00

1 200 8/- 15.00 15.00
201 8/- 15.00 15.00
202 8/- 15.00 15,00
203 ~/15 9.00 9.00
204 715 9.00 9.00



Model Elements Et. Ete.i 1
200 7 17.00 17.00
201 - 0.00 0.00
202 7 17.00 17.00
203 \ ~ 0.00 0.00
204 7 17.00 17.00

200 6/16 16.00 16.00
201 6/16 16.00 16.00
202 6/- 10.00 10.00
203 -/16 6.00 6.00
204 6/16 16.00 16.00

Model Elements Et.i Ete.i
200 1/2/-/-/5/6 29.00 14.50
201 1/2/3/-/5/6 38.00 19.00
202 1/2/3/-/-/6 31.00 15.50
203 1/-/3/4/5/- 34.00 17.00
204 -Z-/3/4/5/6 38.00 19.00

200 9/10/- 53.00 17.67
201 9/10/11 58.00 19.33
202 9/10/- 53 .00 17.67
203 9/10/11 58.00 19.33
204 9/10/- 53.00 17.67

200 7/12/13/-/-/16 35.00 17.50
201 -/12/-/14/-/16 20.00 10.00
202 7/12/-/14/-/- 31.00 15.00
203 -/12/13/14/15/16 33.00 16.50
204 7/12/-/-/15/16 40.00 20.00

200 8 15.00 15 .00
201 8 15.00 15.00
202 8 15.00 15.00
203 - 0.00 0.00
204 - 0.00 0.00

Model Elements Et.l Ete.i
200 1/2/-/-/5/6 29.00 14.50
201 1/2/3/-/5/6- 38.00 19.00
202 1/2/3/-/-/6 31.00 15.50
203 1/-/3/4/5/- 34.00 17.00
204 -/-/3/4/5Z6 38.00 19.00
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H S^ion
^  Size Model Elements Et. Eté.

2 200 9/10/-
i

53.00
i

17.67
201 9/10/11 58.00 19.33
202 9/10/- 53.00 17.67
203 9/10/11 58.00 19.33
204 9/10/- 53.00 17.67

3 1 200 12/13/- 12.00 12.00
201 12/-/14 14.00 14.00
202 12/-/14 14.00 14.00
203 12/13/14 18.00 18.00

h 204 12/-/- 8.00 8.00
H i 200 7 17.00 17 .00

201 - 0.00 0.00
202 7 17.00 17.00
203 - 0.00 0.00

s
i

204 7 17.00 17.00

200 8/- 15.00 15.00
201 8/- 15.00 15.00
202 8/- 15.00 15.00
203 ~/15 9.00 9.00

R
204 ~/15 9.00 9.00

0
' 1 200 16 6.00 6.00

201 16 6.00 6.00
202 - 0.00 0.00
203 16 6.00 6.00
204 16 6.00 6.00

Size Model Elements Et.i Eté.i
1 200 1/2/5 19.00 19.00

201 1/3 15.00 15.00
202 1/3 15.00 15.00
203 1/3 15.00 15.00
204 3 9.00 9.00

1 200 7 17.00 17.00
201 2/5 13.00 13.00
202 7 17.00 17.00
203 4/5 19.00 19.00
204 4/5 19.00 19.00

3 200 9/10/13 57.00 19.00
201 9/10/11 58.00 19.33
202 2/9/10 59.00 19.67
203 9/10/11 58.00 19.33
204 9/10 53.00 17.67
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Station
**b»  Size Model Elements Et. Eté.
11 i i

2 200 6/8/12/16 39.00 19.50201 6/8/12/14 39.00 19.50
202 6/8/12/14 39.00 19.50
203 12/13/14/15/16 33.00 16.50
204- 7/12/15/16 40.00 20.00

0 1 200 - 0.00 0.00
201 16 6.00 6.00
202 - 0.00 0.00
203
204 6

0.00
10.00

0.00
10.00

Test ir^ * r°- 121

Size
1

Model Elements Et.i Eté.i
3 200 1/9/10 59.00 19.67

201 1/9/10 59.00 19.67
202 1/3/9 57.00 19.00
203 1/9/10 59.00 19.67

2 204 3/9 51.00 17.00
1 200 2/5/13 17.00 17.00

201 2/3/11 20.00 20.00
202 2/10 17.00 17.00
203 11/12/13 17.00 17.00

3 204 4/5 19.00 19.00
2 200 7/8/12 40.00 20.00

201 5/8/12/14 36.00 18.00
202 7/8/12 40.00 20.00
203 3/4/14/15 36.00 18.00

if 204 7/10/12 36.00 18.00
1 200 6/16 16.00 16.00

201 6/16 16.00 16.00
202 6/14 16.00 16.00
203 5/16 13.00 13.00

S 204 6/15 19.00 19.00
1 200 ... 0.00 0.00

201 - 0.00 0.00
202 _ 0.00 0.00
203 - 0.00 0.00
204 16 6.00 6.00
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Test

Numb,

No. 122

Nation 
er Size Model Elements zt.1 Ete.l

2 200 1/2/5/7 36.00 18.00
201 1/2/3/5/6 38.00 19.00
202 1/2/3/7 38.00 19.00
203 1/3/4/5 34.00 17.00
204 3/4/5/6 38.00 19.00

1 200 8 15.00 15.00
201 8 15.00 15.00
202 8 15.00 15.00
203 - 0.00 0.00
204 7 17.00 17.00

3 200 9/10/13 57.00 19.00
201 9/10/11 58.00 19.33
202 9/10 53.00 17.67
203 9/10/11 58.00 19.33
204 9/10 53.00 17.67

1 200 6/12 18.00 18.00
201 12/14/16 20.00 20.00
202 6/12 18.00 18.00
203 12/13/14 18.00 18.00
204 12/15 17.00 17.00

1 200 16 6.00 6.00
201 - 0.00 0.00
202 14 6.00 6.00
203 15/16 15.00 15.00
204 16 6.00 6.00

No- 123
■— ---- * '

t, tlon
Size Model Elements Et.l Ete.l
3 200 1/9/10 59.00 19.67

201 1/9/10 59.00 19.67
202 1/3/9 57.00 19.00
203 1/9/10 59.00 19.67
204 3/9 51.00 17.00

3 200 2/5/7/8/12/13 57.00 19.00
201 2/3/5/8/11/12/14 56.00 18.67
202 2/7/8/10/12 57.00 19.00
203 3/4/11/12/13/14/15/16. 59.00 19.67
204 4/5/7/10/12 55.00 18.33

1 200 6/16 16.00 16.00
201 6/16 16.00 16.00
202 6/14 16.00 16.00
203
204

5
6/15

7.00
19.00

7.00
19.00
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Size

* 1
Model

200
201
202
203
204

Elements

16

Et.l
0.00
0.00
0.00
0.00
6.00

Ete. i
0.00
0.00
0.00
0.00
6.00

J ^ N o .  124.

^ C tlovSize Model Elements Et.l Ete.l1 2 200 1/2/5/7 36.00 18.00
201 1/2/3/5/6 38.00 19.00
202 1/2/3/7 38.00 19.00
203 1/3/4/5 34.00 17.00

2 1
204 3/4/5/6 38.00 19.00
200 8 15.00 15.00
201 8 15.00 15.00
202 8 15.00 15.00
203 - 0.00 0.00
204 7 17.00 17.00

3 200 9/10/13 57.00 19.00
201 9/10/11 38.00 19.33
202 9/10 53.00 17.67
203 9/10/11 58.00 19.33

1
204 9/10 53.00 17.67

200 6/12 18.00 18.00
201 12/14/16 20.00 20.00
202 6/12 18.00 18.00
203 12/13/14 18.00 18.00

S 204 12/15 17.00 17.00
1 200 16 6.00 6.00

201 - 0.00 0.00
202 14 6.00 6.00
203 15/16 15.00 15.00

-h ' ~~~—-- 204 16 6.00 6.00

125

Model Elements Et.l Ete.l
200 1/9/10 59.00 19.67
201 1/9/10 59.00 19.67
202 1/3/9 57.00 19.00
203 1/9/10 59.00 19.67
204 3/9 51.00 17.00
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[}üm,Stati°n 
^  Size Model Elements Et. Eté.
2 2 200 2/5/7/12

i
38.00

i
19.00

201 2/3/5/11/12 35.00 17.00
202 2/7/10 34.00 17.00
203 3/11/12/13/14 32.00 16.00
204 4/5/10/12 38.00 19.00

3 1 200 8/13 19.00 19.00
201 8 15.00 15 .00
202 8 15.00 15.00
203 4/5 19.00 19.00

1
204 7 17.00 17.00

200 6/16 16.00 16.00
201 6/14 16.00 16.00
202 6/12 18.00 18.00
203 15/16 15.00 15.00

c: 204 6/15 19.00 19.00
0

i 200 - 0.00 0.00
201 16 6.00 6.00
202 14 6.00 6.00
203 - 0.00 0.00
204 16 6.00 6.00

V *  lon
Size Model Elements Et. Eté.

1 i i
3 200 1/9/10 59.00 19.67

201 1/9/10 59.00 19.67
202 1/3/9 57 .00 19.00
203 1/9/10 59.00 19.67

2 ' 204 3/9 51.00 17.00
1 200 2/5/13 17.00 17.00

201 2/3/11 20.00 20.00
202 2/10 17.00 17.00
203 11/12/13 17.00 17.00

3 204 4/5 19.00 19.00
2 200 7/8/12 40.00 20.00

201 5/8/12/14 36.00 18.00
202 7/8/12 40.00 20.00
203 3/4/14/15 36.00 18.00

4 204 7/10/12 36.00 18.00
1 200 6/16 16.00 16.00

201 6/16 16.00 16.00
202 6/14 16.00 16.00
203 5/16 13.00 13.00
204 6/15 19.00 19.00
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* ^ ati0nslze 

5 1
Model

200
201
202
203
204

Elements

16

Et.l
0.00
0.00
0.00
0.00
6.00

Ete.l
0.00
0.00
0.00
0.00
6.00

!27

^ be;ationSize Model Elements Et. Ete.
1 1 l

2 200 1/2/5/7 36.00 18.00
201 1/2/3/5/6 38.00 19.00
202 1/2/3/7 38.00 19.00
203 1/3/4/5 34.00 17.00

2
204 3/4/5/6 38.00 19.00

1 200 8 15.00 15.00
201 8 15.00 15.00
202 8 15.00 15.00
203 - 0.00 0.00

3 204 7 17.00 17.00
3 200 9/10/13 57.00 19.00

201 9/10/11 58.00 19.33
202 9/10 53.00 17.67
203 9/10/11 58.00 19.33

t 204 9/10 53.00 17.67
1 200 6/12 18.00 18.00

201 12/14/16 20.00 20.00
202 6/12 18.00 18.00
203 12/13/14 18.00 18.00

S ' 204 12/15 17.00 17.00
1 200 16 6.00 6.00

201 — 0.00 0.00
202 14 6.00 6.00
203 15/16 15.00 15.00
204 16 6.00 6.00

Size Model Elements
3 200 1/9/10

201 1/9/10
202 1/3/9
203 1/9/10
204 3/9

Et. Ete.l l
59.00 19.67
59.00 19.67
57.00 19.00
59.00 19.67
51.00 17.00
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Size Model Elements Et. Ite.
2 3 200 2/5/7/8/12/13

i
57.00

i
19.00

201 2/3/5/8/11/12/14 56.00 18.67
202 2/7/8/10/12 57.00 19.00
203 3/4/11/12/13/14/15/16 59.00 19.67

0
204 4/5/7/10/12 55.00 18.33

0 i 200 6/16 16.00 16.00
201 6/16 16.00 16.00
202 6/14 16.00 16.00
203 5 7.00 7.00

it 204 6/15 19.00 19.00
H

i 200 _ 0.00 0.00
201 - 0.00 0.00
202 - 0.00 0.00
203 - 0.00 0.00
204 16 6.00 6.00

s>¡íation
Size Model Elements Et.X Eté.i
2 200 1/2/5/7 36.00 18.00

201 1/2/3/5/6 38.00 19.00
202 1/2/3/7 38.00 19.00
203 1/3/4/5 34.00 17.00
204 3/4/5/6 38.00 19.00

1 200 8 15.00 15.00
201 8 15.00 15.00
202 8 15.00 15.00
203 - 0.00 0.00
204 7 17.00 17.00

3 200 9/10/13 57.00 19.00
201 9/10/11 58.00 19.33
202 9/10 53.00 17.67
203 9/10/11 58.00 19.33
204 9/10 53.00 17.67

1 200 6/12 18.00 18.00
201 12/14/16 20.00 20.00
202 6/12 18.00 18.00
203 12/13/14 18.00 18.00
204 12/15 17.00 17.00

1 200 16 V. 6.00 6.00
201 - 0.00 0.00
202 14 6.00 6.00
203 15/16 15.00 15.00
204 16 6.00 6.00
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130

Size Model Elements Et. Eté.
1 i i

3 200 1/9/10 59.00 19.67
201 1/9/10 59.00 19.67
202 1/3/9 57.00 19.00
203 1/9/10 59.00 19.67

2 1
204 3/9 51.00 17.00
200 2/5/13 17.00 17.00
201 2/3/11 20.00 20.00
202 2/10 17.00 17.00
203 11/12/13 17.00 17.00

3
2

204 4/5 19.00 19.00
200 7/8/12 40.00 20.00
201 5/8/12/14 36.00 18.00
202 7/8/12 40.00 20.00
203 3/4/14/15 36.00 18.00

it 204 7/10/12 36.00 18.00
1 200 6/16 16.00 16.00

201 6/16 16.00 16.00
202 6/14 16.00 16.00
203 5/16 13.00 13.00

S 204 6/15 19.00 19.00
1 200 _ 0.00 0.00

201 - 0.00 0.00
202 - 0.00 0.00
203
204 16

0.00
6.00

0.00
6.00

Size Model Elements Et.i Eté. i
3 200 1/9/10 59.00 19.67

201 1/9/10 59.00 19.67
202 1/3/9 57.00 19.00
203 1/9/10 59.00 19.67
204 3/9 51.00 17.00

1 200 2/5/13 17.00 17.00
201 2/3/11 20.00 20.00
202 2/10 17.00 17.00
203 11/12/13 17.00 17.00
204 4/5 19.00 19.00

2 200 7/8/12 40.00 20.00
201 5/8/12/14 36.00 18.00
202 7/8/12 40.00 20.00
203 3/4/14/15 36.00 18.00
204 7/10/12 36.00 18.00
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< î ati0"Size Model Elements Et. Eté.i i
1 200 6/16 16.00 16.00201 6/16 16.00 16.00202 6/14 16.00 16.00203 5/16 13 .00 13.00

C
204 6/15 19.00 19.00

0 1 200 - 0.00 0.00
201 - 0.00 0.00
202 - 0.00 0.00
203 - 0.00 0.00
204 16 6.00 6.00

^ ^ • 1 3 2
- — _ _ _ _ _ ----------- -—

Size Model Elements Et.X Eté.
1 i

2 200 1/2/5/7 36.00 18.00
201 1/2/3/5/6 38.00 19.00
202 1/2/3/7 38.00 19.00
203 1/3/4/5 34.00 17.00

2 204 3/4/S/6 38.00 19.00
3 200 9/10/13 57.00 19.00

201 9/10/11 58.00 19.33
202 9/10 53.00 17.67
203 9/10/11 58.00 19.33

3 204 9/10 53.00 17.67
2 200 6/8/12/16 39.00 19.50

201 8/12/14/16 35.00 17.50
202 8/12/14 39.00 19.50
203 12/13/14/15/16 33.00 16.50

> - 204 7/12/15/16 40.00 20.00
V  No 
< ^ • 1 3 3

 ̂ Size Model Elements Et.i Etei J
3 200 1/9/10 59.00 19.67 1

201 1/9/10 59.00 19.67
202 1/3/9 57.00 19.00 1
203 1/9/10 59.00 19.67 I

2 204 3/9 51.00 17.00

2/5/7/8/12/13
2/3/5/8/11/12/14
2/7/8/10/12,
3/4/11/12/13/14/15/16
4/5/7/10/12

57.00
56.00
57.00
59.00
55.00

19.00
18.67
19.00
19.67 
18.33
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Numb,Nation
---------- n

er Size Model Elements Eti Ete. I l J
1 200 6/16 16.00 16.00201 6/16 16.00 16.00202 6/14 16.00 16.00 1203 5 7.00 7.00204 6/15 19.00 19.00 I
1 200 - 0.00 0.00 I201 - 0.00 0.00202 - 0.00 0.00203 - 0.00 0.00

204 16 6.00 6.00

o 
a

25 
4̂

-"-a-on I
Size Model Elements Et. Ete. Il x I
2 200 1/2/5/7 36.00 18.00

201 1/2/3/5/6 38.00 19.00
202 1/2/3/7 38.00 19.00
203 1/2/3/4/5 34.00 17.00
204 3/4/5/6 38.00 19.00

1 200 8 15.00 15.00
201 8 15.00 15.00
202 8 15.00 15.00
203 - 0.00 0.00
204 7 17.00 17.00

3 200 9/10/13 57.00 19.00
201 9/10/11 58.00 19.33
202 9/10 53.00 17.67
203 9/10/11 58.00 19.33
204 9/10 53.00 17.67

1 200 6/12 18.00 18.00
201 12/14/16 20.00 20.00
202 6/12 18.00 18.00
203 12/13/14 18.00 18.00
204 12/15 17.00 17 .00

1 200 16 6.00 6.00
201 - 0.00 0.00
202 14 6.00 6.00
203 15/16 15.00 15.00
204 16 6.00 6.00

•
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^st

Nünibe

135
-ation 1

Size Model Elements Et. Ete.l x 1
3 200 1/9/10 59.00 19.67 1

201 1/9/10 59.00 19.67
202 1/3/9 57.00 19.00 I
203 1/9/10 59.00 19.67
204 3/9 51.00 o o

1 200 2/5/13 17.00 17.00
201 2/3/11 20.00 20.00
202 2/10 17.00 17.00
203 11/12/13 17.00 17.00
204 4/5 19.00 19.00

2 200 7/8/12 40.00 20.00
201 5/8/12/14 36.00 18.00
202 7/8/12 40.00 20.00
203 3/4/14/15 36.00 18.00
204 7/10/12 36.00 18.00

1 200 6/16 16.00 16.00
201 6/16 16.00 16.00 I
202 6/14 16.00 16.00
203 5/16 13.00 13.00
204 6/15 19.00 19.00

1 200 _ 0.00 0.00
201 - 0.00 0.00
202 - 0.00 0.00
203 - 0.00 0.00
204 16 6.00 6.00

Size Model Elements Et.l Ete.l
3 200 1/9/10 59.00 19.67

201 1/9/10 59.00 19.67
202 1/3/9 57.00 19.00
203 1/9/10 59.00 19.67
204 3/9 51.00 17.00

1 200 2/5/13 17.00 17.00
201 2/3/11 20.00 20.00
202 2/10 17.00 17.00
203 11/12/13 17.00 17.00
204 4/5 19.00 19.00

2 200 7/8/12 40.00 20.00
201 5/8/12/14 36.00 18.00
202 7/8/12 40.00 20.00
203 3/4/14/15 36.00 18.00
204 7/10/12 36.00 18.00
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«o*'!'410"

'i

Size

1
Model

200
Elements

6/16

Zt.l
16.00

Ete. i
16.00

201 6/16 16.00 16.00
202 6/14 16.00 16.00
203 5/16 13.00 13 .00

5
204 . 6/15 19.00 19.00

1 200 — 0.00 0.00
201 - 0.00 0.00
202 - 0.00 0.00
203
204 16

0.00
6.00

0.00
6.00

Sst No 137

^ b ? tÌOn
Model Elements Et. Ete.i i
200 1/2/5/7 36.00 18.00
201 1/2/3/5/6 38.00 19.00
202 1/2/3/7 38.00 19.00
203 1/3/4/5 34.00 17.00
204 3/4/5/6 38.00 19.00

200 9/10/13 57.00 19.00
201 9/10/11 58.00 19.33
202 9/10 53.00 17.67
203 9/10/11 58.00 19.33
204 9/10 53.00 17.67

200 6/8/12/16 39.00 19.50
201 8/12/14/16 35.00 17.50
202 6/8/12/14 39.00 19.50
203 12/13/14/15/16 33.00 16.50
204 7/12/15/16 40.00 20.00

1

on
Size Model Elements Et.i Ete.i
3 200 1/9/10 59.00 19.67

201 1/9/10 59.00 19.67
202 1/3/9 57.00 19.00
203 1/9/10 59.00 19.67
204 3/9 51.00 17.00

1 200 2/5/13 17.00 17.00
201 2/3/11 20.00 20.00
202 2/10 17.00 17.00
203 11/12/13 17.00 17.00
204 4/5 19.00 19.00
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», Station *«»ber, Sl2e Model Elements Et. Eté.
3' 2 200 7/8/12

i

40.00
X

20.00
201 5/8/12/14 36.00 18.00
202 7/8/12 40.00 20.00203 3/4/14/15 36.00 ' 18.00
204 7/10/12 36.00 18.00

4 1 200 6/16 16.00 16.00
201 6/16 16.00 16.00
202 6/14 16.00 16.00
203 5/16 13.00 13 .00
204 6/15 19.00 19.00

0 1 200 - 0.00 0.00
201 - 0.00 0.00
202 - 0.00 0.00
203 - 0.00 0.00
204 16 6.00 6.00

>  »0. !3,

^ 6;a ionSize Model Elements Et. Eté.
1

2 200 1/2/5/7
i

36.00
i

18.00
201 1/2/3/5/6 38.00 19.00
202 1/2/3/7 38.00 19.00
203 1/3/4/5 34.00 17.00

2
204 3/4/5/6 38.00 19.00

3 200 9/10/13 57.00 19.00
201 9/10/11 58.00 19.33
202 9/10 ' 53.00 17.67
203 9/10/11 58.00 19.33

3 204 9/10 53.00 17.67
2 200 6/8/12/16 39.00 19.50

201 8/12/14/16 35.00 17.50
202 6/8/12/14 39.00 19.50

’ 203 12/13/14/15/16 33.00 16.50
204 7/12/15/16 40.00 20.00

S  j.
\ Î ^ l 4 0
* — ----

Size
l Model Elements Et.i Eté.i

3 200 1/9/10 59.00 19.67
201 1/9/10 59.00 19.67
202 1/3/9 57.00 19.00
203 1/9/10 59.00 19.67
204 3/9 51.00 17.00
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> ^ aUOnsl M Model Elements Et. Eté.
? 1 200 2/5/13

i
17.00

i
17.00

201 2/3/11 20.00 20.00
202 2/10 17.00 17.00
203 11/12/13 17.00 17.00
204 4/5 19.00 19.00

3 2 200 7/8/12 40.00 20.00
201 5/8/12/14 36.00 18.00
202 7/8/12 40.00 20.00
203 3/4/14/15 36.00 18 .00

1,

204 7/10/12 36.00 18.00
H l 200 6/16 16.00 16.00

201 6/16 16.00 16.00
202 6/14 16.00 16.00
203 5/16 13 .00 13.00

c 204 6/15 19.00 19.00
0

i 200 _ 0.00 0.00
201 - 0.00 0.00
202 - 0.00 0.00
203 - 0.00 0.00
204 16 6.00 6.00
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TEST SERIES 6

GENERAL RESULTS FOR EXAMINED TESTCASES

SINGLE MODEL BALANCING

FINAL ASSIGNMENTS AND RESULTS
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Tests 141 and 142
143
144
145
145 and 147

TEST PROBLEMS

16 Element Problem 
21 Element Problem 
30 Element Problem 
45 Element Problem 
70 Element Problem

EXAMINATION CONDITIONS

General

No Confidence Effect 
Single Model Production 
(Single Element Assignment) 
Unlimited Line Length

Test 141

Driscoll-Shafi
Wild
Sawyer
Kilbridge and Wester 
Tonge

Minimum duration = 10% of normal duration
Cycle time = 16
Maximum station size = 3

Test  1 4 2

No compressibility 
Cycle time = 59 
Maximum station size = 1

Test 143

No compressibility 
Cycle time = 37 
Maximum station size = 1

Test 144

No compressibility 
Cycle time = 43 
Maximum station size = 1

Test  14 5

No compressibility 
Cycle time = 71 
Maximum station size = 1

Test 146

Minimum duration = 50% of normal duration 
Cycle time = 179 
Maximum station size = 2

Test 147

No compressibility 
Cycle time = 319 
Maximum station size = 1.
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Test No. iin

Size Model Elements Zt. Zte.
1 l x
2 3 200 1/9 48.00 16.00
3 2 200 3/4/10 32.00 16.00
4 1 200 11/12 13 .00 13.00
5 1 200 2/13/14 16 .00 16.00
6 1 200 5/15 16.00 16.00

L 7 2 200 7/8 32.00 16.001 200 6/16 16.00 16.00

^ ! ^ N ^ 1 4 2
-— — ------

v ; auonSize Model Elements Zt. Zte.
1 l x
2 1 200 1/3/9 57.00 57.00

L  3 1 200 2/4/5/10/11/12/13/14 59.00 59.001 200 6/7/8/15/16 57.00 57.00

1
1
1
1
1
1
1
1

Model

200
200
200
200
200
200
200
200

Elements

2/3/12/17
1/5/6/13/14/16
10/20/21
4/7/15/24
8/9/22/25
18/13/26
19/27
11/28/29/30

Zt.x
43.00
43.00
41.00
40.00
42.00
35.00
43.00
37.00

Zte.l
43.00
43.00
41.00
40.00
42.00
35.00
43.00
37.00

l0nSize Model Elements Zt. Zte.1
2 1 200 1/2/3/4/5/21

l
37.00

x
37.003 1 200 6/7/8/9/11/12/13 37.00 37.004 1 • 200 10/14/15/16 33.00 33.001 200 17/18/19/20 36.00 36.00

est #0. lUli
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Iest No. 

Stai-
145

«Umber,
i

ion
Size Model Elements It.i Ite.i

2 1 200 1/2/7/11/12/13/15 69.00 69.003 1 200 8/14/16/18/19/20 68.00 68.009 1 200 17/21/29 71.00 71.005 1 200 3/23/24/27 71.00 71.006 1 200 4/22/25/26/33 71.00 71.007 X 200 5/6/28/36/38 70.00 70.00. 8 1 200 9/10/30/31/34/35/39 71.00 71.001 200 32/37/40/41/42/43/44/45 61.00 61.00

1
2
3
4
5
6
7
8 
9
lo
U
l2

la
h

1
2 
1 
2 
1 
2 
1 
2 
2 
1 
2 
2

1
1

lo
U
1?

i
i
i
i
i
i
i
i
i
i
i
i

Model Elements Et.i Eté.i
200 1/2/15 177.00 177.00
200 3/4/5/6/9/16 358.00 179.00
200 7/10/11 176.00 176.00
200 18/24/30/41 358.00 179.00
200 8/12/57/58 178.00 178.00
200 13/14/17/19/59 354.00 177.00
200 20/21/22/70 171.00 171.00
200 23/25/31/33 358.00 179.00
200 26/27/28/29/32/34/35/51/62 356.00 178.00
200 44/45/46/69 179.00 179.00
200 52/53/54/63 347.00 173.50
200 36/37/38/39/40/42/43/47

48/49/64/67 355.00 177.50
200 56/61/68 165.00 165.00
200 50/55/60/65/66 154.00 154.00

Model Elements Et.i Etei

200 1/2/3/4/5/7/15 310.00 310.00
200 6/9/10/16 316.00 316.00
200 18 319.00 319.00
200 8/11/12/17/19/24 315.00 315.00
200 13/14/22 309.00 309.00
200 20/21/23/30/33/41 306.00 306.00
200 25/28/31/32 307.00 307.00
200 26/27/29/34/35/44/45/51/62 305.00 305.00
200 46/52/53/63 309.00 309.00
200 36/37/38/39/47/48/54 312.00 312.00
200 40/42/43/49/56/57/58/64/68 315.00 315.00
200 50/55/59/60/61/65/66/67/69

70 263.00 263.00
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SIMULATION

OF LINE OPERATIONS
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USEFUL EQUATIONS AND DEFINITIONS 

(See Chapters 4 and 5)

D2s(BD1 ) : Model adjusted balance delay for simulation.

J - T v i  Us, x C ) - T } BD2 = y-1 k~1 k s ky
{.sf S, } x C x N

K—X K S C

x 100 (5.11)

BOH (D r , . ,  .s u g-*1 Model adjusted effective balance delay.

D J-N1C {S, x (C - Te. )}BD4 = y-1 k=l k s ky
S T}{, S. } x C x Nk=l k s c

x 100 (5.12)

Sl2 (Cti \s Xs^: Model adjusted smoothness index for simulation.

SI2s = / / l ° kI?t(Sk x C s) - T  }2

St,*s(SI3J:
ky

Model adjusted effective smoothness index.

(5.13)

SI"s = (SK * <Cs - V ,);

ARl:
Average run length.

(5.14)

Np
ARL = ¿ 1  NX

N
(5.5)

Standard deviation of run length. 

' N
APp̂ . Average production per model.

(5.6)

n U l

APPm = 3-1 Qj 
Ms

S’ Model dominantce ratio.

(5.7)

s __ max
{ j S  Q^/M3 s

(5.8)
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UT

NT

DT

lt

TWa

HUNT
( f )

Total upstream working time during simulation. 

Total normal working time during simulation. 

Total downstream working time during simulation. 

Total lost working time during simulation.

Total work time assigned during simulation.

Total unused normal time during simulation. 

Frequency of occurence.



TEST SERIES 7

LINE SPEED EFFECT

FINAL SIMULATION RESULTS
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test problems

^sts I4g to 175 

TeSts 176 to 196
16 Element Problem Driscoll-Shafi (Test set A)

16 Element Problem Driscoll-Shafi (Test set B)

EXAMINATION CONDITIONS

Balancing

16 Element Problem
Single Model Balancing
Minimum duration = 10% normal duration
Confidence levels (50, 75, 95 and 99 per cent)
Cycle time =20.

Simulation

General

Production schedule for 20 units 
Consecutive scheduling 
Closed stations 
Mo station overlap

Test set A

SO, 75, 95 and 99 per cent balancing confidence 
Station variability

Test Set B

75 per-cent balancing confidence
° variability, station and element variability 
cases.
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Test Series 7 (Set A)

»0.
50%
148
1*19
150
151
152
153 
154.

’5%
155
156
157
158 
l5g 
160 
161
95%
162 
163 
l6i| 
Iß 5 
166 
Iß? 
168
99%
l6g
l70
fl172
ll3
t y
Us
*1
*î

: Line , 
Speed*'1 Percent.,. Theoretical Time Available

Unused
Normal

Change Upstream Normal Downstream Total Time
Confidence

15.0
18.0
19.0
20.0 
21.0 
22.0 
25.0

(Balancing)
-25.0 0.0 2700.0 0.0 2700.0*'3 10.7
-10.0 0.0 3240.0 0.0 3240.0 57.9
- 5.0 0.0 3420.0 0.0 3420.0 105.8
0.0 0.0 3600.0 0.0 3600.0 204.6

+ 5.0 0.0 3780.0 0.0 3780.0 344.9
+10.0 0.0 3960.0 0.0 3960.0 506.3
+25.0 0.0 4500.0 0.0 4500.0 1037.7

Confidence
15.0
18.0
19.0
20.0 
21.0 
22.0 
25.0

(Balancing)
-25.0 0.0 3000.0 0.0 3000.O*'4 26.6
-10.0 0.0 3600.0 0.0 3600.0 199.6
- 5.0 0.0 3800.0 0.0 3800.0 351.8
0.0 0.0 4000.0 0.0 4000.0 531.9

+ 5.0 0.0 4200.0 0.0 4200.0 727.8
+10.0 0.0 4400.0 0.0 4400.0 927.4
+25.0 0.0 5000.0 0.0 5000.0 1527.6

Confi
I s  .o
18.0
19.0
20.0 
2X.0 
22.0 
25.0

Co:>nfidet
15.0
18.0
19.0
20.0 
21.0 
22.0 
25.0

In

-25.0 0.0 3300.0 0.0 *53300.0 176.4
-10.0 0.0 3960.0 0.0 3960.0 500.4
- 5.0 0.0 4180.0 0.0 4180.0 707.6
0.0 0.0 4400.0 0.0 4400.0 927.6

+ 5.0 0.0 4620.0 0.0 4620.0 1147.6
+10.0 0.0 4840.0 0.0 4840.0 1367.6
+25.0 0.0 5500.0 0.0 5500.0 2027.6

(Balancing)
-25.0 0.0 3300.0 0.0

A 0
3300.0 126.1

-10.0 0.0 3960.0 0.0 3960.0 508.7
- 5.0 0.0 4180.0 0.0 4180.0 717.1
0.0 0.0 4400.0 0.0 4400.0 936.7

+ 5.0 0.0 4620.0 0.0 4620.0 1156.7
+10.0 0.0 4840.0 0.0 4840.0 1376.7
+25.0 0.0 5500.0 0.0 5500.0 2036.7

Cĥ geii!lent ?y?le time*Ron 2q r?m orlginal balancing cycle time.
Ron 20 Unlls on ^ enlarged stations equivalent to 9 normal 
stai-.Un^ls on 5 enlarged stations equivalent to 10 normal

Tor 2Ql0nf*
sta-h*Un^ts on 3 enlarged stations equivalent to 11 normal 

p _  ^ cions *on jQ 7 *
stat£Un^ s °n ^ en3-arged stations equivalent to 11 normal

normal stations,

PROBLEMS INVOLVED IN TEST SERIES 7 (SOT A).



£** Line A 
Speed"1

*3Percent.. Theoretical Time Available
Change Upstream Normal Downstream Total

C°hfidenc

176
177
178
179
180 
181 
182

e Example (Balancing)
in is t ic

15.0
18.0
19.0
20.0 
21.0 
22.0 
25.0

St,̂ ion
183
l8i*
18 5 
186
187
188 
l8g

liability

Ê1,•«Hie:ht
190
}Sl192
193 
I914 
19$ 
196

*1
*3

liability
15.0
18.0
19.0
20.0
21.0 
22.0 
25.0

In

-25.0
-10.0
- 5.0 
0.0 

+ 5.0 
+10.0 
+25.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

3000.0
3600.0
3800.0
4000.0
4200.0
4400.0
5000.0

0.0
0.0
0.0
o;o
0.0
0.0
0.0

3000.0
3600.0
3800.0
4000.0
4200.0
4400.0
5000.0

Change^alent c y c l e  time.
Por> jQ r°m original balancing cycle time. 
stat^ nits on 5 enlarged stations equivalent

Unused
Normal
Time

-25.0 0.0 3000.0 0.0 3000.0 0.0
-1 0 . 0 0.0 3600.0 0.0 3600.0 160.0
-5.0 0.0 3800.0 0.0 3800.0 340.0
0.0 0.0 4000.0 ' 0.0 4000.0 540.0

+ 5.0 0.0 4200.0 0.0 4200.0 740.0
+10.0 0.0 4400.0 0.0 4400.0 940.0
+25.0 0.0 5000.0 0.0 5000.0 1540.0

15.01ft A -25.0 0.0 3000.0 0.0 3000.0 26.6
*0lq r\ -1 0 . 0 0.0 3600.0 0.0 3600.0 199.6

20 r\ - 5.0 0.0 3800.0 0.0 3800.0 351.8
21 A 0 .0 0.0 4000.0 0.0 4000.0 531.9
*0

22 n + 5.0 0.0 4200.0 0.0 4200.0 727.8
* *u 
25 A +10.0 0.0 4400.0 0.0 4400.0 927.4
*u +25.0 0.0 5000.0 0.0 5000.0 1527.6

27.3
231.4 
354.6
528.5 
721.8 
921.1

1521.1

to 10 normal

problems involved in t e s t series 7 (set b).



360

I

dH«

coHCO

gto

Co

»
0)

toCl
«1

99

§j9

oo

I

a
ICO
•Clft;

CO•o

co
10

coCo: -H

0)<0
CO

°> o  CO 5

«0

^ o» 
«.§ 
» 0

CO

Co

«¡|
«1 §

oo oo oo oo oo oo

oo oQ o O o O O
oCN oCN

o
o

O
O

o
o

O
O

O
OCN CN CN CN CN

OO Oo O O o O O
o’ o O o O Oo O O o O O
o .o oo o O o O O
o o O o O O
CN oCN o O o O OCN CN CN CN CN

CO CD CO CN 00 CO
uo r-

-3- 00 d- d-

;3 ®  CD CO CN 00 CO 
CD [--

d- oo J- d"

fS 01CO CN 00 CO m  f'
•3- oo d  d"

00 t> CO CN CO zt CO OLO H LO LO LO zt LO l>

d- c d- O d- d- d- C'
*— 1 1— 1 CN

CO [> CO CN oo d- 00 OLO H LO LO m  d- LO [>

zt t> d- O zt zt d- e-
«H rH CN

co o CO CN CO zt 00 oLO rH LO LO LO Zt l o

d- i n d- O d- d- d- e-
•— 1 rH CN

ÍS 01co csr co CO uo e'
en d  d

S 0100 £n
CO

CD CD CO O
CO 00

Sì 01oo e'

en
er» cd 
oo o
cn on

Si 05°o IN
co H*

cn cd
co o

en cn

0 IN CO CN 00 d- 00 On rH LO LO in d- LO [>
t o d- O zt zt d- inH rH CN

■> co cn cn en cn cn lo> IO CO rH co co o
) LO oo cn CO CN co CO«H CN

» 00 cn cn en cn cn lo) LO CO rH co t> 00 O
• LO oo cn CO CN co corH CN

CO cn cn en cn CD COLO CO rH oo e- 00 O
LO oo cn CO CN CO corH CN

o
d• S  CD IN cn cn
o • co O• •

cn co
00 CO

en cn cn io

«1 cn cq cn m cn

cn CN cn cn cn LO
00 rH 03 r - 00 o
co CD co CN co CO

rH CN

CQ CO CQ cn 03 CO

CD
3-
N io H CN co Ztio IO LO LO

H rH rH H

k

IM

o\°

CM

H
Q

o\°

£->

o\°

4h

cn on en en  cn  on cn
<
3c
H

E-i
D

CN CN CN CN CN CN 
CD CO CO CO CD CD 
J  3  3  3  i d 
eo  co oo co co t o

o\° on H  cn ai co cn o
CN CO d" i—I o  O  O  CN

en o  io  r i  cd in  o  
in cn d- cn

O  CN rH CD CN CO O
6^ CO O  CO CO M X )  o
>H O' CO d- CO CN

IN CN H

o  o  o  o  o  o  o  o  o  o  o  o  o  o
o  o  o  o  o  o  o

o  o  o  o  o  o  o

o  o  o  o  o  o  o  
o’ o  o  o  o  o  o

c— cn o~ H  cn co o

IN H  ID 00 CD cn o  
IN CD CD CD CD en O  

I I

/-s o o o o o o oCM CO CO CO 00 CO CO 00

en h  cn d- H  in cn
en cn d* en io  on cn
oo co H  cn cn co co
co -H en en d  d  dCN en en en en en cn

o o o o o o oo o o o o o o
o o o o o o o

o o o o o o o

o o o o o o o
.  . . • • • •o o o o o o o

co ci o  H  N  <2 í  -t- d" m  m  m  m  io
MrlHHHHrl

34
62
.





N
u
m
b
e
r
'

362

o
o

H
OO O 

i—I
o o o <

¡3:H
CN <N CN CM CN CM CMc— c— c— t— c— c~~í í í d - í d - í
co  co  n  co n  c o  co

g
o
o CD o o o o o

a¡ CD o o o o o N
o * • • • • ♦ o\°
CN O o o o o o w

CN CN CN CN CN CN? O
O CD o o o o o

CO
O

CD o o o o o Uh
CD o ’ o o o o V-/

q O
o CD o o o o o

3
o

CD o o o o o H
CN CD o o o o o f-3

CN CN CN CN CM CN

o  a - o  o  o  o  o  

o  o  o  o  o  o  o<—l

oo a - o  o  o  o  o
CO

CO G> O  O  O  O  O

00 CN o  o  o  o  o  
a  t—I 
CO

aH
«

s °CQ

CN coH
CD CO 
CD cm 

• • 
CN co 
H  h

<0

£
0101
CN

Ol CO 
01 CN

CN co H i-H

E¡
to

01 Q
®  oo

CN CO 
H

CD CO 
CD CN 

• • 
CN co

sCD 0

si®

3*

oq co co

lo

CD o CD o CD CN CD CO CD CD
CD CO CD co CD it CD CN CD CO

o\°
CN 1—1 CN o CN it CN CN CN V—'
«H CN 1—1 CN rH CO i—1 it i—1 CO

CD o CD o CD CN CD CO CD CD
CD (O CD 00 CD it CD CN CD CO

4-c
CN 1—1 CN t> CN it CN CN CN '-Z
rH CN '—1 CN i—1 CO rH It i—! CO

CD o CD o CD CN CD co CD CD
CD CO CD 00 CD It CD CM CD CO H
CN 1—1 CN t> CN a CN CN CN «
H CN i—1 CN •—1 00 rH a «—1 CO

CD o CD o CD CN CD CO CD CD
CD co CD CO CD a CD CN CD CO

• • • • • • • • * • o \°
CN H CN CN It CN CN CN 'w '
1—1 CN •—1 CN i—1 CO •—1 it rH CO

o CO l> CO t> It t> co t> CO
00 CD CO o 00 CO CO CM CO CD

co I—1 o* it CO CO
1 1 CN CN CM CO

o o o c> o o o
o  o  o  o  o  o  o

o  o  o  o  o  o  o

CD CD CD CD CD CD̂ C> 

CD O  O  O  CD O  CD

o CO o o o o O
• • • • • * •

o CD o o o o o
CD CD o o o o o

1— 1 1—1 rH rH 1— 1

o o o CD O O O
CO CO CO CO CO cO CO

B
D
3 N  a

co  CO 
• •

f »  cn cd o It
CO CD CO o CO CD

t "  CN r-» co rH ItH •— 1 CM CN

<N n
s ° î S

co  CO 
• •

r - ' oo t>  CD o it

7 5
. CO CD CO O CO CD

^  CN C " CD r -  rH ItH •H CN CN

co CO I t a a- a- i t

CO r- co
CO CN co 00 H CO CD CN CN CN CN CN

CN in £> t> t>
r- CO r- CO 1—1 I t i t i t a- a- a-

CN CO CO CO CO CO CO CO CO

CO CO
CO CN CO CO /"V o o o o CD CD CD

o\° • • • • • 0 •
o CO I> CO o o o o o o o

CN CO

CO co

^  CN 
H

CO 
CO CD

C's* CO

o- CO 
CO O

l> H 
CN

i t  
CO 00

£> i t  
CN

CO 
00 CN

c o
CN

1>  co
00 CO

[>  CO 
CO

Uh CD CD CD CD O  O  CD

^ 03 CQ
« co co co co men cq c/3

r  o  o  o  o  o  o  otH • • * * • • •
3  O O O O O O O



363

S

§

d05

to
hto

<NH
to

to

d

0)

to
9tq

9
0)

ÌJ iln S 
s> ■§bi ts

O
O

O
O

OtM

O
O

O
O

O
O)

Jí
C)
tí] . to

^  CO

R. s ¡

* « î

tí) to

0 )to
■H

O
o

o
o

o
CM

o
o

o
o

o
CM

t í  í í  CM

S ¡J8.

^  Cs|
« ¡ N

tr>

S s

~í Cm
tO N

^ IO

N ̂  1 CO

» ’ CO

SÌ M, 03 
* t Q *

Csl co t> * • 
O '  J -  H
d" CM
to  r-.

3- CM
to

• »

t -  d-

CM
to  tN- 

• .  
^  d-

¡£) trj
t ' '  co• .
d- CM

H

¡O id t̂ co
d -  cm’

¡o u,
co

• •
d- CM

H

£ lot̂ 00* .
d- CM

H

O

OCv

co co co co co co co
o O o o o .
o O o o o co co co co co co co

• • • * • *> CO CD CD CD co co co•—1 1--1 «—1 rH E-< d~ d- d- d - d - d - d-
co co co co co co co

o O o o o
o o o o o d- co O  O  O  O  O

• * * • o\°
o o o o o s_/ co o  o  o  o  o  o
CM CM CM CM CM

o o o o o
o o o o o d - r -  rH O  O  O  O* V » 4M I f
o O o o o

o o o o o d - O  d - O  O  O  O
o o o o o• * t“4 CT> CN O  O  O  O  O
o o o o o CO H
CM CM CM CM CM CM

d - oo d - to d - O d- cr> d - Oco o CD CD to  H (O CO CO CO /-s o  o  o  o  o  o  o
o\°

C" o O  LO t>  CM [> CO t> V--' o  o  o  o  o  o  o
CM CM CO CO LO

co d - CD d - O i f  CD d - OCO o CD CD CO r—1 CO CO co co
t)H o  o  o  o  o  o  o

t "  o t>  in CM t>  CO [>
CM CM CO CO LO

d- co d - co d - O It  CD i t  oco o CD CD CO i—1 CO CO CO CO o  o  o  o  o  o  o

f~  o O  LO CM t>~ 00 r -  t> Q o  o  o  o  o  o  o
CM CM CO CO LO

d - co i f  CD d- O It CD d - O tO O  o  o  o  o  o
CD o CD CD CO rH CO CO CO CO • * • • • • *

• • o\° i—1 CD CD CD CD CD CD
f "  o t>  LO t>  CM O  00 t>  o V cn co o  O  O  O  O

CM CM 00 CO LO H  H  i—1 H  H

O  CD LO CD LO i f LO it LO CO
H O  CM r -  o O  It c -  o /—N o  o  o  o  o  o  o

• * CO CO CO CO CO 00 co
I f  t> d- r—i It io It oo d- [>

H CM CM CM co

cn co co co co co co
O  co LO CD LO it LO it co co
■" H t>  CM r -  o i t r -  o CO rH CM co co co CO

• • H t>  LO to  CO to  to  tot  t> d - <H i f  in I t  co I f  [> H  d- d- d -  d - d- d-
H CM CM CM co oo co co co co co co

o  co LO CD LO i t LO It LO CO
"  H t>  CM f~  o t>  I t o  o / - \ o  o  o  o  o  o  o

o\° • • • • • • •
t d-  H It  LO I t  oo d- r - o  o  o  o  o  o  o

«--1 CM CM CM co

0 CO LO CD t o  3- Id  d- IO co
"  H O  CM t> O O  I f o  o• • M-i o  o  o  o  o  o  o
t ■3" <—1 It  LO d-  oo i t V-/

H CM CM CM 00

o  o  o  o  o  o  o
a co CQ CO oa co co cn CQ CO

f-t « • • • • • •
CD o  o  o  o  o  o  o

M CM CO I t LO en O  H  <N co d-  to
!> o t> t o  r~ r -  r -  i> t>
i—1 rH rH rH rH H  H  rH H  H  H



364

« o O
o o o  o  o  o  o  o  oB o o o o o< • o o o o o <c

& o  o  o  o  o  o  oH H • • • * • to  to  to  to  to  to  to<—1 <—1 '—1 rH i—1 H zt zt zt zt zt zt zt
CO CO CO CO CO CO CO

s O
Oh
Oh

o o
o
o
CN

o o o o o
o
CM

o
o

o
o

o
o

o
o

o
o

o\°
CO to  o  o  o  o  o  
CD o  o  o  o  o  oCN CN CN CN CN 1—1

£ O
9 O O

O o o o o oto
O

o o o o o Uh o  o  o  o  o  o  o
CN CNo o o o o o

s o  ■
« O o o o o o o o  o  o  o  o  o  o

O
o o o o o• • • • • (H o  o  o  o  o  o  oCN CN o o o o o >-3 to  CNCN CN CN CN CN i t

» OM o CM j-  
O  CN • • 
3- ^

Ö
°  o cm a - CN CN tO CN Zt CN t>
^  o

O  CD 
i t  F-

O  r -  
zt CN

O  CO 
zt l>

o  o
i t  CO

O  C" 
zt CO

o\°v_/
o  o  o  o  o  o  o  
o  o  o  o  o  o  o

i—1 i—1 CN CO

to 5̂  o
JÜ J-
o  CM

H
to

o  g cm a - CN t> CN tO CN Zt CN OO  cn O  t> o  00 o  o o  o r-s
^  o * • Uh o  o  o  o  o  o  ozt o zt CN zt t> zt CO a- co•—1 i—1 CN CO

m  oN
to o § CM d- 

O  CM cm a - CN O CN (O cm a - CN O
^  o O  <n o  t> O  CO o  o o  c - H o  o  o  o  o  o  o

^  i t i t a - cm Zt Zt CO zt 00 Q o  o  o  o  o  o  o
i—1 H CN 00

§ o  O CM 3- 
O  CM' CN zt CN O CN tO cm a - CN [> t>  a - o  o  o  o  o

^  o O  CD O O  CO o  o o  r - /“N
o\° CD a> O  O  O  O  O

a- r~ a - cm Zt t> I t  CO zt CO V-/ co cn O  O  O  O  O
i—1 '—i CN CO 1—1 1—1 1—1 1—1 «—1

»
9
O)

to o  

to ,4
to  j .  
to  a- LO IO 

tO CD
to  o  
to  to

to  CN 
to  to

to  to
to  CO

to  o  
to  CO o  o  o  o  o  o  o• ■ Uh o  o  o  o  o  o  oCO CO CO 00 00 t> CD M co  o rH rH rH <H rH rH rH

<—1 •H CN CO

to
9
0)

to 0  
^ 8 m  .4.

co Î to  to to  O LO CN to  to to  o
o  o  o  o  o  o  o  • • • • • • •

. * o
to  CD to  to to  to to  CO to  00 o  o  o  o  o  o  o
00 CO

H O  CD CD CD CD CD
CO 00 CO o CD .H 00 O iz; o  a- a - a- 5- a - a -

1—1 «—i CN 00 CD CD CD CD CD CD CD
Oj
9
tq

3
.6

5
0

.0
0

.6
5

.W

to  to  
to  CD to  O  

to  to
to  CN 
to  to

to  to  
to  00

to  o  
to  CO

CO 3- CO CO o\° O  O  O  O  O  O  O
co CO CO o 00 f-H 00 O '—'

'—1 H CN CO o  o  o  o  o  o  o

9
0) S § to  ^  

CO 3- LO LO LO o to  CN to  to LO o
05 d CD CO to  to CD CD to  CO to  00 r—N

co a- CO CO Uh o  o  o  o  o  o  o
CD CD CO C"- 00 rH CD O V—*

^ c o
«5 CO CQ CO

H 1—1 CN CO

o  o  o  o  o  o  o
CQ m  cd m  cd m  cd H

i. t, 1-3 o  o  o  o  o  o  o
•

A-9 to
1

N tN
00IN CD o CN to  [> 00 CD O  H  CN

H c*- o 00 00 00 O  O  o  t> co co CO
rH 1—1 rH rH <—1 i—1 rH i—1 «—1 rH i—1 i—1



365

9 o9 o Os: • O
H hH

s oo o9 o
9 O •

CM oCM
9ft; O9 O Oto O

9

O

o ■

O

s o o9 oo *
cm oCM

pf Cm op9 o S 3-9 O  co
* H * •J- to

to Cm olN o S CM j-to • • O  CO
^ -H 4" to

¡N
to

í1hto

»
90)

to99

9°q

99

n
i

s ®  
. K3- J

Q N

<D

10<0
CO

5 §
tò

>0
to o>
. °oto

9

toto

CO

Si -ti-O  CO
• •-3" CQ

04 ^o S*
• «j- to

UO -4.
to 5
oo to

to 3.CO IT)
• •00 uo

to J- to S  
• .oo IT)

IT) -j.
to S
• 9

00 LO

“1 W

if-
00"H

uo
00H

o o o o oo o o o o• • • • 0
1—1 1—1 <—1 H r—{

o o o o oo o o o o• • • 0 •o o o o o04 CM CM CM CM

o o o o oo o o o o• • • » *o o o o o

o o o o oo o o o o• • « » •o o o o oOJ CM CM CM CM

M it CM CD CM st CM [> CM LOO to O  00 O  LO O  f O  CO• •rf- CD zt CO st CD zt CO st CO•—1 1-1 CM CO

N J- CM CD CM st CM £> cm inD LO O  OO O  it) O  st O  co
t CD zt CO St CO It CO st CO1—1 ■—1 CM CO

M st CM CD CM J- CM O cm inD CD O  00 O  UO O  st O  co• •Í* CD it CO It CO it CO zt CO<—1 1—1 CM CO

M d- CM CD CM Pt CM O CM LO0 CD O  00 O  LO O  if- O  CO• • • • • • • « • • ̂CD zt CO pf- co zt CO St CO1—1 1—( CM CO

■> CO LO O LO CO LO CO LO LO3 CM CD CO CD CO CD O CD LO
CD CO CO CO t> CO H CO O«H «H CM co

CD LO o LO CO LO CO LO LOCM CD CO CO CO to o CO LO
CD CO CO CO CO r-i co O«H <—1 CM co

CD LO O LO CO LO CO IO LOCM• CD CO to CO CD O CD LO
CD CO CO CO o CO iH CD O1—1 rH CM CO

CD LO o LO CO LO CO LO LOCM CO CO CD CO to o CD LO
CD CO CO co r"~ CD H CD O1—1 <—1 CM co

CO eq co m  co CQ CO CQ CO

CD CO CDCO 00 CO co«—1 1—1 *—i r—J

<5=
E -

o\°

Mh

EhiJ

o\°

4h

EhQ

o\°

Mh

Eh
a

o\°

Mh

Eh3

to to to to to to to
CM CM O l CM CNI CNI CMC~- t'' C~ C" [> C~-3- j- 4- D- if- d-
CO CO CO CO CO CO CO

if- H  O' H  O  O  O  
J- CM o  o  o  o  o

O  H  CO u o  r - l  O  O
oo co H

H  H  d -  UO d -  O  O

CD CM d -  J -  O  O  O  
O )  O  CM
st

O O O O O O O 
O O O O O O O

O O O O O O O

o  o  o  o  o  o  o 
o  o  o  o  o  o  o

CD CD CO o o o o• • • • • • •LO CD CD o o oCO CD CD CD o o oi—!1—1i—!

o o o o o o oo o o o o o o1—11—1i—!iH1—Í1—11—1

zt zt 1—1CM CM CD CD
co n co co CM CM CMo st CD O O OCD zt zt zt •=*•ztCM CO co CO CO CO CO

o  o  o  o  o  o  o 
o  o  o  o  o  o  o

o  o  o  o  o  o  o

o  o  o  o  o  o  o
o o o o o o o

CO st LO CD 00 CDco co CO CO CO CO CO1—11—1i—frH 1—11—1i—1



366

I
ft.

