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ABSTRACT

ANALYSIS OF SYSTEMS OF CONSTRUCTED FACILITIES

by

ANDREW C. LEMER

Submitted to the Department of Civil Engineering on August 16,
1971, in partial fulfillment of the requirements for the
degree of Doctor of Philosophy.

An approach to the analysis of systems of constructed
facilities is presented. This approach is intended to provide
assistance in design decision, that is, in the selection of
particular actions to De undertaken to shape the physical
characteristics of a facility's service. The principal con
cept developed is that of user-based performance of the system
of constructed facilities.

The goal of the decision-maker is to provide the user
with a system which will exhibit qualities of satisfactory
performance througllout a certain design service life and in
a re ld tivel:i eff icien t manner. To "b.'!is end, actions are
chosen in planning, design, implementation, operation, and
maintenance, based upon their predicted impact upon service
life performance and cost. Costs must be broadly defined in
terms of foregone opportunities for increased benefits to
the various users, to include social and political factors
as well as economic.

Performance is evaluated in terms of three measures of
effectiveness; serviceability is a measure of the degree
to vvhicll tlle facility provides satisfactory service to the
user, where user is broadly defined to include the range
of recipients of the benefits of the system. Reliability
is a measure of the probability that serviceability will
remain at adequate levels e~roughout a given design service
life - A recognition of tile physical uncertainties inherent
in such systems. Maintainability is a measure of the degree
to which continued effort is required during the facility's
service life to keep performance at a satisfactory level.

Implementation of these measures requires application of
ideas from diverse areas. Serviceability is evaluated
through uses of psycho-physical and psychometric scaling
techniques. Reliability and maintainability analysis requires
stochastic simulation, often implemented with the help of
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Digital computers. In particular, simulation using the Markov
process appears promising.

The concept of performance and techniques for its use
in desig~ decision-making are illustrated through application
to highway transportation. The area of urban housing is
also briefly examined.

Thesis Supervisor:

Title:

Professor Fred Moavenzadeh

Associate Professor of Civil Engineering
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A. Introduction

Systems of constructed facilities -- highways, bridges,

office buildings, houses, etc. -- are physical units which

must be planned, designed, built, operated, and maintained,

subject to complex and often far-reaching interactions with

the social, political, and economic systems which they serve.

The physical units, with their typically long service life

times and large size, represent a major cornittment, not only

in the recognized economic terms of capital, but also in

terms of social and political possibilities.

Resources are required for constructed facilities:

cornrnittments are made through allocations of resources to

particular activities. The manner in which resources are

allocated to a particular facility, and thus to gaining the

services which this facility provides, includes several

levels of detail.

On a national scale, decisions are made that particular

sectors of activity are worthy of receiving resources.

Comparisons are made on a broad policy basis among such

concerns as education, transportation, and city government.

Little thougnt is given at this stage to the individual

projects eventually to be undertaken within each sector.

The outcome of possible choices (for allocation of

resources) at this stage are evaluated by very general

measures of welfare and development, viewed on the regional

or national level. Per capita income, level of unemployment,
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literacy rate, and population are examples of the types of

parameters which become the object of decision. The increas

ing need to have and use such criteria is reflected in the

growing usage of performance budgeting in government (see

Novick (1) for discussion), while the recognition that the

ability to assess social factors lags sadly behind this

ability in economic factors has led to work on social account

ing and the possibilities for development of "social indica

tors II (2).

Once it has been decided that resources should be used

in a sector of activity, decision-making proceeds to the

more detailed problems of allocating these available resources

to particular projects. If, for example, transportation is

cllosen as a desirable means for encouraging regional growth

and development, then questions such as what links should

De established, and what mode should be employed for each

link must be approached.

Typically, decision-making at this second level will

focus upon the equilibrium of economic supply and demand.

Predictions of the market or demand for a facility's services

are attempted, based upon the price which a user might pay

and certain parameters describing the level of services

provided. These parameters - factors such as trip time and

frequency of service for a transportation facility are

stated with varying degrees of explicitness, depending upon

the sophistication of the prediction (see Manheim (3) for an

10



example in the field of transportation). Similarly, attempts

are made to determine what it would cost to supply these

services. A comparison of the two predictions leads to a

decision that a certain type of facility should be provided

to supply b~e desired volume of services.

The exact details of the facility are left to be decided

at tIle final stage of decision. Physical characteristics

and operational policies must be selected. If, for example,

it \vas decided at the higher level of decision that a high-

way would De the preferred way of providing transportation,

the pavement and road alignment must now be determined. The

criteria now are such factors as maximum vehicle load,

numbers of vehicles, and anticipated weather conditions to

be resis te d .

The statement that a particular highway is preferred

to other possinle highways, and the decision that this

particular system configuration should be implemented as the

"optirnal II use of resources, are then predicated upon decisions

that a highway is the preferred mode of transport, and that

transport is a desirable area of activity.

For systems of constructed facilities, one mal convenient

ly refer to the lligrler t\V"o levels of decision as planning

stages, and to tIle final level as tIle design stage. The

terms planning and design, through their traditional usage,

connote tile luore or less abstract terms in whicl'l the con

structed facility is treated by former, while the latter deals

11
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with the 1I11ardware il of system behavior.

The present work is concerned with this last stage of

decision. The primary objective of this thesis is to present

an approach to Dle analysis of systems of constructed

facilities, analysis directed toward providing information

about the design, implementation, operation, and maintenance

activities which comprise the means by which a facility is

realized. The results of this analysis should be useful at

the design stage of allocation of resources, allocation made

D~rough selection of actions.

The question to De addressed in this thesis is not

whether a particular transportation link should be a highway

or a train, not whether a particular plot within the city

should have low income or luxury housing, but rather, given

this decision, what physical characteristics are required of

the constructed facility in order that it may fulfill its

role in L~e larger planning framework, and how may these

characteristics be provided. That is to say, this analysis

is W1dertaken wi tll the assumption tha t wha t have been termed

the planning decisions have initially been made.

This is not to say that the planning decision is a fixed

and unchangeable constraint upon design. While the three

levels of decision have been presented as distinct stages of

activity, there is substantial overlap of planning and design.