Cl

oo

oo
o
CM

OO

3

ï
S

o 01 O In

iniocr>
to

oo

oo
oCM

oo

q O ■5} o O■=4 Oo •CM oCM
4 <N COH o ¡H cm mCO O CO» H • •4" to
CO CMN O g cm mCO O CO* H 4̂ io

0
2

5
9 CN LOCo • • O CD•4- lo

cm m O ov • .4- io

«  CO CO cr> • . 
CO LO

o o o o oo o o o o <C

'—1 rH 1— 1 1— I •— 1 E-*

o o o o oo o o o o /— N
• • • » o\°o o o o oCN CN CN CN CN
o o o o Oo o o o o tino o o o o
o o o o oo o o o o Ho o o o o »-1CN CN CN CN CN

CM 00 CN CN ID CN rH CN LOO CO O 4- o o O  CD O rH N
o\°4- O 3- 4- zt cn zt CO 4- CT> 'w '

'—1 '---1 i—1 CN CO
CM CO CN r- CN LO CN rH CN LOO CO O 4- o o O CD O H

Mh
N—/4- O Zt Zt 4* CO 4- co 4- cn

»H 1---1 1---1 CN CO

CN CO CN CN LO CN i—1 CN LOO CO O 4- o o O CD O -H H4- O Zt Zt zt CD Zt CO Zt cn Q
1---1 - t---1 i— 1 CN co

CN CO CN [> CN LO CM H CN LOO CO O 4- o o O CD O rH
4- O o\°

zt zt 4" CD zt co 4- cn VrH rH CN CO
LO 00 m  h LO CO LO CO LO CNCD OO LO CN LO rH LO CD ID 4-
CO CD IHCO CO 

•—1 CO I> 
•—1 CO O CN CO O CO V /

LO CO m  rH LO 00 LO CO LO CNCO CO CD CN LO H LO CD ID 4" Hco cn 3, 13
, 3 , 17
. CO O CN CO O CO

in co m rH LO CO in co LO CNID co LO CN LO i—1 LO CD CO zt
* " o\°co cn CO CO

i— 1
CO t> 1— 1 CO oCN CO O CO

m co in ,H LO CO LO CO LO CNLO CO IO CN LO r-H LO CD ID 4-
* * MhCO CD 3 13 CO o 1— 1 CO O CN CO O CO V -/

«  co m co «  CO CQ CO pa co UT

CN CO zt LO LOCD cn cn CD CD«H •— 1 <— 1 •— 1 rH

co co co co co co co
00 00 CO OO CO CO 00c- r~ i~~ o c-~ c~- 4" 4" 4- 4- 4" 4- 4̂ 
CO CO CO CO CO 00 OO

to C" O  CM o  o  o
4- CM rH O  O  O  O  I—I

00 CM CO r- CM o  O  C CO i—I

co co in in r~ o  O
CO CM CO c o  o  o  
O  CO CO in

o  o  o  o  o  o  o 
o  o  o o  o  o  o

o  o  o  o  o  o  o

o  o  o  o  o  o  o
o o  o o o o o

r i -  CO O  CO O  O  O

in r~ en o> O  O  O
CO CO CD CO o  O  O

iH i—1 i—i

o  o  o  o  o  o  oO O O O O O O-
I—I H  H  i—I i—I .H t—L

c~- to 4- in cm co cr>
cm to m  iH co oo cor-~ co 4- r~ c-~ c-~ r~OI CO í  Í  J  4  4CM co co co CO CO 00

o  o  o  o  o  o  o  
o  o  o  o o  o o

o  o  o  o  o  o o

o  o  o  o  o  o  o
o  o  o o o o  o

O rH  CM CO 4" m toco co co co co co coI—I i—I I—I i—I i—I I—I r—I



TEST SERIES 8

UPSTREAM AND DOWNSTREAM STATION EXTENSION 

FINAL SIMULATION RESULTS

/



367

TEST PROBLEMS

Tests 197 to 216 
lests 217 to 231

16 Element Problem Driscoll-Shafi (Test Set A)
16 Element Problem Driscoll-Shafi (Test Set B)

EXAMINATION CONDITIONS

Balancing

16 Element Problem 
Single model balancing
Minimum duration = 10% of normal duration 
Confidence levels (50, 75, 95 and 99 percent) 
Cycle time = 20

Simulation

General

Production schedule for 20 units 
Consecutive scheduling
Fixed line speed (equivalent to cycle time = 20) 
Open stations with station overlap

Test Set A

50, 75, 95 and 99 percent balancing confidence 
Station variability

Test Set B

75 percent balancing confidence 
No variability, station and element variability 
cases.
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ŝt
Test
Ho.

Sepies 8 (Set A)
pSrcen+-5''l
Ext

’cent 
fusion

$0%
Ì97
198
199
200 
20!

202
203
20î
205
206
5$%
207
2og
20g
2l0
2U
99%

21?
2X3
24
2X5
216

Confiden

Theoretical 
Upstream Normal

Time Available 
Downstream Total

Unused Time 
Normal Up/Downstream

ce (Balancing)
0
5
10
20
50

0.0 3600.0 0.0 *23600.0 204.6 0.0
180.0 3600.0 180.0 3960.0 312.0 209.7
360.0 3600.0 360.0 4320.0 416.1 449.8
720.0 3600.0 720.0 4040.0 663.0 917.6

1800.0 3600.0 1800.0 7200.0 1517.4 2220.3
to»fiien:Ce (Balancing)

0
5
IQ
20
50

0.0 4000,0 0.0 *34000.0 351.9 0.0
200.0 4000.0 200.0 4400.0 719.1 208.3
400.0 4000.0 400.0 4800.0 914.4 413.1
800.0 4000.0 800.0 5600.0 1291.4 836.0
2000.0 4000.0 2000.0 8000.0 2372.8 2154.7

Co
eriCe (Balancing)
0
5
X0
20
50

Co:

0.0 4400.0 0.0 4400.0“^ 927.6 0.0
220.0 4400.0 220.0 4840.0 1141.6 226.0
440.0 4400.0 440.0 5280.0 1355.6 452.0
880.0 4400.0 880.0 6160.0 1777.5 910.0

2200.0 4400.0 2200.0 8800.0 2905.7 2421.9
lr»fidence (Balancing)

0
5
X0
20
50

0.0 4400.0 0.0 4400.0“5 936.7 0.0
220.0 4400.0 220.0 4840.0 1151.7 225.0
440.0 4400.0 440.0 5280.0 1366.7 450.0
880.0 4400.0 880.0 6160.0 1792.8 903.9
2200.0 4400.0 2200.0 8800.0 3002.8 2333.9

*1
*2

<5 E.

>Xieci
2n eclUally to up and downstream extension (open station) 

^  2q UnitOn 2“ Units
'on

on 4 enlarged stations equivalent to 9 normal stations 
on 5 enlarged stations equivalent to 10 normal stations 

2q n:̂ s on 3 enlarged stations equivalent to 11 normal stations 
n;Lts on 4 enlarged stations equivalent to 11 normal stations

PROBLEMS INVOLVED IN TESTS SERIES 8 (SET A).
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l5st Ser
*

’ies 8 (Set B)
cotif

'est

7̂
!l3

250
251

!tati
252 
223

225
225

227
223
229
J3o
231

'̂ ence (Balancing)
PercentalEjCtpr̂  * Theoretical *2Time Available Unused TimeLeilsion Upstream Normal Downstream Total Normal Up/Downst

fistic
0R 0.0 4000.0 0.0 4000.0 540.0 0.00
lo 200.0 4000.0 200.0 4400.0 736.0 204.0«4.VJ
2n 400.0 4000.0 400,0 4800.0 931.0 409.0
50 800.0 4000.0 800.0 5600.0 1313.0 827.0

2000.0 4000.0 2000.0 8000.0 2405.0 2135.0
L°U Var,iabiiity

0
5 0.0 4000.0 0.0 4000.0 531.9 0.0
lo 200.0 4000.0 200.0 4400.0 719.1 208.3
20 400.0 4000.0 400.0 4800.0 914.4 413.1
so 800.0 4000.0 800.0 5600.0 1291.4 836.0

2000.0 4000.0 2000.0 8000.0 2372.8 2154.7
int Var,-^labiiity

0
5 0.0 4000.0 0.0 4000.0 528.5 0.0
lo 200.0 4000.0 200.0 4400.0 708.6 213.2
20 400.0 4000.0 400.0 4800.0 897.9 423.1
so 800.0 4000.0 800.0 5600.0 1271.8 849.3

2000.0 4000.0 2000.0 8000.0 2318.8 2202.3

^ 4 1
° ÜIUts ^ UP anc* downstream extension (open 

°n 5 enlarged stations equivalent' to 10
station)
normal stations.

PROBLEMS INVOLVED IN TEST SERIES 8 (SET B)
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TEST PROBLEMS

Iests 232 to 252 
lests 253 to 273 16 Element Problem Driscoll-Shafi (Test Set A)

30 Element Problem Sawyer (Test Set B)

EXAMINATION CONDITIONS

Balancing

Mixed model balancing 
Single Element Assignment 
Minimum duration = 10% of normal duration 
Deterministic balancing (50% confidence)
Equal schedule weighting
Random removal of elements (Tables (A.l) and 

(A.3) part 1)

Cycle time = 20 (16 element problem)
= 44 (30 element problem)

Simulation
General

Production schedule for 20 units 
Consecutive scheduling 
Closed stations 
Station variability
Line speed equivalent = 20 (16 element problem)

= 44 (30 element problem)

Variable product mix.
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Test Number
^  Element 
Toblem 30 Element 

Problem Model: 200

Model

201

weights pattern 

202 203 204

232 253 1.0 0.0 0.0 0.0 0.0
233 254 0.0 1.0 0.0 0.0 0.0
234 255 0.0 0.0 1.0 0.0 0.0
235
236

256 0.0 0.0 0.0 1.0 0.0
257 0.0 0.0 0.0 0.0 1.0

237
238 
23g 
240 
2«U

258 0.8 0.05 0.05 0.05 0.05
259 0.05 0.8 0.05 0.05 0.05
260 0.05 0.05 0.8 0.05 0.05
261 0.05 0.05 0.05 0.8 0.05
262 0.05 0.05 0.05 0.05 0.8

243
263 0.6 0.1 0.1 0.1 0.1
. 264 0.1 0.6 0.1 0.1 0.1

0.1244 265 0.1 0.1 0.6 0.1
245 0.1266 0.1 0-.1 0.1 0.6
246 0.6257 0.1 0.1 0.1 0.1

247 0.15
248 268 0.4 0.15 0.15 0.15

0.15
249 269 0.15 0.4 0.15 0.15

0.15
250 270 0.15 0.15 0.4 0.15

0.15
251 ■ 271 0.15 0.15 0.15 0.4

272 0.15 0.15 0.15 0.15 0.4

252
273 0.20 0.20 0.20 0.20 0.20

Theoretical Time Available

16
Zement
Element

Upstream Normal Downstream Total

30 0.0 3600.00 0.0 3600.00
0.0 7040.00 0.0 7040.00
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USERS GUIDE TO ALB PROGRAMS

B .l. Introduction

The ALB programs suite has been written to enable the balanc- 

ng of single and mixed model assembly lines under a variety of 

Editions and then to subsequently simulate the operation of the 
assembly line for various production programs. The program suite 

Plates therefore in two distinct phases, balancing and simulation
and as a general rule simulation will follow balancing. The follow

ag notes describe the procedure required to create the necessary
^ata fi3 -Piles, to operate the necessary programs and to obtain the
asso.ciated results.

8tat
size
var

The number of work elements, the number of assembly line 

lQns and many other major parameters are limited only by the 

°f programs developed. Table (B.l) identifies the major

lahles associated with the ALB suite and indicates their present 
1iniits.

bai

dei

Throughout the users guide the sixteen elements mixed model 

ancing problem used in the thesis text will again be used to

astrate the various file and output structures.

B,2
~i?e Computer System in Use

'Phe files and programs described here were designed for use on 
an iqj-

1906S computer providing FORTRAN 4 language compilers. The

actually used was at the University of Liverpool over the 
* • 
lod 1978 to 1981.

■̂ ssgmbly Line Balancing Using ALB Programs
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ALB

Element Range

Number of work elements 1 < T5 < 100
Number of element followers 0 < F4 < 10
Number of element models 1 4 F6 < 10
Number of element resources 0 € F5 < 10
Number of element zones 1 * F9 < 10

Number of work stations 1 < T4 * 4-0
of station sizes 1 < IZ < 9999

^^Eer of work elements per station 1 z. S4 * 20

Numbe* of models 1 * T6 * 10
Urr̂>er of resources 0 i T3 < 30
Number ^

1 ot working zones 0 < T8 < 10

ngth of production schedule 1 < T7 < 30
Auction calendar size 5 years 

52 weeks 
7 days

^°ssiMp ie working days per week 
p SSi't'le working shifts per day
°ssible working sessions per day

4 shifts 
1 * TMl(l) < 7 
1 * TM1(2) * 4 
1 4 TMlO) * 8

g e n e r a l  l i m i t a t i o n  o n  a l b  s u i t e
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The first stage of the ALB program suite is the balancing of

Required assembly line under the problem conditions in question.

sequence of events involved in this is shown in figure (B.l)

consists of firstly preparing two major data files FILE 1 and

5 verifying the data in these files using the program ALB1

where the verification is satisfactory the balancing is subse
quentlyy carried out by the balancing program ALB2 in conjunction with 
the

B.3

res

e3ch
the

instruction file FILE 2A.

1’ 1:' Resource, Model and Zone Data

Associated with each balancing problem will be a variety of 

I'Ces available at each station, a number of zones into which 

station is defined and a number of models which will pass down 

ssembly line. This file contains all the relevant information
fop

to

u
ha

efining these three groups and the detailed information on how 

nstruct this file is given in table (B.2).

Resources play an important part in the balancing of assembly 

although at present apart from the manpower resource, which 

een designated resource number 100, resources do not take part 

ancing procedure but are printed for information and ana-ln bai
lysis DUrposes. Figure (B.2) shows a typical layout for FILE 1 and 
C°nt*ins <,<ix types of resources, when using the ALB programs the
tl>inllrnum ls to specify resource number 100.

Thi
hod

ity

®ls
ls ^ile also contains a brief description of the various 

to be produced on the assembly line. There will be at least
hodel In this list (single model balancing) and the model ident-
humb

«H

ers specified play an important part in data verification,

2 end simulation. The illustrating problem shows five model
atives for mixed model balancing case.
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1: Manual. Input

Cart
Set Number 

of Cards Format Contents S Descriptions

I One 14 Number of resources T3.
This card contains the total number of 
different types of resources involved 
in the problem being examined.
The size of the resource list must be 
in the range 1 - 3 0  inclusive.

2 T3 14 Resource identity number D1 ( )
each

containing Each resource is referred to by an 
unique identity number specified at 
this point. Common practice at present 
is to use the identity number 100 for 
operators.
The range of possible values for 
resource identity numbers is 1 - 9999 
inclusive.

8A8 Resource description Dll ( )
Each resource can be described at this 
point by the use of an alphanumeric 
description of up to 32 characters.
Descriptions are not compulsory and 
may be left blank.

3 One 14 Number of models T6

■
This card contains the total number of 
different types of models involved in 
the problem being examined. The size 
of the model list must be in the range 
1 - 1 0  inclusive.

4 T6 14 Model identity number El ( )
each

containing Each model is referred to by a unique 
identity number specified at this 
point.
The range of possible values for model 
identity numbers is 1 - 9999 inclusive.

8A8 Model description Ell ( )
Each model can be described at this 
point by the use of an alphanumeric 
description of up to 64 characters. 
Descriptions are not compulsory and may 
be left blank.

(B.2) c o n t e n t s o f  r e s o u r c e , n d d e l , w o rking  zone d a ta  f i l e .
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FILE l: Manual Input (Continuation)

Set Number 
of Cards

One

T8
each

containing

Format Contents & Descriptions

14

14

8A8

Number of working zones T8.
This card contains the total number of 
different types of working zones 
involved in the problem being examined,
The size of the working zone list must 
be in the range 1 - 1 0  inclusive.

Working zone identity number Z1 ( )
Each working zone is referred to by a 
unique identity number specified at 
this point.
The range of possible values for work
ing zone identity numbers is 1 - 9999 
inclusive.

Working zone description Zll ( )
Each working zone can be described at 
this point by the use of an alphanumeric 
description of up to 64 characters 
inclusive.
Descriptions are not compulsory and may 
be left blank.

Note:
When compiling this file remember that 
any resource, model or working zone not 
specified here cannot be used in the 
problem under investigation.

C O U N T S  OF RESOURCE, .MODEL, WORKING ZONE DATA FILE.
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file Illustrating Example

6
100 OPERATOR

21 Spot welder
22 SPRAy GUN
23 AIR CONDITI ON
2* SPECIAL LIFTING M/C 
25 SPECIAL ELECTRICAL M/C

200 2 DOOR 1100 CC
‘ 01 2 DOOR OELUXE 1100 CC
‘ 02 A DOOR 1300 CC
‘ °3 A DOOR DELUXE 1300 CC

4 DOOR ESTATE 1750 CC

1 a l l  a r e a s
2 l e f t  h a n d  s i d e
3 RIGHT HAND SIDE
4 TOP WORKING
5 UNDER SIDE WORKING ****

RESOURCE, NDDEL AMD WORKING ZONES.

V
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Five working zones have also been included in the illustrating 
blem to demonstrate the possibility of their inclusion although 
Present no account is taken of working zones in the balancing
cedure, the list of zones being used for information purposes

0r% .

The inputing of this file is achieved by using the following
cards;

INPUT FILE 1 ,  T/ / / /

Cards a s  d e sc r ib e d  in  t a b le  (B .2 )  

and i l l u s t r a t e d  in  f ig u r e  (B .2 )  

/ / / /

, 3 - 2 .
.FILE 2 : C on ten ts Elem ent Data F i l e

th .ose 

tion

the

tent

( B .

s h.

Th
e m ajor p aram eters a s s o c ia t e d  w ith  b a la n c in g  problem s a re  

^ e la te d  to  th e  work elem ents in v o lv e d  in  the problem in form a- 

n The job  ta sk  and which have to  be a ss ig n e d  and balanced  on 

s embly l i n e .  The d e t a i le d  in fo rm atio n  re q u ire d  on each e le -  

o th e r  in fo rm atio n  co n ta in ed  in  t h i s  f i l e  i s  g iv e n  in  ta b le
• 3) a ,

"the i l l u s t r a t i n g  example f i l e  f o r  th e s ix t e e n  elem ents i s
lQWn

in  f i g ure (B .3 )  .

s  f i l e  should  c o n ta in  a s  a minimum the problem t i t l e ,  a t
lenst Qn

e elem ent and tim e in fo rm atio n  r e le v a n t  to  the problem , and

input Usm g the fo llo w in g  card  im age:

INPUT FILE 2 , T ///

Cards a s  d e sc r ib e d  in  t a b le  (B .3 )  

and i l l u s t r a t e d  in  f ig u r e  ( B .3 )

/
I I I
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FILE 2: Manual Input

Card
Set Number 

o f  Cards Format C on ten ts & D e sc r ip t io n s

1 One 8A8 Problem t i t l e  T 1 ( ) .

T h is i s  the i d e n t i f i c a t io n  fo r  each 
s im u la tio n  e x e r c is e  in  alphanum eric 
c h a r a c t e r s . The t i t l e  does not a f f e c t  
the b a la n c in g  and may be b lan k  o r up 
to  64 c h a r a c t e r s .

2
One 14 The number o f  work elem ent T 5 .

T h is i s  th e number o f  elem ents in v o lv e d  
in  th e b a la n c in g  and sim ula-tion e x e r 
c i s e s .
Range o f  p o s s ib le  v a lu e s  1  -  100  in c lu 
s iv e  .

3
T5 groups 

c o n ta in in g  6 
c a rd s  

Card 1 14

FOR EACH ELEMENT

Elem ent id e n t i t y  number F I ( ) .

Each id e n t i t y  number i s  u n iq u e, in te g e r  
and w ith in  th e range 1  -  9999 in c lu 
s iv e  .

F 6 .2 Elem ent av era g e  tim e F2 ( ) .

T h is r e p r e s e n ts  the averag e  d u ra tio n  o f  
th e  work elem ent perform ed by a p r a c 
t i c a l  w orker a t  normal p a ce .
V alu es a re  r e a l  and in  the range 0 .0  <
< 10 0 0 .0

F 6 .2 Elem ent minimum d u ra tio n  F8 ( ) .

T h is r e p r e s e n ts  th e s h o r te s t  p o s s ib le  
tim e in  which th e work elem ent can be 
com pleted by any s iz e  o f  work group.

V alu es a r e  r e a l  and in  th e range 0 .0  < 
< 10 0 0 .0 .

F 6 .2 Elem ent v a r ia n c e  F3 ( ) .

T h is r e p r e s e n ts  the normal v a r ia n c e  o f  
work elem ent d u ra tio n s  record ed  when 
d e te rm in in g -th e  av erag e  d u ra tio n s  p e r
formed by a p r a c t ic e d  w orker.
V alu es a re  r e a l  and in  the range 0 .0  < 
< 10 0 0 .0 .

Ta j u j .

(B.3) CONTENTS OF ELEMENT DATA FILE.



Manual Input (Continuation)

Number 
o f  Cards Format Contents & Descriptions

7A8 Element d e s c r ip t io n  F7 ( ) .

T h is i s  an alphanum eric d e s c r ip t io n  o f  
the work elem ent which co n ta in s  in form a
t io n  when re q u ire d  but does not take  
p a r t  in  b a la n c in g  o r s im u la tio n  s t a g e s .

Range o f  number o f  c h a ra c te rs  0 - 5 6  
i n c lu s i v e .

D e sc r ip t io n s  a re  not com pulsory and may 
be l e f t  b la n k .

T h is l i s t  co n ta in s  the immediate f o l 
low ers fo r  the elem ent under c o n s id e ra 
t io n  .

Up to  ten  fo llo w e r s  can be s p e c i f ie d  
by l i s t i n g  fo llo w e r  elem ent numbers in  
any o r d e r , unused lo c a t io n s  must be to  
the r ig h t  o f  the fo llo w e r  l i s t .  E le 
ment w ith  more than ten  fo llo w e r s  can
not be s im u la te d , elem ents w ith  no 
fo llo w e r s  have t h is  card  b la n k .

F o llw e rs  a re  in te g e r  and must appear as 
elem ents in  t h is  s e t  o f  c a r d s , in  the 
ran ge 1  -  9999 in c lu s iv e .

T his c o n ta in s  the s p e c i f i c  re so u rc e s  
needed by the elem ent under c o n s id e ra 
t io n .

E very  elem ent w i l l  n orm ally  use a t  
l e a s t  re so u rc e  100  (manpower) and up to  
n in e a d d it io n  re so u rc e s  s p e c i f ie d  by 
l i s t i n g  re so u rc e  numbers in  any o rd e r . 
Elem ent w ith  more than ten  re so u rc e s  
cannot be s im u la te d .

R esource numbers a re  in t e g e r ,  must 
come from th e  l i s t  o f  re so u rc e s  in  
FILE 1  and be in  th e  range 1  -  9999 
i n c lu s iv e .  -Unused lo c a t io n s  must be to  
th e r ig h t  o f  th e  re so u rc e  l i s t .

Card 2 10 m  Elem ent fo llo w e rs  F4 ( ) .

Card 3 1014- Elem ent re so u rc e s  F5 ( ) .

3) CONTENTS OF ELEMENT DATA FILE.
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Number 
o f  Cards

Card 4

Format

Card 5

Card 6

10m

1014

10 14

C ontents & D e sc r ip t io n s

Elem ent re so u rc e  le v e l s  F 5 1  ( ) .

T h is l i s t  co n ta in s  the number o f  u n its  
o f  each re so u rc e  re q u ire d  by the e l e 
ment under c o n s id e ra t io n . T h is l i s t  
should be a s  lon g as the re so u rc e  l i s t  
(F5( )) and should p la c e  in d iv id u a l 
re so u rc e  l e v e l s  in  the same m atrix  
lo c a t io n  a s  the p o s it io n  o f  the reso u rce| 
id e n t i t y  number.
R esource l e v e l s  a re  in te g e r  and be 
in  the range 1  -  9999 in c lu s iv e .

Elem ent models F6 ( ) .

T h is l i s t  c o n ta in s  the product models 
th a t  in c lu d e  the elem ent under c o n s id e r
a t io n  a s  p a r t  o f  t h e ir  t o t a l  work con
te n t .

Up to  ten  models can be s p e c i f ie d  by 
l i s t i n g  model numbers in  any o rd e r .

Elem ents in v o lv e d  in  more than ten  
models can not be s im u lated  and a t  
l e a s t  one model must be s p e c i f ie d .

Model numbers a re  in t e g e r ,  must come 
from th e l i s t  o f  models in  FILE 1  and 
be in  the range 1  -  9999 in c lu s iv e .

Elem ent w orking zones F9 ( ) .

T h is l i s t  c o n ta in s  the working zones 
a s s o c ia te d  w ith  thè elem ent under con
s id e r a t io n .

Up to  ten  zones can be in clu d ed  and 
each elem ent w i l l  no rm ally  be a s s o c 
ia te d  w ith  a t  l e a s t  one zone, zone being| 
s p e c i f ie d  by the in c lu s io n  o f  zone 
number. At p re se n t  zones a re  s p e c i f ie d  
o n ly  fo r  in fo rm atio n  purpose and w i l l  
not in f lu e n c e  b a la n c in g  and s im u la tio n .

Elem ents in v o lv in g  more than ten  zones 
cannot be s im u la te d .

Zone numbers a re  in t e g e r ,  must come 
from th e  l i s t  o f  zones in  FILE 1  and be 
in  the ran g e  1  -  9999 in c lu s iv e .

T% E (B -3) CONTENTS OF ELEMENT DATA FILE.
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FILE 2: Manual Input (Continuation)

Card
Set Number 

o f  Cards Format C on ten ts & D e sc r ip t io n s

One A8 Time u n it s  T0.

•

T h is s p e c i f i e s  th e tim e u n its  in  use 
and w i l l  be used f o r  in fo rm atio n  and 
p r in t in g  o n ly .
Range o f  the number o f  c h a r a c te rs  0 - 8  
i n c l u s i v e .

F 10 .2 S h i f t  tim e a v a i la b le  T9.

The number o f  tim e u n it s  a v a i la b le  per 
s h i f t ,  s p e c i f ie d  in  the tim e u n its  
g iv e n  on t h is  c a rd .

F 10 .2 Number o f  tim e u n its  p er hour T 10 .

The number o f  tim e u n it s  a v a i la b le  p er 
hour, s p e c i f ie d  in  the tim e u n its  g iv en  
on t h is  c a rd .

Note :

Where any g iv e n  card  c o n ta in s  o n ly  
b lan k s when com p ilin g  t h is  f i l e  the 
b lank card  must s t i l l  be in c lu d e d .

Table (B.3) c o n t e n t s o f e l e m e n t d a t a f i l e .
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*3 • Running Program ALB1

B e fo re  p ro ceed in g  to  th e  b a la n c in g  program th e  in fo rm atio n  con

f i n e d  in  FILE 1  and FILE 2 i s  v e r i f i e d  a g a in s t  a l i s t  o f  p o s s ib le  

erf o r s .  The e r r o r  ch ecks c a r r ie d  out by program ALB1 a re  l i s t e d  in  

f b l e  ( B .4 ) .  i f  the two f i l e s  a re  s a t i s f a c t o r y  then a l i s t i n g  o f  the 

^ fo rm atio n  u s e fu l  to  the assem b ly  l i n e  d e s ig n e r  i s  p r in te d  a s  shown 

ln APpendix B . l  ( l i s t i n g  0 1 ) ,  where th e re  a re  e r r o r s  in  d a ta , an 

f d i c a t i o n  o f  th e  so u rce  o f  th e  f a u l t s ,  a lo n g  w ith  a statem en t th a t

r'r ° r s  have been found i s  produced in  a sim ple  second l i s t i n g  ( l i s t i n g  

02)
The card  image fo rm at f o r  ru nning th e  program ALB1 i s  a s  fo llo w s

°LEM EXECUTE = BALB1, *CR0 = FILE 2 , *CR1 = FILE 1 ,

:'LP0 = OUTPUT

Rhete:

FALBI = The b in a r y  v e r s io n  o f  th e  program ALBI.

CR0

CRI

Lp0

= The in p u t ch an n el f o r  f i l e  FILE 2 . 

= The in p u t ch an n el fo r  f i l e  FILE 1 .

2.3.4

= The o u tpu t ch an n el fo r  0 1  o r  02. 

FILE 2A B a la n c in g  In s t r u c t io n s

With
pIlE 2A

*uii.

^  along
*Pos

:ail

in s t r

th e e lem en t, r e s o u r c e , zone and model in fo rm atio n  v e r i f i e d ,  

mus t  be com pleted b e fo r e  ALB2, the b a la n c in g  program , can 

T h is f i l e  i s  n o rm ally  sm a ll enough to  be d i r e c t l y  in pu t as  

w ith  th e  ALB2 e x e c u tio n  in s t r u c t io n s .  However fo r  the 

c o n s is te n c y  th e in fo rm a tio n  re q u ire d  fo r  ALB2 i s  s e t  ou t 

in  t a b le  ( B .5 )  and can be in p u t a s  a se p a ra te  f i l e  u sin g

'notion:

ie o f
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A. Resources

2 .
3.

Check th a t  th e  number o f  re so u rc e s  (T3) l i e s  w ith in  
the range 1  to  30 .
Check that each resource identity number is unique. 
Check that all identity numbers are positive.

Models
1.

2 .
3.

Check that the number of models (T6) lies within the 
range 1 to 10.
Check that each model identity number is unique. 
Check that all identity numbers are positive.

C. Working zones

2 .
3.

Check that the number of working zones (T8) lies within 
the range 1 to 10.
Check that each zone identity number is unique.
Check that all identity numbers are positive.

D. Elements
1 toCheck that number of elements is within the range

100.
Check that every element identity number is positive and 
unique..
Check that every element time is positive.
Check that every element variance is zero or positive.
Check that every element minimum duration is positive 
and less or equal to the element time.
Check that all element followers are in the list of elements. 
Check that every element requires at least one resource.
Check that all element resources are in the list of resources. 
Check that the level of resource for each specified resource 
is at least one.
Check that every element has at least one working zone.
Check that all element working zones are in the list of 
working zones.
Check that every element has at least one model.
Check that all element models are in the list of models.

E.

Check that the number of time units per shift is positive. 
• Check that the number of time units per hour is positive.

f 0rm' _r r o r s  o f  o m issio n  (d a ta  l e f t  o u t ) ,  or e r r o r s  o f  in c o r r e c t  
execai:f nS w i l l  be d e te c te d  by the normal FORTRAN d ia g n o s t ic s  and

CuUon e r r o r s  w i l l  be p ro d u ced .

LIST OF ERROR CHECKS CARRIED OUT BY ALBI.
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Carni
Set Number 

o f  C ards Format C on ten ts 8 D e sc r ip t io n s

One 14

F 6 .2

One 14

14

14

Time c o n tr o l param eter L I .

T h is v a r ia b le  s p e c i f i e s  w hether d e t e r 
m in is t ic  (L I  = 0) o r v a r ia b le  tim es 
(L I  = 1 )  a re  to  be used when c a lc u la t in g  
elem ent d u ra tio n  throughout b a la n c in g .

P ercen tage  co n fid en ce  re q u ire d  C l .

Where v a r ia b le  elem ent tim es a re  to  be 
u se d , t h is  v a r ia b le  s p e c i f i e s  the 
d egree  o f  co n fid en ce  th a t  must be 
a llo w ed  fo r  each t im e .

For exam ple:

elem ent averag e  tim e = 1 0 .0  
elem ent v a r ia n c e  = 4 .0
p ercen tag e  co n fid en ce  = 99.9% (Cl)

then u s in g  the normal d is t r ib u t io n

+3 .0 9  stan d ard  d e v ia t io n  co v e rs  
99.9% o f  d is t r ib u t io n  
t h e r e fo re  e l ement tim e =
1 0 .0  + /4T0 x 3 .0 9  
= 1 6 . 1 8 .

L ine c o n tr o l param eter L 3 .

Two typ e s  o f  assem bly l i n e  le n g th  can 
be b alan ced  u s in g  th e  ALB program s. 
E ith e r  no l i n e  le n g th  l im i t  can be 
s p e c i f ie d  (L3 = 0) o r a  d e f in i t e  l in e  
le n g th  can be accommodated (L3 = 1 ) .

L ine le n g th  L4.

Where a l in e  le n g th  l im i t  i s  in clu d ed  
t h is  l i m i t  i s  s p e c i f ie d  in  term s o f  
the maximum number o f  s t a t io n s  p o s s ib le  
(L 4 ) .
P o s s ib le  ran g es  o f  v a lu e s  1  to  9999 
in c lu s iv e  but may be l e f t  a t  zero  i f  
1 4  i s  not in  u se .

W eighting c o n tro l param eter L 12 .

When d e a lin g  w ith  mixed model b a la n c in g  
the s t a t io n  s iz e  s e le c t e d  i s  s e le c t e d  
on a b a s is  o f  the l e a s t  l o s t  tim e .

table (B-5) CONTENTS OF BALANCING INSTRUCTION FILE.
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2A: Manual Input (C o n tin u atio n )

Number 
o f  C ards Format

One

14

14

14

TABle

C o n ten ts 8 D e sc r ip t io n s

The e stim a te d  l e a s t  l o s t  tim e i s  
c a lc u la te d  u s in g  the e q u atio n :

(Time a v a i la b le  fo r  a l l  models -  
e stim a te d  work c o n te n t .)

When e q u a l number o f  each model a re  
to  be produced the estim ated  work con
te n t  i s  the sum o f  th e  a ss ig n e d  elem ent 
tim es f o r  each m odel.

When s u b s t a n t ia l ly  unequal numbers o f  
each model a re  to  be produced , the 
e stim a te d  work con ten t should be modi
f i e d  to  g iv e  account f o r  the d i f f e r e n t  
p ro p o rt io n s  o f  models produced.

To a c h ie v e  t h is  s e t  L 12  = 0 fo r  no 
r e l a t i v e  w e ig h tin g  and s e t  L 12  = 1  f o r  
the in c lu s io n  o f  model w e ig h tin g .

W ritin g  param eter L7

When L7 = 0 o n ly  th e f i n a l  b a lan ce  
r e s u l t s  a r e  p r in te d .
When L7 = 1  in d iv id u a l  elem ent a s s ig n 
ment and r e s u l t s  a re  a ls o  p r in te d .

Manual maximum s t a t io n  s iz e  L25

When b a la n c in g , two a l t e r n a t iv e  maximum 
s t a t io n  s iz e s  can be c o n sid e re d , a 
com puter g en e ra te d  maximum s t a t io n  s iz e  
L l l  and a m an ually inpu t maximum s t a 
t io n  s i z e  L 25 . The g r e a t e r  o f  the two 
i s  s e le c t e d .

Range o f  manual maximum s t a t io n  s iz e s
-  9999 in c lu s i v e .

B a la n c in g  c o n tr o l param eter L5

Three b a la n c in g  models e x i s t ,  each 
b e in g  s e le c t e d  by the v a lu e  o f  L 5 , 
w here:

L5 = 1  S in g le  model b a lan c in g  
L5 = '2 Mixe'd m odel, s in g le  elem ent 

assign m en t
- 3 Mixed m odel, m u lt ip le  elem ent 

a ssign m en t.

CONTENTS OF BALANCING INSTRUCTION FILE.
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FlLE 2A: Manual In pu t (C o n tin u atio n )

Number 
o f  Cards Format C o n ten ts & D e sc r ip t io n s

Remember to  check the c o n s is te n c y  
between the problem d ata  and th e v a lu e  
o f  L5 s e le c t e d .

One

F 6 .2  j C y c le  tim e C .

T h is i s  the re q u ire d  c y c le  tim e f o r  the 
b a la n c in g  p rob lem .

Range o f  p o s s ib le  v a lu e s  0 .0  < C £
1000.0.

10 F 6 .2 [  R e la t iv e  model r a t i o s  ADJ ( )

Where mixed model b a la n c in g  i s  to  tak e  
p la c e  the e stim ate d  p rod u ction  o f  each 
model i s  in p u t a t  t h is  p o in t  in  o rd e r 
to  en ab le  the c a lc u la t io n  o f  r e l a t i v e  
model r a t i o s .

The p o s s ib le  ran ge o f  e stim ated  produc
t io n  i s  0 .0  < < 10 0 0 .0 .

R a t io s  a re  used in  the ran k in g  p ro ce ss  
f o r  mixed model b a la n c in g  and may be 
used in  the s e le c t io n  o f  s t a t io n  s i z e .

For s in g le  model b a la n c in g  i t  i s  s t i l l  
n e c e ssa ry  to  e n te r  one v a lu e .

TABlE
CONTENTS OF BALANCING INSTRUCTION FILE.
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INPUT FILE 2A, T////

Cards as described in table (B.5) 

and illustrated in figure (B.h) 

////

hay,

tinn

In the illustrating example two possible balancing strategies 

e been shown in figure (B.h). In both cases variable element 

,es are being allowed for with the desire to cover 90% of all normal

* lim

*eiat

ariation in time. Furthermore both examples must be balanced with

ited line length of ten stations, taking into account the

lve importance of each model and giving both a full and abre-

lated print out of balancing information. No maximum station size 
ha g

ha; 

illU;

heen specified by the designer and a cycle time of 20 minutes 

been selected for both cases. In the first version of those 

S^ra’ting examples mixed model, single element assignment is 

demonstrated and in the second version of the example mixed
n'odelj multiple element assignment is under review, both cases being
aPpi

B-3.

led- to a varying number of models under production.

Running Program ALB2

Raving specified the balancing instructions and prepared the
hecgg

Sary data files the next task is to run the heuristic program 

I’his is achieved by entering the following card image instruc-
•Ohs :

cLEM EXECUTE = BALB2, *CR0 = FILE 2, *CR1 = FILE 1, *CP1 

FILE 3A, *LP0 = OUTPUT

*hi■ene.

bALB2 = The binary version of the program ALB2,
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CR0 = The input channel for file FILE 2. 

CR1 = The input channel for file FILE 1. 

CR7 = The input channel for file FILE 2A. 

CPI = The output channel for file FILE 3A 

LP0 = The output channel for listing 03.

Two outputs are obtained from the ALB2 program on completion 

°f-balancing. Firstly the balancing results in a compacted form 

are output to FILE 3A for use in the simulation stage (further details 

011 this file are given in section (B.4)). Secondly, a listing of 

I’eSUlts is output on the line printer for the balancing engineer 
(listing 03).

The listing from the two versions of the illustrating example 

aj?e given in Appendix Bl, one showing the full listing that can be 

tained for mixed model single element assignment and the other 

°Wing the abbreviated listing of results for a multiple element 

Ssignment version of the problem.

Tn addition to printing the balancing results a detailed and
usefui

Siven
analysis of elements, resources, models and precedence is also 

as well as information on potential balance delay figures. At
"the

With

and of balancing four versions of balance delay and smoothness 

x as explained in Chapter 4 are calculated and printed along 

a summary of assignments and work distribution.

Npt
the

Q  T • ••— The cycle time is checked against the elements involved in 

Problem to ensure an answer is feasible before balancing commences,

^ 2 : As file ALB2 is quite brief an alternative is to simply
PU,

An
e the cards after the CLEM card and remove reference to FILE 2A. 

Sample of this alternative approach would be:
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CLEM EXECUTE = BALB2, *CR0 = FILE 2, *CR1 = FILE 1, *CP1 = 
fILE 3A, *LP0 = OUTPUT.

Not

B.U

Cards as described in table (B.5) 

and illustrated in figure (B.4)

-— 5.* Variables as defined before .

.Simulation of Assembly Line Operation

Cnee constructed, assembly lines quite often have to operate

conditions different from those at the balancing stage.
To

cover the effects of this variation a simulation program has 

been included in the ALB suite. The necessary files and pre-
Parat 
this

ion programs are also shown in figure (B.l), the remainder of 

Part of the user's guide gives the instructions necessary to
Vndep-f. i

Ke a simulation study.

£FLE 3A: Initial Balancing Output File

Thils file is constructed by the balancing programs and is not 
n°tmalqv ■

interferred with by the balancing engineer, the contents
°f this H e  are described in table (B.6), and illustrated in 
t§Ure ( g c -,• > > the multiple element assignment version of the pro-

blen> havin„ hg been selected for illustration.

^.2.
~jLE_3B; Physical Line and Station Information File

:
re the balancing information is fed through to the simu-

•ion tn

fogram, additional information on the physical position of 
'i0ns on the assembly line must be added. The instructions 

Physical data is contained in FILE 3B and is as detailed in
^X q  ̂g

•7) and illustrated in figure (B.6).

•lat

th6

Bef,

stati
on the



FILE 3A: Computer Generated File

^ Number 
t of Cards Format Contents & Descriptions

One 14 Number of work stations T4 or IS.
This is the number of work stations 
resulting from the balancing program 
ALB2.
Range of possible values 1 - 4 0  inclu
sive .

14 Number of models T6.
This is the number of models that were 
involved in the balancing exercise.
Range of possible values 1 - 1 0  inclu
sive .

14 Number of work elements T5.
This is the number of work elements that 
were involved in the balancing exercise.
Range of possible values 1 - 100 inclu-
sive.

One F6.2 Cycle time C.
This is the cycle time used in the 
balancing exercise.
Range of possible values is 0.0 < <
1000.0.

One # 1014 Model list El ( ).
This list contains the model identity 
numbers that were involved in the bal
ancing exercise. Up to ten model iden
tities can be in the list. Model iden
tity number are integer and in the 
range 1 - 9999 inclusive.

One 1014 Model adjustments ADJ ( ).
This is the relative model ratios cal
culated and used in the balancing pro
gram.
This list must be as long as the model 
list, and model ratios occupy the same 
matrix locations as the models to 
which they apply. The range of possible 
values is 0.0 < <1.0.

tABle CB-6) CONTENTS OF INITIAL BALANCING OUTPUT.
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FILE 3a : Computer Generated File (Continuation)

Number
t of Cards Format Contents & Descriptions

ISGroups
FOR EACH WORK STATION.

Card 1 14 Work station identity number I.
Each identity number is unique, integer, 
consecutive and within the range 1 - 4 0  
inclusive.

14 Work station capacity IZ.
This represents the size of work group 
of the station under consideration and 
is in the range 1 - 9999 inclusive.

' F6.2 Station time available.
This is the work time available in the 
station and depends on the station size.
Range of possible values is 0.0 < < 
1000.0.

Card 2 2014 Element identity numbers IC ( ).
This list contains the identity numbers 
of elements assigned to the station 
under consideration. Between 1 and 20 
inclusive, elements may appear in the 
list.
Element identity numbers are integer 
and in the range 1 - 9999 inclusive.

T5 FOR EACH ELEMENT
1014 Element station assignment IAS ( ).

This is the station allocation of each 
element, model by model, with matrix 
positions corresponding to the model 
list.
Up to ten values in the range 1 to 40 
inclusive may appear.

One 8F6.2 Balancing delay and smoothness index.
BD1 to BD4 & SI1 to SI4
This card contains four versions of 
balance delay and four versions of
smoothness index calculated during the balancing stage._______________________

table CB.6) CONTENTS OF INITIAL BAIANOING OUTPUT.
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FILE SA: Computer Generated File (Continuation)

Card
Set

Number 
of Cards Format Contents & Descriptions

•

Range of possible values for each 
balance delay or smoothness index 0.0 ■? 
< 1000.0.

CB.6) CONTENTS OF INITIAL BALANCING OUTPUT.
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FILE 3B: Manual Input

Care
S e t

Number 
of Cards

One

One

One

C W ER
c° m pu tE r generation

One

Format Contents S Descriptions

F6.2 Line Speed V.
This is the line speed associated with 
the balancing cycle time and therefore 
enables the calculation of station and 
line length.
Range of possible values 0.0 < < 1000.0. 
The line speed is defined as a number 
of length units (TT0) per time unit 
(T0).

A8 Length units (TT0).
This alphanumeric variable contains 
the basic length units in use.
Range of number of characters 0 - 8  
inclusive.

F6.2 Line length (SLL).
This is the total line length specified 
in length units.
Range of possible values 0.0 < < 1000.0.

F6.2 Line start position (ST).
This is the location of the start of 
the first assembly line station.
Range of possible values 0.0 < < 1000.0.

14 Manual or computer preparation L20.
The location of each station and the 
amount of upstream and downstream excess
can be calculated by the computer 
(L20 = 1), or can be input for each 
individual station manually (L20 = 2).

F6.2 Station upstream excess length UE.
This .is the. upstream excess length to 
be allocated to each station.
Range of possible values 0.0 < < 1000.0.

( B - 7 )  CONTENTS O F PH YSIC A L L IN E  AND STA TIO N  INFORMATION.
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FILE 3B: Manual Input (Continuation)

Card
Set

Number 
of Cards Format Contents & Descriptions

F6.2

OR
INPUT

**.B T4
(Number of 
Stations)

F6.2

F6.2

F6.2

Station downstream excess length DE.
This is the downstream excess length 
to be allocated to each station.
Range of possible values 0.0 < < 1000.0

Station start position S3 ( ,1).
This is the station start position 
expressed in length units.
Range of possible values 0.0 < < 1000.0

Station upstream excess length S3 ( ,3)
This is the upstream excess length 
to be allocated to the station.
Range of possible values 0.0 << 1000.0

Station downstream excess length 
S3 ( ,4).
This is the downstream excess length 
to be allocated to the station.
Range of possible values 0.0 < < 1000.0. 
inclusive.

table (B-7) CONTENTS OF PHYSICAL LINE AND STATION INFORMATION.
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Two examples of FILE 3B are shown, a manually entered arrange
ment of work stations and the information necessary for the computer 

1:0 generate work station positions, of the examples shown the manually 

lnPut example will be used to illustrate the simulation program, 

information is input to FILE 3B using the following card image:

INPUT FILE 3B, T////

Cards as described in table (B.7) 

and illustrated in figure (B.6) 

////

B u*3- Running Program ALB3

tio
Program ALB3 is a simple program for creating all the informa- 

'n °n the work station positions and the assembly line length by

^ g i n g  FILE 3A and FILE 3B to produce FILE 3. The program also 

Unifying.that the data in FILE 3B is satisfactory by checking that
the
The

given line length is enough to accommodate all the work stations 

card image format for running the program ALB3 is as follows:

cLEM EXECUTE = BALB3, *CR0 = FILE 3B, *CR1 = FILE 3A, *CP1 =

pile 3 .

^hene.

PALB3 = The binary version of the program ALB3. 

CR0 - The ¿npU-t- channel for file FILE 3B.

CR1 = The inpUt channel for file FILE 3A.

CPI = The output channel for file FILE 3.

PILE 3: Balancing and Line Information

Ihis file is constructed by the Data Checking and Amalgamation
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Program ALB3 and is not normally interferred with by the balancing 

engineer, the contents of this file are described in table (B.8), 

illustrated in figure (B.7). This file will be picked up later 

by simulation program ALB5.

***•'*• FILE 4 (4B): Shift and Calendar Information

Throughout the simulation of the production schedule reference

111 ^e made to a five years calendar to check whether the relevant

is working or not. Thus a more realistic simulation can be

tained for the production program. This calendar is contained in

^  4 and amendments to it will be made by FILE 4A and program ALB4.
Th

c°ntents of FILE 4 are given in detail in table (B.9) and an

reviated listing of the file is shown in figure (B.8). The abbre-

listing shows the first half year of the five year calendar,

Attainder of the calendar consisting of all working shifts (1).
Jl

Calendar appears as 2014 card image and simply continues from the 

Ust Point shown.

•̂4.6 FILE 4A: Shift Pattern Information and Instructions

Amendments to the master file (File 4) are achieved through the

ti’Ucti°ns given in FILE 4A and the execution of program ALB4.
lhe

^gtam operates on a sectional basis with six sections available
as

sh°wn following:

Section 1 : 

Section 2: 

Section 3: 

Section 4: 

Sec^ion 5:

Creating a new calendar.

Updating the existing calendar. 

Adding holiday shut-downs.

Adding internal cause shut-downs. 

Adding external cause shut-downs.
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File 3: Computer Generated File

'd Number 
t of Cards Format Contents & Descriptions

One 14 Number of work stations T4.
This is the number of work stations 
resulting from the balancing program 
ALB2.
Range of possible values 1 - 4 0  inclu
sive .

14 Number of models T6.
This is the number of models that were 
involved in the balancing exercise.
Range of possible values 1 - 1 0  inclu
sive .

14 Number of work elements T5.
This is the number of work elements that 
were involved in the balancing exercise.
Range of possible values 1 - 100 inclu-

• sive.
One F6.2 Cycle time T2.

This is the cycle time used in the 
balancing exercise.
Range of possible values 0.0 < < 1000.0.

F6.2 Work station basic length SL.
This is the station length specified 
in length units and is calculated 
according to the given line speed and 
the cycle time used in the balancing 
exercise.
Range of possible values 0.0 < < 1000.0.

F6.2 Line length SLL.
This is the total line length specified 
in length units .
Range of possible values 0.0 < < 1000.0.

F6.2 Line speed TL3 .
This is the line speed associated with 
the balancing cycle time.

table CONTENTS OF BALANCING AND LINE INFORMATION.
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Card
Set Number 

of Cards Format Contents & Descriptions

One

T5
Groups 
Card 1

Range of possible values 0.0 < < 1000.0 
The line speed is defined as a number 
of length units (TT0) per time unit 
(T0).

A8 | Length units (TT0).
This alphanumeric variable contains the 
basic length units in use.
Range of number of characters is 0 - 8 
inclusive.

101*+ | Relative model ratios ADJ ( ).
This is the relative model ratios cal
culated and used in the balancing pro
gram.
This list must be as long as the model 
list, and model ratios occupy the same 
matrix locations as the models to which 
they apply.
The range of possible values is 0 < *1 . 0 .

For each station.

14 | Work station identity number SI ( , 1).
Each identity number is unique, integer, 
consecutive and within the range 1 - 1 0  
inclusive.

14 | Work station capacity SI ( , 2 ).
This represents the size of work group 
of the station under consideration and 
in the range 1 - 9999 inclusive.

F6.2 | Work station start position S3 ( , 1).
This is the equivalent closed station 
start position specified in length units,
Range of possible values is 0.0  ̂ <

1000.0.

contents OF balancing a n d line information.
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fILE 3: Computer Generated File (Continuation)

Contents 8 Descriptions

Station time available S3 ( , 2 ) .
This is the work time available in the 
station and depends on the station size,
Range of possible values is 0.0 < <
1000. 0 .

Station upstream excess length S3 ( ,3)
This is the station upstream excess 
length expressed in length units.
Range of possible values in 0.0 < <
1000.0 .
Station downstream excess length S3 
( , 4).
This is the downstream excess length 
expressed in length units .
Range of possible values 0.0 * < 1000.0.

Element identity numbers S4 ( ).
This list contains the element identity 
numbers of elements assigned to the 
station under consideration (SI ( , 1)).|
Between 1 and 20 inclusive, elements 
may appear in the list.
Element identity numbers are integer, 
and in the range 1 - 9999 inclusive.

For each element.

Element station assignment IAS ( , ).
This is the station allocation of each 
element, model by model, with matrix 
positions corresponding to the model 
list.
Up to ten values in the range 1 to 40 
inclusive may appear.

8F6.2 | Balance deiay and smoothness index
BD1 ___ BD4 8 SI1 ___ SI4

CONTENTS OF BALANCING AND LINE INFORMATION.
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FILE 3: Computer Generated File (Continuation)
r -— -
Card
Set

Number 
of Cards Format Contents & Descriptions

. .

This card contains four versions of 
balance delay and four versions of 
smoothness index calculated during the 
balancing stage.
Range of possible values for each 
balance delay or smoothness index is 
0.0 * < 1000.0.

t% e fR
{ a ' 8 ) CONTENTS OF BAJLANCING AND LINE INFORMATION.
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ILE 4 (FILE 4B ) : Computer Generated File

Contents & Descriptions

Standard working days per week TM1 (1).
This is the number of working days per 
week up to 7 days represent Monday to 
Sunday.
Range of possible values is 1 < < 7.

Maximum number of shifts per day TM1(2),
This is the maximum number of shifts in 
which the calendar is designed to work 
with up to 4 shifts per day permitted.
Range of possible values 1 •? < 4.

Starting year TM1 (3).
This is the calendar starting year 
e.g. 1980.
Range of possible values 1 < * 9999.

Number of sessions TM1 (4).
This is the number of working sessions 
per day in which the calendar is 
designed to work with, up to 8 sessions 
per day permitted.
Range of possible values is 1 < < 8.
Timetable identity number TM1 (5).
This is a unique identifier for the 
calendar.
Range of possible values 1 < i 9999.

First shift status TM2 ( ,1).
This indicates whether the first shift 
is normally in use (value =1) through
out the seven days of the working week. 
If not in use (value = 0).

Second shift status TM2 ( ,2).
This indicates whether the second shift 
is normally in use (value =1) through
out the seven days of the working week. 
If not in use (value = 0).

CONTENTS O F S H IF T  AND CALENDAR INFORMATION.
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Number 
of Cards

Card 3

Card 4

One

One

One

364

t% e

Format Contents & Descriptions

714 Third Shift Status TM2 ( ,3)
This indicates whether the third shift 
is normally in use (value =1) through
out the seven days of the working week. 
If not in use (value = 0).

714 Fourth Shift Status TM2 ( ,4)
This indicates whether the fourth shift 
is normally in use (value = 1) through
out the seven days of the working week. 
If not in use (value = 0).

814 Session identity numbers TM3 ( ).
This card contains the identity numbers 
associated with every working session, 
the value of the identity signifying 
the shift associated with the session 
in question.
Range of possible values is 0 - 4 inclu
sive .

8F5.2 Session start times TM4 ( ,1).
This card contains the session starting 
times for all the working sessions in 
use per day. This list should be as 
long as the list of session identity 
numbers and should be in the same order.
Range of possible values is 0.0 < < 24.0.

8F5.2 Session durations TM4 ( ,2).
This card contains the session durations 
for all the working sessions in use per 
day.
This list should be as long as the list 
of session identity numbers and should 
be in the same order.
Range of possible values is 0.0 <  ̂24.0.

2014 Shift status for the five years, each 
year contains 52 weeks, each week con
tains seven days at maximum and each day 
contains four shifts TM5 ( , , > )•

CONTENTS OF SHIFf AND CALENDAR INFORMATION.
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Section 1 when used is used on its own and is terminated auto- 

matically. Sections 2 to 5 can be used repeatedly in any order any 

dumber of times and all terminated by entering section 6 into the 

ata file. The inputing of this file is achieved by using the 
following cards:

INPUT FILE 4 A , T////

Cards as described in table (B.10) 

and illustrated in figure (B.9)

M .

U H

7* Running Program ALB4

five

Parts

Program ALB4 is responsible for creating and maintaining the 

ysars production calendar, the program is sectioned into six 

5 the relevant part being selected from the information held in
PILE 4a _

,0Uo»s:
The card image format for running the program ALB4 is as

CLEM EXECUTE = BALB4, *CR0 = FILE 4A, *CR1 = FILE 4, *CP1 = 
PILE 4B, EXIT = 1LAB.
1LAB

IF NOT DISP (OK), EJ

Lf file 4b

lF ^PLY (FILE EMPTY), EJ 
CY file 4B, FILE 4

ER file 4B 
Ej

% r e:
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FILE 4A: Manual Input

Card
Set Number 

of Cards

One

Section 1

Format

14

14

14

Contents & Descriptions

Switch parameter (14).
This is the parameter which switches 
the program process the the required 
section according to 14 value.
There are 6 sections possible and the 
file may be made up of a combination 
of sections (but section 1 must be run 
alone).
Possible range of values of 14 are:
1 = Creating a new timetable (FILE 4).
2 = Updating file FILE 4.
3 = Adding holiday shut-down to file

FILE 4.
4 = Adding internal cause shut-down to

file FILE 4.
5 = Adding external cause shut-down to

file FILE 4.
6 = Stop the program.
Section 1 is run on its own and automat
ically proceeds to end the process.
Sections 2 to 5 can be blocked together 
for any number of combinations and 
section 6 is used to end the process. 
Section 6 is the terminator and no fur
ther cards are needed.

Standard working days per week TM1 (1).
This is the number of working days per 
week, up to seven days, representing 
Monday to Sunday.
Range of possible values 1 - 7  inclusive.

Maximum number of shifts per day TM1 (2).
This is the maximum number of shifts in 
which the calendar is desired to work 
with.. Up to four shifts per day per
mitted.
Range of possible values is 1 - 4 inclu
sive.

CONTENTS OF SHIFT PATTERN INFORMATION & INSTRUCTIONS.
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Number 
of Cards

• 4
Card 1

Card 2

Card 3

Card 4-

rABLg

Format

14

14

14

714

714

714

714

Contents & Descriptions

Starting year TM1 (3).
This is the calendar starting year e.g, 
1981. Range of possible values is 
1 i Z 9999.

Number of sessions TM1 (4).
This is the number of working sessions 
per day with which the calendar is 
desired to work.
Range of possible values is 1 - 8 inclu
sive.
Timetable identity number TM1 (5).
This is a unique identifier for the 
calendar required to be prepared.
Range of possible values is 1 - 9999 
inclusive.
First shift status TM2 ( ,1).
This indicates whether the first shift 
normally in use (value - 1 ) throughout 
the seven days of the working week. If 
not in use (value = 0).
Second shift status TM2 ( ,2).
This indicates whether the second shift 
is normally in use (value - 1 ) through
out the seven days of the working week. 
If not in use (value =0).
Third shift status TM2 ( ,3).
This indicates whether the third shift 
is normally in use (value — 1 ) through 
out the seven days of the working week.
If not in use (value = 0).
Fourth shift status TM4 ( ,4).
This indicates whether the fourth shift 
is normally in use (value - 1 ) through- 

the seven days of the working week.
If not in use (value =0).

(B.10) CONTENTS OF SHIFT PATTERN INFORMATION & INSTRUCTIONS.
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Care
Set Number 

of Cards Format Contents & Descriptions

3 One 814 Session identity numbers TM3 ( ).

One 8F5.2

This card contains the identity numbers 
associated with every working session, 
the value of the identity signifying 
the shift associated with the session 
in question.
Range of possible values is 1 - 4 inclu
sive .

Session start times TM4 ( , 1).

5 One 8F5.2

This card contains the session starting 
times for all the working sessions in 
use per day.
This list should be as long as the list 
of session identity numbers and should 
be in the same order.
Range of possible values is 0.0 ^ < 24.0, 

Session durations TM4 ( ,2).

•

This card contains the session duration 
for all the working sessions in use per 
day.
This list Should be as long as the list 
of session identity numbers and should 
be in the same order.
Range of possible values is 0.0 < < 24.0.

6 Section 2 

One 14 Number of years in the existing calendar
required to be kept and moved forward 
to the beginning of the five year 15 
calendar.
Range of possible values 1 ^ < 5.

7
Sections 3 , 
5 and 5

(Sections 3, 4 and 5 may be repeated)

Card 1 414 Start shift, day, week and year 11, Jl,
Kl, LI.

(B -10) CONTENTS OF SHIFT PATTERN INFORMATION & INSTRUCTIONS.
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FILE 4A: Manual Input (Continuation)

Card
Set

Number 
of Cards Format Contents & Descriptions

This card contains the start time of 
the new shut-down interval being added 
to the existing calendar.
Range of possible values:

1 * 1 1  < 4 
1 * J1 * 7 
1 i K1 * 52 
1  ̂1L * 9999

Dates out of range of the calendar will 
be rejected.

Card 2 1+14 End shift, day, week and year 12, J2, 
K2, L2.
This card contains the finishing time 
of the new shut-down interval being 
added to the existing calendar.
Range of possible values:

1 * 12 * 4 
1  * J2 < 7 
1 * K2 * 52 
1 L2 * 9999

Dates out of range of the calendar will 
be rejected.

Card 3 A8 Alphanumeric block data B.
This card answers the question of whether 
there are more entries in this section 
(section being processed).
A "YES" answer allows another card set 
from the same section.
A "NO" will send the program to the 
original switch parameter.
Range of possible number of characters 
1 - 8  inclusive.

T'ABlE (B.10) CONTENTS OF SHIFT PATTERN INFORMATION & INSTRUCTIONS.
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BALB4 - The binary version of ALB4 program.

CR0 = The input channel for FILE 4A.

CR1 = The input channel for FILE 4.

CPI = The output channel for FILE 4B.

Note l• r •£• Lines 2 to 7 in the running instructions places the tempo- 

file FILE 4B into file FILE 4 then erases the temporary file
pile 4b .

Not, H.: In case of running section 1 the part of "CR1 = FILE 4"
tnust not be included in the clem card.

M ,

Ün,

® • FILE 5: Single or Mixed Model Production Schedule 

The major piece of information required when simulating assembly

e Production through a given timetable is the production schedule

Produced. Creating the production schedule FILE 5 involves 
tw0 di-Fij-rrerent cases. For single model production a simple one cycle
Prod

re
Uction program is produced which includes the total output

'Wired.

PU,

and

the

Of

F°r mixed model production the production program is more com- 

ated and may involve any number of cycles each containing a 

*ety of models along with a variety of production quantitites, 

cycles may be repeated a number of times, the main limitation on 

complexity of the production program is the limit on the number 

entries that may be made, which is 30 at present. Details on con-

Ucting a production program is given in table (B.ll) and figure 

demonstrates a simple single model production program along 

m°re complete mixed model program. The mixed model programWi*h a
is the

fltE 5 .•
°ne used to demonstrate the illustrating problem. The file

ls input to the computer using the following instructions:
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FILE 5: Manual Input

Eand
Set Number 

of Cards Format Contents & Descriptions

One 14 Length of production schedule T7.
This states the number of entries in 
the production schedule.
Possible range of integer values 0 < ^
30 .

T7
each

containing

14 I Schedule identity number Til.
This is a unique identifier for the 
simulation taking place.
Range of possible values 0 ^ ^ 9999.

14 | Cycle group S6 ( ,1)
A production program is made up of a 
number of cycles, each of which may be 
repeated, where each cycle must be 
completely finished before the next 
cycle starts.
The cycle group number identifies the 
cycle to which this entry refers.
Entries need not therefore be in cycle 
order and cycle identities not need be 
in order themselves.
Range of possible cycle group values 
1 Z * 9999.

14 | Model identity number S6 ( ,2).
This is the model to be produced.
This value must be consistent with the 
list of models in (FILE 1).

14 | Model quantity S6 ( ,3).
This is the number of units of model 
specified that are required at this 
stage.
These units will be launched in sequence 
onto the assembly line before the next 
entry in the cycle group.
Rangé of possible values 1 ^ ^9999.

Table CB.ll) CONTENTS OF SINGLE OR MIXED MODEL PRODUCTION SCHEDULE.
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INPUT FILE 5, T////

Cards as shown in table (B.ll) 

and illustrated in figure (B.10) 
////

FILE 5A: Simulation Instructions

When simulating production on the assembly line a number of dif- 

erent permutations of simulation approaches and information required 

n a Particular simulation run are possible. The contents of FILE 5A 

ls specified in detail in table (B.12) and a number of examples are 

ncluded in figure (B.ll), the first two examples being the ones used 

ln illustrating problem.

Amongst the most important points worth noting are:

^  Either deterministic or variable times can be assumed for each

(b)

(c)

element.

Either element or station variability can be considered, i.e. 

either each element time can vary normally or the total element 

timas at a station can vary normally.

Continuous or independent scheduling can be obtained, where

^he new program is either sequenced onto unused assembly line

011 is assumed to be sequenced immediately after another program.

T^e line speed expressed in terms of the line cycle time can 
be specified for each program and is not necessarily the same 

as the balancing cycle time.

The file FILE 5A is input to the computer using the following

Actions:

INPUT EILE 5A, T////
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PILE SA: Manual Input

Care
Set Number 

of Cards

One

Format

14

14

14

14

Contents & Descriptions

Optional station information LAI.
Throughout the simulation of the produc
tion program, intermediate printouts of 
station information may be useful. This 
may be required by setting LAI equal to 
the desired frequency of output e.g.
LAI = 0 no intermediate output required
LAI = 10 one printout every ten cycles 

required.
Range of possible values 0  ̂< 10000 
Values must be integer.

Deterministic or variable times LA2.
When determining the time taken at each 
station for the work elements involved, 
three choices exist:
LA2 = 0 Take the average deterministic 

time.
LA2 = 1 Take either station or element 

variability into account as 
specified by LA5.

Partial or full print of work station 
information LA4.
When an intermediate printout of station 
information is taking place under control 
parameter LAI, either a full printout 
(LA4 = 1) giving 22 pieces of information 
per station, or an abbreviated printout 
(LA4 = 0) giving fourteen pieces of 
information per station.

Element or station variability LA5.
When dealing with variable element times 
(LA2 =1), two cases can be considered.
LA5 = 0 Individual variation on each 

work element.
LA5 = 1 Variation on total element time 

at. the station.
Note: LA5 = 1 is considered the more 
normal case.

CONTENTS OF SIMULATION INSTRUCTIONS.
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FILE 5A: Manual Input (Continuation)

Card
Set

Number 
of Cards Format

One

One

Contents & Descriptions

14 Continuous or Independent Schedule LA6.
When simulating a production program, 
the efficiency and balance results are 
affected by the way in which the lead 
in and phase out periods are treated.
Two alternatives exist:
LA6 = 0 Continuous scheduling, where

the production program follows 
immediately behind an existing 
program and will be in turn 
immediately followed, leaving 
no station awaiting work.

LA6 = 1 Independent scheduling, where 
no other program is remotely 
involved and idle stations will 
exist during the start and 
finish sequences.

F6.2 I Line cycle time TL2.
Once in operation the line cycle time 
for a given production program may diffe 
from the original balancing cycle time.
The actual line cycle time is therefore 
input within the range 0.0 < < 1000.0.

F8.2 | Schedule start timeTM(l)
Range of possible values 0.0 * < 24.0.

F8.2 | Schedule starting day TM(2).
Starting day in values 1 - 7  inclusive, 
to represent Monday to Sunday.
Range of possible values 1.0 * * 7.0. 
Real whole numbers only permitted.

F8.2 | Schedule start week TM(3).
Starting week values are based on a 52 
week year.
Range of possible values 1.0 < * 52.0. 
Real whole numbers only permitted.

T% B (B *12) c o n t e n t s  o f  s i m u l a t i o n  i n s t r u c t i o n s .
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Cards as shown in table (B.12) 

and illustrated in figure (B.ll)
I I I !

M.10: Running the Program ALB5

The actual simulation of assembly lines is carried out by the 

P^gfam ALB5 which produces an information listing, which for the 

illustrating cases have been included in Appendix Bl. As specified 
ln fILE 5A two examples of this listing (listing 04) are shown in 

TPsndix B-l, one listing being a full extended listing and the 

econd an abbreviated listing, each based on one of the first two 
e5<ampies shown in figure (B.ll). The instruction for running the 

P^gram ALB5 is as follows:

CLEM EXECUTE = BALB5, *CR0 = FILE 2, *CR1 = FILE 3, *CR2 =

PILE 5, *CR8 = FILE 4, LIB = *NAGF

ĥere;

BALB5 = The binary version of the program ALB5.

CR0 = The input channel for FILE 2.

CRl z The input channel for FILE 3.

CR2 = The input channel for FILE 5.
CR8

and
= The input channel for FILE 4.

LIB z  *NAGF is the instruction which generates random numbers 

from the computer library when required.

Ihe use of program ALB5 completes the ALB nrnoT'am siiì+f».
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GENERAL: 

ADJ ( )

bdi
[bbdi/sbdi]
BD2
[BBD2/SBD2]
BD3
[BBD3/SBD3]
BD4
[BBD4/SBD4] 
D1 ( )

Dll ( )

El ( )

Ell ( )

( )
F2 ( )

F3 ( )

F4 ( ) .
F5 ( )

F6 ( )

P7 ( )
F8 ( )

F9 ( }

F51 ( j

IAS ( )

Si ( j

GLOSSARY OF MAJOR PROGRAM TERMS

Relative model ratios (relative quantities). 

Balance delay (actual time basis).

Balance delay (weighted actual time basis).

Balance delay (effective time basis).

Balance delay (weighted effective time basis).

Identity numbers for special facilities. 

Description of special facilities.

Model identify numbers.

Description of models.

Work element identity numbers.

Element work content (average time).

Element work content (variance).

Element followers.
Type of resources required by each element. 

Element models.

Element descriptions.

Element work content (minimum duration time). 

Element working zones.

Level of resources required by each element. 

Initially specifies element involvement for 

each model and finally contains station 

assignment for each element.

Two part matrix containing (for each work 

station):
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a - The station identity number, 

b - The station capacity (size).
S3 ( ) Four part matrix containing (for each work 

station):

a - Maximum work content, 

b - Minimum work content, 

c - Upstream excess length, 

d - Downstream excess length.
S4 ( ) Matrix containing the element assignments 

for the station.

[BSII/s s u ]
Smoothness index (actual time basis).

[fiSl2/SSI2]
Smoothness index (weighted actual time basis).

r13[BSI3/SSI3]
Smoothness index (effective time basis).

s m
&sm/ssm]

Smoothness index (weighted effective time basis)

T0 Alphanumeric time units.
Tl The problem title.
T2 * Balancing cycle time.
T3 Number of special facilities.

Number of work stations.
T5 Number of work elements.
T6 Number of models included in the balance

T7
phase.

Number of entries of the production schedule.
T8 Number of working zones.
T9 Shift time available.
Tl0 Number of time units per hour.
* u Identity number used to indicate particular 

production schedule being simulated.
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TH ( )

TM1 ( )

TM2 ( )

TM3 ( ) 

TM4 ( )

TM5 ( )

21 ( } 

211 ( )

AL02 

A ( )

Four part matrix containing: 

a - The schedule start time (hours), 

b - The schedule start day number, 

c - The schedule start week number, 

d - The schedule start year number.

Five part matrix containing: 

a - Number of working days per week, 

b - Maximum number of shifts per day. 

c - Calendar starting year, 

d - Number of shift sessions per day. 

e - Identity number used to indicate 

particular timetable in use.

Matrix containing status of each session

i.e. working or not.

Shift identify number for each session.

Two part matrix containing: 

a - the session starting times, 

b - the session durations.

Matrix containing the shift status for five 

years, each year containing 52 weeks, each 

week containing 7 days, and each day contain

ing 4 shifts.
Working zone identity numbers.

Working zone descriptions.

Station information containing: the station 

number, model number, and four parts of the 

station work conditions.
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AV

AVI

AR

C

Cl

C2

CTl

CT2

cMIN

cmax

cMEAN
em ( ) 

12

a - the minimum duration of work so far 

assigned to the station, 

b - the total time of work so far assigned 
divided by the station size, 

c - the sum of the effective time of elements 
so far assigned to the station, 

d - the total effective time of the best 

solution so far achieved.

Average work content assigned to the work 
station.

Weighted average work content assigned to the 

work station.

Ratio of total minimum duration to the total 

work content.

Cycle time used in balancing procedure. 

Percentage confidence ratio.

Standard deviation equivalent to the given 

confidence ratio (Cl).

The cycle time which gives the minimum balance 

delay for a known number of work stations.

The cycle time which gives the maximum balance 

delay for a known number of work stations.

The minimum compressed element time.

The maximum compressed element time.

The mean compressed element time.

Total work content at each station for each 

model.
The selected work element for the current

assignment.
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199 Control parameter generated during the proce

dure to stop the program if the balance cannot 

be achieved with the existed conditions.

IASI ( ) Current elements assigned for all models.

IAS2 ( ) Elements assigned giving the best solution, 

so far.
IC ( ) Initially contains the location of elements, 

and secondly used to store a list of work 

elements at a given station.

iem ( ) Number of predecessors existing for each element

IEM1 ( ) Free or not free precedence status for each 

element.
IFW ( ) Copy of F4 element follower matrix.

IL ( ) List of elements requiring a given resource.

IS Number of work station calculated by the bal

IS2

ancing procedure.
The total number of assignments so far achieved.

IS3 The total number of assignments required to

!TR ( )

complete the balance.
List of elements within a given time range.

IZ ( ) Station sizes produced by the balancing proce

J 1

dure.
Highest ranked element assigned to work station.

J 3 Highest ranked element tested for assignment.

<110 The current work station for assigning work

¿K
elements.
Number of work elements in the present prece

dence diagram column.

1 [tt] Specified restricted line length.
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LI

L3

L5

L7

1*10 [L100, L10l]
Lll

L12

L25

LR ( ) 
N

N2

RG

51

52 

SD

SDl

Time control parameter (deterministic/variable 

element times).
Line control parameter (limited line length 

problem or not).
Balancing control parameter.

1. Single model problem.

2. Mixed model problem: single element assign

ment.
3. Mixed model problem: multi-element assign

ment ,
Output control parameter for detailed assign

ment information.

The initial minimum station size.

The initial maximum station size.

Weighting control parameter selecting the use 

of normal or weighted assigned time as the 

station size selection criteria,

Manually input initial maximum station size.

Work element ranks.
Number of time reducible elements.

Number of work elements required more than one 

operator to be performed.

Element time range.

Theoretical shift output.

Theoretical balance delay.

Total standard deviation for elements assigned 

to a given station.
Total weighted standard deviation for elements 

assigned to a given station.
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SDC Standard deviation of the range of minimum 

duration times.
SDN Standard deviation of the range of normal 

element times.
ST ( ) Station information containing: 

a - maximum work assigned to the station, 

b - minimum work assigned to the station, 

c - range of work assigned, 

d - total work variety assigned.

SUMN Grand total of normal work element durations,

SUMP1 Grand total of normal work element durations 

allowing for 97.5% confidence.

SUMP2 Grand total of normal work element durations 

allowing for 99.5% confidence.

tadj Total number of units in nominal balance 

schedule.
TC Total number work content in each precedence 

column.
tmi Element work content including 97.5% confidence 

increase,

TM2 Element work content including 99,5% confidence 

increase.

tmax Maximum element time.

TMIn Minimum element time.

tmean Mean element time.
TR1 The starting point of a time range.

TR2 The ending point of a time range.

tti Grand total of normal work element durations.

TT2 Total of minimum duration times for unassigned

work elements.
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TT3 Total of normal work contents for unassigned 

work elements.
TT [WB2] Training index.

TWV [WBl] Total of assigned work.
VI The equivalent number of standard deviations 

to the given confidence ratio.

WT1 Average station range,

WT2 Standard deviation of station range.

WT3 Range of work variety over the entire line.

ALB3 -

de Station downstream excess length.

L20 Manual or computer data preparation.

SL Work station basic length.

SLL Line length in length units.

ST Line start position.

TT0 Length units.
UE Station upstream excess length,
V Line speed.

ALB4-

14 Control parameter to select the appropriate 

program section.
15 Number of years in the shift calendar required 

to be kept without any change.

IX Type of production shut-down.

IT1 Number of shifts from the start of calendar 

to the start of shut-down.

IT2 Number of shifts from the start of calendar 

to the end of shut-down.
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ITS

ITE

11

12 

J1 
J2 

Kl 

K2 
LI 

L2

ALB5

Al

A2

A3

A4

ADJ ( )

AV

AVI

AV2

AV3

AV4

Number of shifts from the start of the calendar 
to the period requiring updating.
Number of shifts from the start of the 

calendar to the end of the period requiring 
updating.

Starting shift for a given shut-down.

Finishing shift for a given shut-down.

Starting day for a given shut-down.

Finishing day for a given shut-down.

Starting week for a given shut-down.

Finishing week for a given shut-down.

Starting year for a given shut-down.

Finishing year for a given shut-down.

Station current upstream working length. 

Station current normal working length.

Station current downstream working length.

Lost work effort at current station (in length 

units).

Two part matrix containing: 

a - the model ratios used in the balancing 

procedure.

b - The model ratios in the simulation run. 

Average batch size.

Percentage of the total downstream time used. 

Percentage of the total upstream time used. 

Percentage of the total normal time used. 

Percentage of the total time lost.
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AAI [AA 2] Line location for start of work.

AB1 [AB2] Line location for finish of work.
AVE Average station size.
D Alphanumeric list of days.
D2 Alphanumeric list of shift status.
D3 Alphanumeric station status.

dn Total downstream time available.
E The station end location.
EP Final location after completing work tasks.

ITM1 Starting time (hours) for simulation.

ITM2 Starting day for simulation.

ITM3 Starting week for simulation.

ITM4 Starting year for simulation.

1X8 Current time from beginning of calendar in 

number of shifts.

1X9 Estimated finish time from beginning of 

calendar in number of shifts.

III Shift status in calendar.

IE Ending shift of production break.

IS Starting shift of production break.

IA2 Shift session number.

IA3 Day number.

ÏA4 Week number.

IR ( ) Frequencies distribution of station sizes,

JE Ending day of production break.

JJ Number of cycles m  start upsequence.

JJl Total number of cycles in product sequence.

JS Starting day of production break.

ke Ending week of production break,
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KS Starting week of production break.

LI Number of occurrences of downstream working.

L2 Number of occurrences of upstream working,

L3 Number of occurrences of normal working.

L4 Number of occurrences of working lost time.

LAI Control parameter (optional station informa

tion) .
LA2 Control parameter (deterministic or variable

element times).

LA4 Control parameter (partial or full print of

work station information).

LA5 Control parameter (element or station varia

bility).
LA6 Control parameter (continuous or independent

schedule).
Ending year of production break.

Starting year of production break.

Largest number of units required for any model. 

Smallest number of units required for any 

model.
Number of units produced,

Number of batch runs.

Size of batch sizes.

Sum of squared batch sizes.

Actual number of models in the simulation run. 

The current cycle number,

Total number of launches tn the production 

schedule.

M3 Number of finished units.

LE

LS

M

«1

ml

mli

ML2

M L 3

N

Ml

N2
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N4

N5

N88

N99

00

PE

PO

PEE

PE S

POE

POS

RN

S2 ( )

Station status.

Identity of model currently in the station. 

Control parameter to end program with faulty 

data.
Frequency of printed station information. 

Status parameter indicating existence of 

shut-downs.
Distance between limit positions of consecu

tive work stations.
Possible overlap length between two consecu

tive work stations.
Additional line length after final station 

in the line.
Additional line length before the first 

station in the line.

Possible overlap length between last station 

and end.
Possible overlap length between the start 

and the first station.

Total time available for normal working. 

Station information matrix containing: 

a - total downstream work time 

b - total upstream work time 

c - total normal work time 

d - total lost work time 

e - station work time 

f - total overlap work time 

g - maximum work time

h - minimum work time
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55 ( )

56 ( )

57 ( )

S8 ( )

S60 ( )

S81 ( )

SI2 ( )

SC ( )

SCI

SL

i - total work output 

j - total station time available 

k - station next start position.

Station work content.
Production schedule information.

Two part matrix containing (for each station): 

a - the identity number of the model in the 

station

b - the station status.

Matrix containing the station upstream time 

working, downstream time working, normal 

time working, and storing all the updated 

calculations for balance delay and smooth

ness index.
Three part production schedule matrix con

taining:

a - model identity number 

b - number of cycles required 

c - total number of units, required of the 

model in question.

Matrix containing total lost time for each 

station.

Matrix containing the frequency of occurrence 

work achievement at each station, e,g, upstream, 

downstream, and lost work.

Alphanumeric block matrix containing list of 

work station conditions.

Identifying number to specify the station con

dition.

Work station basic length.
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SLL

SS

SSS

SIIMI

SUM2

SUM3

SUM4-

SUM5
T61

TA4-

TDN

TL1

TL2

TL3

TOT

TOT1

TOT 2

TPE

TPo

TR

Line length.

Average size of uninterrupted model runs. 
Standard deviation of the uninterrupted 

model runs.
Total downstream time used in the line.

Total upstream time used in the line.

Total normal time used in the line.

Total lost time in the line.

Total work output in the line.

Actual number of model in.
Expected time (hours) of schedule completed 

as either:

a - initial estimate 
b - estimate during simulation.

Total downstream excess length.

Line speed.

Line cycle time.
Line speed associated with balancing cycle 

time.
Total work during the entire production 

program.

Total work output during the entire production 

program.
Total time available (norma.1 + upstream + 

downstream time) during the entire production 

program.
Total unused’ length in the line.

Total overlap length in the line.

Transit length between each pair of consecu

tive stations (including upstream and down
stream excess length).
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TRE

TSL

TTR

TTR1

TUD

TUP

UN

UP

UTUD

XI

X U

XD

'Y

YY

Transit length for last station.

Total normal length of all work stations. 

Total transit length for entire line. 

Equivalent line length.

Total up and downstream excess length for 

entire line.

Total upstream excess length for entire line. 

Total unused normal time during the entire 

production program.

Total upstream time available during the 

entire production program.

Total unused transit length for entire line. 

Original model ratio used in balancing by 

the model in question.

Actual model ratio used in the simulation 

run by the model in question.

Model dominance ratio.

Maximum station capacity (multiple of basic 

station size).

Minimum station capacity (multiple of basic 

station size).
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ALBI PROGRAM

0
?
3
9
1j
1.1
12
13
u
15
1 ó 
1?
u
19
20
ì \
23
2;
25
26 
2? 
23 
29
3q
31
32
33 3/,
35
36 
3? 
33 39

«
'424j

k
45
46 
4?
4349
*0
si c>  c
H c
S6
S?
Sj
S9

11

111

PROGRAM (FXXXX)
COMPRESS INTEGER AND LOGICAL INPUT A = CRU 
INPUT 5 = CR1 
OUTPUT 6=LPO 
TRACE 2 END
MASTER ALB1
integer di » ei , fi , f a# f5 , fó , F9 * t3 , ts ,T8. tó » Z1, F51
DIMENSION T1(3),01C30)»011(30.A),E1(10),E11<10,8).F1(100).F2(100)f 

iFSdOOJ.FAtlOOrlOJ^SCIOOJOI^ótlOOJOI.FZdOO^I.FddOOj^lnO),2Z11dO,a),F9(1U0,1O),F51(l00»10)
DATA CHECK PROULEM (START OF TEST CASE)
INPUT OF MASTER SECTION (FILE F2)
199 = 0
READ(A,10)< T1 (I) , 1=1,A)

10 FORMAT(3A8)
READ(A,11)75 
FORMAT(I A)
IF(T5.07.1 00) GO TO 111 
IF(T5.LT,1) GO TO 111 
GO TO 1A 
UR ITE(6,12)
199 = 1

12 ro r m a t (///1H , 5 0 H ERROR FOUND I NUMBER of elements ZERO OR negativ 
IE///)
I F( 199.EQ,1> GO TO 900INPUT OF PROBLEM DATA (FILE F2)

1A DO ZOO 1=1,T5KEAD(Ail5)F1(I>/F2(I)*F8(I)»F3(I)#(F7(I»J)fJ=1»7)
15 FORMa T(I A.3F6.2,7A8)

READ(A,16)(FA(I,J)»j“1/10)
READ(A,16)(F5(I, J)iJ=1/10)
P F A D ( A, 1 6 ) (F51 (I » J ) I J“1 f10)REA0(A,16)(F6(I/J)/J=1»10)
REA0(A,16) ( F9 < I ,J) »J=1 JO)

16 FORMAT(10 I A)
200 CONTINUEREAD(A,37)TO » T9 » T10 
87 F0RMAT(A8,2F10.Z>

INPUT OF PROBLEM DATA (FILE F1)
CHECK NUMBER Of SPECIAL FACILITIES (T3)
KEAD(5,17)T3

17 FOKMAT(IA)
IF(T3.LT.1> GO TO 100 
IFCT3.GT.3U) GO TO 100 
IF(Tj,EQ,1)G0 TO 101 
DO 201 I=1,T3K£AD<5,20)D1 (I ) f (011 (I»31 ,J="1 / A)

20 FORMAT(I A « 8A8}
CONTINUE2 01

CHECK list OF MODELS *****

DO 703 1=1,(T3-1)
DO 202 J«(I*1)#T3 I F ( D1 ( I ) , NE -01 (J)> 50 TO 202 
199 = 1
URITE(6,300)1,J300 FORMAT(//IH »33H ERROR FOUND I RESOURCE NUMBER J fIA,5H AND .14,23
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*0
S1
*2
«3
S;
ss
S(,
s?
S3
S?
?0
?1

?4
?s
?6
??
?3
?9
«0
«1
82
«3 C
3s c 
36 C 
8?

0
12
3
*5
?6

0
12̂ 
53 
'0; 
¡Os 
04 ■
»>
¡3¡!}¡■I
!|| c 
¡1 t 
'iic
'D

. + H HAVE THE SAME IDENTITY)202 CONTINUE
2 0 3 continueDO 204 1 = 1 ,T3 

I F < D1(I), G T , Q) GO TO 204 
109 = 1
1/R I TE (6,301 ) I

•301 F0R.MAT(//1H ,33H ERROR FOUND 1 RESOURCE NUMBER j ,I4,30H HAS NEGAT 
*IVE OR ZERO IDENTITY)

204 CONTINUE 
GO Tu 101100 i 99 3 1
Mr ITE(61 302)T3J02 FORMATC//1H ,27N ERROR FOUND l T3 VALUE OF ,I4,23H IS OUT OF RANGE > 1 - 3 0 )
GO TO 900

101 READ(5,17)T6 
IF(T6.LT,1) GO TO 102 IF(T6.GT,10) GO TO 102 
IF(T6,EQ,1) GO TO 103 
DO 205 I»1,T6

. READ(5,20)E1CI),(E11(IrJ)»J*1.3)
¿05 CONTINUE

***** CHECK LIST OF MODELS *****
DO 207 I=1,(T6-1)
DO 206 J=(I*1),T6 
IF(E1(I),NE,E1 (J)) GO TO 206 
199 = 1

, WRITE<6,303)1,JFOR,'IAt(//1 H ,29H error found r MODEL NUMBER | ,I4,5H AND ,I4,23H H 
+AVE THE SAME IDENTITY)

£06 CONTINUE 
CONTINUE DO 208 [=1 ,T6 
IF(E1(I),GT.O) GO TO 208 199=1

, WRITE<6,304)1’S°4 FORMAT (/ /1M , 30 H ERROR FOUND 1 MODEL NUMBER ; ,I4,30H HAS NEGATIVE
•>* OR ZERO IDENTITY) 
eoa CONTINUE 
. GO'TO 103 
'02 199=1

Mr ITE<6,305)T6005 FORMAT C//1H ,2 7H FRROR FOUND I T6 VALUE OF # I 4,2 3 H IS OUT OF RANGE
* 1 - 10)

, GO TO 900 
103 READ(5,17)T8

IF(TS.LT.I) GO TO 104 IFCT8.GT.10) GO TO 104 
IF(T3.EQ,1) GO TO 105 
DO 209 1=1 ,T8
READ(5,20)Z1(I),(Z11<I/J> »J*1»8> 

i09 CONTINUE
***** CHECK LIST OF WORKING ZONES *****
DO 211 J»17(T8*1) 
DO 210 J»U*1)fT8
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20
Ul
¡22.23
'2;
Us

U?
¡28
’27
|30
31
32*3
J;
3s
’36
¡3?
32
39
Î° 1 
1 « K? ,

»4J 1!k4s
46’4?
¡4a
’ 49

’S0
I3“'s?
¡53¡s
S?s60
8
¡5
«s
«6
«?
'li

Üî
’?
' fis

!

IF<Z1< I).NE.Z1(J) ) GO TO 210 I99a1
WRITE(6,306)I,J306 FORMAT(//1H ,29H ERROR FOUND 1 ZONE N1JM8ER : , 

+ VE THE SAME IDENTITY)
210 CONTINUE
211 CONTINUE

DO 212 1 = 1, T8 
IF C Z1(I),G T , 0) GO TO 212 
199 = 1
•Jr ITE<6,307) t

307 FOR*IAT(//1h , 29 H ERROR FOUND 1 ZONE NUMBER j 1 
♦UR ZERO IDENTITY)

212 CONTINUE 
Go TO 105104 199=1
URITE(6,30S)T8308 FORMAT(//1 H ,27» ERROR FOUND I T8 VALUE OF »14 

+ 1 - 1 0 )
GO TO 900

; ****** ELEMENT CHECKS *******
305 DO 2201 1-1 ,T5

IFCF1(I),GT,0) GO TO 350
• 199=1

, WR ITE(6,309)I309 FOR!1a T(//1H , 32 H ERROR FOUND r ELEMENT NUMBER «
, +VE OR ZERO IDENTITY)■*50 IFU.EQ.T5) GO TO 351 

DO 221 J = U*1 ) ,T5 
l F ( F1 (D.NE.F1 (J)) GO TO 221 
199-1

, URITEÎ6,310)1,J
1510 FOR[Ia T(//1h ,32h ERROR FOUNd i ELEMENT NUMBER I

♦ IN LIST HAVE THE SAME IDENTITY)
221 CONTINUE
■*51 I F (F2< I ), GT, 0,0) GO TO 352 

199 = 1
, WRITER, 311)1311 FOKMAT(//1 H ,32H FRRUR FOUND , ELEMENT NUMBER ,
, +3 INCORRECT ELEMENT TIME)
■*52 If (F3(I) .GE.O.O) GO TO 353 

199 = 1
, 'JR I TE (6 ,31 Z) I , „312 FQRilAT<//»lH ,32H ERROR FOUND I ELEMENT NUMBER
, *S INCORRECT VARIANCE)
3 5 3 IF(F3(I).GT.0 ,0 ,AND,F8 ( I ) . LE. F2(I )) GO TO 354 

199 = 1
WRITE<6,313)1*13 FORMAT(//1H ,32H ERROR FOUND 1 ELEMENT NUMBER 1 

~ + 3 INCORRECT- MINIMUM DURATION)
5 4 Do 223 J=1,10

IF(F4(I,J).EQ.0) GO TO 223 
DO 222 <=1,T5IF(F4U,J).NE.F1 <K>> GO TO 222 

? GO TO 223 
CONTINUE 
199 = 1
WRITE<6,3U)I,J

14,5H AND » I 4 » 23H HA

I 4 » 3 0 H HAS NEGATIVE

,23H IS OUT OF RANGE

, I 4,30 H HAS NEGATI

,1 4 ,5 H AND » I 4 ,31h

»I4-35H IN LIST HA

I • I 4,30H 1NLIST |)A

, 14,39H IN LIST HA
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13«)
!*
82

S3 C3,, c 
!«“ c IS
j j s'9q
I’192
’3 94 
l9c 
%
]’?
I99
*0O
20i

53

f t  ?

ifj<0o
|!î 

!|!S
5

s ì 'I9Ü
p î

f t

f t
fa
faJo

1
fa

314 FORflAT C//1H ,32H ERROR FOUND 1 ELEMENT NUMBER • »I4.19H FOLLOWER N ♦UMBER | , I 4 » 35 H IN LIST IS NOT AN ACCEPTED ELEMENT)223 CONTINUE
***** ELEMENT RESOURCES CHECKS *****
KK = 0
DO 224 J d  ,10
I F(F5( I ,J).EO.0) GO TO 224
K K = KK +1DO 2231 Ka1,T3
IF(F5(I,J).NE.D1<K)) GO TO 2231 
GO TO 224 

*231 CONTINUE 
199 <»1

, WRITe (6,315)1,J315 FORM,\T<//1H , 32H ERROR FOUND I ELEMENT NUMBER : » 14-19H RESOURCE N 
♦UMBER , ,I4,36H IN LIST Is NOt AN ACCEPTED RESOURCE)

224 CONTINUE 
IF(KK.GT.O) GO TO 355 
199 m1

, Wr ITC(6,316)1•»16 FORMAT C//1H , 14 H ERROR FOUND ,/45H NO RESOURCES SPECIFIED FOR ELEM 
• ♦ENT NUMBER r ,I4,8H IN LIST)

RESOURCE LEVELS CHECK *****

C 
C

355 do 225 J = 1 ,10
I F < F5 (I ,J >.EQ,0) GO TO 223 
IF(F5KI,J),GT,0) GO TO 225
199 = 1
WRITEI6,312)1,J

3 1? FORMAT(//IH ,32H ERROR FOUND 1 ELEMENT NUMBER t #14 r19 H RESOURCE N 
♦UNDER l »14,37H IN LIST H*S INCORRECT RESOURCE LEVEL)

*•25 CONTINUE
ELEMENT MODELS CHECK.5 ♦ * * # *

226

l i e

■9

KK = 0
DO 227 J = 1 ,10
lF(Fo(I,J).EQ.0) GO TO 227
KK=KK*1
On 226 K=1 ,T6 •
I F ( F6 (I , J ) , HE , £ 1 (K)) GO TO 226 
GO TO 227 
CONTINUE 199 = 1

- WR I TE (6,318) I f J318 FOKfl,\T(//l H ,'32H ERROR FOUNo » ELEMENT NUMBER « * 14* 1 6H MODEL NUMB 
P +ER I ,¡4,308 IN LIST IS NOT ACCEPTED MODEL)
<i7 CONTINUE

IFOÎK.GT.Q) GO TO 356 199=1
319 fU EÎC;?Îh ,!,*H ERROR FOUND 1 1 42H NO MODELS SPECIFIED FOR ELEMENT 

♦ NUflDER 1 ,14,84 IN LIST)
***** ELEMENT WORKING ZONES CHECKS *****

336 k k=o
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?J0

*4324;
245
246 
?4? 
243 
249 
*sO 
3125?
2S3
SS4
352$6
5?