There should be significant exchange of information, both up

and down. Indeed, it is incumbent upon decision-makers in
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the design stage to show when and why the system cannot meet

the requirements implied in the planning decision within the

limits of the assumptions which led to this decision.

Similarly, it may be shown when there are design features of

the facility which may permit the accomplishment of objec

tives in a more desirable way than that forseen in planning.

An example of this interaction is in the changing view

of ele use of maintenance activities for highways in develop

ing nations. Once seen as something to be avoided because

of the possibility e1at neglect would lead to failure, the

maintenance-intensive alternative is now viewed as a desire

able means of increasing employment and changing social

patterns (4).

One of tile intentions of the analysis presented in this

thesis is tilen to draw additional attention to the need for

this exchange of information between planning and design

levels. The planner must recognize that his decisions are

dependent upon the qualities of the system of constructed

facilities, qualities which may be impossible to obtain in a

manner commensurate wib1 the previously stated planning

goals. In turn, the designer must recognize that he is

providing these qualities, and that a sacrifice of service

for the sake of reducing resource requirements may not

represent a satisfactory solution to the problem.

Even further, the exchange should continue during the

service life of the facility. There should be a feedback of

13



information on how the facility's behavior really is influen

cing the systems which the facility serves, and what changes

in behavior might be possible and desireable.

This work will present an argument that constructed

facilities can be analyzed in such a way as to permit and

encourage tl1is exchange of information, and more particularly

it will explore and illustrate means whereby this analysis

may be undertaken. The approach developed here is presented

not as the only possible way of attacking design decision

problems, but rather as a valid and useable means of under

taking what has not been and perhaps cannot be done with

other, traditional, techniques.

The approach presented in this study is intended to be

applicable to a broad range of types of constructed facili

ties. It must, however, be pointed out that tlLe examples

used throughout the development and exposition of the work

are biased toward e1e particular area of transportation

facilities, and especially highways. Thus it may only be

suggested that what is done here for highways might be

extended to other types of facilities: a beginning for urban

housing is presented in an Appendix. It is hoped that further

exploration will be encouraged.

B. A Concept of Performance

The system of constructed facilities is intended to

supply a particular set of services. The nature and volume

of the services desired are determined largely in the planning

14



decisions which preceed actual design (subject, of course, to

information from past design actions). The design decisions

problem is one of allocating resources to undertake actions

which will describe and bring into being a constructed

facility which will deliver these desired services, and to

make this allocation in a most desireable manner. Questions

of what is IImost desireable" will also depend upon planning

decision and upon the broad role of the system of constructed

facilities within the social, political, and economic systems

which it serves.

Design decision will be concerned with how well a

particular facility provides service - its performance - and

with the resources required to obtain this service - the

facility's cost. One will in general attempt at this stage

to achieve the highest possible level of performance for any

given level of resource usage, and must face major problems

arising from the complex, multidimensional, character of

both cost and performance.

Performance may be described in terms of three parameters

- serviceability, reliability, and maintainability:

Serviceability is a measure of the degree to which the
"

constructed facility provides satisfactory service to the

user, from the user's point of view. The user, the recipient

of the services of the constructed facility, is broadly

defined to include not only the direct user, such as the

driver of a highway vehicle, but also indirect users (merchants
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who receive goods shipped via highway) and subsidiary users

(the eventual purchaser of the goods). Serviceability serves

as an evaluation of the present service behavior of the con

structed facility, and includes such factors as the quality

of ride of a highway or the degree of comfort in the environ

ment of a house (i.e., heat and humidity).

In many cases in evaluating serviceability, one is deal

ing with users' perceptions, and is thus dependent to a great

extent upon subjective judgements. This dependence makes it

necessary that continued attention be given to what the user

- people - want and need from the constructed facility.

Techniques for measuring serviceability are thus based

heavily upon ideas from psychology and economics, particularly

concepts of utility. In particular, it is suggested that

a good measure of serviceability is the probability that any

one of the community of users will find the present physical

service behavior of the constructed facility to be satisfactory.

In practice, this parameter will be estimated by the fraction

of users who adjudge the facility adequate.

Reliability is a measure of the probability that a

facility will provide adequate service - e.g., exRibit

adequate serviceability - throughout the design service life

of the constructed facility. The constructed facility is

an uncertain physical system serving in an uncertain environ

ment, and to make decisions based upon seemingly certain,

deterministic, predictions of future service is unrealistic.

16



Predictions of future behavior should be made in a

probabilistic fashion. Stochastic models, to be used in

making such predictions, must be developed to describe the

way in which the facility responds to its environment, and

must be able to deal not only with the physical phenomena

of weather and service usage, but also with the varying

effects of operating and maintenance policies. These models

may be developed through an analytical approach, where there

is an understanding of the processes involved when failure

occurs, or through an activities approach, when one knows

only the events which lead up to an observed loss of service

ability. In either case, it may be expected that statistical

data, gathered from observation of the environment and of

facilities in service, will be of importance as input to

the models.

Closely related to reliability is maintainability,

proposed as a measure of the degree to which a facility will

be sensitive to the uncertainties associated with future

human activities. Specifically, maintainability may be

defined as a measure of the degree to which continued effort

is required throughout the service life to assure that

serviceability remains at adequate levels. While maintenance

activities, and the possible consequences of their neglect,

represent the principal factor influencing maintainability.

Other factors however, such as the possible political uncer

tainties associated with future funding, will influence

17



maintainability and the designer's view of its importance.

Because of the primacy of maintenance in this component

of performance, it is often convenient to think in terms

of two distinct aspects of maintainability. One is main

tainability with respect to normal maintenance, the scheduled,

repetitive action, which is primarily preventive in character.

To the extent that normal maintenance is effective, its

neglect may be expected to lead to losses of reliability and

subsequently of serviceability. The other aspect is main

tainability with respect to repair, referring to the actions

which are required if premature losses of serviceability are

observed or are felt to be impending.

Together, reliability and maintainability serve to

provide means for evaluation of the future availability of

a facility. While serviceability refers to the present

services provided by the facility, these other two components

refer to the possibilities that these services will remain

adequate throughout the remainder of the design service life.

At any instant of time, one may consider these three

parameters - serviceability, reliability, and maintainability

- to arrive at a judgement of the facility's valu~ as a means

of providing desired services throughout a specified period

of time. Because of the way serviceability is defined, as

the fraction of users who will find the physical character

istics of service to be satisfactory, this value will ultimately

refer to the chances that the constructed facility will full-

18



fill its role in the larger context of social, political, and

economic systems. This idea will be amplified somewhat in

the next chapter. The point to be made here is that at the

design stage attempts are made to achieve a facility which

will exhibit the highest possible value throughout the design

life, for a given level of resources. That is, at each in

stant in the design service life, a facility with high value

is one which exhibits adequate characteristics of present

service, and the promise that these characteristics will so

continue. Such a facility will be considered an acceptable

solution to the design decision problem.

In particular, it may be suggested that the performance

of a facility, how well that facility provides the services

for which it is intended, will be evaluated by the predicted

lifetime trends of value, in terms of serviceability, re

liability, and maintainability. It will be proposed that

performance is estimated by an integral, with respect to

time, of value over the design life.

c. ']he Na ture 0 f Cos ts

As, suggested, one is concerned not only with performance,

the way in which a facility provides service, but also with

the resources required to realize the facility, and in par

ticular with the costs derived therefrom. While this thesis

is concerned primarily with the definition and evaluation of

performance of systems of constructed facilities, a brief look

at the nature of costs is in order. The treatment of costs

19



has received considerable attention in the economic liter-

ature, and a more extensive discussion would be beyond the

scope of present interests.

Basically, the cost of a resource in any particular use

is determined by the most productive alternative use for

that resource (5). For example, if the gravel to be used in

a highway pavement could as well be sold for use in building

construction, the cost of that gravel as used in the pave-

ment must be at least as high as this market price. The

value of a resource is thus measured in terms of an opportu-

nity cost, signifying the foregone opportunities for

alternative uses of that resource.

In view of previous discussion, it may be seen that any

particular allocation of resources within a constructed

facility may involve foregone opportunities· which are not

strictly economic in nature. Social and political impacts

should also be considered. Costs, like performance, are

complex and multidimensional.

The assessment of alternative uses for resources is, of

course, often a rather difficult task. Possible uses, and

thus costs, will in general be different in the short run..

from what they are in the long run. Over a longer period

of time, social and political systems can change in response

to physical stimulus: people will learn new ways of doing

things, which could not be done in short periods of time.

The planning decision must contend with the relatively long

20



service life of constructed facilities; indeed, it would

seem that many facilities depend quite strongly upon the IIlong

run" for their justification.*

Another difficulty lies in the use of a common scale of

measure for costs. It would be nice if all elements of

resource evaluation could be translated into monetary

equivalency, but this is seldom the case. Attempts to place

values on such factors as travel time and loss of life (see

Reference (7), for example) are generally open to serious

practical as well as moral question. It seems doubtful that

one measure of cost will accomodate all aspects of resource

usage for constructed facilities.

In spite of such difficulties, costs must still be

treated. Some suggestions as to how this task may be app~a-

ched will prove useful.

It should immediately be stated that the resource

requirements, and thus costs, for a constructed facility

should be predicted for the entire design service life of

the facility. The total cost of a facility includes not

simply the initial implementation expenses, but also all

future expenditures associated with the facility.~ To the

extent that tllese costs are expressable in monetary terms,

future expenditures may be made commensurable with current

ones by expressing them in terms of their present value.

* The whole field of social overhead capital and economic
development induced by this form of investment could be
approached with this view. (See Reference 6)
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That is, future costs are discounted by opportunity cost of

capital (9), which is usually expressed as a percentage rate.

(Under certain conditions this rate will be identical with

the market rate of interest of loans). Most generally this

discounting is done by referring all economic costs to a

common time, usually the present, and summing to find the

present value of total (economic) cost.

The problem of short versus long run is reflected in the

basic dilemrnaof whether costs should be judged by past experi

ence or by what one feels is possible for the future. Use

of past experience may be biased by conditions which do not

or need not hold in the future, with the possible result

tllat these conditions are reinforced (10). If little is

expected, little is likely to be achieved. The second course

runs the risk of being unrealistic, but can provide a stronger

test of a facility's ability to fulfill the role for which

it is planned. Further, the projections will in some degree

serve to pace activity over the design service life. For

example, allowing for higher maintenance expenses for a

highway may encourage better quality maintenance activities

in the future.

The problem of costs which are not readily expressible

in economic terms is to some extent circumvented by comparing

alternatives to a single base-level alternative. Increased

costs are measured in terms of the sacrifices made in some

aspects of service to achieve increases in other aspects,
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relative to the base level values. In this way it may be

possible to avoid having to define a distinct scale of measure

for the costs in question. For example, the social costs of

several alternative highways, represented in community disrup-

tion and undesirable growth patterns, might be rated through

of qualitative judgements as to whether each is better or

worse than the mean or minimum economic cost alternative.

Of course, this idea of relative cost may be applied

to economic factors as well. In some cases, especially at

early stages of decision-making, much of the work involved

in deciding upon the actual values of the proper costs of

resources can be avoided with no loss of validity.

A subsidiary point to be made is the distinction in

design between costs as they are perceived by the user and

the actual total cost of a facility. The point is perhaps

best made through an example.

Suppose that the problem is to design a highway pavement

for a toll road, and that the resources available to be used

for this pavement system are limited to 50% of the revenue

received. The level of toll and an anticipated number of

users who will trava the road at this toll are determined,

in planning through a projection of demand.

Further, suppose that comfort is the only component of

the serviceability measure and that pavement roughness (as

recorded with a standardized instrument) is the only indicant

required for the predictio~l of comfort. As Figure 1 suggests
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one might expect serviceability to differ with varying levels

of toll. At a higher toll, the user is less likely to toler-

ate roughness and discomfort.

(Toll) I < (TOll) 2

Design Estimate

Roughness

FIGURE 1: Change in Serviceability with Economic Factors

In practice, it will generally be the case that exact place-

ment of these curves will not be known. Available information

and experimentation will produce an estimation of service-

ability versus roughness, assuming that other factors (i.e.,

toll) are roughly the same as the userls past experience.