DO 229 J =1 ,10
1 F <F9(I,J),EO.U) GO TO 229 
KK=KK+1 DO 2 2 8 <«1 , T3
IF(F9(I,J).HE.Z1(K>) GO TO 228 GO TO 229 

£28 C 0 N T I N U E 199 = 1
W«ITE(6,320)1,J

320 FOKM,\T(//ih i 32 H ERROR FOUND I ELEMENT NUMBER J » 14,1 5 H Z0NE NUHse 
*k : ,T 4,29 H IN LIST IS NOT ACCEPTED ZONE) '¿29 CONTINUE
IF(KK.GT.O) GO TO 357 199 = 1
WRITEC6,321)1

321 FORMa T(//1h ,14H ERROR FOUNo f»4lH NO ZONES SPECIFIED FOR ELFMFNT
.Jf +NUM8ER I ,I4,8H IN LIST)
23a CONTINUE
?4n r ***** TIME CHECKS *****
?41 ,357 IF(T9.GT.O.O) GO TO 358 

199=1
WRITE(6,322)

322 F0KMa T(//1H ,14H ERROR FOUND |,41H NUMBER OF TIME UNITS PER SHIFT 
♦INCORRECT)

358 lF(Tin,GT,OtO) GO TO 9999 I<39 = 1
WRITE(6,323)

323 F0RMATC//1H ,40H NUMBER OF TIME UNITS PER HOUR INCORRECT)

«3
«4
«3
26;
?6a
*49
?o

p i
p  c 
i «

p i
p i
¡>,j C

************************************************ 
*********************************************** 
**** ****
**** WRITING THE DATA ****
**** * * * *
*********************************************** 
***********************************************

2,

?So 9 9 9 9 I F < 199 , EQ • 1 ) GO TO 40 
' 31 Write (6,39)

39 FORMAT C / / 1 M ,103 H ********************** WRITE OUT DATA - no Err 
1 Or FOIWJD - DATA SATISFACTORY **************♦****.**)
GO TO 42

40 Wr i t e <6,41)
41 F0RMAT(//1H ,99 H ************************ ERROR FOUND
1J OB FINISHED ******************************)

42 WRITE <6,43)
43 FORMAT<1H .1oX,70H************************************************ 
1**********************)

^3
&
3S

k

?a9
8}
8i
*9;
*»5
2)?
f l
299

Wr ITE <6,44)
44 FORMAT(1H ,1AX»70H*****************’
1**********************)
WRITE <6 f 45)45 FoRMATOH ,16X^3H***,64X,3H***)
'/RITc (6,46)(T1 (I) , I31 '«)

46 FORMAT(1H ,16X»3H***,AA8,3H***)
WRITE<6,47)---47 FORMAT(1 H ,16X,3H***,64X,3H***J
w r i t e (6,48)

***********
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¡’I302
3 1a
303 306 
30? 30̂ 
30Ç
31 o
¡H
12J13
¡u31s
¡U31?
¡1.3lo
?0
213?a
2;
23
26
2?3?33>9
|;o
¡4132 
3j
34
3536 3?
303j,
¡40

¡4$
}<s¡46
4?
40
¡49
s03Si3sl

? !
5;
3S
S(*S?
383S$

48 FORMAT (1 H .UX/70H1**•***»*********»*****)
■ Iff I TE (6,69)

49 format d H  îIô x ^^o r****************-**’*****^**********^*********#***1********************»*j
WR I TE(6,50)

50 FORMAT ( 1 h »16X<70H********************'**''**********»***»********** 
1**»*******************)
'Jr l TE (6,51) T5

51 FORMAT(1H »16X/27H*** NUMBER OF ELEMENTS = #I 4.36X»3H***>
MR I TEC 6,52)

52 FORMAT(1H #16X » 70h * * * * *r + ***6à6 + +,ir + **# + é + ir* + -k + à + -è+éir*k'è*-t*t-k + + *if.t + j
1 ***************** r * » # * * )
OQ 243 1=1,T5 
'•/RITE(6,53)

53 FORMAT( 1 H ,103H*1 ****»***#*•****★**★*************★*********■*♦**•******)
MRITE(6,54)

54 FORMAT <1H ,103H* *
1 *0
WRITE(6,55)F1<I),(F7<I,J),J = 1,7)

55 Fo RMAT(1H /13H* ELEMENT NUMBER i , I 4,1 6 H * DESCRIPTION I»7A8,7X,2H 
1*)
Wr ITE<6,56)

5.6 FOKMATdH ,103H* *
1 *0
Ur ITEC6,57>57 FORMAT ( 1 H / 24H------------------------ ,77X,2H *)
Wr ITE(6,58)

58 format o h  ,ZH* ,9 9X/2H *)
WRITE<6,59)F2(I) , F3(D , F8(I>59 FORM,\T(ih * 1 7 N * ELEMENT TIME I _ » F 6.2 » 5X , 21 H ELEMENT VARIANCE j ,F

16,2 » 5X » 28H ELEMENT MINIMUM DURATION t,F6.2,7X,2H *)
WRITC(6,60)

60 FORMAT(1H /ZH* f99X,2H *)
J1 0 = 0
Do 240 J = 1 ,10 
I F(F4(I,J),GT,O) J10 = J 

*•40 CONTINUE
IF(J10.EQ.O) GO TO 62 URIT£<6,61)(FAC I,J) , J=1»J10)

61 Format d H  ,3o h* list of followers
62 IF(J10,EQ,U) UR ITE (6,63)
63 FORMAT(1H # 35 H * LIST OF FOLLOWERS 

Wr ITC(6,631)
Û31 FORMAT(1H*,101XfZH *)J1 0 = 0

DO 241 J = 1,10
? IF(F5(I»J).<JT,0) J10 = J4̂1 CONTINUE

IF(J10,EOi0) GO TO 65 
, WRITE(ü,64)(F5(I,J)*J31 • J 1 0 )64 FORMAT ( 1H ,30H* LIST OF RESOURCES
65 IF(JIO.EQ.P) WRITE(6,66)
66 FORMAT(1H , 35 H * LIST OF RESOURCES
, w r i t e r ,661)
°61 FOrMa T(1H♦» 101X/2H *)

J1 0 = 0
DO 320 J=1,10 
IF4F51(I »J).GT.0)J10 = J

:,1014)
I NONE)

I » 1 01 4 )
J NONE)



531

36q361

>S3 36 \
36366
36?
36*
369
3?0
?2
?3?43?3
|?6
??
8}|t?
823333/
33$33o
33?$
3?039
]92o3

3?sjj9039o
%
»ofillUS
*o<,6i)?
<oa
%
¡’0
11»1?M3si

¡ ¡ ‘

¡¡5

620 COriT I NUeIF<J10. EQ.O)GOTO «11 WRITEC6.31Q)CF51 <I,J> , J = 1 ,J10>610 FfJRM.ATdH , 30H * LEVEL OF RESOURCES 1,1014)311 IF(J10.EQ.0)WRITE(6,612)
312 FORMAT <1H ,3 5 H * LEVEL OF RESOURCES I NONE)WRITE<6,601)

J1 0 = 000 410 Jni ,io 
IF<F9(I,J).5T,0) J10=J410 CONTINUE IFCJ10.EQ.O) GO TO 412 
URlTE(6,411>CFqCI,J),J=1,J10)411 F0KMAT(1H , 30H * LIST OF WORKING ZONES 1,1014)412 IF(JlO.Ef).O) URITE(6,413)413 FORMAT (1 H , 55 H * LIST OF WORKING ¿ONES I NONE)
URlTECo,661)J1 0 = 0
00 242 J = 1 ,10 IF(F6(I,J) ,GT,U) J 1 0 = J 

«.’42 CONTINUElF(JIO.EQ.O) GO TO 68 URITE(6,67)(F6U,J),Jc1rJlO)
67 FORMA7(1H »30H* LIST OF MODELS 1,1014)68 IF(J10,EQ,0) WRITE(6,69)6.9 FORMAT (1 H , 35 H * LIST OF MODELS « NONE)WRITEC 6,691)
691 FORMAT(1H*,101X,2H *)

URITEC6,7U)70 F0RMAt(1H ,103H*****************************************‘***+** 
1***************************************************»)

243 CONTINUE
WR1TEC6,79>WrITE<6,324)324 ForMAT<1H , 21H * TIME INFORMATION :-,27X,1HO

k * *

WrITE(6,79)WrITEC6,78)WPITE(6,325)TQ325 Format (1 h ,ih*,14h time units.»: ,a s,25x ,ih*) 
write (6,326) no326 F0R.‘1AT(1H , 1 H* » 33H NUMBER OF TIME UNITS PER HOUR = • F10«2«4X,1H*’) 
WRITE(6,327)T9327 FORMAT(1H ,1H*,24H SHIFT TIME AVAILABLE = ,F10.2,13X,1H*)
Ur ITEC6,78)
write(6,7 9)
WR1TE(6,71)

71 F o r m a t (1 h , 4 9 h * * * * * * * * * * * * * * * * * * * * * * * * ' * * * * * * * * * * * * * * * * * * * ■ * * * ♦ * * )
WrITC(6,72)T3 „ , „72 FORMAT(1H ,33H* NUMBER OF SPECIAL FACILITIES n ,I4,10X,2H *)

73
74
75
76

77

Wr I T E < 6 , 7 3 )
f o r m a t c i h , 4 9 ^ * # * * * * * * * » * * * » * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ' * * )  
Wr I T E ( 6 , 7 A )
F ORMAT( 1 H , 4 9 H *  F A C I L I T I E S  AVAI LABLE I -  * )
Wr i t e ( 6 , 7 5 >
FORMAT (1 H , 4 9 H * * » * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ’' * * * * * * * * * * * * * * 9
Wr I T E ( 6 , 7 6 )
FORMAT( 1 H , 2 H *  , 4 5 X , 2 H  * )
DO 2 4 4  I=»1 , T 3WRITE <6,77 UKI) » (Dll (I»J )»J = 1'4)
FORMAT < 1 H , 1 H * # I 4 . 3 H  * , 4 A 8 , 7 X , 2 H  *>•
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4?QSiiSî4?5
4??
^ 3
4J?
43q

432
433
43s
43â
3?
^ 3
43*
440
4M442 
}*J
<4
45

¡4?
443
449
450
4$i
43
?3
45s
‘S3
4S
SC
5?«0 
61«î4$>
4« J s ***

244 COUTINUEWRITE<6,78>78 FORMAT(1 H ,2H* » 45X » 2H *)
Wr I T E ( 6 , 7 9 )

7 9  FOK’f ATCÎ H , 4 9 8 * * * * * * * * * * * * * * * * * * * * * * * * * * * * ' * * * * * * * * * * * * * * * * * * * * * )'JRI TE(6,30)
WRITE(6,801 )T88û1 ForMAT(1H ,27H* NUMBER OF WORKING ZONES =»I4,43X,2H» )
1/RITE(6,82) 
write(6,so 2)

802 FORMAT <1H » 31H * WORKING ZONES DESCRIPTIONS ;-,42X,2H *> 
w r i t e < 6 , 8 4 )
WRITE(6,85)DO 420 1 = 1 , TS
WRITE(6,803)Z1<1)»(Z11(I » J >*J»1»8)

803 FOR,MAT(1H «2K* ,I4,3H = » 8 A 8,2 H *)
420 CONTINUE

write(6,85)UrITC<6,84>
WrITE(6 » 30)80 FOkMATCIh ,758**********»*********’******************************* 1***********************)
U r I T E ( 6 , 8 1 ) T6

81 FORmAT(1H ,218* NUMBER OF MODELS = ,I4,48X,2H *)
' WrITE(6 » 82)82 FORMAT(1H ,75H******»*******************************'************* 1 * ***•******************)

UpITEf6,83)83 FOKMAT(1H »26H* MODELS SPECIFICATIONS r,,47X,2H *)
WRITE(6,84)

8 4  FORMAt ( 1 H  , 7 5 k * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ' * ' * * * * * * * * * * * * * * * * ’**  
1****»*#****************)
WrITE(6,85>85 FORMAT(1H »2H* ,71X»2H *)
DO 245 1=1,T6WRlTE(6f86)E1(I),(E11(I,J)/J=1»3)

86 FORMAT ( 1 H » 2 H * ,I4,3M = »8A8/2H. *>
245 CONTINUEURITE<6,85)

WRITE<6,84)900 STOP END
FINISH

V
Sv^vvvvwvvvwvvvvvvvvvvvvvvvvyv.'vvvvvvv'yvvvv'wvvvvvvvvv.-vvvvvvv 
, 'VVVwVVVV7VVV7VVVWVV'/VVVVVVVVyVVV\/VVVV V VV7VVVV W 77V .'7 / V VV VVV7VVV 
vV / VV'/VVVVV77VVVVVV7VVV7VVVV7VVVV'/VVVVVVVVV7V''VVVV7VVVVV ,'W /VVV 
'Vv<v. VyV77vVV7VVVVVVVVVVVVVVVVVV/VVVVVVV'/VVVV'VVVVVVV VV7 W W W ' . ’ 
^ W VVvv\'vvvvyvwvvvwvvvvvvvyvvvwvvwvvvvvwwvvwvwvvvwvvvv '
,W nVvv''vvvv7Vvvwvvvvvyvvvvvvvvvvvvv v vvv vvvv'vvv v v vv vvvvvv vy vv .■
(  ̂V v v  * ‘/y v v v v v v y v v v v v v v v v v v v v v v v v v v v v v v v v v / v v v v v y v v v v v / v v v v v v v v

*»*,*»*.* ^ * » * ,  **.**********************'*********************'

VVVVVV VVVVVVV'-Vy vV V V VVV V V V V V V V' VVV
V V V ' ' 7 V V V V V V V V v v 7 * 
■J v v v v v v v v v v y y ' ■ y ÿ ■'
V V V V 7 v V V V V V W W WV V V V V V V V V V V V v V v 7 , 
W W  VVVVVV W W W ,
******♦+**#*♦»
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ASSEMBLY LINE BALANCING PROGRAM
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GENERAL FLOW CHART ALB 2.
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ALB 2 : ASSEMBLY LINE BALANCING PROGRAM.

FiG. (C.3.A) DETAILED FLOW CHART ALB 2.
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FlG- (C.3.B) DETAILED FLOW CHART ALB 2 (Continuation).
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| SUBROUTINE PURPOSE

J ASSESS ; This subroutine determines, after the comple- 
i tion of balancing, the following information:

- The four versions of Balance Delay BD1- 
; BD4.

- The four versions of Smoothness Index 
SD1 - SD4.

- For each station:
minimum allocated work load 
maximum allocated work load 
range of allocation work 
average and standard deviation of 
normal assigned work times 

average and standard deviation of 
weighted assigned work times 

work variety assigned to station.

- Total range of assigned work.

- Training index of work variety.

- Average station range.

- Standard deviation of station range.

- Range of work variety over entire line.

ASSIGN2 1 - This is the balancing subroutine respon
sible for assigning work elements to 
work stations where MIXED MODEL-MULTI
ELEMENT assignment is to be applied.

TABLE C . 1. SUNM\RY OF SUBROUTINES USED IN ALB 2.
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ASSIGN31 This is the balancing subroutine responsible 
for assigning work elements to work stations 
where either

1 - SINGLE MODEL BALANCING 
or 2 - MIXED MODEL SINGLE ELEMENT

assignment is to be applied.

PREC This subroutine determines at any point the 
precedence availability for assignment of 
any work element on a basis of precedence 
restrictions.

PROB This subroutine determines the number of 
normal distribution standard deviations 
equivalent to a given percentage confidence 
level.

RESULTS This subroutine prints the balance results 
which includes for each station:

- station number
- station size
- assigned elements model by model
- work content model by model
- work duration model by model
- compressed time model by model.

STNSZ Determines the estimated basic'station size 
required to complete a viable balance assign
ment where a limit on line length applies.

WTCALC This subroutine calculates the weight asso
ciated with each element and the ranks 
elements in order of highest weight first.

For single model and mixed model multi element 
assignment, element weights are based on 
element time plus element times of all 
followers.

For mixed model single element assignment the 
weights are modified by relative model ratios.

TABLE C.l. SUMMARY, OF SUBROUTINES USED IN ALB 2 (Continuation)
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ALB 2 : ASSESS

Set all versions of balance delay 
and smoothness index to zero 
BD1 - BD4 = 0 & SI1 - SI4- = 0

Calculate 4 different versions of 
balance delay and 4 different versions of 

smoothness index 
BDI - BD4 & SI1 - SI4

Print BDI BD3 BD2 BD4 
Sil SI3 SI2 SI4

For each station

Calculate : Minimum work ST(I,2)
Maximum work ST(I,1)
Work range ST(I,3)
Total work ST(l,i4)
Normal average work AV
Weighted average work AVI
Normal standard deviation SD
Weighted standard
deviation SDÌ

£
Calculate: Total of assigned work WBl(TWV) 

Training index WB2(TT)

Print listing of station calculations

Calculate : Average station range (WT1)
Standard deviation of station 
range (WT2)
Range of work variety over the 
entire line (WT3)

Print line information WT1, WT2 and WT3 
WB1, WB2.

/ RETURN 
V  END

FIG. (C.4) FLOW CHART FOR SUBROUTINE ASSESS



539



540

ALB 2 : ASSIGN31 SINGLE MODEL AND MIXED MODEL-SINGLE ELEMENT ASSIGNMENT.

Assign the element & 
update information matrices

Is
^solution for

Ko — ^this station size bettei 
^than best solution so 

far found.

_ms-------
Save solution as best 
solution so far found

Z T

L = L4 - J10
'’

CALL
SUBROUTINE STNSZ

>’

FlG- (C.6) FLOW CHART FOR SUBROUTINE ASSIGN31
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ALB2: PREC

plG. (C.7) FLOW CHART FOR SUBROUTINE PREC.
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ALB2: PROB

FlG- (C.8) DETAILED FLOW CHART FOR SUBROUTINE PROB.
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ALB2: RESULTS

lG* (C.9) FLOW CHART FOR SUBROUTINE RESULTS.
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ALB 2 : STN'áZ

CC.10) DETAILED FLOW CHART FOR SUBROUTINE STNSZ.
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ALB2 PROGRAM

0
1
2
3
4
5 
<5
7
8 
9
'0
n
12
>3
\4
15
16
17
18 
1 9 
20 
?t 
?2 
?3 
?4 
?5 
?6
27
28
29
30
31
32
33
34
35 
3ó
37
38
39 
<Q 
4I
«3
<5
<6
<7
48
4g
5q
51
s2
53
s4
55
56 
5? 
5a 
59

PROGRAM ( F X X X )
COMPRESS INTEGER A NO LOGICAL
INPUT 4=CRO
INPUT 5 = CR1
INPUT 7iCR7
OUTPUT 6=LPO
OUTPUT 8-CP t
TRACE 2
ENO
MASTER ALB2
INTEGER 01 ,E1.F1#E4,e 5,F6,F9,T3,T5,T6,T8,Z1 ,E51
DIMENSION TI (81 »0U30),0t 1 c3Q,d)#El C10),E1 1 fio, #),F1 C1 0 0) ,F2 (lonj, 
1 F8 f 100),F3( 100) ,F4 ( 100, 10) fF5f 100, 10) ,F6 ( 1 00, 1 0) ,F7 f 100,71, F9fmO, 
?10),Z1(10) , ZI 1 (100,8)»ITRf120),AOJM 0),F21 f100),LR(100,10),TFWf100 
3, 101, IAS{| 00, 10) , IEM( 100) , A f 40,4, 1 0) , STf 40, 4) # TM(10), EM(10) , F.51 ( 1040,10),IL(10),IC(100),IZ(40),IEMUIOO)
COMMON/SUflt/Fi,IFH,I EM/SLA 82/E 21,LR/SLA 83/E2,F4,F67SLA 84/A0J, E 1 /J 
1LAB5/A,IAS, I2/SLA86/F3.F8
**************** INPUT DATA 0 F FILE FZ ********^*****j
REA0(4, 10) (TI (I), IM,«1

10 FORMAT (8A8)
READ(4, HIT?

11 FORMAT(14)
DO 500 1*1,T5
RFAn(4,i21F1 (I) ,F2Cn,F8£I),F3CI), (FJfl.J), Jel ,7)

12 F0RMAT(I4,3F6.2,7A8)
RE A 0(4 ,J4)(F4(I,J),Jrl , 10)
READ[4,14)(E5fI,J),J-l,10)
RFAO(4,l4)(F51(I,J),J*l,10)
REAn(4,!4) (F6 (I,J),J?t|ln)
READ(4,14)(FQ(I,J),Jel,lO)

14 FORMAT(1014)
500 CONTINUE

RFA0(4, 1 18) TO, T9, H O  
118 FORMAT( A 8 * 2F 10.2)

***»**»»♦** + **'* INPUT DATA 0F FILE FI ***************
RFAD(5,15)T3

15 FORMA T f14)
DO 501 1=1,T3
READ («5, 16)01 fi), (011(1, J), 3=1,4)

16 FORMATC14,8*8)
501 CONTINUE 

READ(5,17)T8
17 FORMAT(14)

DO 502 1=1,T6
READ(5,18)Et(I),(E11(I,J)«JC1|8) 

t 8 FORMA T(14 « 8 A8)
502 CONTINUE 

READ(5,19)T3
19 FORMA T(14)

DO 303 1=1,T8REA0(5,20)Zl(I),(Zll(I,J),vJtl»8)
20 F3RMAr(I4,8A8)

503 CONTINUF 
WRITEf6,52)
HRITE(6,30)

52 FORMAT(1H1)
30 FORMA f f//lH ,25X,70M*** 

1************************)
■***4i*
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61
62
53
64
65
66 
6; 
68 
69 
>0 
>1 
>2 *3 
*4 
>5 
>6 
>7 
>8 
?9
8q
«l
82
83
84 
8b 
86 
87
8a
89
90
919a
93
’4
9b
96
97 
9a 
9g 
OQ
01
02
03
04
05
06 
07
oa
09
'0
«1
12
13
14 
'5 
’6 
17
ta
>9

60
» t * * * * 1WRITE(6,3t)31 FORMATCIH ,25X,7C)H**i 

1 *********♦************)'
WRITEf6,32)

32 F0RMA T(1 H , 25X,2H* *,6fiX>2H* * )
WR I TE 16« 33 ) fl33 F0RMAT(1H .25X.2H**,1X.8A8,1X,2H**)
WRITE(6.32)
WR1TE(6» 31 )
WRITEf6.31 )
WRITEfô.96)
WRITEf6.810)

BIO F0KMAT(1H ,1H*,11«X,1H*)
WRITEf6,810)
WRITE(6,810)
WRITE(6»810)
WR T TE(6 « 34)3d F0RMATC1H ,tH*,5X,24 H*************************»9X,1 H * 1
WRITEf6,35) .35 F.3R.‘4AT(1H , 1 H*,5 X,1 H*,22x,1 H*,89X,1H*)

3b ?0RÎAniHft!t2*,5X,lM*,2lH INF3RMATI0N ANALYSIS.2W ..21X.14H TIM£
• UNITS =,3X,A8,43X, 1H*3

37 ?0J.Îa [?Îh 7!Îh *,5X.1H*.22X.1H*.12X,24HN0RMAL SWIFT DURA T I 3N » ,F*.2
1,45X,1 H *)
WRITE(b,34)
WRITE(6,810Î
WRITEÎ6.810)
WRITE(6,810)
WR I TE (6 » 39) QOV lu.,39 F0RMATUH ,IH*,5X,1 4H* * * 4 * * * ** * * *'* 1

40 F0RHAT(1M ,1 H*,5 X , 1 H*,l2 x,1 H*,9QX,1H*1
41 F0RMAT(Îh '!iH*.5X.14H* ELEHENIS **99X,1H*)

WR I TE(6 » 40)
WRITE (6,39)
WRITE(6,8I0)
WRITE(6,810)
ÏÎÎÎÎIÎlîiü.** ELCHEN! LISTING S ELEHEN! REOUCTI0N.RIT 10

50 ELEHEN! LISTING ;.95X,tH.)
WRITEÎ6.38) *..****.******* Qdï 1W*)
WRITE(6,810)
WRITE(6,810)
WRITE(6,8I0)
00 510 1 =1 ,T5 
Jl =0 
J2?0 
J3;0 
J4 = 0
00 509 19=1*1°IF(Fb(I,I9).GT.O)Jl=I9
IF(F4(I,!9)*GT.O)J2*I9IF(F9(I.19);GT.0)J3s I9
IF(F5(I,19).GT,0)J4=I9 

509 CONTINUE
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120
121
122
123
1?4
125
126
127
126
129
tlQ
13j
132
133 
13<j 
135 
l3t)
137
138
139 
14q
l4t
142
143 
14 4
145
146
147
148
149 
15q
}5l52
153 
15<) 
155 
ISq 
157 
15a 
159 
16 q

I61152
¡53
154
165
166 
167
I59
1>q
pi
pa
>3

>5
>0
1>7
p817,

WRITE(6,8101WRITEf6,54)Fim,r2fIÎ,F8in*F3fI)
54 FORMA T C 1 H , 1 H * , 5X , 7HELE ME N T , I d , 8 X , 1 4HW0RK CONTENT * , F6 .2,8 X , 1 i. HMIN 

1IHUM DURATION =,F6 .2 ,BX,l^HWORK VARIANCE * , , 2  *t3X,1H*1
WRITE(6,53)

5 3  F O R M A T  ( I'H , 1 H * , 1 2 X , 4 H ------ , 1 0 2 X , 1 H * 1
WRITE(6.8!01
WRITE (6,51) (86(1, J), J=l* J U5 i FORMA T £ 1H ,1H*,32X,1 6 HLIST 0F MODELS :,2X,(10T4,U )1 
WRITE(6,8111

8 I J FORMATC IH*, 1 1°X, 1HO
WRITE (6'# 5*1 fF4 (T, J) , J = 1 » J2155 F0KMATC1H ,lH*,5X,2nX,23H LIST 0E FOLLOWERS :,2X,10(1 4,1X)1 
WRITE(6 »8in
WRITEr6#56)(F9(I,J),J*IfJ3)56 FORMATdH ,lH*,*X,2nX,23HLI3T 0E WORDING ZONES l , 2 X , 1 fl (I 4 , 1 X ) )
WRITE(6.8111
WRITE(6,57)(F5(I,J),J=WJ4)

37 FORMAT(1H ,!H*,*X,2nX«23H LIST OF RESOURCES !,2X,10f14 , 1 X ) ) 
WRITEÎ6,8tn
W R I T E ( 6 , 5 « ) ( F 5 1 ( I , J 1 , J = 1 , J 4 )

58 FORMATdH , 1 H*, 5X.20X,23H MINIMUM QUANTITY : , 2X, 1 (1 (I 4 , 1 X ) 1
WR ITE f 6,81i1 
WRITE(6,8101 •
WRITE(6,8t01 

510 CONTINUEC ************** ANALYSIS CALCULATION **************
C * * * CONVERT E4 MATRrX FROM NUMBERS TO LOCATI0N3 ***

DO 5012 Isl.TS 
DO 5011 11=1*10 
IF(F4fI.II).E3.n)G0T0 5011 
DO 501Ü 12=1 * T5IR(El(I?).NF4F4n,IlllG0T0 5010
F4(I*n)=l2
GOTO 5011

3010 c o n t i n u e
Soil CONTINUE 
50!2 CONTINUE

WR ITE(6,8101 
WRITE(b,810l 
WRITE(6,8101 
WRITE(6,9S1 
WRITE(6,81D)
WRITE(6,8101 
WRIT£(6,810)
N2 = 0 
N = Q
TT1=0,0
TT2=0.0
TMAX?0.0
CMAXxO.O
TMIN=1000.0
CM I Ns 1000,0
SUMNsO.O
SUHPl-0.0
SUMP2=0,0
00 51? I =1 * T5
IE(F2( n.NE.FB(I) ) N = N + 1
IE ( F 51 (I*il,GT»l 1 ,IE(E8(I1,LT,CMIN) CM IN=F8 fIÎ



550

IBq
!3i
18?
U3
ia<
135
lifi
137

189
H()
l i t

11»?¡13
|1S
!9q
11;

312

lF(F2m.LT.'TMIN) TMIN=F2(n 
iFcFam.r.r.cMAX) c m a x;F8(i) 
IF(F2(H .PT.THAX) TMAX=F2(I> 
SUMN?SUMN*F2(I)
TlMlsF^f n * t 49i*SQ9T£F3(n)
TlH2 = F2fn+3.09*SDRT(F3(I)) 
SUMP1=SUMP1tTlMl 
SUMF2=SHMP2»TIM2 
TTl=ril+F2(I)
TT2=TT2+F8(1)
CONTINUE
NUT5-N
TME4N = TTl/FLflAT(T5)
CMEan = TT2/FL0AT fTS)
Sr>N = U. 0
soc=u.o
DO 813 1=1,T5S0N=CF2m-TMEAN) *(F2(1 ) - TMEAN)

! 119 
loo
02 c
03
¡Û4
¡03
107
¡Da: SOq

'!
?
!'J 
U 

i >5 
'6117
118
119 
>0
4
13
?5

3?

*0l3j
U
Î3
13
?
it,

J8
!h

S0C=(F8f I )eCMEAN) * (F8 ( H-CMEAN)
513 CONTINUESON=(SDN/EL0AT(T5))**0.5 

Snc=CSDC/FL3AT(T5))**0.5
************* element summary
WRITE(6,60}

6q FORMA t C1H #lH*,5Xf24H ANALYSIS OF ELEMENTS J,89X,1H*)
WRITE(6, 6 «) ^

6 l F0RMATC1H ftH*,29H************************#t***»s9ii»*H*' 
WRITE(6,8I0)
WRITE(6,810)
WRITE(6,62)62 F0RMATCIH ,1H*,5X,9H SUMMARY,I 04X,1 H * 3 
WRITE(6,63)6.3 FORMA T C ! H ,!H*,5X,9H ******** 1 04 X , 1 H * )
WRITE(6,810)
WRIT£(6,64)T5

64 FORMA T C1H ,!H*|5X,20H TOTAL NUMBER 0F ELEMENTS «, I 4,SDX,1H* ) 
WRITEI6,65)N65 FORMA T ( IH ilH*#*'X*41H NUMBER 0F REOUCIBLF DURATION ELEMENTS B/I4 

«6*X,1H*)
WRITE(6,66)N2

66 FORMA T C1H ,iH*,5X,53H NUMBER OF ELEMENTS REQUIRING MORE THAN ONE 
IWORKER r,I4,5fiX#lH*J
IF(N2.GT.n) WRITE(6,67)67 FORMAT(1H ,1H*,25X,34HTHIS MAY BEFORE M0OIFIED BALA NC I NG,59X,lH *J 
WRITE, (6 1 8 IOI
WRITE(6 ,6 8)

68 F0HMA T(1H ,IH*,48X,6H wOR* #6X,12H MTNTMUM ,46X,1H*)
69 F0RMAT(IH , 1H*,5X,42X,7HC0NTENT,5X#12H DURATION #A7Xj1H*)

1?0 FORMA T ( 1 H , 1H*#5X, 42X,7H** — -- ,6X,12H ,46X,1H*)
WRITE(6,810)
WRITE(6.1?1)TMAX,CMAX 

1?I FORMAT(lH #1H*,6X,38H
12,9X,F6.2,49X,1H*)
WR I TE(6 ,1 2 2 )TMIN,CMIN 

l?2 FORMA T(1H ,1H*,8X,38H 
l2,9X,F6,2,49X,iH*)
WRITE(b,123)TMEAN,CMEAN 

123 FORMATCIH , IH*,5X,38H

MAXIMUM ELEMENT TIME t,5X,F6 

MINIMUM ELEMENT TIME *,5X,F6 

MEAN ELEMENT TIME *,5X,F6

$
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24q
î4l242
243
244
245
245
247
240
24t)
25ü
251
252
253
254
255 
255 
257 
25a 
259 
2öo 
261 
252
263
264
265 
265 
267 
26a
269
2>0

l 7*2*3274
2>5
?2b
22?
228
2?9
2Sq
?1 
28? 
Î8 3
284
285 
28ö
287
288 
289 
29q

29j>
204
295
29g
297
29g
299

MEAN STANDARD DEVIATION =,5X,F6, 

RANDE 0F ELEMENT TIMES FR0M ï,5X,F6#

T 0 :,5X,F6. 

T0TAL ELEMENT TIMES =,1X,F10

12» qX,F6,2,<9X,IH*)
WRITE f 6, 124)SON,SnC

124 F0RMATC1H ,1H*,5X,38H 
t2.°X,Fb.2,49X»1 H * 1
WRITE(6 « 125)THIN.CMrN

125 F0RMAT(1H ,1H*,5X,38H 
l2tqX,F6.2,<9X,1*0
WRITErb,1261TMAX.CMAX

126 F0RMATUH ,tH*,5X,38H 
t2,9X,Fb.2,49X,lHfc)
HRITE(6.1221TT1iTT2

127 F0RMAT{1H ,IH*,^X,3RH
>.2,q X,FS,2,49X,1H*)
AR=TT2/TT1

900 ’p0RMAi(lSn!!i*,2X,4,HAvERAGE MINIMUM DURA T10N / W0R* CONTENT *,SX, 
1FÎ.2.64X,1H* 1 
WRITE Cö.3101 
WRITEC6,81G)
WRITEfb,310)
WRITEfö,8!01
WRITEi6,810)
WRITE(6,95)
WRITE(6,810T
WRITEf6,810)
ï!!I*!*iü*Î*** ELEMENT TIMES RANDE **************

7q ^jMAÎnS°!lH*.5X,3nH ELEMENT TIMES DISTRIBUTER (83X,1H*1

71 FORMAh Ih 1! .. ............................................ 1H*5
WRITEC6,8»0)

73 ?5Î;ÎÎm S5!i h ..!<».2!'H NÎ.BMAL TIME »»NGf 
t ,7!Y.iH*t
WRITEf6,7«) , rofliM i ra

7A FORMA T ( 1H ,IH*|6X,25H FR0M 1 T
WRITEf6,810)
RG=(TMAX-IMIN)/10,0
00 520 T=I»II , n_
TR 1 = ( TMI N-0»(inol ) * ( r-J) *RG 
TR2=TR1+R£
Jt = I
00 517 IlTli30 
ITRill)*0

517 C0NTINUE
c0 13 511

ITRCJl)*FllJ)
Jt=Jl*l
IF(J1.LE,120) G0 T0 5 , 8

75 f » m \ n u n »  .SS«... E»»« "” »■* ,Tfl e x c e e d e d
G0 T0 9999

518 CONTINUÉ
J2=l . .
IF(J3.EQ.0) WRlTE(6#7fi)TRlfTR2 X#1H*)

76 F0HMATC1H , 1 H*,°X,F 6.2,3H - ,F6.2,94X,1H 1 
IF(J3.EO.O) GO T0 604

< 17W ELEMENT NUM3ERJ 

,88X,IH*J
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JQO
3Qi
302
303
304 
3(35
306
307
308 
30y 
3iq

3lq
313
314 
3| 5
316
317 
3l 8 
31 g
3?u
3?l
3?a 
3?3 
3?4 ,
3?s
3?fa
3?7
3?6
3?g
31q
?»33?
333
334 
33s
336
337 
33q 
33g 
34(j

*}'343
344
345
346
347
34a
349
3Sq
331 
35?
5j
354
355 
35s 
357 
33a 
359

78
519
520

9b

I H  f Jl-n .GT.3m J3 = 30WRITEf6,77)TRi,TR2,ÍITRÍ*),K=J2,J3)
77 FORMA T(1 H ,1 H*,9X,F 6.2,3H - ,F6 .2,3X,30 I 3)

WRITEf6 ,8 in 
604 D0 510 L11 »3

IF(J3.GF« Í-M 7 I ) 3 GO TO 520
J2=J2+I3Q*U
J3=CJl-1)
IF ( C J1 — 1 ) , G T . (30 + f -3 0 * L ) ) ) J3=f30+I3*L)Î 
WRITE(6,73) UTRf*) ,>< = 32» J3)
F0RMAT(1 H ,1H*,30X,30I3)
WRITE f(5#511)
CONTINUE 
CONTINUE 
WRITE(6,8I0)
WRITE 16,810)
WRITE f6,810)
WRITEf6,96)
F0RMATI1U t120H******************************************** 

1 *********************************************************** 
2 ***)
WRITEf6 ,8IO)
WRITE(6,8I0)
WRITEfft,8tO)*************** RESOURCES ***************
WRITE(6,97)FORMA T(IR ,lH*,5X,15H****************q8X,lH»)
FORMATI IH #1H*,5X,1H*,13X,1H*,98X,1H0
FORMATM » 1H*,5 X, IH*, I 3 H RESOURCES ,iH*,08Xf!HO 
WRITEfft,98)
WRITE 16 » 97]
WRITEf6,810)
WRITEfb,8I0)

100 ?0m l í n í ° “ÍH*.'x.inH nesauRCf . » * . » *  elements utilising
IE - MINIMUM QUANTITY»50X|1H*)

101 FORMA TIIH ,1H*|5X,10H IDENTITY flf)3X,tH*)
WRITEfb,8)0)
*************** ALL RESOURCES 
00 52ft I = 1•T3 
JJvl 
XX=0.0
00 525 J=1,T5 
DO 524 K-I » 10 
IF(F5TJ,Si).NE,0l C D  )
IUJJ)cFl(J)
JJ=JJ+1
IFfJJ.LT.tn r’ 0 T0 
IPIXX.EQ.l,0)RO TO 507

97

98
99

GO TO 524

524

102
wRiTEÎ6,îo2)oni)f(a;jx),jx=i,fJJ-m 
FORMATI IH ,lH*,5X,2X,I4,<3X,tOÍI4,lX))
WRITEf6,8U>
JJ-!
XXï 1 ,0
GO TO 524 , ,.. ,607 WRITEI6,I03) (ILf JX)# JX = 1 * f 3 J

i03 FORMAT 11H ,IH»,5X,15X,1 oí 14,1X))

*******
*******

SESOt'RC
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(I?
ì l
36<i
365
356
36;
3Sg
359
3?q
f i3??
j?3

>5
>5
7;
3?g

Ì9(j
3jj

33d
3as
s¡3;
3ì8Ì89
9q

39.
J«ì
ili
3?
¡,5

\S3};
|>8
?«%
«a.
<o
%
f0s
S
%
S
*3
>

Si

¡1
5I?

1»

WRITEfb,SII)JJ=1
534 CONTINUE 
525 c o n t i n u e

If (JJ.CQ,U G0 Tf» 526 
Ir(XX.EO.f ,D)Gp tH 6 li 8 
WRITEfb,102)0!fi),(TLfJX),JX = 1,fJJ-t ) )
WRITEC6.8!D 
G0 Ti) 526

608 WRITE(6#103)fILfJX),JX=t,fJJ-1) )
WRITEfb,81 1)

52b CONTINUE
WRITEfb,810)
WR T TE f 6* 810)
WRITEfó.810)
WRITE fò,9S)
WRITE fb,810)
WRITEf6,8|0)
WRITEfb,810)
WRITEfb,104)
*************■** MaDFlS CALCULATI0N ***************

104 F0RMATMH , lH*,5x, 1 2H**♦*i******* , 101 X, IH*)
WRITEfb,105)

105 F3RM4 T(IH ,IH*,5X,IH*,lOX,JH*,101X,IH*)
WRITE fb, 106)

106 F0HMATCIH ,1H*,5X,12H» MODELS *,101X,1W*)
WRITE fò,105)
WRITEfb,107)

107 FORMA TCIH ,IH*,5X,12H************,101X,1H*)
WRITEfb,810)
WRITEfb,810)
WRITEfb,810)
WRITEfb, 108)Tb

108 FORMATflH |1H*,5X,3X,20H NUMBER 0F MODELS *, I 2,88X,1H*)
WRITEfb,810)
WRITEfb,109)

109 FORMATflH ,IH*,5X,3X,7H M0OEL,5X,18HNUMBER 0F ELEMENTS,5X,18HT0TA 
1L WORK CONTENT,57X,1H*)
WRITEfb,135)

1-15 FORMAT f 1H , 1H*,5X,5X,5H....., 5X, 18H--------- ---5X,
.......... ,57X,1H*)

WRITE(6,8Ì 6)
00 529 1=1,T6 
N = 0
TWsO.O
00 528 J=J,T5 
00 527 K=1,10
IEfFbfJ,K).NE.E1 CD) G0 T0 527 
N = N ♦ i
t w=t w *f?{5)

5 G0 T0 628
si; c o n t i n u e

CONTINUE
WRITEfb,1!0)E1CI),N,TW

c- 0 E0RMAT ( IH ,1H*, 10X, T4, lOX, H i  1 8 X, F1 0,2,62X, 1H*)
29 CONTINUE 

WRITEfb,810)
WRITEfb,610)
WRITE fb,810)
WRIT£ f6,96)
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<?0 c 
<?1 4?2 
<?3 4?4 
4?5 
<?6 
4?7
438
439 
43q 
pi<32 c 
<33434
435
436
437
438
439 
4<q 44,
<<2443
444 
<45
445 
447
443
449
450

pi
52<33
454
455 
455 
<37 
<58 
<59 

<6q 
<6, 
16? 
<53 
454

<«5
165
<67<6g
469
<>,
pi
<>3
p;

>6<>7
p*
4>n

A************** PRECEDENCE c a l c u l* t IONS *************** 
WRITEf6 ,8 fO)
WRITEfb,810]
WRTTEf6,810]
WRITEfb,111)

111 FORMA T f 1 H , tH*,5X, 1rtH****************,97X , 1H»)
WRITEfb,1123

112 F0RMATC1H ,1H*,5X,1H*,14X,IH*,97X,1H*)
WRITE f6«113)

113 F0RMAT(1H ,1H*,5X,16H* PRECEDENCE *i97X;iH*J 
HRITEfô,112)
WRITEfô.im*************** C0LUHNS CALCULATIONS ***************
00 531 1=1.T3 
0 0 531 J=!,10 

5 34 IFWfl, J)=F4(I, J)
1 1 = 0510 r f = T1 ♦ 1
0 0 532 T = 1 * T5 
IF(ICm.Kr.O)G0 T3 532 
IC(I)=-1 

532 CONTINUE
00 530 1=1,T5 D0 534 Jrl,lD
Ipn E w n ,  Jl.Efl.n)G0 T0 534 
iccirwci,j))fio ’

334 CONTINUE 
12 = 0
00 536 T=!,T5 
ipncen,N!£;-i)G0 to 5 3 *
IF(ICm,GT.O)G0 T0 536 
ICCI)=I1 12 = 1
00 535 K = I*10 

535 IFwn.iO= 0  
53b C0NTINUF

Ip(i2.EO.nG0 TO 610 
MINI 1 = 1000 
MAXI 1 = 0D0 538 I=|,fJl-lJ
1 T0 T = 0
00 537 J=1,T5
lE(TCrj) .NE.DG0 T0 537
IT0 TSIJ0 T*!

537 CONTINUE
IF CIT0T.GT.MAX1 DMAX1 1=IT0T 
rFCTT0 T.LT.MiNH )MIN1 t = lT0r

538 C0NTINUE 
WRITEC6.810)
WRITEfb,810)

6 U  WRITEC6 ,11«)T5
114 F0RHATC1H ,1H*,5X,12X.22H NUMBER 0 F ELEMENTS », I 3,76 X, 1 H * }

WRITE f 6 » 1 ! 5)JK
115 F0RHATC1H ,tH*,7X,32H 

WRITE f6 ,1i i)MlNl1
116 F0RMATHH. ,IH*,5X,34H 

I)
RRITE f6,117)H A X tI

117 FORMAT(1 H ,!H*,5X,34H

NUMSER 0 F PRECEDENCE C0CUMNS *,13,76X,1H*) 
MINIMUM PRECEDENCE C0LU*N SIZE «,13,76X,1M*

MAXIMUM PRECEDENCE COLUMN SIZE *,I3,76X,1h *
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480
48t
482
483
484
485
486
487
488
489
490491
492
493
494
495 495
497
498499
500
501
502
503
504
505
506
507
508 r
509 
5*o5li
5l 2 Si 35*4
5*o
5*65*7
5 J 8 
S| 9 
5?0 5?l 
5?2 
5?3 5?4
5?S 5?6 
5?7 
3?8 
5?g 
5.1 Q
531
s33534
536
537 
53a 
539

P0 = FLiUT(T5)/7tf1AT(JK)
WRITE 16,130)PD

130 FORMAT (I H , IH *,5 X,9 X,25H PRECEDENCE DIFFICULTY * , Fft . 9, 7 3  * , 1 H * 1 
WRITEf6,8 *0 )
KRITE(6,132)

132 FORMATflH 1 1H* » 5X, 8H C0LUMN,5X,5H WORK,7X,«HELEHFNTS,3DX,1H*) KRITEf6,812)
8*2 FORMAT(1H ,1H*,5X,8H NUMBER,5X,7HCONTENT,5X,8 HINCLUOEO,8 DX,1 H*)

i )

WRITEf6,136)
136 FORMATilH ,1H*,5X,8H 

WRITET6.810)
D0 542 1=1»JX 
DO 540 1 I = l« T5 
LR(II,lltO 

540 CONTINUE 
JJ = 0

’ » 5X , 7H< •, 5X, 8 H> >» 8DX, 1HO

TC=0,0
D0 541 J=!,T5 
IT'CICfJT.NE.DGOTO 541 
JJ=JJ*J 
TC=TC*F2CJ)
LR(JJ,l)=FlfJ)

541 CONTINUE
HRITEf6,133)I.TC,fLRCX,1),»=1,JJ)

133 FORMATilH ,1H*,5X,3X,13,6X»F6.2,8X,20 I 4)
WRITE(S,811)

542 CONTINUE
*****h i h h h * BALANCE DELAY t OUTPUT INFORMATION h *»h ,h  
WRITE(6,810)
WRIT£f6,8 tO)
WRlT£f6 »8 tO)
WRITE f'j»°5)
WRITE f6,52)
WRITE f6,230)

230 FORMAT(1H ,tOX,innH»***»*******************«**t*t***t*M*»******m l******t** + **t**A*M***t******«************* + **M****A)
WRITET6.231)

231 FORMAT f IH , 1 OX , 1 H* , <*8 X, I H* )
WRITE f6,231)
WRITE f6,231)
WRITET6.42)

42 FORMA T(IH ,tOX,!H*#5X,3lH*******************************,62X,tH*) WRITE f6,43)43 FHRMATdH , 1 OX , 1 H * , 5 X , 1 H * , 2«X , 1 H* , 62X, j H* )
W'RI TE f6»44)

44 FORMA T CIH ,10X,1H*,5X,31H* POSSIBLE BALANCE STRATEGY *,62X,1h *) 
WRITEf6,43)
WRITET6.42)
WRITE f6,231)
WRITE f6,231)
WRITE f6,45)

45 FORMA T (IH , 1 OX, 1 H*, 5X, 1 9H* *♦*'♦♦*» + **********, 74 X, 1 W* )
WRITEf6,46)

46 FORMA TilH ,10X,1H*,5X,1H*#17X,1H*,74X,1H*)
WRITEf6 ,47)

47 FORMAT(1H ,fOX,1H*,5X,19H* BALANCE GUIDE *,74X,JH*)
WRI TEf6,45)
WRITE f6,48)48 F ORMA T(IH ,1 OX,tH*,5X,1RH***»♦♦♦*******♦A***,74X,1H*)
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540 
54 J 
.542 
543 
54<j 
545 
5<s 547 
543 
54(j
5Sq

53553554
555 
55S 
557 
553559
560 Soi
562
56356<j
56s
56s
567
56a
569S7(j
? 1 S?2 
5>3
5>4
¡>5
>7
5>8S>9
5fiQ
58,
582
583
564 
885 C
58s
587
58a
$89 
59q 
591 5<h
593594
i’s9q
59;
59a
599

WRITE f6,23|)
WRITE(6,231)
WRITEC6.232)232 FORMATÉ 1H ,10X, 1H*,5X,40H****************************** *********** 
I53X,1H*I
WRITE(6,2333233 F0RMATC1H , ! OX , 1 H* / 5X , 1 H* , 38X , 1 H* , 53X, I H* 3 
WR ITE(6,92)92 F0RMATC1H ,1 OX,1 H *,«X,1H*,3*H BALANCE BELAY t 0 II T PUT INF3RMATI0N, 
13H *,53X,JH*3
WRITEC6,233)
WRITEfb.2323 
WRITE f6,2313 WRITEf6,23!3 
WRITE f6,°ni3901 F3RNATC1H , 1 OX , lH*,36X#7HST A T 10 N,15X,SH A VERABE ,32X,1Ht3 
U s TNKSIJMN'CMAX)IE((FL0A Tilt)*CHAX).LT.SUMN3I I=11♦1

94 FORMATClH^tOX, !H*,12X,10HCYCLE TIME,4x ,1H ,4X,1BMCAPACI T Y RESUI»E 
tO » 8 X,12HSHI F T 0ÜTPUT,1 OX,1 bH X BALANCE OEL*T* 3X,1H*)
WRITEfb,23ll I t = T N T( S  UWN X C M A X )
IE(fELUATflU *CHAX).LT.SUMN)11 =11 + 1
St =T6/SI)MHWRI TE C6,9(15) SUHN, SI90b F0RMATC1H ,10X,1H*,l0X,F10.2,l8X,4H 1 ,14X,F10.2,1*X,6H 0.0 0, a X ,
1 1 H+)
DO 910 1=2,11 
WRITE fb,2313CT1*CSUMNXFL0ATCI-1))-0,01 
Ir(rTl,LT,CMAX)CTl=CMAx 
St =T9/CT1S2= CCT1‘FLOAT ( 13-SUMN3 *1OO.OO/CCTl*F10ATC I))
WRITE(6,9073CTlfI»Sl,S2

907 FORMA T C1 H ,tOX, 1 H * ,1 0 X , F10,2,16X, 14, 16X/F10.2,18X,F6,2,8X,1H*3 
ifccti .EQ.CMAXjnuTci 9 0 9
CT2 = SHMN/FL0AT(I 3
IFCCT2.l t.CMAX)CT2=CMAX 
St=TQ/CT2S2= rCT2*FL3&Tf I 3-SUMN3 A 100.00/(CT2*FL0A T(I))
IFCS2.LT, (3.0)82 = 0,0 
WRITE C6.907 3CT2,I,S1,S2 
IF(CT2.E0.CMAX)OH TO 909 

910 CONTINUE******** CYCLE TIME INFORMATION *********
909 WRITEi6,23l)

WRITET6.23H WRITE f6,2313 
WRITE(6,230)
WRITE(6,2311 
WR ITE(6,23{3 
WRITEC6.231)

234 FORMATÉ 1H ,I0X, 1 H *, 5 X, 2<*H ***************************** 6 SX, 1 H * 3 
WRITE(6,235)235 FC3RMATC1H ,10X,1H*,5X,1H*,26X,1H*,65X_, 1H*)

80 FORMAT(îĤ i 1 OX,1 H * , 5 X,1H*,27H CYCLE TIME INF0RMATI0N *,63X,!HO 
HRITEC6.235)
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6006()l
602
603604
605 
60q
6o; 
608 
609 
61 o 
«It 
612
613
614
615 
6l 5 
617 6la
6|g6?q
6?t
6?2
5?3
S?46?5
6?e
6?7
6?Q6?9
63o 
?  1632
633
634
635
636
637
638
639 
6<o 
64[
642
643
644
645 
64q
647
640
649
650 
6St 
652
P 3654
655
656 
557 
6Sy 
659 .

WRITEf6,2343
WRITE£h,2M)
WRITE f6,2313 
WRlTE(b,83383 FORMATflH , 10X, 1H*,30X,11HN0RMAL TIM£,3X,t6HR7.5L C0NFIDENCE,3X,16 
1Hqo.9% CONE ICENCE,1RX,1H*)
WRITEf6.1281128 FORM AT( 1H ,10X,1H*,30X,11H--- 1 b H - --------------- ~ »-- /3X,15
1H................. 1°X, 1HMHRITEf6,84)SUMN,SUMPl,SUHP2

8 4 F0 RMAT(1 H (IDX,1H*,5X,2OH MAXIMUM CYCLE T I ME ,5 X,F 1 O.2 ,7X,F10.2,RX 
1,F10.2,22X,IH*3WRITEt6 ,8 * )CHAX,CMAX,CMAX

85 F0RMAT(1H ,lOX , 1H*,5X,20H MINIMUM CYCLE i I ME , 5 X , F 1 0.2,7 X, F 1 O , 2 , R X 
1» E 1 O.2 ,?2 X »1H*)
WRITE f6,23 H  
WRI TE f6,231) 
wRITEfb,23H 
WRITE(,b,2301: ****,♦,**♦**»** INPUT 0E DATA ***************
REAn(7,?Ot111#C1 
CALL PR0B <Ll,Ct,C2TRFAD(7,?00)l3,L‘iiL12,L7,L25

2 0 0 formatcpoiai
READ(7,201)L5,C

201 FORMAT 1 1 4,F^# 2 )
00 700 1=1,T6 
A0J(I)»1,0

700 CONTINUEREAO(7,?02lTAOJfI3,1*1,T6 )
202 FORMAT(1 OF6.2) \ .I &************** PREPARE IA S( 3

DO 712 11* 1 « T̂
00 7i? I2=1iT<6

712 IA3(I1,I2)?0
IS3 = 0
DO 715 Tl'l.T*
DO 714 12 = 1, I 0 IFfFbf 11,121.EQ.O1G0T0 714 
IS3=IS3M
00 713 13=1,T* .IF (FliI33,E$,EbfIl»I23 )IAS(] l,I3J=,»l

713 CONTINUE
714 CONTINUE
715 CONTINUE: *************** PREPARING THE RANK

CALL WTCALC CT5,L8,T6 3IF(Tb.Ea,l.ANntL5.E0. nPOTO 1 0 0 0

IE (Tb#GT,l.4N0,L5-,9T*l 1 ° 0 0

203 F0RMAT(//lH^26Hft INCORRECT SOLUTION MODEL, T4,2»H SELECTED F JR PRO 
IBLEM WITH,14,7H MODFLS/7)

TH QQQ<J***!»*.**»»**** LIMITEO LINE LENGTH PR08LEM 
1 0 0 0 L 1 0 = 1IF(L3.EQ,O)O0T0 1001

CALL STNSZ (T5,T6,C2,C,L#L10#I99)
Ir(199,EQ.1TOBT0 9$99

: * * t

* * * * * * * OVERSIZE ELEMENT SECTION **♦**;
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660 
661 
66a 
663 
6ö(]
665
666 
667 660 
669 
67q 
67L
672
673
674
675 
67ä 
6?; 
67a 
67g 
68o 
631 
68a
683
684
685 
68s
687
688 
689 
69q 
69i 
6?2
693
694 
665

665
697
59q
699

%

?oa
;°3
0405
06 
07
oa
?09
¡'0
U
'2

13U
'5
16
t7>8
?l9

1001 LU=L10 
J!=Q
DP) 7 0? 1 = 1,75
IF( (F2( I)+S<SRT(F3( IÎ )*C2) .Lf . (LI 1*0 ) G3 Ta 1002
Vl5fF2(I)+33RT(F3cr))*C2 3 /C
J=INTfVl)IF((J*C).NE.F2(I))J=J*i 
Li i=J1002 ir(F8m,lE,C)G0TPi 7 0 2  
J1=!HRITEf6,205»Ficn,C,Fa(I)

205 F0RMAT(/1H ,9H ELEMENT,14,41h CAN NOT BE ALLOCATED IN A CYCLE TI 
1 HE «F,F6.2,28H WITH A MINIMUM DURAT ION 0F,F6.27)

702 CONTINUE
IF(L11.LT.L25)L1UL25 IFCJ1.EO.njGOTO 1003 
WRITEf6,206)206 F ORMA T(//1R ,75H PROBLEMS WITH CYCLE TI MF AND ELEMENT MINIMUM DUR 
1ATIBN - BAUflCING STOPPED//)
GO TO 9999 

«003 WRITEf6,52)
HRITE f6 ,2D/Î207 FORMAT!////I H ,10X,11 OH******************************************* 
It********** ******************************************************* 
2 *)
WRITE f6,208)208 FORMA T{ 1 H , I OX,I H*,I0«X,tH*)
IF(Lb.EG.1 )WRITE(6,209)209 F0RMATC1H ,10X»tH*,43X,22HSINGLE MODEL BALANCING,¿3»,1H*/JH , I OX,J iH*,43X,22Ht***t*******tA*A******»43X,lH*)
WRITEfô,205)
IE(L5.CQ,1)WRTTE(6 ,2 1 0 )C, TO210 E0RMAT(1H ,10X,1H*,23H SELF C TED CYCLE TIME e,F(,2,A 8 ,5 X,43HSELECT 

i£0 PROCEDURE * SINGLE MODEL 8 AL A NC ING,23X,1H»)
IF(L5.GT.!»WRITE(6,21 I )

211 E0 RMA T(! H , 1 0X,1H*,43X,21 HM IXED M0DEL BALANCING,44X,1H * 71H ,10X,1H 
I n,43x,21H*********************f^<1̂ * 1H*J
WRITEfb,203)IF(L5.E0.2)WRlTE(6,21?)C,T0212 FORMATdH ,10X,1H*,23H SELECTED CYCLE TIME r, f£. 2, 1 X , A 8 , 5  X, 59NSE L 
IECTED PROCEDURE Î MIXED MODEL - M1IL TI-ELEMENT ASSIGNMENT,6 X, J H * )
IE(L5.E0.3)WRlTE(fi,213)C,T0

213 FORMA T ( t H ,10X,tH*,23H SELECTED TYCLE TIME =, F«. 2, A8 , ! X, 5 X, 60HSEL 
1ECTED PROCEDURE : MIXED MODEL - SINGLE ELEMENT ASSIGNMENT,5X,1h *)
WRITE(6,2M)LlO,Ltl214 FORMA T(1H ,10X,1H*,31H INITIAL SASIC STATION SIZE *,I3,?X,6X,31H 
1 TNITIAL MAXIMUM station SIZE s, 14,31 X, 1 h o
IE(L3.F0.1)WRITE( 6 » 2 1 5 ) L 4215 FORMAT(1H ,10X,tH*,?3H LIMITED LINE LENGTH *,I3,2X,8H STATION,72X 

1,1H*)IF(L3.EQ.0)*RlTFCft*2l6)216 FORMAT(1H ,10X,1H*,?0H NO LIMIT ON LENGTH,8 8 X,1M*)
IF(LI E0.01WHITE(6,217)217 F0RMATC1H , 1 0 X,1 H *,3 0 H DETERMINISTIC TIMFS I NCLUDED,78X,1H*) 
IF(Ll.E0 .1 )wRlTF^'21,,3Cl,C?218 FORMATflH ,IDX,1H*,38H VARIABLE ELEMENT TIMES INCLUDED WITH,A6i2, 

!2fiH 2 CONFIDENCE < ÉQUIVALENT,FA.2,22« STANDARD DEVIATIONS ),10X,1 
2H* )
WR I TE ( 6 ,20*)
NRITE(6,219l
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?20721722
723724 
?25 
72c 
?2? ?2a?29
730
?32733
734
735
736
737 
?3B
739
740741742 
?43
744
745746 74? 
7̂8 749 75 0 
?51
732
733 73, 755 
736 
75? 75b759760 
?61 
?62
163 c ?6<. C
?6576676?
?68
?69
7?0
771

& ! «

?S
?6?7?