This estimate is shown as a broken line in Figure 1.,

Recognizing this approximation, it will still be

expected that at the given toll, there is some ~ughness

above which the predictions of numbers of users, and thus of

revenues, become quite questionable. The failure value Sf

is determined in this way, as an attempt to have adequate

24



physical characteristics.

In any case, the designer may find that the maximum

serviceability he can achieve at the level of resources

indicated is insufficient. It may be required that resources

allowed the designer be raised to 60% of the toll receipt.

Or, this additional funding could corne from other sources,

external to the system in question. The point is, that as

long as the toll is not increased, the users' ideas of

resources are unchanged, and the planning prediction holds.

If the designer does not provide the required smoothness,

because of constraints upon resource usage, the planning

prediction is likely to become invalid. In short, the extent

to which users receive and are concerned with resource

allocations - costs - is reflected in the performance measure.

Design decision, however, is based upon a broader view of all

of the resources required for the facility's realization.

A discussion of costs could be expanded substantially

by going into such things as the particular formulas to be

used in computing present value of future costs, the ways

in which opportunity costs of resources may be extracted

from historical data and mathematical models, meaQs for

projecting longer run consequences or actions, more detailed

explanation of the difference between consumers' and producers'

views of costs, and so on. But this is beyond the scope

of the present work. The principal points to be made about

cost may be quickly summarized:
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The costs associated with a system of constructed facil

ities must be recognized as occuring throughout the design

service life of the facility, and their distribution over

time can have impact upon decision. These costs are deter

mined by the most productive alternative uses for the

resources required in realization of a facility, and as such

are often complex and difficult to evaluate. The total cost

of a facility cannot always be evaluated in strictly monetary

terms.

Capital has a time value; to the extent that resource

expenditures are expressed in terms of monetary values, they

should be referred to a common time through discounting.

Mlere recognized expenditures are difficult to quantify or

to evaluate in absolute terms, this approach of expressing

costs in relative terms by comparing alternatives to a common

base offers a possible solution.

A facility's total cost must be compared with its

performance to give the decision-maker a basis for rational

choice among alternatives. The following section will

examine the activities of this comparison at the level of

design decision.

D. How Decisions Are Made

The system of constructed facilities is evaluated in

terms of its performance and cost, i.e., the qualities of

its service and the resource requirements to provide this

service over its design service life. It has been stated at
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several points in previous pages that an effort will be made

to find a facility exhibiting the best performance possible

at a given level of resources, and it has been explained that

performance and cost are complex and multi-faceted. In what

manner then can alternative facilities be compared, and how

can a selection of the "most desireable" facility be made?

The design decision is made in a progressive manner, at

several stages in the process of analysis. The first stage

is a part of tile search for an acceptable solution. Once a

possible alternative has been proposed and checked to assure

that its qualities of service are at least adequate (i.e.,

its predicted service behavior), an effort may be made to

balance the resource allocation more effectively. There

will generally be several individual subscales of service

ability, as it is estimated in practice. Unless there are

prestated dominance relations among these subscales, such

that higher levels are desired on some than on others, it

will be most efficient to have equal estimates of service

ability on all subscales. That is, an allocation of resources

which produces, for example, a high predicted fraction of

satisfied users with respect to comfort on a high~ay, and

a relatively low value with respect to safety, will be

considered a somewhat inefficient use of these resources

because the overall serviceability is likely to be limited

by the lower subscale. A most efficient allocation would

be made by sacrificing serviceability on the higher subscale
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to raise it on the lower one.

It will in many cases not be possible to balance the

allocation of resources in this way, and a various alterna

tives will be characterized by their high predicted service

ability on certain subscales. The critical point however is

that the balancing must be carried out, to the extent that

it is necessary, to assure that at least minimum levels of

serviceability are provided. This phase of the decision

problem may be termed, in Simon IS \\7ords (8), "satisficing".

The next stage of decision is reached when a number of

alternatives have emerged from the designer's search, each

having survived the satisficing strategy, and each having

characteristics of cost and performance. Now one will

search for those alternatives which exhibit the best perfor

mance at each level of cost. If the statements of cost

and performance were straightforward and single valued, this

search would present no difficulty and would be hardly worth

mentioning. But this is seldom the case. The performance

function will often be implic.i t in the actions of design

decision, and not explicitly stated. In any case, examples

of the types of criteria expressed in the actual ~tatement

of performance might include the following: minimum direct

user cost at a given reliability, maintainability preferred

to reliability at any particular expected serviceability,

highest utilization of labor. By comparing alternatives with

one another, within the context of such criteria, one will

28



be able to identify best performance at a given cost, and

will build up a sort of production function of increasing

performance and cost.

This second screening results in a set of alternative

possible solutions which are all acceptable and represent

a relatively most efficient use of the particular resource

requirement. The final selection of one facility from among

this set of possibilities cannot be made within the context

of the design decision problem, but must be made in view of

the social, political, and economic systems with which the

facility interacts, that is, at the planning level.

E. Structure of the Thesis

This first chapter has of course been intended to serve

simply as an introduction to and review of the major points

of the thesis. In Chapter II, the general framework of the

analysis will be examined in more detail. In particular,

the specific steps to be taken in the analysis will be re-

viewed, the concept of performance will be further formalized,

and the view of the design decision problem presented here

will be placed in the perspective of broader economic

•
analysis (as representative of the planning decision).

The next section of the thesis, Chapters III and IV,

will examine in detail the concepts of serviceability, reli-

ability, and maintainability, and the use of these parameters

as measures of service value. Formalized definitions and

techniques for the application of the ideas developed will be
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presented.

Chapter V will present an example of the application

of these ideas, to the area of highway pavements. This case

study is intended not only to illustrate the approach to

analysis but also to provide useful information for pavements.

Another case, urban housing, is examined quite briefly in

an Appendix.

Finally, Chapters VI and VIr will close the presentation

with a summary and evaluation, and with suggestions for

areas in which the ideas presented here might be fruitfully

extended.
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CHAPTER II

A FRAMEWORK FOR ANALYSIS
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This chapter will focus in particular upon a concept of

performance, a concept which may be used at the level of

design decision to compare alternative facility configurations

as possible solutions to the design decision problem. A

detailed description of performance will be presented,

with an examination of what an evaluation of performance may

reveal about design alternatives. Attention will be given to

the relation of this approach to the broader context of eco-

nomic analysis. Finally, a brief discussion of the decision

process - the explicit steps to be taken in the analysis of

systems of constructed facilities - will be given as a means

of placing subsequent discussion in perspective.

A. A Concept of Performance

Performance has been defined as the manner in which a

facility provides the services for which it was intended,

and has been described as a function of serviceability,

reliability, and maintainability. A central and distinctive

point of the approach to analysis of constructed facilities

presented here is the user-based description of serviceability,

and thus of performance. The importance of serviceability,

reliability, and maintainability at the design decision level

lie in their estimation both of users' response to present

conditions of service and of possible future response through-

out the design service life. An important aspect of perfor-

mance is that it includes consideration of the entire time

period for which service is to be provided to users. The
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statement that a facility exhibits adequate performance will

mean that its qualities of service behavior are now acceptable

to users, and may be expected to remain so throughout the

design service life.

A quick review of terms will serve to introduce some

details which will be useful in gaining an understanding of

performance (more complete discussion of these details is for

the most part deferred to later chapters), and will provide

a vehicle for establishing a bit of symbolic notation.* The

statements so presented are intended to serve primarily as

aids to intuitive understanding, although there is no case

where operations indicated could not be handled in the more

complex manner. Later chapters will re-examine this point.

Serviceability, defined as the degree to which a facility

provides satisfactory service from the user's point of view,

may be designated S(t) I where t is time. This parameter

is estimated by the fraction of users expected to adjudge

the physical service characteristics of the constructed

facility acceptable, and is thus measured on a scale from

zero to unity. High serviceability, S(t)~l.O, indicates that

at that instant of time there is a high liklihood~that a user

will find the facility's service satisfactory.

In practice, serviceability is approximated by a multi-

dimensional function estimating user response relative to a

* It should be understood that the following discussion is
simplified by using single letters and symbols to denote
what will often be multi-dimensional parameters.
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number of measurable and apparently independent aspects of a

facility's behavior. S(t) will thus in general have a number

of component subscales, each predicting the fraction of users

satisfied with that particular aspect of service.

Normal usage and aging of a facility will be expected

to produce a deterioration of the qualities of service,

reflected in decreasing S(t). From the higher level of

planning decision, there will be designated a minimum accept-

able level of serviceability, Sf. Failure is daid to occur

if serviceability fall below this level during the design

service life, i.e., if S(t)<Sf. The basic requirement to be

satisfied in design is that S(t)~Sf' O~t~TD' where TD is the

design failure age, the end of the design service life.

Reliability, the probability that a facility will give

adequate service, is thus defined relative to serviceability.

Specifically, reliability may be written as R(t) = Prob [SeT)

> Sf' t < T < T ]. As a probability, a measure of the un-
- - D

certainties associated with a particular facility, R(t) is

measured on a scale of zero to unity, with R(t)~l.O indicating

a high probability that a facility will provide acceptable

service throughout its design service life. ,

Maintainability, the extent to which continued effort is

required throughout the design service life, is measured by

the inverse of the fraction of the design life lost if failure

occurs. Ease of maintenance will mean rapid repair and a

low fraction of time lost. The coefficient of maintainability,
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M(t), will then increase on a scale from 1.0, indicating that

repair cannot restore service before the end of the design

life, to 00, indicating instantaneous renewal and no time lost.

Together, reliability and maintainability can provide

information about the future availability of a facility's

services. Reliability approaching 1.0 or maintainability

approaching 00 will indicate a very low probability of failure

or very little time lost in the event that failure does occur,

in which case it may be considered that there is a good chance

that the facility will provide adequate service throughout

the design life. Conversely, low reliability and maintain-

ability indicate high risk of failure and the likelihood

that failure will mean significant losses of service time.

One may now define the value of a facility, V(t), as the

estimate of how well that facility is meeting its goal of

providing adequate service throughout the design service life,

at that instant of time. At any instant of time, one alter-

native will be considered to be better than another, with

respect to services provided, if its value Vet) = V[S(t),

R(t), M(t)] is higher. This means that the facility exhibits

good qualities of present service and good liklih~od that

adequate service will continue. High value is associated

with high levels of serviceability, reliability, and maintain-

ability.*

* At equal costs, the higher value is also clearly preferred.
At this point, nothing is said about the costs of higher
value and subsequent improved performance.
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The performance of a constructed facility is then defined

as a measure of the value of that facility over the entire

design service life. In particular, performance ~ is given

as

~(t) J
TD= t V(T)dT

Good performance is associated with high value at every in-

stant of the design service life.

The actual form of the value function, and thus of the

measure of performance, will to some extent depend upon the

nature of the particular design decision situation. The

extent to which tradeoffs are allowed among serviceability,

reliability, and maintainability, and the possibility that

one of these parameters may be preferred to the others will

influence how value is determined. These forms may now be

explored.

B. Forms of the Value Function

Two opposite approaches may be taken to formulating the

specific forms of the value and performance functions: It

may be assumed that there is complete tradeoff among the

three parameters comprising value (serviceability, reliability,

and maintainability), allowing increases in one parameter to

offset decreases in another. Or, it may be assumed that no

tradeoff is allowed, in which case one parameter will generally

be considered more important than the others in judging value.
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It may be expected that there will be a full range of possible

value functions between these two extremes.

1. Complete Tradeoff

The assumption that there is complete tradeoff is subject

to the condition that the values of all three parameters

comprising value are at or above any minimum of acceptability.

Subject to this provision, there will be an equivalency

between present service and future availability. One may

begin by investigating availability.

The parameter l~~~f), which is the product of the prob

ability of a failure (l-R) and the expected value of time

lost if this failure occurs (11M, a fraction of the service

life), will estimate the expected value of the event that

l-Rfailure occurs and time is lost. The value (1 - ~) is then

the estimated fraction of the service life during which the

services of the facility will be available. High reliability

and ease of maintenance (high maintainability) will cause

this fraction to tend to unity.

The value function would then have the form

V(t) = S(t) [1 _ 1-R(t)]
M(t)

This form indicates that value is equal to the present service-

ability of the facility, modified by the future availability.