?7s
7?V

219 FORMATm h  , 1 OX,1H*,23H NOMINAL schedule USED,85X,1 h*> w R I T E < 6 , 2 0 8 )
tad j=o .0 
DO 711 I 3 1,t6 

711 TADJ=TADJ*ADJ(I)
DO 703 I 3 1 » T6 
I F < I . f.T, 1 >GOTO 1 004 
X = A D J ( 1 )
ADJ( I ) =X/TA0J 
I x = XWRITER,22 0 )E1(I),IX,ADJ(I)

220 FORMaT(ih ,10X,1H*,5X,9H MODEL ; , I 4,5 X , 1 9 H S C H E D U L E QUANTITY ,,U
1 5X,1 4H ADJUSTMENT ;,F6 .2» 37X , 1 H*) ' '
GOTO 70 3 

1 004 X = ADJ(1 )
ADJ <I)=X/TADJ 
IX = XWr ITE(6 ,221 )E1(I) , IX/ADJ( I)

221 FORMATMH , 1 OX, 1 H*, 1 4X, I 4,24X, I 4,19X, F6 .2,37X , 1 H*)
703 CONTINUE

1u05 WRITE(ft,2U8>
IFCL5.TQ.J1WRITE(6/222)
IF<l5,fQ.1JURITE(6,223)IF(L5.FQ.2)u rItE<9,224)

222 FORMa T(ih ,10X,1H*,51H NOMINAL SCHEDULE VALUES INPUT BY DESIGNER 
IAS 0ATa ,57X,1H*>223 FORMATm h  ,10X,1H*,64H NO SCHEDULE WEIGHTING ADJUSTMENT VALUES IN 
1 PUT FOR SINGLE MODEL»A4X,1H*>

224 FORMATMH » 1 OX , 1 H*,75 H SCHEDULE WEIGHTING ADJUSTMENT VALUES IGNOR 
1ED FOR MULT [-ELEMENT ASS I GNME NT, 3."X , 1 H*>
IF(L12.F0.1.ANd .LS.NE.1)WRITE(6,307)
IF(L1^.EQ.0.AMD.L5.NE.1 )WRITE(6,308)
IF(L12.FO.0.Ali0, L?.E0.1 ) WRITE (6,309)

307 F0PMAT{1H ,10X,1H*,75h SCHEDULE WEIGHTING ADJUSTMENT INCLUDED IN 
1 SELECTING THE BEST STATION SIZE»33X,1H*)308 FORMATMH ,10X,1H*,79H SCHEDULE WEIGHTING ADJUSTMENT NOT INCLUDED 
1 IN SELECTING THE BEST STATION S1ZE,29X,1H*>

309 FORMATMH » 1 OX > 1 H* , 73 H NO SCHEDULE WEIGHTING ADJUSTMENT INCLUDED
I IN SELECTING THE BEST STATION SIZE»30X» 1H*>
WRITE (6,208)
WRI TE(6,225)

2^5 F0RMAT(1h ,1 °X»11nu + *##* + + + + * + **** + + ++ * + *'*’* + #♦ fr*#****#*********,^^
1 ***■»»********»**»■"'»•**»********'*'********************************//) *************** ASSIGNMENT SECTION ***************
IF(L5.EU.1>CAlL ASSIGN31 (IS3,j10,T6,T5,C,L11»C2,l5,l10,I99,l3,|.4,

1L12,L7)
IF(L5,EQ.2)CALL ASS IGN2 (IS3 »J10 »T6 ,T5,C,L11,C2,L5 »L10,199,L3» 14,L

II 2 , L 7 >IF(L5.EQ.3)CALL ASS I GN31 (1S3,J10»T6»T5,C,L11»C2,L5,L10»199,I3,L4,
1 L1 2 , L 7 )
IF(19V .E0,1 ) GOTO °999
CALL RESULTS (T5 »T6 , I S,C2,L5>
CALL ASSESS (T5»T6»C#1S#BD1,BP3»BD2»BDA,SI1»SI3»SI2»SI4#C2) ********* uritting the OUTPUT LINE information TO F 3 A *********
WRITE(8,301 ) IS » T6 » T5 

3 01 FORMAT(314)
WRITE(8,302)C

302 FORMAT(F6,2)WRITE(8,303)(E1(I)»Is1»t6) 303
303 FOrMa Tm q U)
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?3ü781
732
733 
78a 
785 
73o 
76?
788789
790701
792 
?0 3 70A 
79 5 
79 6 79? 
79 g 
799 
300 
801 
802 
803 
BOA 
305 
806 80780g
809 
81 0 811 
812
ü13«K«15
8U
«17
«18
«19
«2o821
822

¡2382a
825
826 
82? 
«2g 
«29
8Jo
«31
832
833 83a
835
836 83? 
»38 
839

WRlTE(8,304){aDJ(I>,I*1,T6) .
30A FORMAT(1OFo.2)

X = 0.0
DO 80* 1=1 , IS 
X=C*(FL0AT( IZ(I)>)
WR J TE C8 , 305)j , J Z ( I ) f X 

3 05 FORMAT(2I A,f6 ,2)
DO 801 K=1.20
IC f K > » 0801 CONTINUE J J = 0
DO 803 J=1>T5
DO 802 K*1 1 T6
IF< I AS U  , K) .NE. DGOTO 802
J J a J J ♦ 1
IC(J J) = F1(J )
GOTO 803

802 CONTINUE
803 CONTINUE

WRITE(8«306> <IC(J)/J = 1»20)
306 F0RMAT(20IA)IF(JJ,GT.2O)WRITE(6,310)I310 F0RMAT(///1H , AAH*»*** NUMBER OF ELEMENTS IN WOK< STATION ,,!2,3 

16H IS GREATER THAN 20 ELEMENTS ****♦/)
1 F(J J,G T,2 0 )GOTO 0 9 9 9  

80A CONTINUEDO 805 I*1 r T5
WRITE (8,3111(I AS(I# J )* J *1 *T6)

311 FORMAT(IOIA)
805 CONTINUEWRITE<8»312)BD1,BD3»BD2»BDA,SI1,SI3,SI2,SI4
312 FORMAT(8F6.2)

9999 STOP
ENDSUBROUTINE ASSIGNS (IS3>J10»T6»T5,C,L11»C2»L5,L10*I99,L3/L4,L12>L7 

1 )INTEGER f1 ,T5,T6»F1 ,F6,F4
DIMENSION a (40,4/10)»lAS(100»10)fIEM(100)*IFW(100»10)*F1 (100)*F2(1 100),FA(100t10l#Fo(l00,in),F3(100),F2l<100l,LR<100,10),A0J(l0),E1<1 

20),F 8(1 O O)f T A S1 (100#10)» I A S 2(100/10) , 12(40),IEM1(100) .
COMMON/S L A R 1/F1 , I FW,I EM/S LA B 3/F 2 » F 4,f6 /s LAB 5/A » I A S/I Z/S L AB6 /F 3,F 3/

1SLAB2/F21 , LR/SLABA/AOJ,E1*************** MULTIPLE as signm en t-mixed model *************** 
************ A( ,3 » ) = TOTAL TIME DEVIDED BY ST'N SIZE
************ Ai >2» > a TOTAL TIME DEVIDED 0 Y ST*N SIZE THENRAISED to THe m i n. DURATION IF REQUIRED

IS2-0 
J1 0*0
DO 500 11*1,40 
DO 500 I 2 * 1 , A 
DO 500 13*1,10 

500 A C11 , 12, I3)*0,0 ***************

SET A (

START NEW station
601 J10"J10+1 

IZ(J1Q)»L11 DO 750 H  «1,T5 DO 750 I 2*1 , T6 
7 5 0 I AS 1( 11,I 2)= 0
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840841842
843 
®44 
845 34b 84?
848
849 
35ü 
8 5 1

S32853
854
855
«5b85?
858859
8 6 0  861 862
863
8 6 4
865
8 6 b847
« 6 6
869
8?0
8 ? 1
8 ? 2
8?3
J!}'
8 ? 6
8??
8?88?9
8 8 0
8 8 1  
8 3?
?3llo4
¡35 
3 8 6  
3 8 ? f
J» ‘
89 0891
S?89 j 
894 
Ü9 S0Ç4
89?
39 b 
899 P

******.*******. start new station size
DO 900 1 1 » L10 > L11
IF(L7.FQ.1) WRITE(6,200)j 10,I1 ,c

200 F0rMAT(//1h ,1 0X»1OHSTAT ION NUMBER , , 14 , 3X . 14 H S TA T I ON SIZE !(J3,U 
1H CYCLE TIME • , F6 .2/)
IF(L7,EQ.UURITE(6,2105 210 FORMAT(1 H , 1 OX#17HACCEPTED ELEMENTS)
DO 901 I 2 = 1 ,10 
A ( J 1 0 » 1 , I 2  ) s 0,0 
A(J1 0 ,4,I 2 )*0 , 0  

901 A ( J10 » 2 . I 2 ) «0,0 
DO 710 I 5 3 1 * T 5 
DO 710 I 4 = 1 , T6 

710 IAS2(Ib, I4)a0*************** start a new model
DO 506 II»1 ,T6
IFCL7.EQ.1 )URITE(6#198>E1 (ID 

1°8 F0 RMAT(/1 H ,10x,UHhODEL NUMBER :#I4>
J 3 = 0********* SET UP I EM & IEM1 S IFW
DO 801 I 431 , T5 
I E M (I 4 ) ■ 0 I EM1 ( I 4)*0 
DO 801 15*1 ,10 
IFU(I4, J5>=0 
CONTINUE DO 8 02  I 4-1 . T5 I F ( I AS ( U, II ) , GT DO 803 15=1,10 
IF(F4(I4,I5).EOfO)GOTO 
I F W(I 4,I5)*F4CI4*I5)
IEM(F4(I4,I5)) = IE|1(F4<J4,I5))+1
continue 
CONTINUE********* the effect of the false 
ICNTbODO 5061 I 4*1 ,T5IF(IEM<14).NE.O.OR.I A S(14,II).NE.O)
I F(IEM1 (I 4).EQ.1) GO TO 5061 
I F M1 < I 4 ) = 1 
Do 5062 15=1,10
I F(IFW(I 4 ,I 5),EQ.0) GO TO 5062 
IEM(IFUCI4,I5))3 IEM<IFWU4»I5))-1 
I CNT=1 
CONTINUE 
CONTINUEI F(ICN t EQ.1) GO TO 5069 ******* FINDING NEXT AVAILABLE ELEMENT

601
0)GOTO 802

803

803
602

5069
elements ******

GO TO 5061

5062
5061

********

604 503

503

*********** s selecting next rank *********
J1=101
1 2 * 0
DO 5 03 14 = 1 » T5 IF(LR(14,I I).GT.J1)GOTO 503 IF (LR< 14, I I).LE.J35GOTO 503
I 2 a I 4
J1»LR(I4,II)CONTINUE
IF(I2,EQ.O)GOTO 506 
J 3 a J 3 ♦ 1*************** CHECK AVAILABILITY aND PRECEDENCE
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900
901 
»02 
903 
90;
905
906 
90? 
908 
’09
910
911 
512 
913 
9U 
915 
9U
917
918 
»19
920
921
922 
23 52; 
925 
¡Î6
»27
’28
»20
930
932
»33
?3;
35’36

!3?38’3V
¡40’41
’42
43’4;
¡45
’46
4?’48
’49
’St)
51
S?53*4
55’56
’S?
58’59

I F(I AS(I 2» i I ). EQ-O5GÜTO o04IF(IAS(I2fII),GT.0)G0T0 604
I F ( I EM(I?).GT,0)OOTO 604; * * ************ » check time
X=i CF24 T 2)*SORt (F3C I 5 /  FLOAT« I 1 >
IF<X.LT.f8(i2))X=F8(I2)
IF(FBU2)/-t , (C-A(J10,1,II)))<ÎOTO 604 
1 F(X.GT,(C-Ä(J1Û , Z , I I )))GOTO 604 
XXe < C-A (J10 * 2 #I I))"XI F(L7.EG. 1 9UP ITE(6,201)F1 {I 2)»F2(Î2),X»XX

201 FORMAT«1H ,TOX,7HELEMEKT,I4,2X,6HTIHE = ,F 6.2,2X,16HEF FECT I VE TIME 
1= F 6 2 2X,iAHEFFEGTIVF STATION TIME REMAINING »,F6,2>

: *******.**.**** ASSIGN ELEMENT AND UPDATE X EM * I EMI S IFW ********
IAS2(12#I I)=J10 
DO 5059 15 = 1,10 I F(I Fw(I 2 ,I 5) , EQ.O) GO TO 5059 I EM CI Fui I 2, T5) ) = mUJFW< 12, 15)3-1 

5059 Continue 5051 Ic N t » 0
00 505A I 4 = 1 ,T5 e.e,IF(IEM(I4).NE.O.OR.IAS(I4,II),NE.O) GO TO 5q54
1 F<IEM1{I 4),EQ.1) GO TO 5054 
IEM1 (I 4)a 1
DO 5053 15=1,10 I F(IFU(I 4 ,I 5),EQ.0 > Go TO 5053 
IEMUFw UA, I5))*IEI1(IFW(H,I5))-T 
I CNT = 15053 CONTINUE

5054 CONTINUE
IFflCNT E Q 1) GO TO 5051: **;.***; ÙdDAte t i m e in a < 2 ) & A< 1 9 a a < 4 > FOR Each station sizeA(J10,1,in*ACj10,1,ll)+F8<l2>
A(J10,?,1I)*A(J10,2,II)*XA(J10,4,11) ,A(J10,4,II)*(F2CI2)*SQRTCF3CI2)*C2))/FLOAT(I1}
GOTO 604

I 5 0 6 SÎ'JII*Ï!******* SELECT BEST OVERALL STATION SIZE ***************
X1eO. 0 X2 = 0,0 
X3=0,0
IF(I12.Eq"i )X1=A(J10»4»I2)*ADJ{I2)*FLOaT(T6)*FLOAT<I1)+X1 
IF(L12 EQ.O>X1rA(J10»4,I2)*FLOAT(I1)*X1 
F M 2  ’ 0 1>X2«A(J10,3,I2)*ADJ(I2)*FLOAT<T6)*FLOAT(IZ(J10))+X2 

IF(L12 É 0 0)X2 = A(J1C,3,I 2)* FLOAT(I Z(J10))+X2
IF(X3.LT.A(j10,2,I2))X3=A<J10,2,I2)

508 CONTINUE , /z YTIFLL7.FQ 1 )U R I TE46,211)G IX3211 FORMATC/1H ,60X#12HCVCLE TIME -,F 1 0.2,4X,23HMAX I MUM WORK DURATION
1 » , F 1 0,2 ) ___X4“C*FlOAT(T6)*FLOAT(I1)
X5*=X4«X1 , , , V4 •IF(L7 FQ 1)WRITE(6,212)X4,X1

212 FORMAIT (1 H , 45X,27HTIME AVAILABLE ALL MODELS « , F1 0.2,3X , 2 4 H E S T I M A TE
: i*s2o  .» i« k >

IF(L7,EQ.19WRITE(6,213)X5
213 FORMAT(1H ,51X,21HESTIMATED LOST TIME. *,F10.2)

T r / I 1 3 PO 1214 F0RMAT(iH*,96X,21HC SCHEDULE ADJUSTED >/>



GOTO 900I F (X1 , F Q . 0 . O , AtJD . 11 , EQ . 1 . AMD , L1 2 , EQ , 1 ) GOTO 910 
IF<<<(T6¿CM1>-X1)*C, 000 001 ).GE. <<T6 *C* 1Z<J10))-X2 ) >

91 0 DO 51 O I 2 = 1 ,TÓ 
DO 509 13*1,T5 
IASI (IJ.J2)»IAS2(I3»12)

509 CONTINUE510 A(J1 O, 3,I 2>«A(J10 * A, I 2>
IZCj1g>3tI1 II

900 CONT,NUL _ _  TRANSFER BEST SOLUTION AND STATION SIZE FOR THIS STATION
DO 512 I 2 * 1 ,T6 
DO 511 13*1,T5 I F (I A S 1 (13, I2> . EM, f, )GOTO. 511 
IAS(I3,I2)=IAS1(13,12)
I S2* 1 S2*1

5 1 1 continue512 continue
DO 754 1*1.10 
A (J10#1.I)»0.0 754 A(j10,2,j)=0.0 
DO 752 1 =1 ,T 5 
DO 751 J*1,T61F <I AS < I , J ).NE.J10)GOTO 751
X=(f2(i)+SORT(f5(I)*c2))/FLOaT(IZ(J10)) 
l F ( x . L T . F 3 ( n ) X  = FSCl )

A(J 1 0,2,J)*A(J10,2,J)*X 
CONTINUE 
CONTINUEI F(L7.E 0.11 UR IT£(6 ,220 >
FORMAT(1H ,97X,23H**********'IMI7.FQ.1 >URJTE(fi,221>
F0PMAT(1h , 97X, 1 H* , ‘-'Xi 1 H*>IFCL7.F0. 1 )URlTE(6,222)
FORMAT(1H » 9 7 X » 2 3 H * STATION BALANCED , r, i 7 r0 1 íuRlTeC25,Z23) I Z C J 1 0 )
FORMAT (1 H , 9 7X, 9 H * SIZE ■» I 2,12H ACCEPTED 
I F ( L 7,F 0,1) uRlTt(6,221)
I F ( L7,t 0.1) UPITE(Ó,220)
1FUS2.EO, I S 3̂  GOTO 610 
I F(13.EQ.0)GOTO 601
CALL STNSZ (t5 ,T<5 , C2 , c, L, H  0 , 199)
I F ( 199,EQ,1)COTO 610 
GOTO 601

10 RETURN
SUBROUTINE A S S1G N31 (IS3,J10/T6»T5»C,L11 ,C2,L5,110,199,L3,L4,L12#l.

Á Í Í ó T Í T Í Á s 1100.10>,I EM(100), IFW<1 00,10>.F1 (100>,F2<1 
1 o5 4 ?Oo! 0 f6(UO,10).F3(100),F21(100),LR<100,10),F8<1 00),ADJ(
}!! ' 1 0 )  IASÍ C100,10). I AS2(1 00,105,12(40)
COMMON/SLAP1/FS.I FU,IEM/SLAB3/F2.F4.F6/SLAB5/A,I AS,IZ/SLABÓ/F3,F8 /

1 *Í1 ¿**Í*-As7 h c l e'ass ignment-mixed model ****************
II II*!*.* A( ,3» ) 3 total time devided bv the ST'N
I II! Ill J( 2 ) 3 TOTAL time DEVIDED BY THE ST'N

751
752
220
221
222
223

*)
*>

SIZE
SIZE THEN
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'020
]û?1022
’023
'024
025
026 02? 
028 
029 'ojo 
¡031- 032 
'033 
¡03;
035
036 
03?
038039 
'04o
¡#*1042
S4 3 1I '04; 

:|04S , 
°46 04?
048
049
S50“Si052
S53,54
055056 05? 
Osa 059
010
011 
062lüa
65

SET UP THE CURRENT FOLLOWERS

¡06?
toa,069
S0?1
&?2
o?
ih
>5
>60??

toa0?9

J 1 O 3 O
00 500 n  31 , 40 
00 500 12*1,4 
DO 500 13*1,10

500 A C11,I?. I3)s0.0
00 501 [1a1,T5 
DO 501 12*1,10

501 IFW(I1 ,I2) = FMI1 ,12)
601 J10 = J1(j + 1 

I2(J10j=L11
*****♦»♦*♦***»* StAPT s t a t i o n SIZE * * * * * * * * 1  
DO 991 11=110, L11
1 F ( L 7, F O . 1 ) UR ¡TE If,,200)010»H , C

¿00 FORMAT(//1h ,10X,1o HSTATI0N NUMBER : , 14,3x#1AhSTATION SIZE :# 
1H Cy C lE T ime :, F ó . 2 / )

I F ( L 7,e Q 11)W»ITE(6,210)
210 FORMAT f1 h ,i OX.17HACCEPTEO ELEMENTS)

DO 888 18 = 1 ,10 
A C J 1 O , 1 , I 8 ) c O . O 
A ( J 1 O , 2 , I 8 ) = O , O 
A ( J 1 O , 4 ,I8)sO , O 
DO 888 1 7*1 ,T5 

888 I A S 2(I7,I3)«0*.***».****»*«. FINDING ne x t AVAILABLE ELEMENT ***
J 3*0****************
DO 666 14*1,T5 
DO 66 7 15*1,10 

667 IFW(I4,I5)=0 
DO 665 16*1,T6 
I F ( I AS(14,16),GT.0)GOTO 666 

665 CONTINUE
DO 635 15=1,10 

033 I F W <I4,I5)s f 4 ( 141 15)
966 CONTINUE
602 CALL RREC < T 5)
904 j1 a 1 01

I 2*0
DO 502 14*1,T5 IFCLR(I4,1).GT.J1)G0T0 502 
IF(LR(14,1),LE.J3)GOTO 502 
12*14
J1*LR <I4,1>

502 CONTINUE 
J 3 = J 3 + 1
I F(I2,EO.O)GOTO 603 
.***.....♦*.** CHECK AVAILABILITY
DO 503 I 3*1 ,T6 
I F( I AS(I 2,I3>.GT.O)GOTO 604

503 CONTINUE
I F ( I EM cI 2).EQ.1)COTO 604 
xx»ioono.o 
DO 504 1 3*1 » T6IF(IAS(I2,I3).EO.O)GOTO 504 
X=(F2(l2)*S0RT(F3O2)*c2))/Fl-0AT(I1)
IF(X.LT,F8(I2))X=FG(I2)IF<F8(l2).r,T. (C-A(J10,1, l3)))GOTO 60 4
I F(X,GT.(C-A(J10,2«I3>))GOTO 604
XXX*(C-A(J10»2,l3))-X 
IF(XX,GT.XXX)XX=XXX

13,1 4
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080 
’031 
1032 
] 083 
'<>84
'oas
¡036
°6?088
'039
'09q
¡091,'09?
¡093>064
¡095'096
¡09?

TIME

'009
j]00
101102
103
104 
10 5
18

508
211

'09Mo
Ml
M2
M 3
114s!
Mo c 
'21 C 
122 
123 
129 
125 
M& 
12?

' ! ! ? c 
¡¡Jo131
132
¡33
134
135
136
13?
136 
139

509 continueIF C L7.e Q 1) wRiTE(6,201>F1 (I2>,F2(I2),X,XX 
201 F ORMAT(1 H ,1 0X,7 HELEMENT,U.2X.6HTIHE = , F6.2,2X,16HEFFECTI VE 

1=,F6.2,2X,34HEFFECTiVE STATION TIME REMAINING a,F6.2)
*************** ASSIGN ELEMENT **************
DO 505 I 3*= 1 »ToIF ( I A S(! 2 » I 3 ) .EQ.OK.OTO 505A(j10»1,l3)=A(j10,1,l3)+F8Cl2>

I3)3AìJ10,2, I3>*-XA(J1O,ì.,I3)=A(j10,9,I3)*(F2(I2>*Sq rT(F3(I2)*C2))/FLOATcI1)
I A S 2 <I ?.I3)-J10

505 CONTINUE 0050619*1,10
506 IFU{12,19)=0 

GOTO 602********* SELECT THE BEST STATION SIZE ********** 
o03 X1 a0,0 

X 2 3 O . O X 3*0,O
DO 508 I 23 1,T6IF(L12.E0.1 )X1aA(JlOj9rI2l*ADJ(I2)*FLOAT(T6>*FLOAT<ID*X1 
I F ( I 1 2 . EQ . 0 > X 1 «A ( J 1 O , 9 , I 2 ) * F LO^T ( 11 ) *X1I F U 1 2 . E0 .1 )X2 -A(J1 0,3, I2 )*ADj( I2)*FLOAT(T6).FIDATO Z<J10))*x2
IF(L12'EQ*0)XZoA(J10»3»I2)*FL0AT(IZ(J10)>+X2 
IF(X3,tT.A(J1C,2iI2)>X3=A(J10,2fl2>
CONTINUEIFCL7 .FQ.1 )UR ITE(6 /2 1 1 >C,X3F ORMA T(/1H ,60Xi12HCYCLE TIME a,F10.2,9X,23HMAXI MUM WORK DURATION

1 =  ,  F 1 0 , 2  )X9=C*FL0AT(T6).FL0AT(I1)
X5*X4"X1I F ( L7 , FO. 1 )UR ITE(6,212)X4,X1

212 FORMAT(1H ,6 5X,2 7 HTIME AVAILABLE ALL MODELS *, F1 0,2,3X,24HESTIMaTE 
1 D u o rX Content =, F 1 0 ,2 )IF(L7,FO.1 )ur ITE(6,213)X5
FORMATÌ1H ,5 1 X,2 1 HESTIMATED LOST TIME a,F10.2>IF(L12.EO,1.AND.L?.EQ.11uBITF(6,214)
FORMa T(1H+,q 4X,21M( SCHEDULE ADJUSTED >/)IF(X1 FQ O O , A N D . 1 1 . EQ , 1 . AND,L12,EQ.1)GOTO 901 
IFf(((T6*C*t1 )-x1 )*0.000001 ).GE.(CT6*C*IZ(J10))-x2))GOTO 99' 
*************** COPPING I A S 2 C) IN I A S1 (>
DO 510 I 2■1 ,T6 
Do 509 I3»1,T5 I A S1 (13, I 2 ) » I As2(I 3 fI 2)
CONTINUEA(J10,J,l2)«A(J10,4,I2)
I Z C J 1 0 ) » 11
ÌSiTTHANSFER BEST SOLUTION AND STATION SIZE FOR THIS STATION ***
DO 512 I 231 » T6 
DO 511 13-1•T5 I F < I A S1 (13,I2).EQ.O)GOTO 511 
I AS CI^,I2) = IAS1(I3»I2)
IS2 * I S2 + 1511 continue

512 continue
DO 750 l»1,10 
A ( J 1 0,1 , I ) 3 0, O A( J10,2, I>=0.0 

750 CONTINUE

213
214

901

509
510
991
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] U qlui
'tu*
JU3
'l44
¡US
'U6
’U?
'148
1H9
'ls?
tl 5 2 
|153
154
155
156 
'15? 
'158 
'159Ü!
' 162 
tl 63 
¡164 
116 S
t’6û 116 ? 
¡168 
169 
1?0
1?2
1?3
1?4
1?5
176
17?
178
179 
116 0 
¡181ÜS
184
tas
18618?
138
189
19°
,91
192
193 
'94 
HS
] 19 6 
19? 
198 
'199

r * * * 1

*)

00 752 1 *1 , T500 751 J »1,T61 F(I AS(!,J) .NE.J10)GOTO 751 
A(J 10 « 1 îJ) = 4(J1 0/1 , J ) + F 8 ( I )X = ( p 2 { J i+SiJRTtFÎCî )*C2) S / Ft-OATC IZ<J 0))
I  F (  X .  I - T  .  F  8  (  I  > )  x  c  8  8  (  1 )

A(J1O,2,J)=A(J10,2,J)+X
751 CONTINUE
752 CONTINUE 1F(L7.FQ.1> UR I TE (t> » 220 1
220 FORMAT (1H .97X»2->H*******’

I F(l?.FO . 1 > WRITE(6 / >221 FORMAT^ t97X,1 H* , 21 X, 1 H*)
1F(L7,EQ.1)WPITE<6#222)

222 FORMAT(1 H ,9?X»23H* STATION BALANCEO 
I F ( 17. F Q. 1 ) WRITE U, 223) I Z ( J 1 0)223 FORMAT f1 H < O 7X »9 H » SIZE 3,I2,12H ACCEPTED •)
I F ( L 7 , E Q , 1 )URItE( <>,221 )
I F ( L 7 , E 9 . 1 ) W R l T E ( 6 , 2 2 0 >

I F( I S2.EQ.I S 3'GOTO 610 
I F(L3 ,EQ.Ü)GOTO 601
CALL St n sZ { T5,T6,C2,C,L1 L10,199)
I F(199.EO.1)GOTO 610 
GOTO 601 610 RETURN
SUBROUTINE STNSZ ( T5fT6»C2»C«L»L10f199)
ín,E“s1o¡5 ;"í5o>^‘<100,10).F6(100,10),*<40,4.10).IAS(100,10).fJ(

1 cSmÍOnÍsI S S ^ fIÍ f2Îf*/SLAB5/A. tAS, 'Z/SLABS/FÏ, FS 
L1 0 1 * 0  
199*0DO 704 1 1 « 1*T6 
T T 2 a 0 • 0 
TT3*0,0 
DO 701 1*1#T5
I F(I AS<I , 11 ) . GT."1>GOTO 701 
TT2 = TT2*f3< I ) -,TT3 = TT3 + F2( I )*SQKT<F3(I))*C2

701 CONTINUEV1sTT3/(L*C)
IF(<lÍo oÍ(L*C)).NE.TT3)L100-L100+1 
I F ( T T 2 . LE , (C*U )GOTO 703 
I 9 9 ° 1WR I TE( 6 r 20)

20 FORMAT(1 H ,////>
WR I TE(6 ,21 )21 FORMAT(1 H « 1OOH * * * *'
I*.*****.******«**********'
WR I TE(6 ,22)

22 FORMAT(1 H ,1H*,98X»1H*)
23 Ï5ÎÏaÎ(Îh5!ÎÎ*.5X,29HTOTAL MINIMUM DURATION TIME ..F6,2,58X,1 H*)

W R  I T E ( 6  » 2 2  )

24 ÏÔ5h “ <;m‘!i»*.5X.40HCJN NOT OE ACHEIVec WITH « CYCLE TIME 01,16.2 
1 U7X» 1 H*)
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¡̂ 00 1201 
]202 
203 
20; 
'205 
¡206 
'20? 
'208 
¡209 
210 
211 
212 
'213 
'214
! 215¡2lo'217
'218
IS!?
¡¡¡i'222
¡223
22;
225
'226
¡227
22822v
230
231232
233 
23;235236
237
238
39
40 2;i

h 42432;;
2452;6
2;?
2;a2;9
¡ ^
51?S2

8 i

¡ 8 2
¡257¡IB

URITE(6,22>
URITE(6.25)L25 FORMAT(1H , 1H*,5X,30HAND A REMAINING LINE LENGTH OF,IA.59X.1H*} 
wr r t e(6,22)
URITE(6,22)
WR I TE(6,22)
WR I T E(6,26)26 FORMAT(1H ,1H*,5X.15HBALANCE STOPPED ,78x,1H*)
UR ITE(6,22)
URITEC6.22)UR ITE(6,21>
GO TO 705703 IFCL1Q0.GT.I101)U01=L100 

7 0 ; CONTINUE 
705 110=L101 

RETURN 
ENDSUBROUTINE RESULTS <T5,T6,IS.C2«L5)
INTFGER T5.T6.E1.FI.F6DIMENSION F1 (10) / F1 (100),F2(100),A(40,4,10) .IAS(100.10) .F6(1Q0»10) 

1 , ̂ 4(1 00,1 0) , ADJ H°> i IFU(^ 00,10) , IEM(1 00) ,EM(1 O) , I z (40) , f3(1 00) , F3(
2100) . , , COMMON/slAr 3/F2.F4. f6/SLAB4/ADJ »E^/SLAB5/A.IAS,IZ/SLaB^/F* »IF W,IE M
1/SLAB6/F3.F8 „ ..*****.*.*.+*** UHITTING UP THE RESULTS
I S a 0DO 502 I «1 . T5 
DO 501 J=1.T6IF(IAS(I ,J> .GT.IS) IS»IAS(1.J>

501 CONTINUE
502 CONTINUE 

UR ITE(6.20>20 FORMAT (///1 H ,120(1**.*.*******************’
1.*.*.**..**.*********************************************’
2***.**)
WRITE(6,21)21 FORHAT(1h , 1 H* ,113X»*H*)

22 FORMATdH2!lH*,5X,l5HRALANCE RESULTS,93X.1H*)
23 F O R M A T (1h ,1h*,24h****.*******************»94X,1h*)

URITE(6,21)
WRITE(6,21 )
UR ITE(6,21 )
DO 510 KKs^.lSIF(L5.F0.1) WR I TE(6«24)XX,IZ(XX)

24 F O PMA T d  H ,1H*,9X»16HSTATION NUMBER J.I3.16H STATION SIZE I.I3.5X 
1.23HSINGLE MODEL PRODUCT I ON,43X,1H*)
IPfLS EQ 2) URjTE(6,35)XK,lZ(XX)35 FORMATdH ,1 H*,9X.1i,HSTATION NUMBER :,I3,16H STATION SIZE ,.I3.5X 

1.49HMIXED MODEL PRODUCTION / MULT I-E LF.MENT A S S I G NME N T , 1 7X , 1 H * )
I F , l5 FO 3) WRITE(6 ,36)XX, I Z ( XX )
f o r m a t , 1 H 1 H * , cX,16HSTATI0N NUMBER .,I3,16H STATION SIZE .,I3,5X 

1.50HHIXE0 M O D E L '  PRODUCTION / SINGLE-ELEMENT ASSIGNMENT,16X.1H*)
URITE(6,21 )
WRITE(A,25) ..*.*.*..*****.***.*.******..***..***25 FOrMAT(1H , 1 H* ,6X . 1 0t>R******** * ** ************.* ̂»*.***» ***»***********'*****,*****’, ******* ** ** ' 6 X»
21 H*>UR I TE(6,26)
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'¿60
'¿61
'¿62
'¿63
'¿64 
'¿65 
'¿66 
¡26? 
6̂8 ¡269 

'¿?0 
'¿?1 
'2?2 
'¿?3 
¡274 ’275 
'  ¿ ? 6  

¡277 
'278 
¡279 
280 
'281 
'282 
¡283

¿ 8 4

*35
'286
¡ ¿ 8 ?

2 8 b
289
2 ? 0

' ¿ 9 i'¿cj
'293
¡294
' ¿ 0 5
¡ 2 9 6

'297
129a
¡299
>S?
302
303 
3Q4
305
306 
13o? 
¡^08
309Hi!
111!
| J H

ft
ft
’Jl 9

26 FORMAT(1H , 1H*,6X/1H**104X»1H* *6X»1H*)
URIT£(6f27)27 F0RMAT(1h ,1H*i6X«1H*»22Xf6HM0DELS#76X»lH*i6XilH*)
URITE<6,28XEl(l)*Ia1'TA)28 FORMATM H ,lH-*,6XilM**^X#8"ELEMENTS»1X»10l8)
WRITE(6,29)29 FORMAT(.1H♦- 112X* 1 H*>6 X* 1 H*)
UR ITt( 6 * 26)
DO 506 ]s1 , T5 
DO 503 I 1 a 1 » T6IF( 1 AS(I,11) .EQ.KKjGO TO 1000

503 CONTINUE 
GOTO 506

1 000 00 504 JJ«1 1 T6 
EM(JJ > *0.0504 CONTINUE 
DO 505 J J ■ 1(T6IF(IASCl,JJi.EQ.KK)EH<JJ>*(F2(I)*iS(JRT<F3<n*C2))>

505 CONTINUE , ,WRITE(6»30>F1(I)«CEM(JJ>*JJ»1;T6)
30 F 0 R M A T(1H ,1H*»oX*lH*#13X/l3#2x*10F8.2)

WRIT E(6,29)
506 CONTINUE 

DO 50« J»1,T6 
EM(J)*0, 0

50fl CONTINUEDO 509 J * 1 * T6EM(J)«A(KKf3*J>*FlOA?(IZ(KK))
509 CONTINUE UR ITE(6 # 26)URITEC6.31)(ElUJJ)»JJ“1*T6)
31 FORMAT(1H #1H*»6X»1M*»4Xf14HWQRK CONTENT ¡»10F3.2)

URITE(6,29)
WRITEU.26) ,WRITE{6»32){A(KK/2'J3)»JJ=1/T6)

32 FORMAT (1 h 1 1 H* »6X > 1 H* * 3X *1 5 HWOR < DERATION :<10f3i2)
WRITE ( 6 ,29 )
URITE(6,26)WHITE(**33) ( A(K K * 1 * 'T6 )33 FORMATOH ,1H-,6X*1H*,1X*17HC0IIPRESSED TIME ,,10F3.2)
UR I TE <6.29)WRITE(6,26)
WRITE(6,25)
W R I T E < 6 ,21 )
WRITE(6#21)
WRITE<6,21 )
WRITE(6,21)

510 CONTINUE 
URITE<6,21)WRITE(6t34)

34 FORMAT(1H *
, 1 ****«r**#**

2 ***///)RETURN v
SUBROUTINE ASSESS (T5/T6*C»IS*BD1»BD3»BD2»B04»SI1*SI3»SI2iSI4iC2)
DiMFNsioN5 ST(4o!4)iF2(100).F4<100.10).F6(100,10)/AOJ(105*E1(10)»A< 

u  4 ,1 0 ) ,IAS(10U*1 0) f Til (10) , 12(40) * f3 (1 00 >• * F8 <1 00 > COMMON/SLAB3/F2*F4,F6/SLAB4/ADJ,E1/SLAB5/A.IAS,IZ/SLAB6/F3>F8

Mr***** + + **
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¡320
321322 
’323 
’324 
¡325 
’32ù 
¡32? 
326 
’32ç 
¡33o 
331 
’332 
’333 
¡334 
’335 
’336 
¡33? 
338 
¡339 
340 
’341

’344
’345
¡34û
34?
348
34g
¡3S0
351
352
353
354
355 
’356 
]3S? 
:35a
359
360
361 
¡362
363
364

; i î i
36?
368
369 
?0
3?13?2
3?3
3?4
3?S
i763??
Ï?B
3?g

* * * * * * . * * * * * * * . * * * ■  A S S E S S I NG THE BALANCE * * * * * * * * * * * * * * * * *

****** c a l c u l a t i o n  OF s o h e  f e a t u r e s  OF EACH S T A T I O N

20

21
22
23

***************
W R I T E ( 6 ' 2 0 )

FORMAT ( 1H , 12 0 H * * * « * * * * '  

 ̂ *******

WRI T E NEW BLOCK i********

>****»**■

BALANCE E F F I C I E N C Y , 9 3 X . 1 H * )  

* * * * * * * * * * * * * * * * * , 8 9 x » 1 H *)

2 ** * )

W R I T e < 6 , 2 1 )
FORMAT { 1 H , 1 H* , 1 1 8X r 1 H*)

WR 1 TE < 6 , 2 2 )

FORMa T ( 1 h , 1 H * , 2  5 H 

W R J T E ( 6 , 2 3 )

F O R M A K I h , 3 0 H** ** * ** ** *

* * I I ! i t * f l l * * * * * *  t r a d i t i o n a l  b a l a n c e  e f f i c i e n c y

X l n O . O  

B D 3 = 0 , 0  

BD1 = 0 , 0  

DO 701 J * 1 , T 6 

DO 700 I »1 , I S
B D 1 « U 0 1 * ( F L O A T ( I Z ( I ) ) * < C - A U , 3 , J ) ) )

B D 3 = B D 3 * ( F L 0 A T C I Z ( I > ) * ( C - A C I # 2 » J ) > >

X 1 » x 1 * ( F L 0 A t ( 3 z < 3 ) ) * C >

700 CONT I NUE

701 CONT I NUE

BD1O ( B n 1 / X 1) *1 0 0 . 0 0  

BD3= ( B d 3 / X 1 ) * 10 0 . 0 0

* * * * * * * * * * * * * *  m o d i f i e d  b a l a n c e  D E L a Y

X 1 » 0 . 0  

B D 2 « 0 , 0  

B D 4 « 0 , 0  

DO 703 J * 1 » T6 

X » 0 . 0  

X X = 0 . 0

DO 702 I *1 * I S , . , , .  ■X*X + FLOATllZn))*(C-A<I,3»0})
XX®XX*F LOAT <i Z C l > ? * C C - A  Cl 

x 1 ° x 1 * F  L O * T ( I Z ( 12 3 * c

702 CONT I NUE
B D ? * B D ? * X * A D J ( J ) * T 6 

BD4 = BD¿.*XX*ADJ(J>’i,T6
703 CONT I NUE  

B D ? = B D 2 * 1 0 0 . 00/X1

* * * * * * * * * * * * * * ^ T R a D I T  I ONAL SMOOTHNESS I NDEX

S I 1 - 0 . 0  

S I 3 " 0 , 0  

DO 705 J « 1  , T 6

$ I 1 * S I 1 * ( F L O A T ( I Z ( I > 2 * ( C - A ( I < 3 í J 2 ) ) * * 2 . 0 0  

S I 3 » s I - S * ( F L O A T Í  I Z C I > ) * C C - A ( I # 2 - # J ) ) ) * * 2 . 0 0

704 CONT I NUE

705 CONT I NUE511- SQ»T(S11/FL0AT<T6))
S I 3 » S O o T ( S I 3 / F L O A t ( TC>) )

* . * * * * . * * * * * * *  MO D I F I E D  SMOOTHNESS I NDEX

512- 0.0 
S I 4 » 0 , 0
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'3&0
]361
.382'383
¡38«,
'385
]386
'387
¡388
389
390
391
392 
¡393 
39; 
'39 s 
'3o6 
¡397&¡<*00
Uoi
‘02
403
404
405
406
407
406
¡409 
410li!5
|4'(3 
41; 
415
41 7
¡418 
*19 C 
*20
*22
*234?;
*25
*26427
*28
429

3!ili
*3$
436*3?
*38
1439

DO 707 J =1 , t6 
X = 0.0 
X1=0.0
DO 706 I = 1 , I S
X=X + <KOAT(IZ(I>)*CC-A(!»3,J)))**2.00 X1oX1-»(FLOa t(IZ(I>)*4C-A(I.2,j)))**2,00

706 CONTINUE SI2»SI2+(X*ADJ(J)*T6 )
S I ;a$U*(X1 * ADJ < J> *T6 l

707 CONTINUE 
SI2oSi5RT(Sl?/T6>
SI43 SQ°T( S I 4 / T 6 )w R I T E ( 6 ,2 4 ) R D1 , B D 3 , s 1 1 » S I 3

2; FORMAT (1h ,1H*,20Xir' HOD1 > , f 6 ,2,1 OX , 5 H B d3 = , F6 ,2,20X , 5hs 11 »,F6,2, 
110x .5HSI3 *, F6,2,14X*1H*)
WRITE(6,21)
W R  I TE (ft , 25 ) f)D2 , B D 4 , 3 I 2 , 5  I 4

25 FORMATm h  ,1 H*,2 0X i5 HBD2 a,F6 ,2 »1 0 X«5 HBD4 a»F6.2,20X»5Hsl2 a , F 6 ,2 » 
110x*5Hsli =«f6.2»i;x *1h*)
WRITEC6.21)
W R I T E ( 6 , 2 0 )
DO 643 I=1 , I S
ST( I »1 ) «0.0S T CI , 3 ) » 0.0
ST(Ii 4)aO. O
S T(I,25 *1 OOOOOO. 0*C

643 CONTINUEDO 646 K s 1, T S 
DO 645 J J 3 1» T6 
T I M E B 0 . O DO 644 ]»1 , T5IF(I AS( I , JJ).NE.K) GO TO 644 TlMEaTlME+F2(I>+SQRT(F3(I))*c2

644 CONTINUE
IF(TI Me .GT.ST(K,1)) ST(K,1)aTIME IFCTIMr .lT.ST(K»2)) ST(K,2)«TIME 
STOC» 3) =ST(X,1 )-ST(K,2>

645 CONTINUE
646 CONTINUE************** CALCULATION OF THE TOTAL WORK ***************

DO 649 K o1 , I S 
DO 648 I a1 ,T 5
DO 647 J =1,T6
IF(I AS(I,J ) . NE. K) GO TO 647 ST(K»A)='ST(K/4) + F2U) + SQRT<F3(I))*C2
GO TO 648

647 CONTINUE
648 CONTINUE 640 CONTINUE

W R I T E  C 6 , 2 2 3 )
2 2 3  F O R M A T ( 7 / / 1 H  , 1 2 0 m * * * * * * » * « ' r * * 4 + * + * * * i

,**«»*************1
w r i t e(6,224)224 FORMAT(1h , 1 H*,118 X ,1H*)

-URITE(6,33)33 FORMAT(1H ,1H*,5X,28HUORK DISTRIBUTION EFFICIENCY»85X,1H*)
^ U R I T E ( 6 , 3 4 )  ^ * * * * * * * * * * * * * * *  * * * * * * * * * *  8 Q X  1 H )

W R I T E < 6 , 2 2 4 )
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U40U m1442
U 43
U 4 4
U 4 5U 46
UÀ?
U asU 49
Uso
¡«1 c
US2
U 5 3

US4
U 5 5
USó
US?
Use
U 5 9
Ueo
*61462 

U ó 3464
465
Ufió
U o 7

4 6 8469
U?o U?1 
U72
U 73 
474 U 75
U?6 
U 77 U?8
1 
1
N ?  C 

4 8 3  

¡484
1 
1
¡438 

4 8 9

^0 Uçi
J*9Î
1 1
1

4 7 94g0
481

435
486
4 8 7

49 3 
4 9  4 
40 5
.496Uç?
Uo8
Uçç

WRITE( 6 .2 2 4 )
W R I T E U P )

40 FORMAT(1 H ,1 H*,4X.7HSTATI0II,3X.7HSTATI0N» 5x,4HTIME,4X,7hMAXI MUM,3X 
1,7HMINIMUM,3X,7HSTATI0N,9X,6HN0RHAL,13X,8HWEIGHtED.9X,4HW0rK,8X»1H 
2 * )WR I TE (<S ,41 )

41 FORMAT fiH , 1H*,5X*6HNUf!BER»4X»AHSlZE»4X.9HAVAlLABI.E»4X.4HW0«K,6X»4 
1HWORK,SX,5HRANGE/4X#7Ha VERAGE,3X,7HST, DVt,3X,7HAVE-RAGE.3X,7HST. O 
2V . * 4 X » 7 H V A R IETYfóX/1H *)
WR I TE(6,224)
DO 651 1 = 1 , JS
************* station Information *******************
X = C*F LOAT( I Z ( I))
a v=o ,o
AVI=0 . 0
00 721 J-1.T6
AV=AV*A(I,3,J)*FL0AT<IZ<I>)
AVl=AVl*A(l,3 fJ)*FLOAT(IZ<I))*ADjCj)

721 CONTINUE 
AV=aV/f L0AT(T6)
SDcO.O
SD1=0.0 
00 722 J=1.T6
SDoSO*<AV-(AÍI.3'J)*t:lOAT(IZCn)))**2.00SDTaS01 *(AVl-U(I/3,J)*FLOAT(IZU>)))**2.00

722 ContinueSDsSORT(SO)
S01aSQRT(SD1 >
Wr i t e(A,?13)I,IZ(I).X,(ST(I,J),J=1.3).AV,S0,AVi ,SD1,ST(I,4)218 FORMATMH , 1 H*, 4X, I 4,6X, i 4,2 X ,9F 1 0 . 2»3x , 1 h*)

651 CONTINUE 
TT=0,O 
TUV = 0,0 
OO 720 <-1 , I S 
TUV = TWv*ST(<» 3)
TT=TT*ST(K,4)

720 CONTINUE
WRITE(6.30)30 F ORMA T( 1 H ,iH*,54X»6H----- ,44X>6 H------,8 X« 1 H* )
WRITe (is»31 )TWV,TT

31 fOr m aT(1h JH*,54x ,f6<2,40x ,F10.2»8X#1H*)
WRITE(6,224)************* line information *******************
WT13 0.O 
00 72i 1=1 , IS 
W T1=WT1*ST(I,4)

723 CONTINUE 
WT1b WTi/FLOAT(IS)
WT2 = 0,0
DO 724 I»1 , 1 S
WT2=WT?*(ST(1,4)-WT1I**2.00

724 CONTINUE 
WT2=S0RT(WT2)
MAX = 0,0MI N = 1 000,0 
00 725 1 = 1 , IS
IF(ST(1,4).GT,HAX)MAX=ST<I,4)IF(ST(I.4).lT.»UN)MIN = ST(I,4>

725 CONTINUE WT3=MAx-MlN



572

1500 
]501 
] 5 0 2 1503 
150t 
] 5 0 5 
1506
]S0 f508509
510 'S11
1512
1513 1 Si c, 151 5
1516 ’517 
’518 
’519 520 ’521 
’522
W i l
15 2 5 
¡52o527
528529
530531 
s32
533
534535
536
537538 ’539
¡H°

s43
5U
5A5
5̂ 6
547
$48
$4955°
551
552 
53] 5 5 4
555
5$6

l J
’Ssl

WritE(6,224)
URITE<6,224>URITE(6,36)TUV,WT1,WT3

36 fORMAT(1h , 1 H* , 1 OX/5HWR1 =*, F8.2,20X» 5HUT1 = , F 3 . 2 / 20X , 5 HUT 3 *,f8.2, 
129x,1«0URITE(6,224)
UR ITE(6 ,37)TT,UT2

37 FORMAT C1 H ,1 H* , 1 OX/5HUB2 = * F8 .2#2OX,5HUT2 = . F3.2 ,20X, 42X» 1 H*)
U R I T E < 6,2 2 u )
URITEC6.225)

225 FORMAT (1 H > 1 20h***-'******** + ***-**»***-»****w**** + ****»**** + ********1 ******»***«** + ■»**•«***»***■»»*'*•'***'***■*■♦»***'»****■******!****-** + '*■***** 
2***/////) 
return 
ENDSUBROUTINE PREC < T 5) 
integer F 1 »t 5DIMENSION F1(100>/IFW<1QO/10)#IEMC100>
C0MM0N/SL*B1/FI,I FU, I EM 
DO 500 1 1 « 1,T 5 I E M ( 11 ) a 0 