If serviceability is equal to the minimum acceptable,

S(t) = Sf' then the condition for value to be considered
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adequate would be reliability equal to 1000 or maintainability

going to infinity, or both (i.e., no chance of failure or

no time lost if failure occurs). In either case, V(t) = S(t)

= Sf. This minimum level for adequate value will then imply

minimum acceptable levels of reliability and maintainability.

There will be a minimum acceptable reliability, R*, given

that S = 1.0 andM = 1.0. That is, this level of reliability

is the limit to which tradeoff against increased serviceability

will be allowed, given that a failure will lead to complete

loss of service life, and assuming that the facility's value

is to remain constant, Vet) = Sf. Substituting into the

expression for value, it is found that numerically R* = Sf.

This equality may be interpreted as giving a measure of the

amount of risk of failure which is tolerable, where risk

arises from physical factors of system and environment, or

from the possibility that users will find a given quality of

service unacceptable.

Similarly, a minimum acceptable level of maintainability

to keep value constant may be inferred. Again assuming that

S = 1.0, reliability is allowed to drop to zero. At this

point, substitution into the expression for value shows that,

M =~ is this minimum to keep value Vet) = Sf (= R*).l-Rw

The contour of constant minimum value derived from these

arguments is illustrated in Figure 1. If the value of a

facility falls below this surface, it is considered to be

unacceptable at that instant of time. Higher levels of value
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will describe similar surfaces above this minimum. At any

instant of time, a facility will be preferred to another,

with respect to services provided, if it falls on a higher

value contour above the minimum.

As suggested, this value function allows for complete

tradeoff among serviceability, reliability, and maintainability

within the concept of performance. A facility may have

predicted qualities of service, on a day to day basis, which

lead to a relatively low fraction of users likely to be

satisfied, linked with very steady service and good estimated

availability, and be considered to deliver performance equiv

alent to another facility having much higher serviceability

but greater uncertainty. Further, maintainability and reli

ability may be freely exchanged within the framework of use

ful service time. At the other extreme of performance

evaluation is the possibility that no tradeoff is allowed,

that there are definite preference for one aspect of per

formance over another.

2. No Tradeoff Allowed, Dominance Among Components

If no tradeoff is allowed among components of performance,

it will generally be the case that there is one Of several

components which are felt to be especially important, and

which thus provide the basis for evaluation of the value

function. For example, high reliability may be preferred to

high maintainability and high serviceability (given that both

are above any minimum of acceptability which might be set)
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in a situation where an inopportune failure would be especially

undesireable. Such a case might occur with a transportation

facility intended to serve heavy traffic at peak hours, but

which is relatively idle at other times. Maintenance can be

undertaken at leisure during the idle periods, and increased

serviceability, while it would perhaps be nice, is definitely

not as important as assuring that the facility is delivering

at least adequate service at peak times.

In contrast, very high serviceability, linked with

moderate levels of reliability, might be desired if the facil-

ity is new and must attract users. At a later stage in the

service life, when patronage has been built up, reliability·

might become relatively more important.

The value function in such situations would assume a form

such as the following:

Vet) =
o if Set) < Sf' R(t) < R*, M(t) < M*

R(t) if Set) ~ Sf' R(t) ~ R*, M(t) ~ M*

and R > M ,. S.

This means that if any of the three parameters comprising

performance is below what is defined to be the miRimum accept

able, then value is equal to zero; i.e., the facility abso-

lutely is not fulfilling its role. If all parameters are

above the minimum, then value is determined by the dominant,

or preferred parameter. The last statement, R > M > S, is

intended to give this dominance relation. If two alternatives
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are being compared, both above the failure levels, and are

found to have equal reliability, then value is assessed on

the basis of maintainability. Should M(t) also be equal for

the two, serviceability is compared. If this parameter too

is equal for the two, then the facility alternatives are said

to have equal value at that instant. Very high maintain

abili ty in one al ternative wi 11 not overcome preference for

another alternative with slightly higher reliability.

It may be noted that in cases such as that above, where

users are to be attracted to a new facility, the explicit

form of the value function may change at some time during

the design service life. This change, embodied in a shifting

of the dominance relation, is a reflection of a change in

the services required of the system of constructed facilities

as part of a larger system.

c. The Measure of Performance and Modifica'tion' for Time Value

The preceding section looked at specific forms the

value function might take, in terms of the two extremes of

allowable tradeoff among serviceability, reliability, and

maintainability. It may be seen that, depend·ing upon the

particular design situation, the actual form of this function

might lie between these extremes, incorporating points of

each. For example, complete tradeoff might be allowed if

reliability is above some relatively high level, while

below this level (and above failure levels) a straightforward

dominance relation would hold. This might be the case if
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there are constraints upon resource availability, but these

fall above what is required to achieve a barely adequate

facility, and there is value placed upon a particular aspect

of performance, but only up to a point.

In all cases, however, the value function will give a

dimensionless (i.e., having no natural unit of measurement)

numerical rating for the facility's quality of service at

each instant in the design service life. The performance

function, as the integral of value with respect to time,

will then assume the form of time weighted by value and

summed over the design service life. As value can in

general be defined so that it will vary from zero to 1.0,

as illustrated above, the highest level of performance would

be indicated by a numerical evaluation equal to the length

of the design service life. This indicates that value is

at its highest at all times during the service life.

There is a modification of the basic definition of

performance which should be mentioned. As it has been

presented, equal weight in the performance function is given

to service provided at all times during the service life.

There is reason to propose that the value of futufe predicted

services should be discounted, as.is normally done with the

economic aspects of cost. In this case, the performance of a

constructed facility would be given as

J
T
tO

V(T)
~(t) = (l+o)f-t dT
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The factor 0 is a discount factor, and reduces the apparent

value of service as time increases to the failure age. The

concept is entirely analogous to the discounting of future

expenditures in the economic sense.

There are two principal justifications for this

modification of the performance function. First, predictions

of future behavior are in general less reliable as the time

horizon of prediction increases. Discounting reduces the

impact of more distant predictions.

Second, there is a general tendency of people to prefer

present goods and services to future possibilities. This

is observed to be true for a broad range of economic goods,

and should apply to the services of constructed facilities

as well. The possibilities for technological and social

obsolesence of a constructed facility's services are a con-

crete example of why the preference for present services

should hold.

D. The Links with Higher Levels of Decision

The previous discussion has been concerned primarily

with describing the approach to decision at the design level,

•
which will be developed herein. It has been stated, however

that there is interaction among the levels of decision-

making, that it is in fact impossible to isolate decision at

anyone level, ignoring other levels. In this section, an

effort will be made to gain insight into the nature of this

interaction by exploring the concept of performance within
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a context of economic analysis.

The constructed facility may be viewed as a production

process, delivering services to users, the consumer. Decisions

are then to be made about prices, quantity, and quality of

services provided, based upon comparisons of supply and de-

mand.* This view is represented in transportation planning

by such work as that of Soberman (1), Lago (2), and Manheim,

e tal. (3).

Within this context, decision-making is generally direc-

ted toward allocating resources in production in an optimal

fashion. Optimality is defined as a maximization of profits,

the excess of revenues over costs. One might object to the

application of this criterion to the general case of con-

structed facilities, which in many cases provide a public

service. It is a basic theorem of economics, however, that

consumers will be best off when the relative prices of goods

are equal to their relative social costs {see Stigler (4)),

and this theorem may be understood to imply sufficiently

broad definitions of cost and revenue that there should

always be a profit to an activity, albeit this profit may

not appear in conventional economic terms. The selection

of projects in international development for the highest

social rate of return (5), just as in business one would

invest in projects having the highest financial return, is

* Here again, the caveat must be given that prices and
services are quite complex, and the notation is useful
primarily as intuitive argument.

45



a reflection of this idea.

In the simplest and most classical case, costs of pro-

duction are assumed to vary only with quantity produced, as

all other factors, notably quality of prOduct, are assumed

to be fixed and constant. Similarly, demand is determined as

a function of price with this same assumption of constant

quality. The profit maximization problem is then one of

setting price and quantity, and is solved at the point when

the marginal costs of production are equal to the marginal

revenue of sales. That is, output is increased until the

cost of producing the last unit is exactly equal to the

increased revenue associated with the sale of this last unit.

This equilibrium solution is illustrated graphically in

Figure 2, a familiar picture in any economics text.
p

P
m

Pa

MR

Q*

c

D

Q

FIGURE 2: Profit Maximization with Price and
Quantity Only
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The marginal cost (Me) and average cost (AC) curves are

the statements of a producer's production function, telling

the costs of producing any quantity of goods of an assumed

quality and input mix. Because there are so many ways that

resource inputs could be combined to produce any given

output, it is often implicit in arguments of this sort that

L~e technologically most efficient means of production is

being used (4). To be compared with this production state-

rnent is that of demand (D), the quantity that will be con-

sumed at any particular price. The marginal revenue curve

(MR) is derived from the demand curve. Profit is maximized

at the point at which MR = Me. At this point, the selling

price is P , bringing revenues of P Q*, as opposed to totalm m

costs of P Q*.a

The difficulty with this conclusion, or rather with the

argument leading to it, is that there are a number of other

variables available for decision. In particular, the quality

of the goods can be varied, effecting both cost and demand.

The problem is complicated by the fact that the actual form

of this variation is not in practice known, but must be

found through the activities of design. Each ne~ facility

represents a new production situation, so L~at planning

decisions made on the basis of past experience with construc-

ted facilities cannot avoid the problem of incomplete

information.

One may begin to explore further the role of the physical
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characteristics of the facility. The so-called Dorfman-

Steiner theorem provides a useful basis for this inquiry, by

incorporating product quality into the optimality conditions.

The theorem was derived to show the proper allocation of

resources among quantity, quality, and advertising in the

production and marketing of goods or services.*

One starts with the following definitions:

Q = unit sales during the period of analysis

P = price paid per unit, by the computer (user)

c = average cost of production (Ae in Figure 2)

s = advertising outlay during the period

y = an index of product quality.

Q = Q(P,s,y)

c = (c (Q,y)

n = PQ{P,s,y) - Qc{Q,y) - s

Profit (n) and all other functions are assumed continuous

and differentiable.

The above definitions may be somewhat elaborated to

place them within the context of constructed facilities.

Sales, or the quantity of goods demanded, may be seen as the

number of units of service usage delivered by a facility.

For example, total trip miles might be an appropriate

unit of measure for a transportation facility. Price and

average cost would be viewed in these terms, although

in the case of price there is a problem of the difference

* The der1vation which follows is based upon Palda's discus
s ion (6).
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between actual and perceived values. Plourde (7), for example

has looked at this question in some depth.

The concept of advertising is a bit unusual in the

present context. By advertising is meant any activity not

directly a part of the constructed facility, which has the

effect of influencing the user's perception and jUdgement of

service and thus of shifting demand. Besides the generally

understood forms of advertising, quite frequently used, for

example, in housing, there will be a range of other activities

which will fall into- this part of the analytical model.

There are educational efforts directed toward increasing the

userls understanding of what he is getting, as with a new

form of facility, and what he is paying, as with the concern

for pollution as an encouragement to use mass transit

facilities.

Subsidies too might fit into this part of the model.

Especially in the case of a direct subsidy to reduce the

price charged to the user, a subsidy will effectively increase

the demand for services. Fureier, the subsidy may be viewed

as reducing the broadly defined "profits" of the facility

by serving to divert resources from other possible uses.

The consideration of advertising expenditures is thus left

to the present discussion for the interesting suggestions it

may provide about actions which may be taken outside of the

physical system to effect changes within this system.

The final variable, the index of product quality, may
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be seen to refer to precisely those qualities of physical

service with which design decision is concerned. It has been

argued in previous discussion that there are a number of

factors which the user perceives and judges in determining

the adequacy of a facility's serv~ce, and that these factors

are estimated by measurable indicants of service. One

example used was the role of roughness, as measured with

a standard instrument, as an indicant of serviceability with

respect to comfort for a highway pavement. These judgement

factors and their indicants are then an effective index of

the quali ty 0 f service, and thus are among the principal

components in the evaluation of performance. For further

illustration, one may compare the above example with other

indices typically suggested in the economic literature to

illustrate this parameter. Such suggestions include the

number of cylinders in a car and the load capacity of a

washing machine.