500 CONTINUE
DO 503 1 1 « 1.T5 
DO 502 12-1,10I F(IFU(Il,I 2) ,EQ.O) GO TO 503 
I EM(I F U(I 1 , I2))»1

502 CONTINUE
503 CONTINUE 

RETURN 
ENDSUBROUTINE UTCALC <T5,L5,T6)
INTEGER t5,T6,F1»F<*,F6,E1
DIMENSION FlMnO>'IFW(1 OO»1 O)/ADJ(lO)/IEM(l0O>*F2 l<1 0 O>»LR(loO/1 Q> 

1,F2(100),FA(100f10)/F6(100,10),El<10),A</‘0(4,10),IAS(10 0,10),lZ(40 
2)COMMON/sLAB 1/F1 ,I FW,IEM/SLAB2/F21,LR/S LAB3/F2,F4,F6/SlAB4/A0 J,E1/S 
1LAR5/A, 1 AS , I ZC SELECT THE e l e m e n t  WHICH WE ARE going TO calculate ITS ueight 

C LR ( ) CONTAIN ONES S ZEROS HERE ONLY
T A D J =0,0 
DO 499 I■1,T6 
DO 498 11 » 1,T5 

498 LR(11#I)»0 
4 9 0 TADJ=TADJ*ADJ(I)

I F(L5,EQ.2)GOTO 1003 
I ”1GOTO 1004

1003 DO 513 1=1,T6 
DO 500 11 «1 » T5 
F21 { ID =0.0

500 CONTINUE
1 004 00 509 11 «1 ,T5

I F(L5,N E.2)GOTO 1002 
IF< IAS< 11 , I ),EO.0)GOTO 509 

H02 DO 5 U1 I 2 = 1 , T5 
Lr (I 2,l)»0

501 CONTINUE 
LR ( ID I ) »1 J 1 »11 000 DO 504 12 = 1 ,T5
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'560
561562 ■'563
15641565 
1S6o 
1567 
'568
1569
15701571 
157 2 
¡573
1574
1575
1576 
]577 
5?fi,'579
'580
¡581¡¡a
'584
'S85¡58c58?
588589 
59 0 591 
’592 
¡593 
5J4
595
596
S ?598599 
60q 
601 
602
603
604
605,60ft
60?
608409
1610 
u 11
‘ ¡ j
614
615
616617
618
619

I F (IN<12. I ).EQ.0) GO TO 504 DO 503 13=1,10
IF(F4CI 2,I 3).EO.0) GO TO 503 
LRCFA(I2 ,13),I)= 1

503 CONTINUE504 CONTINUE 
J2 = 0
DO 505 I 4 = 1 ,T5
I F UR ( 1 4, I) . EQ. 0) GO TO 505
J2=J2*1505 CONTINUE 
IFCJ2.EQ.J1 ) GO TO 1001 
J1 = J 2GO TO 1000C ********* CALCULATE THE WEIGHTS IN F21( ) ***********

C *** ADDING THE EFFECT OF ADJUSTMENT IN CASE OF PROCEDURE
1001 DO 508 I 4 = 1.T5

IF(L«(I 4,I).EQ.OJGOTO 508 IFCL5.EQ.1 )F 21 (¡1)sf21 (11 ) * F 2 (J 4 )
lF<L5tFQ.2.AND.IAs<I4,I),NE.0>F21{I1)»F21(I1)*F2<I4) 
IF(L5,NE.3)GOTO 503 
DO 507 1 3 = 1 .T6 IF <I AS(I 4 , Ij) , EQ•0)GOTO 507
f21CI1)=f21{i1)*f2 ci4)*<A0 j Cj3)/ta dJ>

507 CONTINUE
508 CONTINUE
509 CONTINUEc *** ranking the weight F2 1 < ) in the matrix l r< ) ***

C ***** WHICH WILL CONTAIN THE RANK AT THIS POINT *****
DO 510 11«1,T5 
LR CI 11 1)«0

510 CONTINUE J1 =1
DO 512 11-1'T5 
VAL=-100.0 
DO 51 1 I23 1,T5
I F CLR< I 2 , I ) . GT. 0.OR.F21<12).LE.(VAL + 0.000001 )) GO TO 51 1  
VAL=f2 1 (I2>
13=12511 CONTINUE
LR CI3 * I)=J1 
J1-J1+1

512 CONTINUE 
IF(L5.n e.2)GOTO 1005

513 CONTINUE 
1005 RETURN

END
SUBROUTINE PROD <L1»C1,C2>
C 2 = 0.0IFCL1.FQ.0.OR.C1.EQ.50.0)GOTO 610 
IF(C1,GT.50.0)V1=(C1-50.0)/100,0 
I F ( C1 1 IT, 50, 0)V1 = (50.0~C1)/100.0 
V2-0.0 
V 3 »1 .0

601 V2=V2*V3 
V5-0.0

. DO 500 1=1,100X=(V2/200)*CI-1)*V2/100.0 
Y1=(EXPC-0.S*X=X>>/(SQRT(2*3.14>)
V5 = v5*y1* V 2/ 100,0

***
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1 6 2 0

'621'622
'623
'62̂
' 6 2 5

'626
'6??6ck
' 6 2 9

' 6 3 0

' 6 3 1

' 6 3 2

500 CONTINUEIF{AOS<V1-V5).LE.0.001)GOTO 602 
I F (V5 , IT . V1 ) GOTO 601 
V2 = V2«v 3 V3«v3/4.0 
GO TO 601 

602 C2=V2
IF(C1.LT.50.0)C2=-1.0*C2 

o 10 RETURN 
ENDFINISH

EJ* * * *

^ooonoounoooooouof ooodcioonoonoooooooodooooooooooooooooooooooooooooooooooooooooooooooo 
^oooouonooooooooioonoonuouooeuoooooooooooooonooooooooooQooooooooouooooooooooooooooQ 
sf'Ooooouonouooooooooouoonnouf'oounoooouooooooonoooooooooooooooooooonoooooooooooooooooc 
¡>00()ooun()ooooouooooonoonooooo( ononoooooouooonoooooooooooooocoooooooooooooooooooooooo 
V lOuooouooooooouO(.,)oot">ooooi)nuouooouooooo()ooooooooouonooooooooooooooooooonooooooooooo ;5(ll,Oun00(,n0ouoonuOf'.!oo1>noouounufu)noooO()ooooooo()oooooooooomooooooooooooooonoooooocoouo 
j lJOuOoOUOOOOO()OUOu')OOOfOOiiOUf'OOUOCiOOOOOOOOOO^OOOOOOOOOOOOOOOOOOOOOOOOOOOOnoOOOOOOOOOO
**»»**»*1>***#***(I****»*»W»**-W.*'»**T»********-»-» + *-****,f*** + * + ** + ***** + *************#*^)t



ALB 3

DATA VERIFICATION AND AMALGAMATION

(Preparation for line simulation)
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ALB3 DATA CHECKING AND AMALGAMATION

FIG. (C.I2) ALB3 GENERAL FLOW CHART.
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ALB3 PROGRAM

0 PROGRAM (FXYVX)l COMPRFSS INTEGER AND LOGICAL2 input i?cro
3 INPUT 2 = CR14 OUTPUT 5 = CPI5 OUTPUT 6=LP06 TRACE 27 MASTER AL838 INTEGER T4,E1,T6#S1,S4,TS9

10 DIMENSION El (101,ADJ(10),SI (40,2),S3(40,4),S4(40#20)#I ASMOH Ifn READ(2,?01)T4,T6,T5 ' U U 0 '!0)
tl 201 FORMAT(314)
12 READ(?,?02)T2• 3 202 F0RMATfF6.2)1 4 READ(2,?03)fEl{I),l3l,Tfi)*5 203 FORMAT C10T6)16 READ(?,204)(ADJ(1),1=1,16)17 204 FORMATf10F6.2)18 DO 500 1*1,T41 9 READ (2# 205) (Si (I, J), J*1,2),S3( 1,2)20 205 F0RMATC2I4,Ffi.2)
?1 REAO£?,POfi)fS4(I,J),J*l,20)
22 20b FORMAT! 2014)23 500 continue24 DO 505 1=1,T5
25 RFAD(2,?22)fIAS(I,J),J=1,T6)
25 222 FORMAT (1014)
27 505 CONTINUE
2S REAn(2,2l7)flRDi,RRD3,BB02,8804,BSIl,BSl3,3SI2,8SI429 21 7 F0RMAT(8FR#?)
30 RfAO(if?or}VfTin
31 207 FORMATES,2, A8)
32 SLsV*T2
33 RFAO(i,2|8)SlUS7
34 218 F3RMArC?F8.2)
35 WRITEi6,200)
35 200 F3HMAT(////1H ,54H SECTION 1 s COMPUTER CREATING AF STATIONS QTMF
37 INSI0NS///IH ,52H SECTION 2 * MANUAL CREATING OF STATIONS DIMENSIa
33 2NS///) ■39 READCJ,208)L2O
40 208 FORMA T(I 4)
41 IF(L20.FQ.l)WRrTEi6,220)
42 IE(L20.F0.2)WRITEC6,2?l)
43 220 FORMAT(//tH ,29H*** WORKING SECTION 1 ***)
44 221 FORMAT i//!H ,29H*** WORKING SFCTION 2 ***)45 IF(L20.F0.2)GOTO 1000
45 REA0C1,20°)OE,DE
47 209 FORMATf2F6,2)
45 DO 501 I -i # T4
49 IF(I.EQ,1)S3(I#I)=ST
50 IFiI.GT.ns3(I,l)*iI-l)*SltST
Jl S3(T,3)=UE
J2 S3(I,4)*DE
¡J3 501 CONTINUE
l4 GOTO 1001

1000 00 502 1*1#T456 READ«1,210)53(1#l).S3fI. 3),S3f1,4)
j?7 210 F0RMATC3F6.2)

302 CONTINUE59 C CHECK IF THE LINE LENGTH ACCOMODATES ALL THE 5TAT13NS 3R N3f
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« 0  DO 5 0 7  1 = 1 , T4
<H 1^  ( i  S 3 ( I ,  1 ) * S L * S 3 f I , 4 )  ) * L T , S L L ) G O T 0  5 0 7
6 2  W R I T E r 6 , 2 1 9 ) 1
6 3  2 !  9  FORMA T ( / / 1 H , 4 3 H * * *  ERROR :  L I N E  L E N G T H  1 3  N O T  E N 3 U G W

64  GOTO ROO
65  5 0 7  CONTI NUE
66  1 0 0 !  W R I T E T 5 , 2 ! i ) T 4 , T 6 , T 5
67  2 1 1  FORMAT( 3 1 4 )
63  W R I T E ( 5 , 2 ! 2 ) T 2 , S L , S L L , V , T T O
69  2 ! 2  F 0 R MA T C 4 F 6 . 2 , A 8 T
7 0  W R I T E f 5 , 2 l 5 ) ( E i m , r  =  I , T M

7 1 2 1 5  F 0 R M A T f l O I 6 )
7 2 W R I T E f 5 , 2 1 6 ) f A D J C I ) , l i l , T 6 )
7 3 2 1 6  F O R M A T ( 1 Q F 6 ; 2 )
7 4 0 0  5 0 3  1 = 1 , T4
7 5 H R I T E f 5 , 2 l 3 H S l  f I ,  J T ,  J = 1 , 2 ) ,  C S 3 U ,  J ) ,  J * 1  , 4 )
7 6 2 1 3  F 0 R M A T ( 2 I 4 , 4 F f i , 2 )
77 WR I T E ( 5 , 2 1 4 ) ( S 4 (I , J ) , J ? 1 , 2 0 )
7 3 2 1 4  FORMAT( 2 0 1 d J
7 9 5 0 3  CONTI NUE
9 0  0 0  5 0 6  1 = 1 , T5
91 H R I T E f 5 , 2 2 2 H I A S C I , J ) , J R l . T 6 }
9 ?  5 0 6  CONTI NUF
9 3  w R I T E ( 5 , 2 1 7 1 8 B 0 1 , 8 8 0 3 , 8 B D 2 , R B r ) 4 , 8 s r i , S S I 2 , 8 S I 3 , 8 S I 4

8 4  900  S T O P

ENO
F I N I S H

8 5

36
87  E J
88 tt*ft

* * *)
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ALBR PROGRAM

0
1 
2
3
4
5 
ó 
7 
a
9
lo

13
1 4

1 5 ia 
17
ta
19
?0
? i

?2
?3
? 4

?b
2b
?7
?8
?9
3q
31
32
J3
34
35
36
37 
3a
39
4Q
4l
<2
43
U
<5
<6<7
<a49
so?ls2
53
54
55
56 
3;
Sa .
Sí

PROGRAM { F X X X)
COMPRESA I NTEGER ANO LOGI CAL
I NPUT 1 - C R O
I NPUT 2 " C R 1
0UTPLÍT a = L P O
u u i P u r  ^ = c p i
TRACE 2
ENO
MASTER A L H 4
I NTEÜFR TM1 , TM2 , TM3 , TM5
DTMFNSI HN TMi n n ) , T M 2 ( 7 , 4 ) , T H 3 ( 8 ) , T P d f a , 2 ) , T M ' i f 4 f 7 , « ; 2 , 5 )  
C0MMHN/ SLAR t / T mS  TM1 
0¿TA A/flh YES /

1Q HR I TE í 6* 2 0 }
2 0  F OR MA r ( / / / [ H  , 3 « H  SECTI ON 1 = CREATI NG A NFw TIME T A B L E / / 1 H

l E C T H ' N  2 = UPDATI NG A T í m e  T A P L E / / 1 H  , 3 8 H  S F C T I 0 N  3 = ADDING 
2AY S H I ' T - (ji;' R n S 7 / 1 H  , 4 4 H  SECTI ON 4 r  ADDING INTERNAL c a s e  s h u t  
3 / / 1 H  , 4 4 H S F C TI ON 5 = ADDING I NTERNAL CASE SHUT- O0WNS)

18 r t R I T E ( 6 , 2 l  )
21 FORMAT ( / 1  H , 3 l H  WHICH SECTI ON 0 0  YOU Rf  ¿íU I RE ? )

READ( 1 , 3 0 1  ) I 4
301  FORMAT!  2 0 1 4 }

l F ( T 4 . r o . t } gh to ° n n  
r e a o ( 2 , 3 0 1 } f t mi  m ,  r = t ,  t o )
REAOC2 , o u t ) f f T M ? ( I , J ) , I = l , 7 ) # J s t , 4 )  
r e a d ( ? ,  3 0 1 ) c t f 13 r n ,  r = i , f l }
READ( ? , X 0 2 ) f f T H 4 { T , J )  , 1 = 1 . 8 } , J  = ! , ? }
REAOC? ,  301 } f C ( (TMSC l, J , K , L )  , I »1  , 4 ) ,  J  = J , 7 } , K = !  , 5 2 )  , L * I , 5 }
GOTO 1 0 ?

181 W R I T E f h , 2 1 )
R E A O C I , 3 0 ! } 1 4

1 0 2  GO TM ( a Q O | Q n i , O 0 2 i Q0 3 , Qn 4 , a o Q ) > 14

***************************************
** SFCTTON I = CREATI NG A NFW F I L E  **
A**************************************

0 0 0  R E A O f i , 3 0 1 } T T M t m f  1 s t , t 0 )
DO 3 0 3  J  = » , 4
RE AD d ,  3 0 1 } T T M 2 f I , J ) ,  1 = 1 , 7 )

3 0 3  CONTI NUE
H E A D ( 1 , 3 0 » ) f T M 3 T I } ,  1 = 1 , 8 }
DO 3 0 4  J = l , 2READ(i,302HTM4iIfJ)/I = t»8)

3 0 4  CONTI NUE
3 0 2  FORMA T ( 8 F b; , 2 )

DO 2 0 0  L = ! , 8  
DO 3 0 0  K = 1 , 5 2  
DO 4 0 0  J = 1 ,7 
DO 5 0 0  1 = 1 , 4  
T M 5 U , J , K , L 1  = !

5 0 0  c o n t i n u e
4 fJ 0  CONTI NUE 
3 0 q CONTI NUE  
2 0 0  CONTI NUE  

GO TM 9 ° 9

3 4 h S
H0L I d
dm ivNS
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60
61
62
63
64
65
66
67
68
69
70
71 
?2 
?3
74
75
76
77

78
79
80 
8 1 
82 
33
84
85
86
87
88
89
90
ql
92
93
94
95 
90
97
98
99 
lOo 
¡01 C12 
03 
IO4 
¡05
!0o 
10;
IQq 1q9
to
'1

13M
¡516
U;
¡18
>19

*******
** S ECTI ON 2 - UPDATI NG 4 TIMF TABLE **

9 0  J 
22

3233

3 4 
35

W R I T E C 6 . 2 ? )

*5"H MiNY YEARS BF EXISTING TIME T*81E ARE T0 oE KF
RE aD ( 1 , 3 0 1  ) 15  
I P ( I 5 . L T .  1)  go to  32 
I P C I 5 . R T . 4 )  GO T «1 34 
GO TU 3 6  
W R I T E f 6 . 3 3 )
FORMA r { / 1  H , 5 0 H  ERROR NUMBER OF YEARS T0 BE KEPT TS LESS Th an  u p  * 1 1H , fiM »****) " a n t /

GO TO 1 0 0 0  
* R I T £ f 6 , 3 M )
F 0 R MA T ( / 1 H  »5 l H ERROR NUMBER OF YEARS TO BE KEPT TS MORE THAN f o u r  

I / IH , 6 H * * * ♦ * )
GO TO- 1 0 0 0  

3o  DO 6 0 3  L = 1 » 15 
0 0  6 0 ?  K = 1 , 5 2  
D3 6 0 1  J = l , 7  
DO 6 0 0  1 = 1 , 4
T M 5 f I , J , K , L ) = T M 6 ( T , J , K , L * f 5 - I 5 ) )

6 0 0  C0NT1NUP
6 0 1  CONTI NUE
6 0 2  CONTI NUE
6 0 3  CONTI NUE

0 0  6 0 7  L = T 5 M » 5  
0 0  6 0 6  K = 1 , 6 2  
0 0  6 0 6  J = I , 7  
DO 6 0 4  I = | , 4
T H 5 f I , J , K , l ) t |
CONTI NUE 
CONTI NUE 
CONTI NUE
c o n t i n u e
TH 1 f 3 )  =TMl  ( 3 ) + 5 - 1 *>
H R l T E f 6 , 5 6 ) T H l ( 3 )
F 0 RMATC/ 1 H , 4 6H NEW STARTI NG YEAR OF THE PRODUCTI ON PROGRAM 1 , 1 6 / j  

l H , 4r>H ** + * * * » * ♦ * * * * * * ♦ * * * • * * * * * * * * * * * * * * * * * * * * * * * * * * )

60 4
6 0 56 0t>
6 0 7

5 6

C
C
c
c
c
c
c

IT S =(TMI {3)»I )*c;2*7*4 
ITE = CTH1f3J-1*5)*62*7*4 
GO TO 181

♦»t******************************************
** S ECTI ON 3 = ADDING h o l i d a y  s h u t - d o wn s  **  
* * . ♦ * ♦ * * * * » * * * » » * * * * * * » * » * * * » * * * » ♦ * * « * » » * * » * » *

9 0 2  R E A f ) ( | ,  4 1 ) 1 1 ,  J t , K t ,  LI  
4 I F 0 R M A T ( 4 I 4 )

W R I T E r 6 , 4 n } I ! , J l » K I , L l  , B
4 0  FORMA T ( / 1H , 2 3 H  START OF HOLI DAY B R E A K / / 1 H  , BH S HI F T  : , I 4 / 1 H  , 8 H  0 

IA Y : , I 4 / 1 H  , 8 H wFEK : , J 4 / 1 H ' , 8 H  Y£AR : , T 4 7 )  
m  = ( n - n * 6 2 * 7 * 4 * K i * 7 * 4 t f  j i - n * 4 * c 4 * i - m  

R E A D ( 1 , 4 3 ) 1 2 , J 2 . K ? , L 2  
H R I T E f 6 , 4 2 ) 1 2 , J 2 , * 2 , L 2
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1 2o 
121 
122
123
124
1 2 5
1 2 6  
1 2 7  
1 2 3
1 2 9
1 3 0
131
1 3 2  
' 3 3  
1 3 4  
' 3 5
1 3 6
1 3 7  
' 3 3  
1 3 9

Ho 
Hi 
U 2  
1 43 
1 4 4  
Us
1 46
u?
Ha
1 49 
' 5 0  
1 51
' 5 2

’ S3
1 54

1$5
' 5 6

157
1 5a
159
Ho16,

62
163
164
165
166 
U 7  
Ha
169

Ho
!?i
?3
H
7 S

?6H?
I?'' 9

R f A D M  , 4 3 )  ! 2 , j 2 , K 2 , L 2  
W R I T E ( 6 , 4 2 ) t  ? , j  2 » K 2 , 1 2

4 2  F 0 R » * * T ( / 1 H  , 2 1 H  F N O  OF  H O L I D A Y  B R E A K / / ,  H , 8 H  S H I F T  , . I 4 / , K  . A h P A v  
1 l . 1 4 / 1 h , 8 H  W E E K  1 , 1 4 / I H  i 8 H Y E A R  i , I 4 / )  ' 0 A V

4 3  F O R f l A T < 4 I 4 )

I T 2  a < L 2 . 1 ) * 5 ? * 7 * 4 + K 2 * ? * 4 + ( J 2 - 1 ) * 4 * ( 4 + 1 . l 2 )
Nj O
I F  < I T 1  . I T .  I T E )  GO T O  45  
U R I T F ( 6 , 4 4 )

4 4  F O H M a T I / I h , 6 6 »  E R R O R - S T A R T  OF  H O L I P A Y  B R E A K  A F T E R  T H E  
1 F I V E  Y E A R S  P L A N / 1 H  , 6 H  * * * • * )

E ND OF  T H E

N a 1
45 I F ( I T 2 . I T , I TE ,  Go TO 47  

’ ' R I T E  ( 6 , 4 6 )

4 6  F O R f A T ( / 1 H  , 6 4 H  E R R O R . E N D  OF  H O L I D A Y  B R E A K  A F T E R  T H E  E N D  OF  T h f  n
1 V E  Y E A R S  P L A N / 1 H  , 6 H  * » * * * )  1
Ha,

4 7  I F ( I T 1 . GT .  I T S )  GO TO 49 
W R I T E ( 6 , 4f l )

4 8  F O R M A T ( / , H , 69  H F R k O R - S T A R T  OF  H O L I D A Y  B R E A K  8 E F O R E  T H E  S T A R T  OF  r
1 H E F I V E  Y E A R S  P L A N / 1 H  , 6 H  • * * * * )  r r

H a 1
¿ 9  I F C I T 2 . G T . I T S ,  GO T O  51 

W R I T E  ( 6 , 5 0 )
50.  F O R M A T  ( / ,  H ,  6 7 H E R R O R . E N D  O F  H O L I D A Y  B R E A K  B E F O R E  T H F  S T A R T  OF  T H c  

1 F I V E  Y E A R S  R L A N / 1 H  , 6 H  * • * * * )  6
N ■ 1

51 J f ( [ T 2 . G T . ! T 1 )  GO T O  5 3  
U R I  T F ( 6 , 5 2 )

5 2  F O R M A T ( / 1 H  , 4 4 H E R R O R . S T A R T  O F  H O L I D A Y  B R E A K  A F T E R  I T t S  E N D / 1 H  6 H

Ha,
5 3  l F ( N . E n , 1 )  GO T O  1 0 0 0  

11 a 3
C A L L  A D D I N G  ( 1 1 , 1 1 , 1 2 , J 1 , J 2 , K 1 , K 2 , L 1 , L 2 )
UR I T F ( 6 , 5 4 ,

5 4  F 0 R M A T C / 1 H  » 4 7 «  A N Y  H O H E  E N T E R I E S  F O R  H O L I D A Y  B R E A K  S H U T - D O W N S / ) 
R E A D ( 1  , 5 5 , 9
U R I T E ( 6 , 5 5 ) B

5 5  F O R M A T ( A 3 ,
r F ( 8 . E 0 , A , GO T O  9 0 2  
GO T O  181

'***** + + * + **»1
S E C j I O N  4 * A D D I N G  I N  T  E P N A L C A S E  S H u t -’ D O w NS » *i*****»****»***********’ t * * * * * #**•*,

9 0 3  R £ A D ( 1 # 6 1 ) I 1 , J 1 | K 1 , L 1

61 F O R M A T ( 4 1 4 )
W R I T E ( a i 6 0 >  H  » J 1  * K1 ' U

6 0  F O R M A T ( / , H  » 3 6 «  S T A R T  OF  B R E A K  T I M E  ( I N T E R N A L  C A « F ) / / , H  , g H  S H I F T  
1 I , I 4 / 1 H  , 3 H  P A Y  J » I 4 / 1 H , 3 H  W E E K  * , I  4/ , H , 8 H  Y E A R  1 , 1 4 / )

I T 1 = ( l 1 " 1 ) * 5 2 * 7 * 6 * k 1 * 7 * 4 + ( j 1 « 1 ) * 4 + ( 4 + 1 . ¡ 1 )
P E A D ( 1 , 6 1 ) I 2 , J 2 , K 2 , 1 2  

W R I T E ( £ > » 6 2 ) I 2 , J 2 « K 2 » 1 2
6 2  F O R M a T ( / 1 H  i _3 4 H  E N D  O F  R p E A K T I M E  ( I N T E R N A L  C A S E ) / / I  K I 3 H  S H I F T  

1 I 4 / 1 H  1 8 H  D A V  1 , 1 4 / 1 «  ,  8 H W E E K  1 # X 4 / 1 H , 3 H  Y E A R  l i H / )
I T 2 3 ( l 2 * 1 ) * 5 2 * 7 * 4 + k 2 * 7 * 4 + ( j 2 . 1 ) * 4 + < 4 * 1 - i 2 )
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ian
iai
132
183184
1 8 5
1 8 a
18?
1 8 3
189
1 9 0  
1?1 
1Q2
1 93
1 9 4

1 9 5
1 9 6
1 9 7  
1 9 3  
199 
?00 
201 
202
2 0 3
2 0 4

2 0 5206 
2 0 7  
2 0 3  
209
210
211
212
213
2-14
215
216
217
218
219
220 
?21 
?2?
223
224
225 
?26
j27?28
?29
230
?31
232
233
234
235
236 
23? 
?3s 
239

N » 0
I F ( I T 1 , t T . i T F )  GO T O  6 5  
U R I T F ( 6 , 6 4 )

6 4  F O R M a T ( / 1 H  , 7 9 «  E R R O R - S T A R T  OF  B R E A K  T I M E  ( I N T E R N A L  C A S E )  a  F T £ r T H  
1 E  E N D  OF  T H E  F I V E  Y E A R S  P L A N / 1 H  , 6 H  * * * » * )

N ■ 1
65 L T , I T E )  GO TO 6 7  

UR I T E  ( 6 , 6 6 )
6 6  F O « M A T ( / 1 h , 7 7 «  E R R O R - E N D  OF  B R E A K  T I M E  ( I N T E R N A L  C A S E )  A F T E R  T H E  

1 E N D  OF  T H E  F I V E  Y E A R S  P L A N / 1 H , 6 H  • * * * * )
N»1

6 7  I F U T 1  . G T .  I T S )  GO T O  6 9  
w r i t e ( 6 , 6 3 )

6 8  f 0 R M 4 T ( / 1 h i * 2 H  e 8 r 0 R " S T A R T  Op  8 R £ A K  T I M F  ( I N T E R N A L  C A S g )  B e f o r e  T
1 h e  s t a r t  o f  t h e  f i v e  y e a r s  p l a n / i h  , a h  « * * * * >

N ■ 1
6 9  I F ( I T 2 . G T , t T S )  G O  T Q  71 

WR I T E ( 6 , 70>
7 0  F O R M A T ( / I H  , 7 6 «  E R R O R - E N D  OF  B R E A K  T I M E  ( I N T E R N A L  C A S E )  B E F O R E  T H e 

1 S T A P T  OF F I V E  Y E A R S  P L A N / 1 H  , 6 H  * * • * * )
N ■ 1

71 I f d  T 2 .  GT.  I T1 ) GO TO 73
U R l T E ( 6 , 7 2 )

7 2  F O R M A T ( / 1 H  , 5 7 «  E R R O R - S T A R T  OF  B R E A K  T I M E  ( I N T E R N A L  C A S E )  A F T E R  I T  
1 * S E N D / 1 «  , 6 «  * * * ♦ * )

N a 1
7 3  I F ( N , E Q , 1 )  GO T O  1 0 0 0  

I I » 4
CALL ADDING ( I I , 1 1 ,  12 , J 1 i J 2 , K 1 , < 2 , L 1 , L 2 )
U R I T F ( 6 , 7 4 )

7 4  F O R M a T ( / i H , 4 8 «  A N Y  MO R E  E N T E P J E S  F OR  I N T E R N A L  B R E A K  S H U T - D O W N S / )  
R £ A D ( 1 , 7 5 ) 8
U r I T E ( 6 , 7 5 ) B

7 5  F O R M A T ( A 3 )
I F ( B , E O , A )  GO T O  9 0 3  

GO T O  1 8 1

A**************»**************'
* »  S E C T I O N  5 ■ A D D I N G  E X T E R N A L  C A S E  S H u t - D O w NS * *
***#***********■*'

9 0 4  R E A D ( 1  , 8 1 ) 1 1  , J 1 , K 1  , L1
81 F O R M A T ( 6 1 4 )

UR I T F ( 6 i 8 0 )  I 1 » J 1  , K1 , L1
8 0  F O R M A T ( / 1 H , 3 6 «  S T A R T  OF  B R E A K  T I M E  ( E X T E R N A L  C A S E  > / / I H  , 8 «  S H I F T  

1 I , I 4 / 1 H , 3  H D A Y  : , 1 4 / 1 «  , 3 «  WE E K  i , I 4 / 1 H  , 8 H  Y E A R  | , ! 4 / )
I T 1  = ( L 1 » 1 ) * 5 2 * 7 * 4 * K 1 * 7 * A + ( J 1 - 1 ) * 4 *  ( 4 *  1 ■» 1 1 )
R E A D ( 1 , 8 1 ) 1 2 , J ? » K 2 # L 2

u r i T F ( 6 , 8 2 ) I ? « J 2 , K 2 , L 2
8 2  F O R M A T  ( / 1 H , 3 4 «  E N D  OF  B R E A K  T I M E  ( E X T E R N A L  C A S E ) / / 1 H  7 3 h  S H I F T  . ,  

1 1 4 / 1 «  , 8 «  D * Y  I . I A / 1 H  , 8 «  W E E K  | # 1 4 / 1 «  , 8 H  Y E A R  | , I 4 / )
I T 2 3 ( L 2 ^ 1 ) * 5 2 * 7 « 4  + K 2 * 7 * A + ( j 2 ' * 1 ) * 4 + ( 4 * 1 - l 2 )

N * 0
I F ( I T 1 . L T . I T E )  GO T O  3 5  

W R I T E ( 6 » 8 A )
8 4  F O R H A T ( / 1 H  » 7 5 K  C R R O P ' - S T A R T  O F  B R E A K  T I M E  ( E X T E R N A L  C A S E )  A F T E R  T H 

1 E  E N D  OF  F I V F  Y E A R S  P L A N / 1 H , 6 H  * * # * • * )

N *1
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2 4 0 f i 5 I F C I T 2 . L T . ! T F J  GO T O  8 ?
241 u r I T F ( 6 , 8 A )
242 86 FOHMATC/1H ,77« ERPOR-END OF BREAK TIME (EXTERNAL CASE) AFTER THE
2 4 3  1 E N O  OF  T H E  F I V E  Y E A R S  P L A N / 1 H  , 6 H  • * * * * )
2 4 4  Un 1

?4'5 8 7  I F M T 1 . G T . I T S )  G d  T O  8 9
2 4 6  W R I T E ( 6 , 8 8 )
2 4 7  8 8  F O R M a T ( / 1 h , 8 2 H  e R P O R - S T A R T  OF  B R E A K  T I M E  ( E X T E R N A L  C A S E )  B E F O R E  T
2 4 8  . 1 H E S T A R T  OF  T H E  F I V E  Y E A R S  P L A M / 1 H  , 6 H  * ♦ * * * )

2 4 9  N « 1
2 50 8 9  I F ( I T 2 , G T . I T S )  GO T O  91
2 5 1 u r ! T E ( 6 , 9 0 )
2 5 2  9 0  F O R M A T ( / 1 H  , 8 0 8  E R R O P - E N D  OF  B R E A K  T I M E  ( E X T E R N A L  C A S E )  B E F O R E  T w E
2 5 3  1 S T A R T  OF  T H E  F I V E  Y E A R S  P I A N / 1 H  , 6 H  * * ♦ * * )

2 5 4  H » 1
2 5 5  91  I F ( I T 2 . G T . I T 1 ) GO T O  9 3
2 5 6  U r I T E ( 6 , 9 2 )
2 5 7  9 2  F O R M A T < / 1 H , 5 7 «  E R R O R - S T A R T  O F  B R E A K  T I M E  ( E X T E R N A L  C A S E )  A F T  g r i t

2 j 3 1 » S E N D / 1 H , 6 H  * * * * * )
2 5 9  w * i
2 6 0  9 3  I f C N . E U . 1 S  GO T O  1 0 0 0
261 I I o  5
2 6 2  C A L L  A D D I N A  ( I I , I 1 , I 2 , J 1 , J 2 , K 1 , K 2 , I 1 , L 2 )
2 6 3  W R I T E ( 6 , 9 4 )
2 6 4  9 4 • F O K M a T ( / 1 H  , 4 8 h ANY MO R E  E A T E R I E S  F OR E X T E R N A L  B R E A K  S H U T - d Q U n S / >

2 6 5  r E A D ( 1 , 9 5 ) 8
2 6 6  U R I T E ( 6 , 9 5 ) 0
2 6 7  9 5  F O R M A T ( A 8 )
2 6 3  I F C B . E U . A S  GO T O  9 0 4
2 6 9  9 9 9  U R I T E ( 5 , 3 0 1  ) ( T « 1  ( I ) , I » 1  , 1 0 )
2 7 0  U f l I T F ( 5 , 9 6 > ( { T M 2 ( I , J ) , I « 1 , 7 > , J B 1 , 4 )

2? 1  9 6  F 0 R M A T ( 7 I 4 )
2 7 2  W R I T F ( 5 , 3 0 1 > ( T M 3 ( I )  , I « 1  , 8 )
2 7 3  W R I T F  ( 5 , 3 o 2 )  < < T [ ' 4  ( I , J  )  , I » 1  , 8 )  ,  J ° 1  , 2 )
2 7 4  W R I T E ( 5 , 3 0 1  ) ( ( ( ( T M 5 ( I , J , K , L ) , I ■ 1 , 4 ) ,  J ■ 1 , 7 ) ,  K ■ 1 , 5 2 ) , l  o 1 , 5 )

2 7 5  1 0 0 0  S T O P

2 7 6  E N D
2 7 7  C273 C
279 S u b r o u t i n e  a d d i n g  ( I I , I 1 , I 2 , J 1 , J 2 , K 1 , K 2 , L 1 , L 2 )

2 8 0  C
281 C
2 8 2  I N T E G E R  t M 1 , t « 5
2 8 3  D I M E N S I O N  T « 5 ( 4 , 7 , 5 2 , 5 )  , T M 1  ( 1 0 ) '
2 8 4  C 0 M M 0 N / S L A B 1 / T M 5  ,  T i l l

2 8 5  C
2 8 6  C CHANGING T H E  F I G U R E S  I N  T H E  T M 5 MA T R I X  T O  T H E  A P P R O P R I A T E  F I G U R E S

2 8 7  C
2 3 8  L 1 = L 1 - T M 1 ( 3 ) * 1
2 3 9  L 2 - L 2 - T M 1 ( 3 ) * 1
< ? 0  DO 5 0 4  l » 1 « 5
291 I F ( L . L T , L 1  . O R . f . C T , L 2 )  GO T O  5 0 4

2 9 2  DO 5 0 3  K » 1  , 5 2
2 9 3  I f ( K . L T . K 1  . O R . K - , r , T . K 2 )  G n T O  5 0 3

2 r' 4  DO 5 0 2  J * 1 » 7
2 9 5  I F ( J . L T , J 1 . * N D , K . E O , K 1 )  C u  T O  5 0 2

2 9 6  i f ( J . G T , J 2 , * n o , K . E O . K 2 )  GO TO 5 0 2

2 9 7  DO 5 0 1  1 * 1 , 4
2 9 8  | F ( |  L T ,  M . A M O . J . E O . J 1 . A K 5 . K . E Q . K 1 > -  GO T O  5 0 1
2 9 9  I F U  . G T ,  I 2 . A N D . J . E O . J 2 . A N D . K . E Q . K 2 )  GO T O  5 0 1

i



3 0 0  5 0 2  CONTINU*7
3 0 1  5 0 3  CONTINUE-
3 0 2  5 0 4  CONTI NUE
3 0 3  RETURN
3 0 4  END
3 0 5  F I N I S H  
30Ó C
3 0 7  c * * * *  c a r *' I n p u t  r a t a  a t  t h i s  p o i n t  * * *
30U c
3 0 9  l l A B
3 1 0 I P  n o t  O i S P f O K ) , E J  
3 » I LF F 4 8  , *LP
312 IF REpLY(FILE EMPTY),EJ
3 1 3  CY F 4 t í # F 4
3 1 4  ER F a b

3 1 5  E J
3 1 ö * * * *

♦ »fr**********************-********************************** * * * *  + + * * + * 4 t « » t  + £



ALB 5

PRODUCTION SIMULATION PROGRAM
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ALB 5

FIG. (C.15) ALB5 GENERAL FLOW CHART.
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SUBROUTINE PURPOSE

ELEMENTS This subroutine simulates the events at 
each station during each cycle including:

- Determination of the amount of work 
undertaken along the station

- Provision of information on upstream, 
downstream, normal, overlapping and 
lost work

- Provision of information on frequency 
of occurrence of each type of work

- Provision of information on total work, 
minimum work and maximum work achieved 
during production and time available.

The subroutine also records information 
required for the final summary of various 
balance delay and smoothness index formu
lae .

MOVE This subroutine performs a launching and 
information gathering function.

Primarily it is responsible for launching 
each model in the program onto the assem
bly line and for subsequently moving 
models from station to station each cycle.

The secondary function of the subroutine 
is to collect information on:

Number of model launched
Number of consecutive batch runs
Sum of batch sizes
Sum of squared batch sizes.

PRINT 1 This subroutine is responsible for print
ing the detailed station information for 
every station at a specified cycle fre
quency throughout the simulation.

A full information listing and an alter
native shortened listing are available.

Details of information printed are shown 
in Users Guide.

TABLE ( C . 3 ) SUMMARY O F SU BRO U TIN ES USED IN  A L B 5 .
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SUBROUTINE PURPOSE

PRINT 2 This subroutine is responsible for carry
ing out the calculation required to print 
the final analysis after the completion 
of the simulation run.

Details of the information printed are 
given in Users Guide.

PRINT 3 This subroutine calculates the starting 
and finishing time for a given production 
program and uses this information to list 
all the planned disruptions between the 
two dates.

TIME Given a known start time this subroutine 
can determine the real time at which 
any cycle of the production program will 
take place.

Included in this subroutine and data 
checks against the production schedule and 
calendar.

TABLE ( C . 3 ) SUMMARY O F SU BRO U TIN ES USED IN A L B S ( C o n t . )
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ALB5: PRINT 1

Print:
Schedule number 
Timetable number 
Program length 
Cycle number 
Time information.

Print for each station in maximum 12 
station sets:
Station number 
Station size 
Model number 
Station condition 
Nominal output 
Actual output 
Station work time 
Maximum work time 
Minimum work time 
Total work output 
Time available
Downstream work and its frequency 
Upstream work and its frequency 
Normal work and its frequency 
Overlap work and its frequency 
Next start position 
Total lost time and its.frequency.

FIG. (C.18) FLOW CHART FOR SUBROUTINE PRINT 1.
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ALB5: PRINT 2

FIG. (C.19) FLOW CHART FOR SUBROUTINE PRINT 2.
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ALB5: TIME

FIG. (c.21) FLOW CHART FOR SUBROUTINE T M .
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ALB5 PROGRAM

0
1
Z
3
4
5
6 
7  
S 
9
10 
11 
12 13 
1 A
15
16 
17
1 3
1920 
21 
22
23 C
2 A C
25 C
26 C 
Z 7  Ç 
23 C
29 C
30 Ç
31 C32 C
33 C
3 A C
35 C
36 C
37 Ç 
33 Ç 
39 g 
AO Ç 
Al Ç 
A2 Ç 
A3 g 
AA Ç 
A5 C 
A6 Ç 
A 7 C 
A8 C 
A9 C
50
51
52
53
5 A C
55 C
56 C
57 C
58
59

PROGRAM (F XXX)COMPRESS INTEGER AND LOGICAL
INPUT 4*CR0
INPUT 5-CR1
INPUT 3 = CR2
INPUT 7 3 C R 7
INPUT 8 a C R8
OUTPUT 6agP0
TRACE 2
END
MASTER A LB 5 
REAL G05ADF, X, Y
INTEGER fcl,F1fFA,F5,F6,T3,T5,T6,T4,S1,SA,S6,T7,S66,S7/SI 2,TM2,TM1, 

1 T[13»TM5 , SC1 , D2,S6Q, F51 , F9, T6.T11 , T61 
DIMENSION T1<S)fE1(lO),F1(100),F2I100),F3<100),F4(100,10>,F5<10Q,1 

lU),F6(1UU(10),F7(100f7),Sl<40,2),S2<40,12),S3<40,4>,S4UO,20),S6C320,4) , $7 (4(J, 2) ,SI2 <40.8) ,S5 (40) , TM<4> , TM2 <7,4) , T M1 (10),TM3(8),TM4(8
3,Z)fTM5<4,/,52,5),D(/},SC(7>,SC1<40),D2<7),D3{Z),S60(30,3),S8{40,1 
4U>,SSl(4U,1Q>rFanQO><IRC9),ADJ<10,2)fF51<100,10)(F9UQO,10>fIASn 
5U0,1Q),SV I12>
COMMON/SLABI/S6»S7/SLAB2/F1,F2fF3,F6,F3/SLAB3/S2,S3,S4,SI2/SLA84/T 

1M,TM1,TMJ,TM4,TM5/SLAB5/S1,S5/SLAB6/D,D3/SLA37/K1,K2,K3,K4,TA4/SLA ZB{J/Ml,f1Ll |ML2fML3/SLAB9/IAS,E1 , S60/S LAC 1 0/S9 , AD J

INPUT OF PROGRAM CONTROL PARAMETERS
LAI "0 NO INTERMEDIATE OUTPUT OF WORK STATION DATA 
LA1 3N PRINT WORK STATION DATA EVERY N CYCLES

LA2 »U DETERMINISTIC TIME LINE 
LA2 -1 VARIABLE TIME LINE

LA4 "0 PARTIAL PRINT OF WORK STATIONS DATA 
LA4 *1 FULL. PRINT OF WORK STATIONS DATA
(,A5 »0 VARIABILITY ADDED TO THE ELEMENT TIMES 
LA5 »1 VARIABILITY ADDED TO THE STATION TIMES
LA6 »0 CUNTINOUS SCHEDULING 
LA6 31 INDEPENDANT SCHEDULING

TL1 LINE SPEED
H 2  LINE CYCLE TIME
TL3 BALANCING LINE SPEED
T2 ORIGINAL CYCLE TIME
READ(7,2U J LA1,L*2,LA4,LA5,LA6

20 FMRMATC5IA)
READ(7f21?TL2

21 FORMAT C Fo , 2 )
INPUT DATA OF FILE F2

READI4,22) (T1 < J) 11=?1 (8) 
22 FORMAT(8A8)
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60 READ(4,23)T5
61 23 FORMATU*?62 DO 500 I*1,T5
63 READU,24)FKI},F2<I),F8<I)fF3U>,<F7<I,J),jBlf7)64 24 FHRMATC I^3F6,2,/A8>
65 READ(4,25><F4(J,J),J=1,10)
66 READ(A,2>? (F5aiJ),J=1 ,10)
67 READ(4,25?<F51(! , J )  , J?1 ,10)
68 READ(4,25) (F6(I(1I),J=1 ,10)
69 REA0<4,25>CF9(J»J)iJ?1 ,10)70 25 FORMATOOIA)
71 500 CONTINUE
72 READC4, 17)T0,T9,T10
73 17 FORMAT(AH|2F10,2)
74 C
75 C
76 C INPUT DATA OF FILE F3
77 C
78 C TTO LENliTH UNJTS79 g
80 READ<5,26)T4,T6/T3
81 26 FORMAT(31 A)
82 READO, 27iT2|St,SUf U3,TT083 27. FORMAT(fcF ft,2»AS)
84 REAPOil&J (El U>, I»1 |T6)35 . 13 FORMAT(1UI6)
86 READO,IV) <ADJ{1 (1} , I»1,T6>
87 19 FORMAT (U'F6 , 2)
88 . DO 501 1=1,T4
89 READ(5,26MSHIf J) , J31 *2), <S3<1 , J) ,J*1,4)90 28 FORMAT<2I4,4F6,2?
91 REAPOf^vJ CSAUiJ) »JR1 »20)
92 29 FORMAT < 20 J 4)
93 501 CONTINUE
94 DO 492 IM »75
95 READ(5,16) (IASU » J) , J»1 »T6>
96 16 FORMAT d
97 4?2 CONTINUE
98 READ<5»1V)0BD1,BBD3,BDD2fBBD4fBSI1,BSI2»BSI3,BSI499 C
100 g
101 C INPUT DATA OF FILE F3102 C
103 C
104 READ(3,3U)T7,T11
105 30 FORMAT< 2 J106 DO 502 I»1»T7
107 REA0(3,31) (S6U»J> i J*»1 ,4)
108 31 FORMAT(414)
109 502 CONTINUE
110 C
111 C
112 C INPUT DATA OF TIME S F4
113 g
114 C
115 READ(7,32)(TM{P»I«1|A>
116 32 FORMAT<4F8,2)
117 REAP<a,33?(TM1<1?»1*1|10)
118 33 FORMAT<2014)
119 READ<8,12? < <TM2<I,J)»I*1,7),Jul,A)
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120
121122

12

123
124

34
125 C126 C127 c128
129 c
130
131

90
132
133
134
135
136

92
137
133

93
139
140
141
142
143
144
145
146
147 
143
149
150
151
152
153
154
155
156
157 
153
159
160 
161 
162
163
164
165 
1 66
167
168
169 Q
170 C
171 C
172 C
173
174
175
176
177
178
179

READ<3, J.1) (TM3(I) f 1=1 ,8)
REAOU,.*'*) <(T!14(I, ,8) ,J = 1 ,2)
FORMAT(8*5,2)
READ(a,5.S) (< < (TM5(I, J,K,L>, If-1 ,4) ,J«1,7) ,K=1 ,52>,Ls1 i5)
SETTING THE STARTING POSITION FOR ALE WORK STATIONS AT THE 8EGINING

WRITER,90)
FORMAT<1 HI)
URITE<6,91)
FORMATU ///1 ********
WRITER,92)
FORMAT(1H ,10X,1H*,98X,1H*>
WRITE(6,93)(T1(I),1*1,8)
FORMAT(1 M ,10X,1H*,5X,3HTITLE | ,8A8,21X, I H*)WRITE(6,V<)
WRJTE(6,94)T11,TM1(5)

94 FORMAT OR , 1 OX, 1 H * , 5 X, 28 H P R 0 D UC T J ON SCHEDULE NUMBER 1, 14,27X, 1 8HTI 1HETABLE NUMBER |,l4,12X,1H*)WRITE(6,92)
WRITE(6,9?)

9 5 FORMAT(1H , 1 OX,1UOf!***********************************************1 ♦★Ar********************#**************************^^^^ j I j I J j
N1 =5 0
CALL TIME (TL2,N1,N88,T10)
I Till 3K1IF(N8d,EU|1) go TO 516

CALCULATION OF TOTAL NUMBER OF MOVES IN SCHEDULE N2 
* TOTAL "UMBER OF UNITS N3

N3 = 0
PM 305 K1M1»T7 
IF(S6(K1,4),EQ,0 J GO TO 305 
K3°S6(K1»1)
DO 304 K2»1,T7
lF(S6(K2,1),NE.K5) GO TO 304 
N3aN3*S6iK2,3)*SO(K1,4)

304 CONTINUE
305 CONTINUEN2=!N3 + T4oT

N1=N2CALL TIME (TLZiN1,N88,T10> 
WRITE TIME SCHEOULE

WRJTE(6,35)
35 FORMAT(////IH ,1UX,100H

WRITE(6,P6)
36 FORMAT(1h ,10X,3H *,95X,2H *)

URITE(6,J7)
37 FORMAT(1H ,10X,27H * PRODUCTION TIMETABLE J,71X,2H *)
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181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
190
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
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'» 71X/2H *)

i5Xf1H*)

WEEK |i14120X» 27H 

YEAR | ;2X( U,20X,25H

WRITE{6(38)
33 FMRflAT(1 h ,10X,27H

URJTE<6'»y)
39 FORMAT{1 H ,1 0Xi 3H *,95X,2H *)

WRITER, 3V)
WRJTE(6f<*y)

40 FORMAT(1M /1 OX(3 H *,5X,I 1*****♦*************************,
WRITE(6,41)

41 FORMAT{1M ,10X,3H * f5X, 1 H*i84X,1H*,5X,1H♦)
WRITE(6,44)TM{1 ) ,TA4

44 FORMATCIH ,10X,3H * i 26H * PROGRAM START I .F6,2»2 OX,25H E
1STI MATEO FINISH TIME | , F6,2,7X,1H*,5X,1H*)
URITEC6,441)

441 FORMAT(1H ,10X,3H *,26H * ***************,Z6* ,25„ ******
1*****************(13X,1H*,5X,1H*)
ITM2=>INT(TM(2JJ 
I t:i3=| M T (TM(3)) 
it:i4=i n t i t m <4)> 
w r i t e r ,4?)0(JTM2),0(K2)

45 FORMATCIH ,10X,3H *,26H * DAY |,2X,A8,20X,21H
1 DAY j f2XfA8,3X|1H * # 5 X/1H*0
URITE{6,46)ITM3,K3

46 FORMATC1 H 11 OX»3H *,26H *
1 WEEK iiI4|9Xi1H*i5<iilH*)WRJTE{6,47)ITM4,K4

47 FORMAT(1H f1 Ox13h *,26H ♦
1 YEAR j »2X,I4,7X,1H*,5X,1H*)WRITE(6,41)
WRITE(6,41?
WRITE(6,4U)
WRITER, 48)
URITE(6,4S)
w r i t e r , 42}

42 FORMAT(1 H ; 1OXi1O0H1 *******i
W R I T E { 6 ( 48 )
WRITE{6(48>

48 FORMAT(1H ,10X,3H *,95X(2H •}
WRITE {6(481 )

431 FORMAT(1H f1OX(3H *|22H PROGRAM DISRUPTION |,73Xi2H *)
WRITE{6(482)

482 FORMATCIH (10X i3H *,22H*****i
C A U  PRINTS (ITM1 , ITM2, ITM3, ITM4)
WRITE<6(601)

601 FORMAT(in /10X/3H *,40H *.......
1 X ( 3 9 H t - - « 4  —  .........- ................ .
WRITE{6(48)
WRITE{6(48)
WRITE {6(42)
WRITE{6(48>
WRITE(6,48)
WRJTE{6(40J 
URITE{6,41)
WRITE(6,4y)

49 FORMATU H ,10*,3H *,5X,1H*,20H WEEKLY TIMETABLE | ,64X,1H*,5X, 1 H* 
WRJTE{6,3U)

30 FORMAT <1H ,10X/3H *,3X»1H*,i
1)

>/73X,2H *)

1 ( 2X ( 8H" ’ (2H *>1 (6

>***(64XdH*(5X(1H*
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241
242
243
244
245
246
24 7
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
230
281
282
283
284
285
286
237
288
289
290
291
292
293
294
29 5
296
297
298
299
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*,5X,1H*,26H STANDARD DAYS IN WEEK |,I4,54X,1 

*/5X,lH*,26H MAXIMUM SHIFTS PER DAY }rI4,54Xf1

*,5X,1H*,84Xî1H*i5X«1H»)

WRJTE(6,59)
WRITER, >1 >TM1 (1 >

51 FÇ»RMAT<1H ,10X(3H 
1H*,5X,1H*>
URITEI6,52)TM1<2J

52 FORMAT(1H ,10X,3lt 
1H*,5X(1H*>
WRITER, 53)

53 FORMATOH ,10X,3H 
URJTEÇ6,54MDÇI) , 1=1 * T M1 (1 ) )

54 FORMAT f 1 OX ( 3H *,5X,1H*,26H 
1 >
WRITEÎ6,55)

55 FORMAT( 1 H*, 10X,93X, 1 H*,5X,1Hi»)
WRITE(6,56)

56 FORMA T ( 1 H f 1 OX / 3 it *,5X/1 H*,84X/1 H*/5X/1 H*} 
DO 505 J»1,TM1*2)
DO 503 I»1 17 
D 2 < I > 5 2

503 CONTINUE
00 50A 1-1,7
Jp<TMZ<I i J) | NÇ , 1) 02 ( I )*1

504 CONTINUE

DAY I / 7 ( 1 X , A 8 )

WRITER
57 FORMAT<

1 ,A3)) 
WRITE <6

53 FORMAT!
505 CONTINUE 

WRITER 
WRITE <6

59 FORMAT( 
WRJTEÇ6 
WRITE<6 
WRITE *6 
WR I T E ( 6 
WRITEÎ6 
WRITE {6 
WRITER 
WRITE <6 
WRITE (6

60 FORMAT!
1 ,SX,1M*)
WRITE(6

63 FORMAT!
1 ,5X»1HO 
WRITE 46 
WR J T E(6

61 FORMAT! 
UR J T E ! 6 
WR I T E! 6

62 FORMAT*
1 START 
WRITER 
WR ITE R 
WRITE{6 
WRITE(6 
WR I TE{6 
WR ITE R

57)J,{!D5(D2!I))),I*1,TM1 (D) 
H ,1 OX/3H *,5X/1H*,22H
5a)
H*,10X,93X,1H*,5X,1H*)

SHIFT , 12/2H I,7I1X

5y)
?y)H ,1 OX,3 H 
AU)
JV)
i i )

A3)
ay)
AO)
41 )
ou)
M , 1 0 X / 3 H 
03)
M » 1 OX r 3H

*,5X,1H*,84X,1H*,5X,1H*)

*,5X,1H*/27H 

*,5X,1H*,1

TIMES OF WORKING SHIFTS j,5?X,1H*

'** ,57X,1H*

64 FORMAT(1H ,1 OX,1OOH

ay)
01)
H ,1 OX,3H *,5X,1H*,19H * 24 HOUR CLOCK ),65X11 H *,5X,1H*)
5V)02)({TM3!I),TH4(I,1>,TM4(I,2>>fI»1lTM1(4))
H ,10X,3H *,5X,1H*/26H SHIFT |,I2,16H
AT I, F6,2,14H DURATION |, F6,2,14X,1 H*,5X,1H*)

5V)
ay)
4U>
ay)
ay)
04)
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300
301 C
302 C
303 C
304 C
303 C
306
307
308 306
309
310
311
312
313
314
315
316 307
317
318
319
320
321 308
322
323 309
324 C
325 C
326 C
327 C
328 310
329
330
331
332
333 311
334 312
335
336
337 313
338
339
340
341
342 314
343 315
344
345
346 316
347 317
348
349
350
351
352
353
354 318
355
356 C
357 C
353 C
359

CA Ì.CUI.AT I UN OF NUMBER OF MODELS N

DO 306 1*1,T7 
S60(I,1)"56(I,2)
CONTINUE
N»0
DO 309 l*],77 
JlnO
DO 30/ JPl|77
IF<S60U/1),NE,S6UiZ)) GO TO 307
S60<j,i
J1=>1
CONTINUE
I F < J 1 i.E0,1 ) NafI+1 
J»0
DO 3 0 8  K ° 1 , T 7  
l F  < S 6 0  oc 11 ) , N5 t o ;  J «1
CONTINUE
IF(J,EQ-,0) GO TO 310 
CONTINUE
c a l c u l a t e  ion of MODEL d o m i n a n c e  r a t i o xp 
(NUMBER UF LARGEST MODEL / AVERAGE NUMBER OF MODELS)

DU 312 Ja1,77
JF(S6(J»fc?,EQ,Q) GO TO 312 
K»S6(J,1)
DQ 311 IB1,T7
IF<S6(I,1),EQ,X) S60(I,2)»S6(J,4)
CONTINUE 
CONTINUE ,
DO 313 I»1,T7 
S60CI |1 > *= SA ( | ,2>
CONTINUE 
DU 31/ JD1,77 
lf<J,EQ,1) GO TO 313 
DO 31 A I°1»(J»1)
IF(S6(J,2?,EQ,S6(I,2)) GO TO 317
CONTINUE
D'j 316 l "11 T7
IF(S6(I,2?,NE,SMJ,2)) GO TO 316 
S60(V,3)aS60(J,3)*S60(I,2)*S6(l,3)
CONTINUE
CONTINUE
MHO
M1«(10000 
DO 318 J M  ,T7
JP(S6Q(I , 3 ) , E Q ,:0 ) GO TO 318 
IF(S60(I,3? ,GT,*) MBS60 <!,3)
IF(S60(I,3)•IT,M1) Ml?S60{ I,3)
CONTINUE
AD??F LOAT (¡1)7 (PL0AT(N3) /FLOAT (T6))
WRITING THE PRODUCT SCHEDULE SUMMARY 
WRITE(6,115)
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360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383 
334
385
386
387
388
389
390
391
392
393
394
395
396
397 
393 
399 
40 0 
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

115 PORMAT1///1H ,10*,10UH 1
WRJTE<6,116)

116 FORMAT(1H ,10X,3H *,95X,2H *)
W R I T E R , 117}

117 FORMAT <1H /I OX < 3 H *,Z8H PRODUCT SCHEDULE SUMMARY |,67X,2H *> 
WRITE(6,118)

118 FORMAT(1H ,10X,31H *****************************,67X,2H *)
WRITE 16,116}
WRIT£(6,119)N

119 FORMAT (IN ,10X,3H *,35H T 0 T A t, NUMBER OF MODE U S REQUIRED =,J4,56X
1i2H *)
URITE16,U0)N3

120 FORMAT 11H ,1 OX,3H *,35H TOTAL NUMBER OF UNITS REQUIRED =,I4,56X 
1,2H *)
WRITER,Ig1 )XD

121 FORMAT(1M , 10X/3H *,35H MODEL DOMINANCE RATIO =,F5.2,51 5X,2H *)
WRITE16/116)
WRIT£(6,122)

122 FORMAT11H ,1 OX, 3 H * , 16 H MODEL RATIOS |,79X,2H *)
UR]TE(6,123}

123 FORMAT(1M /1 OX«1VH *****************,79X,2H *)
URJTE{6,116)
DO 321 I-1,T6 

321 A3J(J,2)°0,0 
T61 =0
DM 320 I»1,T7
I F (S6U (1,3) , EQ ,'0) GO TO 320 
X11 »FLOAT 1S6 0 U,3))/ FLOAT M3*
XlRO.i)
PM 319 J*1,T6
I F ( S60 ( 111 ) ,NE,'E1 U))QOTO 319 
X1=APJ(J,1 )
ApJ < J ,2)"X11 
T61-T6U1

319 CONTINUE
WRITE(6,124)S60( J,1 ) ,S60(I ,3),.X11 ,X1 

124 FORMAT <1M » 1 OX,3H *,9 H MODEL a ,I4,1X,18H UNITS REQUIRED «,I4,1X 
1 , 1 5H MODEL RATIO =, F4.2,2x,33ll ORIGINAL BALANCING ADJUSTMENT «,F 
24,2,2H O

320 CONTINUE 
WRITE16,116)
JIm O
DO 322 IB1f T6
IF( A P J(I,2),NE,0,0)G070 322 
URITE(6,8V)E1(l)|ADJ (1,1 )
J1nl89 FORMAT(1H ,10X,3H *,16H MODEL NUMBER |,I4,41H NOT INCLUDED IN

1 THIS SCHEDULE PROGRAM,6X,24H BALANCING ADJUSTMENT S,F4,2,2H *) 
322 CONTINUE

WRITE{6,116)
JFIJI,EH,0,AND,T6,EQ,1>WRITE<6,1000)
¡FIJI ,EQ,V,AND,T6,EQ,1)G0T0 1001

1000 FORMAT(1 « ,1 OXi3H *,31H SINGLE MODEL SCHEDULE PROGRAM,65X,1H*)
I F < J1 (EQ,0)WRITE16,901)

901 FORMAT 11H ,10X,3H *,50H ALL MODELS ARE INCLUDED IN THIS SCHEDULE
1 PROGRAM,46X,1H*)

1001 IF1J1,E9,U)WRITE(6,116)
WRJTE16|123>
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420
421 
¿,22

. ¿,23
A2A 
A25
426
427 
A28 
429 
A30 
A31 
A32 
A33 
A3A 
A35
436
437
438 
A39 
AAO 
AA1 
442 
A A3 
AAA 
AA5 
A46 
AA7 
AA8
449
450
451
452
453
454
455
456
457 
450
459
460
461
462
463
464
465
466
467
468
469 
4?o
471
472
473
474
475
476
477
470 
479

' 119 H ACTUAL SCHEDULE |,77X,1HT)
'/ 77X, 1 H*)

r 20X#11HCYCLE CROUP,1 OX,5HMO0EL11 OX,8HQUANTITY

125 FORMAT <1M ,10X,1U0H 1 *****+****■******* 
w r i t e r , »33)

833 FORMAT(1Ml)
WR{TE(6,115)
WRITE(6,116)
WRITE(6,131)

151 FORMAT(1H ,10X,3H 
WRITER,1>2)

152 FORMAT(1H ,10X,38 
URITE(6,11A)
WRITE Ç6,1?3)

153 FORMAT(1H ,10X/3H 
1,10X,1QHNU, CYCLES,12X,1HO
WRITEÇ6,116)
K»0
PU 355 J«1 ,T7 
i f c s ô û j D . g t.k j a s s a u .d  
CONTINUE 
00 356 J»1,X 
DU 351 1-1,T7
JF(S6ÇIi^I,GT,0»AN0tS6<I,1),EQ,J)WRITE(6,154)(S6<J,L),L31,4) 
IF(S6(It*) ,EQ,0rAND,S6<l,1),FQ,U)WRITE<6,155><S6(J,l>,L«1,3) 
FORMAT C1 M , 1 OX Ï 3 h -,22X,I4,15X,I4,11X/U,15X,I4,17X,1H*> 
FORMAT( 1 H ,10X,3H *,22X,14,15X<14,11X * I 4,36X,1H*)
CONTINUE 
WRITER, 357)

357 FORMAT U  H , 1 OX 13(1 *, 22X , 61 ------ ---- -------------------
1.....•..... ... ........ r-,13x«1H*)
WRITE 16,116)

356 ÇUNTINUE
WR J TÇ(6,116 )
WRITE{6,125?
WRITE(6,t>3)

65 FORMAT(//1H ,10X,100H

355

154
155 
351

*,95X,2H *)
*,30H SIMULATION RUN INFORMATION |,65X,2H ♦)

’»65X.2H *)

*,95X,2H *) 
*,1 OX * 1H * > i

1 » 1 OX,1H*)
' ***** *

WRJ TE <6,66)
66 FORMAT(1H ,1UX,3H 

W R I T E R , 67)
67 FORMAT(1H ,10X|3H 

WRITE(6,68)
68 FORMAT (1 H /1 °X ,3(1 

WRITE(6,69)
WRlTE(6,oy)

6? FORMAT(1 H ,1 OX,5H 
WRJTE(6,156)

156 FORMAT(1H ,1 OX , 3H

W r ITE(6,137)
157 FORMATCIH ,10X,3H -,1 OX,1H* 1 74X,1 H*,1 OX, 1H*)

WRITE(6,1>8)T11,TM1(5)
158 FORMAT( 1 H ,10X,3H *,10X,1 II*,5X,17HSCHEDULE NUMBER | , 14,1 6X, 1 8HTIM 

1ETA8LE NUMBER j, J4,1 OX 1 1H*,1 OX, 1H*)
WRJTE(6,1J7)
WR ITE(6,136)
WRJTE(6,6y)
WRITE(6,691 )

691 FORMAT(1H ,1QX,JH *f34H ORIGINAL BALANCING INFORMATION |,61X,2H 
1*)
WRITE(6,6y2)
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*,34H ***i

50 7

• » 6 1 X , 2 H480 692 FORMAT(1 « ,10X,3H
481 1*}
482 J p»0
483 J F(T7, EQ,1) GO TO
484 00 506 I-1,(T7"1)
485 IF<S6ÇI#ii?,NE,S6ÇX*1 *2))
406 506 CONTINUE
487 507 I F < J , E Q , U ) WRJTE<6,71)
438 J F ( V , E Q , 1 ) WRITE (6,72)
489 71 FORMAT(1H ,10X,3H *,23H490 72 Ff’RMAT(1H 11 OX f 3h *,22H
491 JF(LA2,E<4,1) WRJTE(6,7A>
492 lF<tA2,E«,0) WRITE(6,73)
493 73 FORMAT( 1 H ,10X,3H *,29H
494 74 FORMAT( 1 H ,10X,3H *,24H
495 WRITE(6,741)T2,TU
496 741 FORMAT(1H ,1QX,3H *,?8H
497 1Xi2H *)
498 WRITE<6,742)H3,TT0iT0
499 742 FORMAT(IN * 10X#3« *,28H
500 1 PER (A8|38Xi2H *)
501 WRITE <6(69)
502 URITE<6,69)
503 WRITER, 743)
504 743 FORMAT( 1 H ,10X,3H
505 WR I T E ( 6 , 836 )
506 836 FORMATC1H ,10X,3H
507 IFCLA1 , E 0 | 0 ) W R I T E R , 81)
508 IF(LA1,GT,0) WRITE(6(80)LAI
509 30 FORMAT(1H ,10X,3H *,41H
510 1 14,7H CYCLES,A4X,1 H*)
511 81 FORMAT ( 1H ,10X,3H *,49H
512 INS DATA,46X, 2H *)
513 J F < LAI,EW,0) GO TO 84
514 IF(LA4,EW,0) WRITE(6,82)
515 J F(LA4,EW, 1 ) WRI TE Ç6,83)
516 82 FORMAT LIH ,10X,3H *,40H
517 15X > 2H *)
518 83 FORMAT (1M ,10X,3H *,37H
519 12H *)
520 IFCLA5,EW,1)WRITEÎ6,838)
521 IF(LA5,EW,0)URITE<6,839>
522 833 Fo r m a t (1 h ,10X,3H *,44H
523 1Ep,52X,1H*)
524 839 FORMAT(1H ,10X,3H *,44H
525 1ED,52X,1H*)
526 JF(LA6,EW,1)WRITE(6,840)
527 IF(LA6,EWI0)WRITE(6,841)
528 840 FORMAT(18 ,10X,3H *,28H
529 841 FORMAT(1H ,10X,3H *,27H
530 WRJTE(6,69)
531 WRlTE(6,oy)
532 84 WRITE(6,832)
533 832 FORMAT(18 ,10X,3H
534 WRITE(6,837)
535 837 FORMAT(1H ,1QX,3H
536 TL1?=T2*TL3/TL2
537 w r i t E(6,b o )TU,TU
538 WRITE(6,B>)TL1,TT0,T0
539 85 FORMAT(1H ,10X,3H *,18H

SINGLE MODEL LINE,72X,2H *)
MIXED MODEL LINE,73X,2H *)

DETERMINISTIC TIME LINE,66X,2H ♦) 
VARIABLE TIME LINE,71X,2H *)
BALANCING CYCLE TIME |,F6t2,2X,A8,51 

BALANCING LINE SPEED |,F6,2,2X,AS,?H

SIMULATION INFORMATION |,68X,2H *)

FREQUENCY OF WORKSTATION PRINTOUT 
NO INTERMEDIATE OUTPUT OF WORKSTATJO

PARTIAL PRINT OF WORK STATION DATA,5 
FULL PRINT OF WORK STATION DATA,38X,

STATION VARIABILITY USED WHEN REqUlR 
ELEMENT VARIABILITY USEP WHEN REQUIR

INDEPENDANT SCHEDULING,68X,1H*> 
CONTINUOUS SCHEDULING,69X,1H*)

LINE PARAMETERS |,76X,2H *)

,76X,2H *)

LINE SPEED |,F6,2,2X,AS,5H PER ,A8,4

* i 27H
* , 27H * > -,68X,2H *)

*, 19 H



540541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
5 53
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
533
584
585
586
587
588
589
590
591
592
593
594
595
596
597 C
598 C
599

605

IflXrZH *)
86 FORMAT <1H ,1QX,3H #,23H

1*J
WRJTE{6,«7)

87 FORMAT(18 ,10*,3H *,95X # 2H *)
D'J 49> I«1 , T4
00 495 J»1,T6
sad
sal< j,j)»v,o

495 CONTINUE

U N E  CYCLE TIME | , F6,2 , 2X, A8,56*, 2H

00 49 8 
DO 520 
XlO.Q 
PO 49 7 
PO 49 6

I M  ,T4 
JJ«1,T6
1-1*20 
KC1,T5

519
496
497
520 
493

871

J F (F1 (K),N£,S4(I,J))GOTO 496 
DO 519 JJJ“1,10
IF(F6(X,JJJ),NE|E1(JJJ)GOTO 519 
X«F2(*;)/FL0AT(S1 (1,2))
IF(X, LT, F5(IC))Xs F3(K)
SS(I|JJ)CS3(J/J)+X 
GOTO <,97 
CONTINUE
c o n t i n u e 
CONTINUE 
CONTINUE
c o n t i n u e 
¿10
PO 521 1-1,T4
UR J T £(6,» 76 )
WRITER, 671)1, S1 <1,2), S3 < 1,2>
FORMATHH ,10X,3H *,22H STATION NUMBER | , I 4,5X, 1 4HS TAT I ON SI

1?? IfI4,5X,16HTIME AVAILABLE \,F6,2,20X,1H#)
PO 499 jy«1,76
IF<S8(I,JJ),LE,TL2)G0T0 499
S31(I,JJ)»S81(I,J J)"T L2
WRITE 16,»72)El<JJ),SB<I,JJ),S81(I ,JJ)

872 FORMAT(1H ,10X,3H *,14X,14HM0DEL NUMBER |,I 4,4X,14HWQRKING TIME i
1,F6,2,4X,24HEXCEEPEP CYCLE TIME BY l,F6,2,6X, 1H*)J1lJ1*1
Jaj+1

499 CONTINUE
I F < 01,EQ,U)WRITE(6(874)

874 FORMAT(1h , 10X,3H *,31X,55HNQ BASIC TIME FOR ANY MODEL EXCEEDS TH
iE line c y c l e t i m e ,1 ox,i h *j

521 CONTINUE
IF(JtEG,U)WRITE<6,876)
I F W|E0|U)URITE(6,876)
IF(J,E9,U?WRITE<6,875>

875 FORMATOH , 1 0X,3H *,6X,79HBASIC TIME FOR ALL MODELS AT ALL STATIC 
1 NS BELOW OR EQUAL TO THE LINE CYCLE TJME,11X ,1H*)
WRITE(6,»76)

876 FORMAT(1H ,1 OX,3H *,95X,2H *)
WRITE?6,»8)

33 FORMAT(1H ,10X,100H

WRITE(6, »33)



600
601
602
603
606
605
606
607
60S600
610
611
612
613
616
615
616
617
618
619
620
621
622
623
626
625
626
627
628
629
630
631
632 Q
633 q
636 q
635 C
636 C
637 C
638 C
639 q
660 q
661 q
662 q
663 C
666 C
665 q
666 q
667 q
668 q
669 q
650 q
651 C
652
653
656
655
656
657
658 q
659 q

606

WRITE(6,1U1 )
101 FORMAT 6////1H ,120H

WR I TE(6,1U2)
102 FORMAT(1H ,JH 

W R I T E R , 103)
103 FORMAT(1H t3H 

m , 2 H  *)
WRITER, 106)

106 FORMAT(1h ,JH 
11X /2H *) 
URITE(6,102)
T U P = 0,0 
TDUs0 ,0 
DO 200 1-1,T6 
TUPf T'JP + S J (I,3) 
T0i} = TpN*S3U|6) 

200 CONTINUE

* 1115X» 2 H ♦>
*f66H LINE CHARACTERISTICS (DIMENSION IN METRE) ,7

TTR«=0,Q
T PO = 0 | 0 
PP = 0 ,0
DO 301 J»1(T6 
E = S3CI ,1 M S L  
IF(I,EQ,T6) GO TO 301 
TTRBTTR*S3(I*1,1)e(S3(I|1)*SL)
PP=(S3( I (1 )*Sq + S3(I f6))n(S3(I«1 i1)’,S3(I*1 |3)>
IF(PO,LT,0,0)GO TO 300
TP0=TP0+PU
POaO,0

300 TPE=TPE-P0
301 CONTINUE

CALCULATION OF RELATION BETWEEN START S FIRST STATION 
5 RELATION BETWEEN END & LAST STATION

TUD TOTAL UP&DOWN STREAM EXCESS
TDN TOTAL DOWN STREAM EXCESS
TRO TOTAL OVERLAP
TPE TOTAL EXCESS TRANSIT LENGTH
UTUD TOTAL UNUSED TRANSIT LENGTH qTUp^TPQ
TRS TRANSIT LENGTH FOR FIRST STATION 
PUS POSSIBLE OVERLAP FOR FIRST STATION 
PES » » EXCESS FOR FIRST STATION
TRC TRANSIT LENGTH FDR LAST STATION 
POE POSSIBLE OVERLAP FOR LAST STATION 
PEE M  EXCESS FOR LAST STATION
CALCULATING THE RELATION BETWEEN THE START AND FIRST STATION

AND " ENO " LAST STATION
TRSCS3(1j1)
POSC0,0
PES«=S3(1f1J«S3(1i3)
TREPSLL-E
POE'0,0
PEEf TRE-S3(T6,6)
APDING THE EFFECT OF THE STARf & END RELATION TO THE TOTAL RELATION



660
661
662
663
66 4
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719

607

TTR3TTR*TRS*TRE
TP03TP0*PUS*P0E
t p e «=t p e *p e s *pee
TSLc SL*FL"AT<T4>
URITE(6,1U5>TUP

105 FORHATdH f 3 H *,16X,25H TOTAL UPSTREAM EXCESS 3 , F6,2,68X , 2H *) 
URITE(6/196)TON

106 FORMAT d  H , JS H *, 1 6X i 25HTOTAL DOWNSTREAM EXCESS 5, F6 , 2 , 63X , 2H *) 
WRITER, 141)
T,JO = TUP*TPN 
WRITER, 1U7)TUD

107 FORMAT O «  / 3H * , 34X, 7H TOT A L ■ t F6,2,69X11 H * )
URjTE(6,1ü2)
WRJTE(6,142)TP0

142 FORMAT(IM ,JH *,27X, 1 4HLE S S OVERLAP R ,F6,2,69X» 1 H*>
UR I T E (6/141)
UTUD?TUD»TPJ
WRITE(6,107)UTUD 
WR J TE(6/1421)S LL

1421 FORMAT(1 H /3H *,82X,13HLI NE LENGTH =,F6,2,15X,1 H*)
URJTE<6,143)TPEfTSL-

143 FORMAT (IM ,3H « , 1 SX , 23HUNUSED TRANSIT LENGTH ?,F6,2,26X,22HTOTAL
1 STATION LENGTH 3 » F6,2115X,1 H♦)
WRITE(6,144)

144 FORMAT(1 H ,3H * » 41 X »6H*s---s,48Xi6H*---nsf15Xi 1 H O
TTR1“SLL"TSL
WRITE(6»145)TTRrTTRl

145 FORHATdH f 3H * , 34X, 7HTOTA L ■ » F 6,2 i 41 X f 7HT0TA L » i F6,2,1 5X » 1 H * )
141 FORMAT ( 1 H ,3H ‘/16X,25X|6H-:----!»68X/2H *)

WRITE(6,1U2)
WRjTE(6r1U2)
J*0
SL'Hf Ç.O 
Y*010
YY31000,9
DO 347 1-1|T4
I F ( SI u » 2 ?, EQ , 1 > go TO 346 
J"J*1

346 SIIM“SUM*S3(I|Z)
I F ( Y ,LT , S3(112)) Yp S3(I » 2)
IF(VYIGT,S3(I|2)) YY3S3(I,2)

347 CONTINUE
AVE3SJM/FL0AT(T4)
J 11FT4"J 
WRITE(6,1U9)T4

109 FORMAT(1 H »3H *|41H
10X,2H *)
URlTECôrHO) J11

110 FORMAT(1 N »3« *I41 H
1UX,2H *)
URITE(6,112>J

112 FORMAT(1 H f 3H *(41H NUMBER 
19X,2H *)
WRJTE(6,1U2>
WRITE(ô ,146)Y

146 FnRMATdH 1 3H * * 41 H 
12f68XI2H *)
WR I TE(61147)YY

147 FORMAT(1 H ,3H *141 H

TOTAL NUMBER OF STATIONS -*14,7

NUMBER OF SIMPLE STATIONS -*14,7

INCREASED CAPACITY s t a t i o n s 14,7

MAXIMUM STATION CAPACITY -|F6,

m'i n i m u h s t a t i o n CAPACITY -1 F 6,
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720
721
722
723
724
725 
7 26
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766 
7 67
768
769
770
771
772 
723 
77 4
775
776
777
778
779

1 2 , 6 8 X , 2 H  *)
W R I T E R ,  1 4 8 J AVÇ

U S 12?68Îc^ H M*Î5H # , M H  AVERAGE STATION CAPACITY =.,F6,
WRITER,1U2)
PO 3 9 9 0  1 = 1 , 9  
I R U J R O  

3 9 9 0  CONTINUE
PQ 3 5 3  1 - 1 , 3  
J1“0
0 0  3 5 2  J " 1 , T 4
1 F <SI ( J , 2 ) , NE , I ) GO TO 3 3 2  
J1=J1*1

3 5 2  CONTINUE 
I R < I ? *J  1

3 5 3  CONTINUE
WRITER, 149)

149 FORMAT (1H ,JH *i41H NUMBER OF OPERATORS IN GROUP WORKING J.27H 
1 1 2 3 4 5 6 7 8 9,4 7 X , 2 H *>
W R I T E R , 150) (JRU), 1=1 ,9)

150 FORMAT<1H ,3H *,41H FREQUENCY OF OCCURNCE J,9I3
1,47X|2H *)
WRITER, 102)
WRITEI6/1U2)
WRITE(6,130)

130 FORMAT 11 H ,120ff *...........r..... ----------................_.....
1 —  ------------ -------------- - —  ____
2n**J

WRI TE( 6 , 1 U 2 )
WRITE(6,131)

131 FORMAT(1H ,3H *,16H LINE DETAILS l»P9X,2H *)
WRITE(6,132)

132 FORMAT(1 H , 19H •***************♦,99X,2H *)
WRITE(6,102)
WR ITE16 » 130)
WRITE(6,133)

133 FORMAT(1H ,JH *,25X ,2H *,66X,11H POSSIBLE , 11H POSSIBLE ,2H *) 
WR I TE(6,134)

134 FORMAT(1 H ,3H * , 25X , 2H , 11 H START ,11H END #11X ,11 H U 
1PSTREAM » 11H (»«STREAM , 11H TRANSIT , 11H OVERLAP ,11H EXCESS 
1 ,ZH *)WRITE(6,135)

135 FORMAT(IN t3H *,25X,2H *,11H POSITION , 11H POSITION ,11H LENG 
1 TH « 11H LENGTH ,11H LENGTH ,11H LENGTH ,11h l e n g t h ,1 
21H LENGTH ,ZH *)
WRITEI6,130)
WRI TE{6,139)
TSL^O.O
P 0 ç 0 , 0
PÇeO.O
TR = 0, UWRITE{6,160)TRS,POS,PES 

160 FORMAT(1 H ,3H *,27HRELAT I ON BETWEEN1 '* ». . . - -- -- -- -- . . ......
DO 350 I«1»T4

START 8 1 *,55H,,,,
, - , | 3 < 3 X , F 6 . 2 , 2 X ) , 2 H

* i • * t • *) • I « »

E“ S3(I, 1 )*SL 
WRJTE(6,139)
WRj TE{ 6 , 136 ) S l i I | 1><S3<I »1 ) »e >SL, S3( l , 3 ) , S3 ( I , 4 )

136 FORMAT(1H ,5H *(18H STATION NUMBER. ,I3,4X,2H * , 5 (3X, F6 , 2 , 2X),33
1 Xi2H *)
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780
731
732
733
734
735 
786 
737
788
789
790
791
792
793
794
795
796
797
798
799
300
301 
802
303
304
305 
30 6
307
308
309
310 C
311
312 C
313 C
314 C
315 C
316 C
317
318
319
320
321
322
323
324
325
326
327 
823 
3.9
330
331 C
332 C
333
334
335
336
337
338
339

TSL3TSî. + Sl,
I F ( I,EQ,T4) GO TO 350 
TR = S3<I*1,1)»<S3(J,1>♦S L >
P Q = ( S 3 U f 1 > * S l l + S . S U f 9 ) ) r ( s 3 ( I * 1 ( 1 ) » S 3 < J * 1 l 3 ) )  I F <P0,LE,0,0) G O TO 348 
GO TO 34y 

348 PE.ÇfPO
pn=0 ,q

349 j = i+i 
WRITE{6,1J9)

139 FORMAT(1 H ,3H *,25X,2H *,88X,2H *)
W R ] T E ( 6 , 1 3 7 } I ,J, T R , P O , P g

1 37^ FORMAT ( 1 H « 3H *,16HRELA T I ON B ETWEEN, 13, ?H & , J 3,3H *, 5 5 H ,
PÇRo)¿,,,,,,,,,*,í',,,,,.... •••»■>.i..tl,.,1|,3(3XiF6»2,2X),2H *}

350 ÇUi|T I NUE
WRITE(6,139)
WRITE(6,1ôl)T4,TRE,POE,PEE

161 ̂ FORMAT <1 H ,JH *,16HRELATI0N BETW£EN,\3,6 H S END,2H *,55H.........
WR I T È (6 J139)* * ' *............ 3{3X»F6,2,ZX),2H *)
WRJTEÇ6,130)
WR I TE <6 ; 139 )
WRITE(6,138>T$L,TUP, ¡'DN,TTR,TPO,TPE

*'8H T°T n S ’,7X'i;H •.22X,4(3X,F6,Z,2X|,2H •)
WRITE(6,140)

140 FORMAT(1 H ,12QH 
1 *
z * * * n n

********

NI «O

SET INITIAL PARAMETERS TO ZERO ML,S ô 32U,J> S SI2U.J)

MLnO
m L1 *o
HL2 = 0 
HL3sO
OU 5 1 0  J « 1 , 4 0  
00 5 0 8  J " 1 , 1 2  
S 2 ( I , J ) - U  

5 0 3  CONTINUE
S 2 ( I , 1 D B5 3 ( l , 1 )
DM 5 0 9  J P 1 , 8  
S12(11J)PU

5 0 9  CONTINUE
S 2 ( I , 8 ) a S 3 < I , 2 ) * T L 2 i 1 0 , 0

5 1 0  CONTINUE

5 1 3  CAI L MOV E <T 7 , T 4 , N I , N 2 , N 3 )
CALL ELEMENTS (T4,T5,LA2,TL2,TL1,SLiT6,T61,LA5,LA6) 
CALL TIME <TL2,N1,N88,T10)
J F (LAI,E ü , 0 )  <30 TQ 5 1 4
X9 =N1 / LA1
N99s I NT(AV)
J T!14= J NT ( TM {4 J )



610

3 AO KSC*TM5(K1 , K2, K3 , (, K4*1 n J TMA) )
3A1 I f ( N9 9  * LAI , E P , f!1 ) CALL PRJNT1 ( T A , N1 , LA A, KS C, N 3 , T 1 1 >
3A2 51A IF(N1,EU,N2) GO TO 515
3A3 GO TO 513
3AA 5 1 5  CALL PRI NT2  ( T A / N i , N 3 , T 7 , T 2 , T L 2 / T 5 / N, X P i T 6 , BBD I , BBD3 , B S 0 2 , BBDA, 3 SI  
3A5 1 1 / B S I 3 , B S | 2 , 0 S I A , T 1 1 , T 6 1 , L A 6 )
3A6 516 STOP
3A7 gND
3A3 C 
3A0 Q
350 SUBROUTINE MOVE ( T7,TA,N1,N2,N3)
351 C
352 C
353 INTEGER TA,S6,T?,S7
35A PIMENSJOn S6 (30,A),S7(AO,2)
355 COMMON/SLABI/S6,S?/SLAB8/MLfML1,ML2,ML3356 C
357 C
358 C 'CALCULATING NEXT ITEM AND NEXT STATION CONDITION359 C
360 C
361 N1»N1*1
362 NA“2
363 N530
36A IF<N1,QT,N3) GO TO 50A
365 N A.“1
366 XA°0
367 00 503 KH 1  ,77
363 JFCS6CK1,A),Eq,0J go TO 503
369 KiJnS6(K1 ,1)
370 PO 502 0 * 1 ,S6(K1,A)
371 PO 501 K*N1,T?
372 IF«S6(K2,1),NE,K3> GO TO 501
373 DO 500 Ki>*1 ,S6(K2,3>
37A KA»KA*1
875 IF<KA,NE,N1) go TO 500
876 N5=S6(X2,2)
377 GO TO 50A
373 500 CONTINUE
379 501 CONTINUE
330 502 CONTINUE
381 503 CONTINUE
382 50A PO 50> K2*1,(TA"1)
333 K1=TAi K2
88 A S/<K1*1,1)*S7(K1,1)
385 $7<K1*1 ,2J»S7U1 ,2)
386 505 CONTINUE
387 S7(1,1?aN3
883 S7(1,2)»NA
339 IF <S7C1,211EQ|0I CO TO 507
390 HLSML*1
391 JF<S7UfCItEUt2tOR,S7<2,2) ,EQ,0) go TO 50?
392 !F(S/n ,1J ,EP,S7(2,in GO TO 507
893 ML1=ML1*1
39 A HL2°ML2+tf1L"1 )
395 ML3=ML3*<ML"1?*<ML«1)
396 ML«i1
397 507 RETURN
398 END
399 C
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9 0 0  C
9 0 1
9 0 2  Ç

9 0 3  C
9 0 4  Ç
9 0 5  Ç
9 0 6  C 
9 0 ?  
9 0 8
9 0 9
9 1 0
9 1 1
912
9 1 3  Ç
9 1 4  Ç
9 1 5  C
9 1 6  Ç 
9 1 ?
9 1 8
9 1 9
9 2 0

9 2 1
9 2 2
9 2 3
9 2 4
9 2 5
9 2 6  
9 2 ?
9 2 8
9 2 9
9 3 0
9 3 1
9 3 2
9 3 3
9 3 4
9 3 5
9 3 6
9 3 7
9 3 8
9 3 9
9 4 0
9 4 1
9 4 2

SUBROUTINE ELEMENTS < T4, T5 , L A 2, T LZ, U1  , S L, T6 , T61 , tA5 , LA6 >

« T E R M I N E S  W O * *  E L E M E N T S  F O R  M O D E L  P R E S E N T L Y  A T  S T A T I O N

I N T E G E R  T 4 f T 5 f S 7 j S 4 f F 1 | F 6 ; S I 2 , S 6 , S 1 ( T 6  r T 6 1 , E 1 , S 6 0

DIMENSION S 4 ( 4 ü , ,F1(100),F6(1OO,10},S7<40,2),S2(40 ; 12) SI2(40 fl
1) , S 5 U 0 )  , S 3  < 4 0 , 4 ?  , S 6 ( 3 0 , 4 )  , F ? ( 1  0 0 )  , F3  1 00 5 « i / Ln ? Î c L ) 7 1 2 * 40'3
2 O j 1 O ) i El (1 0) i S ô O C J O / ü )  » S 9 ( 1 2 5 f A D J ( 1 0 i 2 ) ^ °  * ̂  ( A 0 f 2 )  ; F 8 ( 1 0 0 )  f 1 A S ( 1 0

Ç U I 1 M O N / S L A C 1 / S 6 , S 7 / S L A E 2 / F 1  , F 2 ,  F J , F6 , F 8 / S L A B 3 / S  2 , S3 
¿liSS/SEABy/IASiE^SÔU/SLABIO/S^APJ ' ' 'SI2/SUB5/S
S 9  (1 0) c U P S T R E A f t  T I M E  A V A I L A B L E  
S 9 ( 1 1  ) = D U ' J N S T R E A M  T I M E  A V A I L A B L E  
S 9 ( 1 2 ) = N U R M A L  T I M E  A V A I L A B L E
D O  500. 1=1 , T 4  
S ? ( l ) » 0 , u  

5 0 0  c o n t i n u e

D O  5 0 5  1 - 1 , T 4

I F U A 6 , E W , 0 t A N D , S 7 U f 2 ) , N E ,  
S 9 ( 1 0 ) = S V ( 1 0 ) * ( S 3 ( I , 3 ) / T L 1 >
S V ( 1 1 )  = S V ( 1 1 )  * ( S J ( I f A ) / T L 1  )

S V ( 1 2 ? = S V  ( 1 2 ) * ( S L / T L 1  J * F L O A T ( S 1  < J 2> J AI1=0,0

1 ) G O T O  5 0 3  
* F L O A T  < S I C I  
•FLOAT (51(1

/ 2) ) 
«2))

X2*0,q
1 “=1 , 0 / F L 0 A T ( T 6 1  ) 

X X 1 - 0 . 0  
X X 2 = 0 , Ü
X X 3 - 0 , 0
J F ( L A 3 , E W , 1 ) G O T O  5 0 2 3  
DM 5 0 2  II 1 1 , 7 6

I F ( E 1  ( Il ) ,'FIE, § 7  ( 1 1 1 ) ) O O T O  5 0 2  
X 1 1 = A D J U 1 i Z )
P O  5 0 1  1 2 - 1 , T 3  
I F d A S U Z »  I 1 ) ( N E , I ) G 0 T 0  5 0 1  
X F G 0 5 A D F ( Y )
I F < X , L T , ,5? 5
I F < X fü T , ^ , 5 )  X=«3, >

R T s F 2 ( I 2 ) * (  ( X * S Q R T ( F 3 U 2 ) ) ) * L A 2 )  
R T - R T / F L U A T ( S 1 ( 1 , 2 ? )
X I M X 1 + R T

9 4 3
9 4 4  
9 4 3
9 4 6
9 4 7
9 4 8  94Q
9 5 0
9 5 1
9 5 2
9 5 3
9 5 4
9 5 5
9 5 6
9 5 7
9 5 8  
9 5 ?

I F < P T , L T , F 8 ( I 2 ) ) R T n F 8 ( l 2 >  
S 5 ( J ) = S 3 < J ) * R T

5 0 1  C O N T I N U E
5 0 2  C O N T I N U E  

G O T O  5 0 2 6
5 0 2 5  D O  5 0 2 2  J 1- 1  » T6

I F C E 1  ( n ? l' N E , S 7 ( l , 1 ) ) G 0 T 0  3 0 2 2  
D O  5 0 2 3  1 2 = 1 , T 5  
l F ( I A S C U j ! 1  ) , N E ,  J } G O T O  5 0 2 3  
X 1 1 = A P J ( I l ,2)
X X 1 = X X 1 ♦ F 2 ( 1 2)
X X 2 p X X 2 * F 8 ( I 2 )
X X 3 = X X 3 * F 3 ( I 2 I  

5 0 2 J  C O N T I N U E

x p g o s a d f  m  
^ ( x .l t.p j .sjxn-s-.s
I F ( X , G T , 5 I 5 ) X " 3 , 5
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9 6 0
9 6 1
9 6 2
9 6 3  
9 6 A
9 6 5
9 6 6  
9 6 7  
9 6 0
9 6 9
9 7 0
9 7 1
9 7 2
9 7 3  
9 7 A  c
9 7 5  Ç
9 7 6  Ç
9 7 7978
9 7 9
9 8 0
9 8 1

9 8 2
9 8 3
9 8  A
9 8 5
9 8 6  C
9 8 7  Ç
9 8 8  Ç
9 8 9
9 9 0

9 9 1
9 9 2
9 9 3

9 9  A
9 9 5
9 9 6
9 9 7
9 9 8
9 9 9  
1000 
1001 
1002 
1 0 0 3  
1 00 A
1 0 0 5
1 0 0 6
1 0 0 7
1 0 0 8
1 0 0 9  Ç
1 0 1 0  Ç

] 0 1 1  c 1012 
1 0 1 3  
1 01 A
1 0 1 5
1 0 1 6  C
1 0 1 7  C
1 0 1 8  Ç
1 0 1 9

X X 1  « (XXI * ( X * S 9 R T ( X X 3 ) ) H A 2 > / F L O A T  (SI < J, 2 ) )
X I p X X 1
I H X X 1  , L T , X X 2 ) X X 1 » X X 2  
S 3 ( I ) * X X 1  

5 0 2 2  C O N T I N U E  
5 0 2 6  X ? = S 5 ( I )

I F (XI , G T , T L 2 > XI ° T  1,2 
I F ( X 2 , G T , T L 2 J X 2 = T L Z  
S 9 < 1  > a s v < l ) + S 1  (I , 2 ) * ( H 2 n X 1 )

S 9 ( 3 ) = S V ( 3 ) « > S 1  ( 1 , 2 ) * ( U 2 r , X 2 )
S 9 ( 5 ) = S V ( 5 ) * ( S I ( I , 2 > * < T I 2 t X 1 > ) * * 2 , 0 0  
S 9 ( 7 ? 3 S V  ( 7 ) *  (SI (I , 2 ) ’* ( T L 2 , X 2 )  ) * * 2 . Q 0  
S 9 ( 9 > - S V ( V > * S 1 ( I , 2 ) * T L 2  

5 0 3  C O N T I N U E

W O R K I N G  O U T  S T A N D A R D  S T A T I O N  M A X , & M I N ,  « T O T A L  W O R K  & T O T A L  T I M E  A V

D O  5 0 5  I " 1 » T A

I F ( L A 6 , E 9 , 0 , A N D , S 7 ( I ( 2 ) t N E , 1 )  G O  T O  5 0 5  
S 2 U  ,V)=S2(I ,?)+S5 < I)»FLOAT(SI (1,2))
S 2 < I , 1 0 ) “ S 2 ( I , 1 0 ) * ( S 1 < I ( 2 ) * T L 2 >

5 0 5

I F ( ( S 5 ( I ) * F L U A T ( S 1 ( I , 2 ) ) ) , L T , S 2 ( J , 8 ) ) S 2 ( J , 8 ) c S 5 ( I ) * F L 0 A T ( S 1  ( I » 2 ) )  

I F C ( S > ( I ) * F L O A T ( S 1 ( I l 2 ) ) ) , G T I S 2 ( I , 7 ) ) S 2 d , 7 ) - S 5 ( I  » F L O A T  S 2
S I 2 ( I | 8 ) « S I ( ( | , I I ) * 1  ' ^ * v:>1 U  U »

I F ( S 5 ( I ) , Q T , ü , 0 )  S I 2 ( I , 7 ) > S I 2 ( I , 7 ) * 1
CONTINUE

W O R K I N G  U U T  O V E R L A P P I N G  D 0 L  | O V E R L A P

D O  5 0 6  1 *1 , ( T A n l )
A A 1 ° S 2 ( I , 1 1 )
A B 1 * S 2 ( I * 1 , 1 1 )

A A 2 " A A 1 * S > ( I ) * T L 1
IF (AA2,GT,(S3(1, 1J+SU *S3<I, 4)))AA2rS3 ( I , * )*SL*S3(I,A) 
AD2eAB1*S>(I*1)*TL1
IFiAP2lGT,(S-5(I*1,1)*SL*S3(J*1,A)))A02ps3{I+1,1)*si*s3(I*1(A)DOL°0,0 
A C 1 = A A 1
J F ( A B 1  , G T , A C 1 ? A C 1 » A B 1  

A C 2 * A A 2
I F ( A B 2 ,  L T , A Q 2 J A C 2 - A B 2  
p n i , n A C 2 » A Q 1
I F ( D 0 L , L £ , 0 , O ) q O T O  5 0 6  
S I 2 ( l , 6 ) B S I 2 ( J , 6 ) + 1  
S J 2 ( 1 * 1 r & ) = S I 2 ( I * 1 , 6 ) * 1  
S 2 ( I , 6 ) P S 2 ( l , 6 ) * D 0 l , / T L 1  
S 2 ( I * 1 , 6 ) = S 2 ( t + 1 , 6 ) + D 0 L / T L 1  

5 0 6  COfIT| N U E

B y  ? U  1*1 | T A

C A L C U L A T I N G  FT1 , F T 2  , F T 3  , A N D  F T A

F T 2 B S 3 ( 1 , 1 )

F T 1 ° F T 2 » S 3 ( | ,3)
FT3*FT2+SL 
FTA»FT3*S3(I,A?

W O R K I N G  u y T  A1 , A 2  , A 3  A N D  A A

A1pO,0

«
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1020 
1021 1022
1 0 2 3

1 0 2 4  
1 0 2 5  C 
1 0 2 6
1 0 2 7
1028 
102?
1 0 3 0  51 0 J F ( E P , L E | F T 3 ) G O T O  51 1
1 0 3 1  C * * * * * * * *  A 3  * * * * * * * * * * *
1 0 3 2  A 3 3 E P p F T 5

1 0 3 3  { F ( A 3 , G T , ( F T i* ' = F T 3 ) ) A 3 ' = F T 4 o F T 3
1 0 3 4  I F ( A 3 , G T ,  ( E p r S 2 < I  ,11 > > > A 3 * F P « S 2 (  J , 1 1 )

1 0 3  5 S 2 < t f 1  J » S 2 U  ,1 ) * A 3 * F L O A T ( S 1  < I , 2 ) ) / T L 1
1 0 3 6  I F ( A 3 ,  G T , 0 , 0 0 0 0 0 1  ) S I 2 (  I ,1 ) = S ! 2 ( l  (1 ) * 1
1 0 3 7  5 1 1 I F Í F P , L T , F T A ) G O T O  5 1 2
1 0 3 8  C
1 0 3 9
1 0 4 0
1 0 4 1
1 0 4 2
1 0 4 3  
1 04/* C 
1 0 4 5  51 2
1 0 4 6
1 0 4 7
1 0 4 8  
1 0 4 9  C 
1 0 5 0  C

1 0 5 1  C
1 0 5 2  5 1 3
1 0 5 3

1 0 5 4
1 0 5 5  5 1 4  C O N T I N U E
1 0 5 6  R E T U R N

1 0 5 7  E N D
1 0 5 8  C
1 0 5 9  C CAUCUI.ATE; S T A R T I N G  V A R I A B L E  A N D  T O T A L  T I M E  E L A P S E D
1 0 6 0  C
1 0 6 1  S U B R O U T I N E  T I M E  t H Z , NI , N 8 3 , T1 0)
1062 C 
1 0 6 3  C
1 0 6 4  I N T E G E R  T i t 1 , T f 1 3 , T M 5
1 0 6 5  P I I I E N S I O N  T M ( 4 ) , T M 1 ( 1 0 ) , T M 3 ( 8 ) , T M 4 ( 8 , 2 ) , T M 5 ( 4 , 7 , S 2 , 5 )
1 0 6 6  C O M M O N / S L A B 4 / T M » T H 1  i T M 3 , T M 4 , TI15/S L A B 7 / K 1  » K 2  / K 3 , K 4 , T A 4
1 0 6 7  M B 8 = 0
1 0 6 8  K 4 = I N T ( T M ( 4 ) )

1 0 6 9  I A 3 n J f|T ( Tf1 ( 2 ) )
1 0 7 0  I A 4 M N T ( T I ! < 3 > )
1071 TC1“ (JNT(TM(1)))*<(TM(1»«<INT(TM<1) ) ) ) /0, 6*TM(2)*24,Q+TM<3>*7*24
1 0 7 2  TC3« =T B1
1 0 7 3  T B 2 « = T L 2 * N 1 / T 1 0
1 0 7 4  I A 2 » 0
1 0 7 5  P O  5 0 0  I » 1 | T H 1 (4)

1 0 7 6  I F ( T n ( 1 ) i l , T l T M 4 < I i 1 ) , O R . T M ( 1 ) , q T , < T M 4 < I , 1 )  + T M 4 U i 2 ) ) )  G O  T O  5 0 0
1 0 7 7  J A 2 . * T f ! 3 U  I
1 0 7 8  I A 1 F* I
1 0 7 9  5 0 0  C O N T I N U E

********* A4 ***********
A4«=EP*FT4
IF(A4,GT, (EPrS2d ill )))A4-EP = S2<I (11 )
I F ( A 4 , L T , U , 0 ) A 4 = 0 , 0

S2(I,4)=S¿CI,4)*A4.FL0AT(S1(I,2))/TL1
I F (A4,GT, 0,000001 )SI 2 (I,4)=SI2(1, 4 ) * 1A##***#* A ¿ ********##|k
AZP<EP*S?fIr1l))»(A1*AA*A3)
J F ( A 2 , E R , 0 , 0 ) G O T O  5 1 3

S2(I, A)«=S2(I ,3)*(A2*FL0AT(S1 (1,2)))/TL1
512(1 ,3)»SI2(I,5)*1

DETERMINING THE neu STARTING POSITION

IF(EP,GT,PT4)EP*FT4 
S2(I , 1 1 )BEP-TL2*TL1 
IF(S2(I,11),LT,FT1)S2(I,11)»FT1

A 2 r = 0 , 0  
A 3 = 0 , V  
A 4 ? 0 ,0
E P  = S 2 U , 1 1 > * S 5 < I ) * T L 1  
I F ( F T 2 , L E , S 2 ( I , 1 1 ) ) G O T O  5 1 0

A 1 . o F T 2 * S 2 ( I  ,11 )

I F < A 1 , G T , ( E P * S 2  ( I 1 11 ) ) ) A 1 » E P n S 2 ( l » 1 1 >  
S 2 ( I , 2 ) » S 2 ( I , 2 ) * A 1 » F L O A T ( S 1 ( 1 , Z ) J / T L 1  
J F ( A 1  . G T . U . Q U O O U I )  S J 2 ( I  , 2 > » S I 2 ( I , 2) * 1
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1 0 8 0
1 0 8 1
1 0 8 2
1 0 8 3
1 0 8 4
1 0 8 5
1 0 8 6

1 0 8 7
1 0 8 8
1 0 8 9
1 0 9 0
1 0 9 1
1 0 9 2
1 0 9 3

1 0 9 4
1 0 9 5
1 0 9 6
1 0 9 7
1 0 9 8
1 0 9 9
1100 
1101 
1102
1 1 0 3
1 1 0 4
1 1 0 5
1 1 0 6
1 1 0 7
1 1 0 8
1 1 0 9
1110 
1111 
1112
1 1 1 3
1 1 1 4
1 1 1 5
1 1 1 6
1 1 1 7
1 1 1 8
1 1 1 9
1120 
1121 
1122
1 1 2 3
1 1 2 4
1 1 2 5
1 1 2 6
1 1 2 7
1 1 2 8
1 1 2 9  C
1 1 3 0  c
1 1 3 1  Q
1 1 3 2
1 1 3 3  q
1 1 3 4  q
1 1 3 5
1 1 3 6

1 1 3 7
1 1 3 8
1 1 3 9

IFUAZ.NE.O) GO TO 501 
WRITE(6,20)
N88s*1

5 0 1 I F ( I A 3  , L E , T M 1  (1) > GO Y O  5 0 2  
WRITER, ¿1)
N 8 3 = 1

5 0 2  I ? f i 1 * < I N T < T M U )  > " T M 1  ( 3 ) )
IF < 1 9 ,W E ,> ? GO fO 5 0 3  
WRITER, i i )

n y 3 = i 
G O  T O  5 U 4

5 0 3  I F C T H X I A 2 ,  I A 3 ,  I A 4 ,  19) , E Q , 1  ) G O  T O  5 0 4  
WRITER, ii)
N88«=1

5 0 4  l F ( N 8 8 , E W  ,1) G O  T O  5 1 0

T p 3 = T 0 3 ♦ T i 1 4 < I A 1 , 1 ) * ( 4 I N T C T M C 1 ) > ) * ( ( T H < 1 ) ) b ( J N T ( T M ( 1 ) ) ) ) / 0 .6)
2 0  F O R M A T  (/1 H ,41(1 ERROR S T A R T I N G  T I M E  N O T  IN A K N O W N  S H I F T )
21 F O R M A T (/1 H ,3 4H ERROR STARTING D A Y  DOES N O T  E X I S T )
22 FORMAT (/1 H ,28(1 ERROR ^OUTSIDE 5 YEARS P UN)
2 3  F O R M A T  (/111 |4?ll E R R O R  S T A R T I N G  S H I F T  O N  T H I S  D A Y  N O T  O P E R A T I O N A L )

K 1 nIA 2
K2 = I A3 
K3=IA4

5 0 5  IT < K 2 ( G T , T M 1 ( 1 ) )  G O  T Q 5 0 8  
On 5 0 7  K » K 1  , 4
I F ( T M 5 ( K , K 2 , K 3 , 1 9 ) , N E , 1 ) G 0  T O  5 0 7  
pi) 5 0 0  L " 1 ,8

IF < T M 3  < L ) , N E , K) 0 0  T O  5 0 6  
TI33c T B 3 * T i 1 4 ( L , 2 )
T A 4 = T B 3 « t T D 1 * T B 2 )
J F ( C T B 1 * T B 2 ) , L E , T 3 3 )  GO T O  5 0 9

5 0 6  C O N T I N U E
5 0 7  C O N T I N U E  

K1=1 
K2“K2+1
I F < K Z , L E , T H ( 4 ) )  G O  T O  5 0 5

5 0 8  K Z M 1  
K3=K3*1
I F U 3 . L E . 5 2 )  G O  T O  5 0 3

K3=i1 
J 9 P 1 9 * 1
I F ( 1 9 , G T . 3) M R  I T E (6 1 2 2 )
K 4 = K 4 * 1  
G M  T O  5 0 5

5 0 9  »41 = K
T A 4  = T M 4 ( L , 1  ) * T M 4 U , 2 ) b T A 4 
I F < T A 4 f G T . ' 2 4 , 0 )  T A 4 c T A 4 » 2 4 , 0

5 1 0  R E T U R N  
E N D

S U B R O U T I N E  P R J N T 1  (T4, N1, LA4, K S C , N3, T 1 1)

INTEGER T4,S7,SI2,S1,S6,S4,SC1,T11,TM1,TM3,TM5 
pI ME NS I ON S7(40,2),56(30,4),52(40,12),S3<40,4),S4<40,20),S12(40,8) 

1 ,51 (40,2),S5<40),D<7),SC{7),SC1(40),D3(2),TM(4),TM1(10),TM3(8),TM4 
2(8,2?,TM5(4,7,52,5>

COMMON/ S L A B  1 / S 6 , S 7 / S L A B 3 / S 2 , S 3 , S 4 , S . I 2 / S L A 9 5 / S 1  , S 5 / S L A B 6 / D , D 3 / S L A B 7
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1 1 4 0
1 1 4 1
1 1 4 2
1 1 4 3  
11 4 4
1 1 4 5
1 1 4 6
1 1 4 7
1 1 4 8
1 1 4 9
1 1 5 0
1 1 5 1
1 1 5 2
1 1 5 3

1 1 5 4
1 1 5 5

1 1 5 6
1 1 5 7  
1 1 5 3
1 1 5 9
1 1 6 0  
1 1 6 1  
1 1 6 2
1 1 6 3
1 1 6 4
1 1 6 5
1 1 6 6  
1 1 6 7  
1 1 6 5
1 1 6 9
1 1 7 0
1 1 7 1
1 1 7 2
1 1 7 3
1 1 7 4
1 1 7 5
1 1 7 6
1 1 7 7
1 1 7 8  
11 79 
1 1 3 0  
1 1 8 1  
1 1 8 2
1 1 8 3
1 1 8 4
1 1 8 5
1 1 8 6
1 1 8 7
1 1 8 8
1 1 8 9
1 1 9 0
1 1 9 1
1 1 9 2
1 1 9 3
1 1 9 4
1 1 9 5
1 1 9 6
1 1 9 7
1 1 9 8
1 1 9 9

DATA SC ( 1  j  /  7HUA I T IMG /  .  SC (  ?  > / 7 U ‘ i n »  i / 1  i , r  \ r. r.

13
12*12 

5 0 0  J 4  = T 4
¡ F ( I 4 , Q T , 12)
1 6 = 1 4
15 = 13
WRITER, 1?)

1 5  F O R M A T O H I J  
W R I T E * 6 , 2 Q )  
FORMAT <////!H

21

1 4 = 1 2

1120H

8 0

1 9

W R I T E R , 24) 
WRJTE{6,21) 
FPRMA1C1M ,jh 
WRITE(6,6Q) 
FORMAT (1 H ,JH
*1J1 =H3+T4*1
WRITE**,24) 
WRITER, 23) 
WRITE**,iy) 
FORMA T (1 H ,3H

',24H STATIONS INFORMATION I , 91X f 2 H

' **•***,91X,2H

*)

*)

WRITE**,19)
WRITE(6,»2)JJ1,N1

*,23X,1H*,3X,17HPR0qRAM LENGTH lUfIBER =, I4,4X,1H*|22X,1H*)
WRITE*6,1?)
W R I T E * 6 , 8 3 ) T A 4 , K 1 , D ( K 2 ) , K 3 , K4  

83 FORMAT(1H , 3 H  * , 23X, 1 H * , 3 X , 6 R T J M E  P , F 6 , 2 , 9 H

■ , I 4 , 2 3 X , 1 4 H C Y C L E  N

1 | A 8 , 8 h W E E K  
W R I T E * * , I V )  
W R I T E * * , 2 3 )

2 3  F O R M A T ( 1 H , 3 H  1 ********
W R I T E * * , 2 4 )

2 4  F O R M A T ( 1 H , 3 H  
W R I T E * * , ¿ 4 )

f » , I 3 , 8 H  Y E A R  » , I 6 , 2 X , 1 H * , 2 2 X , 1 H » }

* | 2 3 X , 7 1 + I *  + * * * * * * * * * * * * * ,

****,22X,1 H*)

* , 1 1 5 X , 2 H  *)

SHIFT ?»I3,7H PAY §

WRITE**,25)(SI*J,1),J■ I 5,16)
2 5  F O R M A T ( 1 H , 3 H  * , 2 0 H  S T A T I O N  H U M B E R

W R I T E ( f t , 2 6 )

2 6  F O R M A T * !  H * , H a X , 2 H  *)
WRITE(6,18) (SI *J,2) ,*1*15, 16)

1 8  F O R M A T ( 1 H , 3 H  * , 2 0 H  S T A T I O N  S I Z E
W R I T E * * , ¿ 8 )

W R I T E * 6 , 2 7 ) * S 7 * J , 1 ) , J « I 5 , I 6 )
2 7  F U R M A T O H  , 3 H  * , 2 0 H  M O D E L  N U M B E R

U R J T E ( 6 , 2 d )
2 3  F O R M A T ( 1 M * , 1 1 8 X , 2 H  *)

D U  5 0 3  J 3 H 1 , T 4  

I F * S 7 * J 3 , 2 ) , G T ,0) C O  T O  5 0 1 
S C 1 ( J 3 ) = 1  
G O  T O  5 U 3

50 1  I F * S 7 * J 3 , 2 ) , L T , ' 2 )  G O  T O  5 0 2  
S C I < J 3 ) P J

1*1218)

F *1218)

t,1218)



616

1 2 0 0 g o  t o  3 0 3
1 2 0 1 5 0 2  S C I  U 3 ) a 2
1 2 0 2 G O  T O  5 0 3
1 2 0 3 1 F < S 5 ( J 3 )  ,'EQ,0> S C 1 ( J 3 ) S A
1 2 0  A I F ( K S C , E U , 2 )  S C 1 ( J 3 ) ? 5
1 2 0 5 J F ( K S C , E N , 3 )  S C I ( J 3 ) = 6
1 2 0 6 1 F ( K S C , E N , 4 )  S C U J 3 > = 7
1 2 0 7 5 0 3  C O N T I N U E
1 2 0 S W R I T E ( 6 , 2 y ) ( S C ( S C 1 < J ) ) , J = l 5 , ! 6 )
1 2 0 9 2 9  F O R M A T  ( 1 8  , 3 H  *, Z O H  S T A T I O N  C O N D I T I O N l i 1 2 ( 1 X ,A 7 ) )
1 2 1 0 W R I T E ( 6 , 3 U )
1 2 1 1 3 0  F O R M A T ( 1 8 + , 1 1 ö x , 2 H  *)
1 2 1 2 U R I T E ( 6 , 3 1  I
1 2 1 3 31 F O R M A T ( 1 H , 3 H  * , 1 1 5 X , 2 8  *)
1 21 A W R I T E ( 6 , 5 * ) < S I 2 ( J , 8 > , J » I 5 , I 0 )
1 2 1 5 3 2  F O R M A T ( 1 8  , 3 H  * , 2 Q H  N O M I N A L  H, O U T P U T 1 , 1 2 1 8 )
1 2 1 6 W R J T E ( 6 , 3 3 )
1 2 1 7 3 3  F O R M A T ( 1 8 * , H 3 X # 2 R  *>
1 2 1 8 W R I T E  ( 6 , 5 4 )  ( S I 2 U  ,7) , J = I5, I 6 >
1 2 1 9 3 4  F O R M A T  ( 1 8 , 3 8  *, 2 0 H A C T U A L  M, O U T P U T 1 > 1 2 1 8 )
1 2 2 0 W R I T E ( 6 , 3 3 )
1 2 2 1 3 5  F U R M A T 0 8 * , 1 1 a X ,  Z H  *)
1 2 2 2 W R I T E ( 6 , 3 6 )

1 2 2 3 3 6  F O R M A T ( 1 M , 3 8  * , 1 1 5 X , 2 H  *)
1 2 2 4 D O  5 0 7  J 8  I 5 , 16
1 2 2 5 S ? ( J , 3 ) 9 0 , 0
1 2 2 6 S 2 ( J , 3 ) » S 3 ( J ) * F L U A T ( S 1 < J , 2 ) )
1 2 2 7 5 0 7  C O N T I N U E
1 2 2 8 W R I T E  ( 6 , 3 7 )  ( S 2 ( J , 5 ) , , 1 * 1 5 , 1 6 )
1 2 2 9 3 7  F O R M A T ( 1 8  , 3 H  * , 2 0 H  S T A T I O N  W O R K  T I M E 1 ( 1 2 F 8 . 1 )
1 2 3 0 W R I T E ( 6 , 3 8 )
1 2 3 1 3 8  F O R M A T ( 1 H * , 1 1 8 X f  2 H  *>
1 2 3 2 W R I T E  ( 6 , 3 V ) ( S Z ( J  f 7 ) , J 9 1 5 , 1 6 )
1 2 3 3 3 9  F O R M A T ( 1 8  , 3 H  * , 2 Q H  M A X I M U M  W O R K  T I M E I | 1 2 F 8 , 1 )
1 2 3 A W R I T E ( 6 , 4 U )
1 2 3 5 4 0  F O R M A T ( 1 H * , 1 1 8 X , 2 H  *>
1 2 3 6 W R I T E ( 6 , 4 1 ) ( S 2 ( J / 8 ) , J cI 5 , I 6)

1 2 3 7 41 F O R M A T ( 1 8  , 3 H  * , Z O H  M I N I M U M  W O R K  T I M E | , 1 2 F 8 , 1)
1 2 3 8 W R J T E ( 6 , 4 2 )
1 2 3 9 4 2  F O R M A T ( 1 M * f 1 1 8 X f 2 H  *)
1 2  A 0 W R I T E ( 6 , 4 3 ) ( S 2 ( J » 9 ) ( J 9 1 5 , |6)
1 2 4 1 4 3  F O R M A T ( 1 H , 3 H  * , 2 0 H  W O R K  A S S I G N E D I , 1 2 F 8 , 1)
1 2 4 2 W R J T E ( 6 , 8 4 )
1 2 4 3 4 4  F O R M A T ( 1 8 # , 1 1 8 X f  2 H  *>
1 2 4 4 W R I T E ( 6 , 4 > ) ( S 2 ( J , 1 0 ) , J 9 I 5 , I 6 )
1 2 4 5 4 5  F O R M A T ( 1 8  , 3 H  * , 2 0 H  T I M E  A V A  I L A P  L E 1 , 1 2 F 8 ,1 )
1 2 4 6 W R I T E ( 6 , 4 6 )
1 2 4 7 4 6  F O R M A T d  H * , 1  l a x ?  2 H  *)
1 2 4 8 W R I T E ( 6 , 4 7 )
1 2 4 9 4 7  F O R M A T (1 « » 3 8  * , 1 1 5 X , 2 H  *)
1 2 5 0 I F ( L A 4 ,  EU,'0) G O  T O  5 0 4
1 2 5 1 W R I T E ( 6 » < * 8 ) ( S Z ( J , 1 ) , J " I 5 , I 6 )

1 2 5 2 4 8  F O R M A T ( 1 8  , 3 H  * , Z 0 H  D O W N S T R E A M  W O R K J N G | , 1 2 F 8 ,1)
1 2 5 3 W R I T E ( 6 , < * y )
1 2 5 4 4 9  F O R M A T  C l 8 * , 1 18X» 2 H  *)
1 2 5 5 W R I T E ( 6 , 3 0 ) C 5 I 2 C J » 1 ) f J P l 5 , l 6 )
1 2 5 6 5 0  F O R M A T ( 1 8  , J H  * , Z Q H  F R E Q U E N C Y l l 1 2 I 8 )
1 2 5 7 W R I T E (6# >1 ?
1 2 5 8 31 F O R M A T C 1 8 * , 1 1 8 X f 2 H  *)
1 2 5 9 W R I T E ( 6 » 3 2 ) ( 5 2 ( J , 2 ) , j a I 5 , I 6 )



1 2 6 0
1 2 6 1
1 2 6 2
1 2 6 3
1 2 6 4
1 2 6 5
1 2 6 6
1 2 6 7
1 260
1 2 6 9
1 2 7 0
1 2 7 1
1 2 7 2
1 2 7 3
1 2 7 4
1 2 7 5

1 2 7 6
1 2 7 7
1 2 7 8
1 2 7 9
1 2 8 0
1 2 8 1
1 2 8 2
1 2 6 3
1 2 8 4
1 2 8 5
1 2 8 6
1 2 8 7
1 2 8 8
1 2 8 9
1 2 9 0
1 2 9 1
1 2 9 2
12^3
1 2 9 4
1 2 9 5
1 2 9 6
1 2 9 7
1 2 9 8
1 2 9 9
1300
1 3 0 1
1 3 0 2
1 3 0 3
1 3 0 4
1 3 0 5
1 3 0 6
1 3 0 7
1 3 0 8
1 3 0 9
1 3 1 0
1 3 1 1
131 2
1 3 1 3
1 3 1 4  c
1 3 1 5
1 3 1 6
1 3 1 7
1 3 1 8
1 3 1 9

617

5 2

5 3

5 4

5 5

5 6

5 7  

5 3

59
6 0

6 5

66
6 7

5 0 4
6 3

6 9

7 0

71

7 2

7 3

74
7 5

7 6

*»2QH UPSTREAM WORKINGformatc1h , jh
WRJTE(6 , 53)
FORMATOH*,118X/2H *)
WRITER,54} <SI2(il,2) , J = I5, 16)
FORMAT (111 13H *,20H FREQUENCY 
WRITER,»)
FnRMAT(1H+fne x ,2H *>
WRITE <6,56) (S2CJ, 3 ) , J » I 5 , 16)
FORMA TOM ,38 *,20H NORMAL WORKING
WRITE(6 ,5/)
F0RMAT(1H*,1iaxf2H *)
WRITER,5a)(SI2(Jf3) , J«I5, 16)
FORMAT(1H ,3H * ,20H FREQUENCY
WRITER,5Y)
FORMAT(1H »118X»2H *)
OR ITE{6,60)
FORMAT( 1 H ,3H *,115X,2H *)
WRITER,t>5) (SZ(J,6) , J ■  I 5 i 16)
FORMAT(1H ,38 *,20H OVERLAP WORK TIME
WRITEI6 , 66)
FORMATC1M*#11BXfHH *?
WRITF(6.f07) (SI2(J,6),Jf»I5,I6)
F0RMAT(1H ,3H * j 20H FREQUENCY
WRITE(6(68)
FORMAT n M*/1l8Xf2M *)
WRITEi6 ,<ri )
WRITEi6 , 6y>(S2<J,11) , J»I5, I6>
FORMATOH ,3H * | 20 H NEXT START
WRITE(6,70)
FORMAT(1H*,118X,2H *)
WRITER,71)
FORMAT(1H ,3H *f1 1 5Xi 2H *)
WRJTE(6f 72)(SZ{J,4),J«I5,I6>
PORMATMM ,38 *,20H TOTAL LOST WORK
URJTE{6,/3)
FORMAT(1H* , 1 1 8X, 2H *) 
WRITE(6,74)(SI2<J/4),JPI5,I6>
FORMAT(1H »3« *»20H FREQUENCY
WRITE(6,75)
F(JRMAT(1H*f1iaXi2H *)
WRITE<6,76)
FORMAT(18 ,38 • , 1 1 3Xi2H *)
U D I T F  . 7 7  1

I 1 1 2  F 8 ,1) 

I , 1 2 1 8 )

I 1 1 2 F 8 ,1> 

I l 1 2 1 8 )

I , 1 2 F 8 ,1} 

) » 1 2 1 8 )

P0S»N I»12 F8 ,1)

I »12F8,1) 

It12I8)

2 * W 7 )
5 0 5  J F < I 4 i E Q , T 4 )

13 r 14 * 1
I2r 12 *12
GO TO SOU

506 RETURN 
END
SUBROUTINE PRINT* <T4,N1,N3,T7,T2,TL2,T5,N,XD,T6,BBD1,BBD3,BBD2, 

1P4,BSI1»8SI3,PSI*,BSI4,T11 ,T61,LA6) BB

INTEGER T4,T7,S6»S7»S60,SI2,S4,F1,T5,F6»T6,S1,E1,T11»TM1»TM3,TM5,T 61
PIMENSION DC7),C3(2),S6(30,4),S7<40,2),S2(40,12),S3(40,4),S4(40,20

1)»Sl2t40,3),S60(30,3),F1 <1 00)., F 2 (1 0.0) , F 3 (1 0 0) , F6 < 1 0 0,1 0) , A S < 1 00,1 
20),F 8 {1 0 o) »S1 (40»2),S5<40), E1 (10),TM(4) , TM1(10)»TH3<8) , TM4(8 2 ) , TM
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1320
1 3 2 1
1 3 2 2
1 3 2 3
1 3 2 4
1 3 2 5
1 3 2 6
1 3 2 7  
1 3 2 3
1 3 2 9
1 3 3 0
1 3 3 1
1 3 3 2
1 3 3 3
1 3 3 4
1 3 3 5
1 3 3 6
1 3 3 7  
1 3 3 3
1 3 3 9
1 3 4 0
1 3 4 1
1 3 4 2
1 3 4 3
1 3 4 4
1 3 4 5
1 3 4 6
1 3 4 7
1 3 4 8
1 3 4 9
1 3 5 0
1 3 5 1
1 3 5 2
1 3 5 3
1 3 5 4
1 3 5 5
1 3 5 6

1 3 5 7
1 3 5 8
1 3 5 9
1 3 6 0
1 3 6 1
1 3 6 2
1 3 6 3

1 3 6 4
1 3 6 5
1 3 6 6
1 3 6 7
1 3 6 8
1 3 6 9
1 3 7 0
1 3 7 1
1 3 7 2
1 3 7 3
1 3 7 4
1 3 7 5
1 3 7 6
1 3 7 7
1 3 7 8
1 3 7 9

35<4,7,52,5>f S9<12),ADJ(10,2>
Ç0MHÜN/SIAB6/D, DJ/SUB7/K1 , IC 2 , K 3 , K4, TA4 / S l AB 1 / S6 , S7/S U B  3 / S2 , S3. S 4 

1 ,SI2/SLABa/ML,ML1 ,MU|ML3/SIAB2/F1 , F2, F 3,F6,F3/SLAB9/J A S , E 1 ,S60/SL 2AP5/S1(S5/SltAB4/THiTM1,TM3(TM4iTH5/SUP10/S9/ADj El , SCO/St.
WR I TE 16,1?)

15 FORMAT Ç1 H1>
WRITE(6,¿0}

20 FORMAT(////I H ,120H * * * * * *

2 * * * * * * * )

W R J T E ( 6 , 2 1 )

21 F O R M A T C 1 H  f ) H  
WRITE(6,25>

25 FORMAT(IM f3H 
W R I T E ( 6 , * 6 )

26 FORMAT(IM ,JH 
U R I T E < 6 , ü 1 ?

* l 1 1 5 X | 2 H  *>

* | 1 8 H  F I N A L  A N A L Y S I S  ¡ , 9 7 X , 2 H  *)

*.18H************.*****f97Xf2H

J J  | S T A R T / F I N I S H  C Y C L E S
J J 1  i t o t a l  p r o d u c t i o n  C Y C L E S
A Y  ¡ A V E R A G E  B A T C H  S I Z E  
SS ¡ A V E R A G E  R U N  L E N G T H

S S S  ¡ S T A N D A R D  D E V I A T I O N  O F  T H E  A V E R A G E  R U N  L E N G T H

J J « T 4 * 1  
J J1 =J J + M
A V = F L O A T I N 3 ) / F L O A T ( N )

S S ' = F L U A U M L 2 > / F L U A T ( M L 1  >

5 S S = S M R T U F L O A T < M L 3 ) « S S * S S ) / F L O A T ( M L 1 ))WRITE{6,ail)
8 0  F O R M A T ( 1 H i 3 H  *,

' » 2 0 X  f 1 H * >
W R I T E R ,  8 1 )

81 F O R M A T (1 H , J H  ♦ i 2 Q X ,1 H * , 7 4 X ,1 H * i 2 0 X ,1 H P )
W R I T E R ,  8 g )

8 2  F O R M A T (1 H , 3 H  * / 2 0 X 1 1 H *  , 2 9 H  S C H E D U L E  A S  S H O W N  C O M P L E T E O , 4 5 X « 1 H *
1 2 0 X / 1

WRITE(6 , ai )
W R I T E Ç 6 , H 3 ) T 1 1 , T M 1 (5)

8 3  F O R M A T  (1 H , 3 H  * , 2 0 X , 1 H * , 1 9 H S C H E D U L E  N U M B E R  S, 1 4 , 2 2 X ,  1 8 H T I M E T A B L
1 E N U M B E R  S , I 4 , 7 X , 1 H * , 2 0 X , 1 H * >  ' 1

W R I T E  ( 6 , 8 1 )

W R I T E ( 6 , 8 4 ) T A 4 , K 1 , D ( K 2 > , K 3 , K A

84 FORMAT(1 H , 3H *, 20X, 1 H*, 1 5 H FINISH TIME a,f6.2,9H SHIFT
1 D A Y  a , A a , 7 H  W E E K  f f I 2 , 7 H  Y E A R  5 , 1 5 , 6 X ,1 H * , 2 Q X , 1 H * ) * ' "
W R J T E ( 6 , B 1 )
W R I T E ( 6 , 8 0 )
W R  I T E  1 6 1 21 )
WRITE( 6 , 2 1  )WRITE(6,7V>

7 0  F O R M A T ( 1 H , J H  
W R I T E ( 6 , 7 1 J

71 F O R M A T ( 1 H , J H  
WRITE (6,<£1 )WRITE(6,21)
W R J T E ( 6 , / S )

72 FORMA?(1H ,3H 
1 *URJTE(6,7J)

*|14H P R O D U C T I O N  ¡,102X»1H#>

' » 1OJX11H*)

» 1 O X , 1 H *  >
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1 3 8 0
1 3 3 1
1 3 3 2  
1 3 8 3  
1334
1 3 8 5
1 3 8 6  
1 3 8 ?  
1 3 8 3  
1 3 3 9
1 3 9 0
1 3 9 1

1 3 9 2
1 3 9 3
1 3 9 4
1 3 9 5
1 3 9 6
1 3 9 7
1 3 9 8
1 3 9 9  
H00 
1 4 0 1  
1402
1 4 0 3
1 4 0 4
1 4 0 5
1 4 0 6
1 4 0 7  
1 4 0 3
1 4 0 9
1 4 1 0
1 4 1 1
1 4 1 2
1 4 1 3
1414
1 4 1 5
1 4 1 6
1 4 1 7  
1 4 1 3
1 4 1 9
1 4 2 0

1 4 2 1
1422
1 4 2 3
1 4 2 4
1 4 2 5
1 4 2 6

1 4 2 7
1 4 2 8  
1 * 2 9
1 4 3 0

1 4 3 1
1 4 3 2
1 4 3 3
1 4 3 4
1 4 3 5
1 4 3 6

1 4 3 7  
H 3 8  
1 4 3 9

’i 1 0 X , 1 H * / 9 4 X » 1 H * | 1 0 X f l H * )
7 3  F O R M A T (1« ,JH 

U R I T E < 6 , « > > J J 1

3 5 1 * ™ 0 x I l H M  ' 3 H  * ^ X , 1 h ., 5 9 X ,  2 5 H T O T A L P R O D U C T I O N  CVCl.ES = , I 4 , 6 X * 1 H

W R I T E Ç 6 ,  « 6 J J J

3 ^1 , 1 H * ^ D X / 1 H * )  * , 1 0 X , 1 H * , 5 6 X ' 2 8 H ^ S S  S T A R T  5 F I N I S H  C Y C L E S  » , 1 4 , 6 *

W R I T E R ,  6 7 )

87 F O R M A T  ( 1 H , 3 H  * ,1 O X  ,1 H *, 84 X  4 H , 6 X  > 1 H *, 1 O X  ,1 H * )
W R I T E R , 8 8 ) N 3 , f | 3  ,n '

88 FORMAT (1 H ,3H * , 1 OX,1H*,1 OX ;26HNUMBER OF FINISHED UNITS s .i a .IAX.
126 HNUMB E R OF FINISHED. UNJTS B ,14(6X,1H*,1 OX,1H») '16*'
W R I T E ( 6 , 8 9 ) M L I

B9i Ï ? S : Î Ï : Ï M ,3H #' 10X,1H* ' UX,22HNUMBER 0f MODEL R U N S  ■ / 1 6 , 5 2 X 1 1 H* ,  

U R I T E ( 6 , V V ) N

901 H * J l  OX , 1 * ' 1 0 X ' 1 " * ' 3 8 X ‘ ^  — -'2^,18HNUMBER OF MODELS =*,{4,6
W R I T E ( 6 , y i ) S S , A V

91 F O R M A T O H  , 3 H  *, 1 O X , 1 H * » 1 6 X , 2 0  H A V E R A G E  R U N  L E N G T H  * , F 6  2 . 1 2 X . T D H Î
1 V E R A G E  P R O D U C T I O N  P E R  M O D E L  - , F 6 ( Z , 4 X , 1 H * ;  0 X , 1 H * >  ' ' F 6 ' 2 ' 1 2 X  '3 0 H A
W R I T E ( 6 , V 2 ) S S S , X D  . '

9 2  F O R M A T ( 1 H , 3 H  * | 1 O X f  1 H * , 5 X » 3 1 H S T A N D A R D  D E V I A T I O N  R U N  L E N G T H  » , F 6
1 2 f 1 9 X ( 2 3 H - , O p E!l D O M I N A N C E  R A T I O  » , F 6 , 2 , 4 X , 1 H * , 1 O X , 1 H *  ) ‘ *
W R  I T E ( 6 » f i )  1 '
W R I T E { 6 , f i )

W R I T E R , ¿ 1 )
U R I T E < 6 , < ! 1  )

S B D 1 = S 9 ( 1  J * 1 0 0 , 0 U / S 9 C 9 >
S C D 2 = S D D ’
S 3 D 3 a S 9 ( A ; * 1 0 0 , 0 0 / 5 9 ( 9 )
S B D A 3 S R D 3
I F ( L A 6 , E W , i ) G O T O  5 2 0  
S S H " $ Q R T ( S ? ( ? ) / F L O A T ( N 3 ) )
S 5 I 2 » S S I 1
S S I 3 = S O R T Ç S ? ( 7 ) / F L O A T ( N 3 ) )
S 5 I 4 - S S 1 3  
GOTO 521

5 2 0  S S I 1 R S Q R T I S 9 ( 5 ) / F L 0 A T { J J 1 ) >
SS I 2 = S S 1 1

S $ I 3 « $ Q R T ( S 9 ( r ) / F | , 0 A T ( J J 1 ) )
S S J 4 » S S I S

5 2 1 W R I T E C 6 , 9 3 )

9 3  F O R M A T ( 1 M , 3 H  * , 2 3 H  E F F I C I E N C Y  M E A S U R E S  , , 9 3 X , 1 H * )
W R I T E  < 6 ( 9 4 )

9 4  F O R M A T Ç 1 H , 3 H  * , 2 3 H * * * * * * * * * * * * * * * * * * * * * * * , o 3 x , , H # )
U R I T E Ç 6 , 2 1 )  ’ '
W R I T E R , 9 5 )

9 5  F O R M A T H H ^ i 3 H  *, 3 3 X  ,9 HB A LA NC  I N G  , 3 0 X  , 1 0 H $  J M U L A T I  O N , 3 4 X ,1 H * >

9 6  F O R M A T  ( 1 H , 3 H  *, 3 3 X , 9 H - - - —  - —  J O X , 1 0 H 3 * x , 1 H *)
W R  J T E (6 f ¿ 1 )
W R I T E ( 6 , 9 7 ) B B D 1 , S B D 1

9 7  F O R M A T ( 1 8  , 3 H  * , 3 3 X , 5 H B D 1  « , F 6 , 2 , 2 8 X ,5 H B P1 a , f 6 . 2 , 3 3 X « 1 H *)
W R J T E < 6 , C 1 ) ' *

W R I T E ( 6 , 1 0 2 ) B B D 3 , S B D 3

1 0 2  F O R M A T ( 1 H , J H  * , 3 3 X | 5 H B D 3  = , F 6 , 2 , 2 8 X , 5 H B D 3  = , F 6 , 2 , 3 3 X , 1 H * )
W R I T E R , ¿ 1 )  ' ' '
W R I T E t 6 , 9 B ) B B P 2 , S B P 2

9 3  F O R M A T ( 1 H , J H  ♦ , 3 3 X , 5 H B P 2  = , F 6 , 2 , 2 S X , 5 H B D 2  » , F 6 , 2 , 3 3 X i  1 H O
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1 4 4 0
1 4 4 1
1 4 4 2
1 4 4 3
1 4 4 4  
1 4 4  5
1 4 4 6
1 4 4 7  
1 4 4 3
1 4 4 9
1 4 5 0
1 4 5 1
1 4 5 2
1 4 5 3
1 4 5 4
1 4 5 5
1 4 5 6
1 4 5 7  
1 4 5 0
1 4 5 9
1 4 6 0

1 4 6 1
1 4 6 2
1 4 6 3
1 4 6 4
1 4 6 5
1 4 6 6
1 4 6 7  
1 4 6 3
1 4 6 9
1 4 7 0
1 4 7 1
1 4 7 2
1 4 7 3
1 4 7 4
1 4 7 5
1 4 7 6
1 4 7 7  
1 4 7 0  
1 4 7 9  
1 4 3 0  
1 4 8 1  
1 4 8 2
1 4 8 3
1 4 8 4
1 4 8 5
1 4 8 6

1 4 8 7
1 4 8 8
1 4 8 9
1 4 9 0

1491
1 4 9 2
1 4 9 3
1 4 9 4
1 4 9 5
1 4 9 6
1 4 9 7  
1 4 9 3  
1 4 9 9

W R I T £ C 6 , 0 >
W R I T E ( 6 , 1 U 3 ) B B P A , S E D A

1 0 3  F Q R M A T O *  * , 3 3 X , 5 H B D A  * , f 6 . 2 , 2 8 X , 5 H B P 4
W R I T E ( 6 , « 0 >
W R I T E ( 6 , V 9 ) B S I 1 , S S J 1

9 9  F O R M A T O *  , 3 H  * , 3 3 X  , 5 H S  1 1 - , f 6 , 2 , 2 8 X  , 5 HS 11
W R  I T E  Ç 6 / ¿ 1 )
W ? í I T E Í 6 , 1 U 0 J B S J 3 , S S J 3

1 0 0  F O R M A T O *  , 3 H * , 3 3 X , $ H S J 3  * , F 6 , 2  , 2 S X  , 5H S J 3 
W R I T E < 6 , ¿ 1 >
W R I T E ( 6 , 1 0 1 ) B S J 2 , S S I 2

101 F O R M A T O *  , 3 H  * , 3 3 X  , 5 HS I 2 a , F 6 , 2 , 2 Ô X  , 5 H S I 2
W R I T E R ,  ¿ 1 )
W R I T E ( 6 , 1 ü 4 > B S t 4 , S S I 4104 FORMATO* ,3* * ( 33X i 5 H S I 4 » , F6,2,28X, 5 H S J 4WRITE(6,0 )
W R I T E ( 6 / ¿ 1 )
WRITE(Û,21>
q U M I f l O . O
S U M 2 « y , ü
$'JM3a Q , Q
§ U M 4 » V , 0

S U M 5 ■ 0 , 0
s u n ô p y , y
upqo,y
D N » 0 , 0
R N a 0 , y
Ilio
U b o

U b o
4 A » 0
D O  5 1 3  1-1 , T 4
5 U M 1  f S U M I  *Sj2 { I f 1 )
S ' J f l Z B S J M 2 * S i : ( I , 2 >
SUI!3“ S U M J * S 2 (  J ,3>
S U M 4 » S U M A  + S 2 U , 4 >

S ’.JM5 = S U H 5 * S 2  0 , 1  J + S 2 U , 2 ) « S 2 ( I , 3 )
s ,;m 6 » s 'j m ó + s ¿ u , i ü )

t 1 l L 1 * S U O » 1 î
U l U * S U < l » 2 ?

U l l . 3 * S I ¿ U | 3 í  
l,4“ l.4 + S I ¿ 1 I | 4 )

5 1 3  C O N T I N U E  
U P B  S 9 ( 1 0 )

D N  = S 9 0 1 >

R N B S 9 0 2 J
T U T 2 « U P * D N * R N
T'JT = Sl'H1 + S U M 2 * S U M 3 * S U M 4
A V 1 ° < S U M 1 / T O T > * 1 0 0 , 0
A V 2 » ( S U M 2 / T O T ) * 1 U O , 0
A V 3 = ( S U M J 7 T 0 T J # 1 Ü 0 , 0
A V 4 = ( S U M B / T O T ) * 1 ü O , 0
A V 5 = < 5 U M > / T O T J * 1 V 0 , 0
A V T » O 0 T / T 0 T ) * 1 0 V , 0
D E  = SU;i6’ S U M 3
A V E 1 B ( S U M 3 / S U f ! 6 ) * 1 0 0 , 0
A V E 2 M D E / S U M 6 J * 1 0 0 , 0

A V E 3 =  C SUMC>/SUI!6> * 1 0 0 , 0

U U D b U P + 0 N « S U H 2 " S 0 M 1
U N l R N f i S U M 3

« , F 6 ( Z , 3 3 X , 1 H * )  

* » F 6 ,2 « 3 3 X /1 H #) 

" i F 6 , 2 | 3 3 X f 1 H * >  

» , F 6 , 2 f 3 3 X , 1 H * }  

= , F 6 , 2 , 3 3 X , 1 H * )
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1500 
1 501
1 5 0 2
1 5 0 3
1 5 0 4
1 5 0 5
1 5 0 6
1 5 0 7
1 5 0 8
1 5 0 9
1 5 1 0

1 5 1 1
1 5 1 2
1 5 1 3  
1 5 H
1 5 1 5
1 5 1 6
1 5 1 7
1 5 1 8
1 5 1 9
1 5 2 0
1 5 2 1
1 5 2 2
1 5 2 3
1 5 2 4
1 5 2 5
1 5 2 6

1 5 2 7
1 5 2 8
1 5 2 9
1 5 3 0
1 5 3 1
1 5 3 2
1 5 3 3
1 5 3 4

1 5 3 5
1 5 3 6
1 5 3 7
1 5 3 8
1 5 3 9
1 5 4 0
1 5 4 1
1 5 4 2
1 5 4 3
1 5 4 4
1 5 4 5
1 5 4 6
1 5 4 7
1 5 4 8
1 5 4 9
1 5 5 0
1 5 5 1
1 5 5 2
1 5 5 3
1 5 5 4  
1 5 5 3
1 5 5 6
1 5 5 7
1 5 5 8
1 5 5 9

T Q T 1 a T O T 2 ' * U U P n U N
U R I T E { 6 , 2 1 >
W R I T E ( 6 , 2 1 >
W R I T E R ,  1-?0)

pEBtENT
U R I T E ( 6 , 1 2 1 )

12 1  F O R M A T  (1 H ,3 H * , 3 0 X ,1 O H  , 5 X  , 11 H i 1 0 X » 9 H » - - -  —  -■*
1 n - , 1 3 X , 9 M B - - r - - - - r . , 1 ? X i l H * )
W R I T E R , ¿1 >

W R I T E R , V J 5 J S ' J M 2 , A V 2 f L 2 , U P

1 0 5  F O R M A T (1 H , 3 H  * , 6 X , 2 1 H T O T A L  U P S T R E A M  T I M E  =•, F 1 0 , 1 , 7 X  , 3 H  ( , F 5  1 . 4
1H % ) , 1 Z X , 1 5 : 1 2 X ^ 1 0 , 1 , 2 1 X , 1 H * >  ’ ' ' * ( | F 5 , 1 , 4
W R I T E ( 6 , 2 1 )

W R I T E R , 1 0 7 ) S U M 1 , A V I , U i O N
1 0 7  F O R M A T  <1 H , 3 H  * , 4 X , 2 3 H T O T A L  D O W N S T R E A M  T I M E  * , F 1 0  1 . 7 X . 3 H  i c < 1

1 , 4 H  X ) , U X , I 5 , 1 2 X , F 1 0 , 1 , 2 1 X , 1 H * >  » M  U , 1 , 7 X , 3 H  , F 5 , 1
W R I T E R ,  ¿ 1 )

W R I T E ( 6 , 1 0 8 ) S U M 3 f A V 3 , L 3 , R N

1 P 3  F O R M A T ( 1 H , 3 H  * , 8 X , 1 9 H T O T A L  N O R M A L  T J M E  F I Q , 1 , 7 X , 3 H  ( , F 5  1 . 4 H
I X  ) , 1 2 X , I 3 , 1 2 X , F 1 0 , 1  , 2 1 X , 1 H * ) *r i v , i , r* ,  ¿(1 ( r F 5 t 1 ( 4H

W R I T E { 6 , 2 1 )

W R I T E ( 6 , 1 0 9 )

1 0 9  F O R M A T  (1 H , 3 H  * , 2 7 X  ,■ 1 O H * - - - -  —  „  , 4 8 X  , 1 O H - r ............ , 2 l X . 1 H O
W R J T E ( 6 , 2 1 )  1 ' 11 1

W R I T E ( 6 , 1 ¿ 2 ) T O T 2

1 2 2 ^  F O R M A T ( 1 H # 3 H *, 3 7 X , 2 8 H T H E O R ? T I C A L  T I M E  A V A I L A B L E  FI 0 , 1 , 2 1 X # 1 H *  

W R I T E ( 6 , 1 2 3 )

1 2 3  F O R M A T ( 1 8  / 3 H  * , 6 3 X , 4 H L E S S , 4 9 X » 1 H * )
W R I T E ( 6 , 1 2 4 ) U U D

1 2 4  F O R M A T  ( 1 H ,3 H * , 6 4 X i 2 1 H U N U S E D  U p / D O W N  T I M E  " , F 1 0  1 . 2 1 X . 1 H * )
W R J T E ( 6 , 1 2 5 ) U N  ' ' n '

1 2 5  F O R M A T ( 1 K , 3 H  * , 6 5 X , 2 0 H U N U S E D  N O R M A L  T I M E  » , F 1 0 . 1 , 2 1 X , 1 H O
W R I T E  ( 6 , 2 1  ) '
W R I T E ( 6 , 1 < 6 >

1 2 6  F O R M A T  (1 H , 3 H  * , 8 3 X , 1 0 H ! i 5  — - — h - . , 2 1 X , 1 M * )
W R I T E ( 6 , 2 1 )

W R I T E ( 6 , n O ) S U M 5 , A V 5 , T O T 1

1 1 0  F O R M A T ( 1 M , 3 »  * , 8 X , 1 9 H T O T A L  W O R K  O U T P U T  ■ , F 1 0 . 1 , 7 X , 3 H  t . F 5  1 4 H
n  ), 1 O X , 1 9 H T 0 T A L  W O R K  O U T P U T  F 1 Q , 1 , 2 1 X , 1 H * >  ' '
W R I T E ( 6 , 2 D
W R I T E ( 6 , 1 1 1 ) S 0 M 4 , A V 4

1111 Fi’^ i ! i * ! 3H * ,10X,17HT0TAL L0ST TlME 9» f 1 0 , 1 ,7X, 3H ( i F5,1 (4 H X
W R I T E ( 6 , 1 1 2 ) L4

1 1 2  F U R M A T  (1 H , 3 H  *, 1 6 X  , 11 H f R E Q U E N C  Y =?, 1 8 , 8 1  X , 1 H * )
W R I T E ( 6 , 2 1 )

W R I T E ( 6 , 1 1 3 )

1 1 3  F O R M A T (1 H , 3 H  * , 2 7 * ,  1 O H » *  — * «  — s * , 7 ? X , 1 H * ?
W R I T E ( 6 , 2 1 )

W R J T E ( 6 , 1 1 4 ) T O T , A V T

1 1 4  F O R M A T ( 1 H , 3 H  * , 6 X , 2 1 H T O T A L  W O R K  A S S I G N E D  », F 1 0 . 1 , 7 X , 3 H  ( , F 5  1 . 4
I N  X ) , 6 0 X , 1 H * I  ' * '
W R I T E ( 6 , 2 1 )
W R I T E ( 6 , 2 1 ?
W R I T E ( 6 , 2 1 )

W R I T E ( 6 , 5 2 ?
5 2  F O R M A T ( 1 H ,12011 

1
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1 5 6 0 2 * * * )
1 5 6 1 R E T U R N
1 5 6 2 6 N O
1 5 6 3 C
1 5 6 4 C
1 5 6 5 C
1 5 6 6 S U B R O U T I N *  P R J N T J  ( ! T M 1 , 1 T M 2 , 1 T M 3 , 1 T M 4 )
1 5 6 7 C
1 5 6 3 C
1 5 6 9 I N T E G E R  T M 1 , T I 1 3 » T M 5
1 5 7 0 D I M E N S  1 0 N T M  ( 4 7 » I M I ( 1 0 > , T M 3 i 8 > , T H 4 < 8 , 2 ) , T H 5 ( 4 , 7 , 5 2 ,
1 5 7 1 C O M M O N / S U B 4 / T M , T M 1  , T M 3 ,  T K 4  , T H 5 / S U B 6 / D  , D 3 / S  L A B 7 / K 1
1 5 7 2 N 9 9  = 0
1 5 7 3 n = n T M i
1 5 7 4 I Z = I T M 2
1 5 7 5 1 3 = 1 T M 3
1 5 7 6 l T M 4 S I T M 4 « T M 1 ( 3 7 * 1
1 5 7 7 K 4 a K 4 n T M 1  i 3 ) *  1
1 5 7 8 I 4 = I 7 M 4
1 5 7 9 1 X 9 = » ( K 4 « 1 7 + 5 2 * 7  + 4 + ( K 3 a 1  ) * 7 * 4 *  ( K 2 - 1  ) * 4  + K1
1 5 3 0 I I 1 B T M M I l i  1 2 , 1 3 , 1 4 7
1 5 8 1 o o q O
1 5 8 2 5 0 0 D O  5 0 4  1 * 1 4 , 5
1 5 8 3 D!,) 5 0 3  K ? I 3 , 5 2
1 5 8 4 D'J 5 0 2  J * I  2 ( 7
1 5 8 5 D O  5 0 1  I - n  , 4
1 5 3 6 IX3«* < U-1 » * 5 2 * 7 * 4 *  ( K " 1  7 * 7 + 4 + < J » 1 7 * 4 + 1
1 5 8 7 J F < I x a , G T , I X 9  ? G O  T O  8 0 0
1 5 8 8 I P ( T M > ( I f  J f K i L ) ( N E , 1  . A N 0 . I I 1  . N E . T M 3 U ,  G O  T O
1 5 8 9 I I 1 = T M 5  (I i J ,  K,l,7
1 5 9 0 501 C O N T I N U E
1 5 9 1 1 1 = 1
1 5 9 2 5 0 2 C O N T I N U E
1 5 7 3 12=11
1 5 9 4 5 0 3 C O N T I N U E •
1 5 9 5 1 3 3 1
1 5 9 6 5 0 4 C O N T I N U E
1 5 9 7 G O  T O  8 0 9
1 5 9 8 5 0 5 N ? 9 * 1
1 5 9 9 1 5 * 1
1 6 0 0 J 3 » J
1 6 0 1 K $  = K
1 6 0 2 (.S3L + T M 1  I 3 J - 1
1 6 0 3 I I 1 = T M 5 ( J , J f K , ( , 7
1 6 0 4 D O  5 0 9  U H » 3
1 6 0 5 D O  5 0 8  K K * K ( 5Z
1 6 0 6 D O  5 0 7
1 6 0 7 D'J 5 0 6  1 1 ** I , A
1 6 0 8 I F Ì T M S m n J J i H K i U J . N E . i m  6 0  T O  6 0 0
1 6 0 9 ¡E'iIJ
1 6 1 0 J E = JJ
1 6 1 1 K E h K K
1 6 1 2 U  = U  + TM 1  ( 3 7 * 1
1 6 1 3 5 0 6 C O N T I N U E
1 6 1 4 5 0 7 C O N T I N U E
1 6 1 5 5 0 3 c o n t i n u e

1 6 1 6 5 0 9 C O N T I N U E
1 6 1 7 6 0 0 G O  T U  ( V U 0 | 9 0 0 { 6 3 1 , 6 1 1 , 6 2 1 ) , IJ1

1 6 1 8 6 1 1 W R I  T E (6 , 7
1 6 1 9 gl F O R M A T (1 « , 1 0 X ( 3 H  * i 9 5 X , 2 H *)

5 0 3

093(27
K 4 , T * A
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16201621
16221623162416251626 1627 162fl1629163016311632163316341635163616371638
1639164016411642
1643164416451646164716481649
165016511652 16331654165516561657165816591660 
1 6 6 1  166216631664166516661667
1668166916701671167216731674167516761677 1673

1F(00, EQ , 1 ) GO TO 612 WRITE?*,
22 I ^ ^ ; 10X'3H *'18X'6hfr0m'*2X'2HTOî2ZX,5HCAUSÉ,2X,2H *> 
2 3 oô l'AT<1H *|18X,4H****,41X»4H****,21X,5H*****,2X,ZH ♦)

612 WRITER, 21)
WRJTE(6,24>IS,i>(J$),KSil.S,IEiD(Je>,KE,LE24 FURMAT?1H ,10X,5H *|6H SHIFT,12,5H DAYi,A8,6H WEEKiaI3.*h ÿ f j u» »

14,5X,6H S dI F T/J 215 H DAYj,A8,6H WE E KIfI 3,6 H YEAR|,14,2X,8HJNTERNAU
URjTE?6,4y9)

499 FORMAT? 1H ,10X,3H *,A0H ---rr----.........................
1X|3 9 --jvgy................ - p H è J *GO TO 7ÜO ' A,ofl '¿H *t

621 URJTE?6,21>
IF?00,EQ,1) GO TO 622 
URJTE?6,22>
WRITE?*,-?.»)

622 WRJTE?6,¿1)
WRITC?6,25)IS,DtJS),XS,LS,IE,0(JE),KE,LE25 FORMAT ? 1 H , 1 OX , 3 H * , 6 H SHIFT, 12,5H DAYi»A8.6H yccif • M  Ag VCAn , 

14,5X,6H SHIFT,12,5H DAY,,A3,6H WEEXl,I3,6H YEAR|,J4,2X,8HEXTERNa (J
WRITE?6,499)
GO TO 7Q0

631 WRITE?*,¿1)
IF(00,EQ,1J GO TO 632 
WRITE?*,¿2)WRITE?*,¿4)
00^1632 WRITE?*,¿1)
WRITE(6,26)IS,P?JS),XS,LS,IE,D(JE),KE,1.E

26 FORMATOH ,10X,3H *,6H SHIFT,12,5H PAY(,?8,6H WEEKl,I3»6H VFAfi» »
U.SXjiH 5HI ,T f [2 j 5H PAY,,AS,SR KEEK,,,3,«H YEAR,,, A ! ÉiŜ ÉÎ „ i" MY,'
wr j TE ? 6,4y9)

700 H r II 
I2»JJ 
I3=?KK 
I4»U GO TO 500

800 I F <N9V,Nfc,0> GO TO 900 
WRITE?*,¿1)WRITE?*,50)

50 FORMAT<1H ,10X,3H 
WRITE(6,21)

900 RETURN
g.vo
BtOCK DATA 
P I MENS I ON P(7J,05?2)
COMMON/S EAB6/P/D3
DATA D?1)/8HMONDAY / , D(2)/8HTUESDAY /,D<3)/8HWE0NSDAY/,D(4)/8HTHU 

1RSPAY/,D?5)/8HFRIDAY / , D (6)/8HSATURDAY/, p ?7)/8HSUNDAY " 0f1Tt1U PATA D3?1)/8H / » D3 ( 2 ) /3HW0RXI NO / H T /

'|31H NO INTERUPTIONS NO |,OST TIME,64X,2H *)

EJ
****

END FINISH
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