In making the derivation, the first step is to maximize

the profit function. This is done by taking partial deriva-

tives of the expression for profit, with respect to price,

advertising, and quality, and setting them equal ~o zero.

an = Q + P aQ _ c dQ _ Q ~ aQ = a
aP ap dP dQ aP

an = p aQ ~ _ Q de aQ _ 1 = aas as - C as dQ as
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de aQ de
Q (dQ dY + dY) = a

Simplifying and expressing the equations in like terms of

price and cost the following equilibrium condition may be

written:

This condition may be made more meaningful, in economic

terms, by introducing the concepts of elasticity.

Price elasticity of demand is defined as

(2)

n = aQ P
8"PQ ( 3)

This parameter gives the fraction decrease in demand resulting

from a fractional increase in price; i.e., with trans-

position, one finds

dQ = QnaP -p

The elasticity of demand with respect to changes in

quality is given as

(4)

= aQ/ Y
del y

c
Q
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This is the fraction change in demand relative to the fraction

change in production cost, both induced by a change in

quality.

The marginal effect of advertising on sales is given

by the parameter

11 = aQ p
t-'l as (6 )

This is the incremental increase in revenue due to a small

increase in advertising expenditure.

With appropriate transporsition, the three parameters

defined in (3), (5), and (6) above may be placed in the

conditions of optimality (2). One then finds that

p

n
= = P

l.l
(7)

are the conditions for profit maximization. Inverting and

mult~plying by price, one has the Dorman-Steiner theorem;

p'
n = C nc = l.l (8)

This theorem states that the producer of a product will

maximize his profit if he can manipulate his allocations of

resources to the point where the numerical value of the

price elasticity of demand, the value of the marginal effect

of advertising expenditure on sales, and the value of the

52



product of quality elasticity and sales markup (over average

cost) are all equal. From the definition of marginal

revenue as

MR = P (1 - ~)
n

it is found that these conditions are linked to the basic

Me = MR rule as follows:

(9 )

n =
p

P - MR
=

p

P - Me (10 )

Refering back to statement (5), it is seen that the

second term of the Dorman-Steiner theorem may be rewritten

as

= aQ/ ay P
delay Q (11 )

It was stated that the quality parameter y is viewed as the

same set of factors upon which the estimation of service-

ability is based, as will be explained in more detail in the

next chapter. As has been explained, serviceabil~ty is

estimated as the fraction of users finding the qualities of

service to be adequate, and who are therefore presumably

willing to serve the role of consumer. Then,the variation

of serviceability with qualities of service is written
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dS
ay

dQ 1= ayQ (12)

where s is the serviceability function.

Replacing the quantity terms in the right hand side of

statement (11), one finds that

= dS/ay =
3clay P n (13)

This is replaced in the theorem statement (8) to arrive at

the following criterion for optimal physical conditions:

dS = dC n
ay ayp (14)

That is, optimality is achieved when the slope of the service-

ability function is numerically equal to the product of

price elasticity of demand and the rate of change of average

cost with respect to changes in quality, as a fraction of

price.

This equation then states the desired conditions of

quality of service relative to the price-quantity decision

•
traditionally considered in economic planning. In principle,,

if there were complete knowledge of the factors determining

demand for the facility's services, all aspects of the con-

structed facility would be decided at once, as implied in the

above derivation. In practice, however, there is the previous-

ly discussed separation of decision-making into planning and
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design levels, with the latter concerned primarily with service

quality. The serviceability function is estimated at the

design level assuming that factors such as price are in

normally expected ranges, just as demand is estimated at

the planning levels assuming past experience regarding quality.

This condition relating serviceability, and thus the entire

design concept of performance, to demand (reflected in

elasticity) and price is then the desired link between these

levels of planning and design.

This link may be examined in more detail. Figure 3

illustrates a typical serviceability function, or rather,

a typical serviceability subscale. (The nature of the

serviceability function is explored in more detail in the

next chapter). In general, there will be an S-shaped curve

of serviceability with respect to the judgemental qualities

designated by lIyll. This function is estimated at the level

of design decision.

As sugges ted in Figure 2, the average cos t of a facili ty

is initially estimated for the purpose of making the price

quantity decision, Assuming past experience regarding quality

of service, it should be possible to estimate the. variation

of costs with small changes of service quality, without

explicit judgement of the location of the cost curve relative

to service quality (on an absolute scale). Then with the

planning-derived estimate of price elasticity of demand and

the decision regarding price, and optimal value for the slope·
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of the serviceability function may be computed. As suggested

in Figure 3, there may in general be two points at which

the slope is equal to this value. If the quality of service is

below the lower of these values, then resources devoted to

increasing quality will yield increases in demand, leading

to increased revenue in excess of increased cost. Above the

upper limit, increased serviceability (implying increased

demand) is insufficient to justify increased resource expen-

di ture.

In defining the performance of a constructed facility,

the failure level of serviceability will then be set in

the interval between these two points. The performance of

possible alternatives will be predicted (in design) relative

to this failure level. As suggested in Figure 4, the final

set of alternatives which emerge from design decision

making will fall somewhere above or below the level of the

original planning estimate. A preponderance of alternatives

well above the planning estimate will suggest that the plan

ning decision should be reviewed because costs were under

estimated - perhaps the facility in question does not

represent the best use of resources. Alternatives below the

planning estimate indicate that there are unexpected savings

to be had in this project.

The spread of design alternatives suggested in Figure 4

arises through the design concept of performance. Service

ability reflects the users' views of service quality, and
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thus provides a link to planning decision, as explained. But

there is no consideration on the part of the user of the full

impact of system reliability and maintainability. For a given

minimum serviceability, as implied by the service quality y*,

increased resource usage can be directed toward increasing

reliability or maintainability, and thus performance. This

set of cost estimates is then the set of efficient alternative

facilities found in design analysis, and is a reflection

of the multi-faceted aspect of performance.

Following the line of reasoning suggested above, an itera

tive application of planning and design activity may achieve

a balanced allocation of resources. The planning price

quantity decision leads to design quality conclusions, which

in turn tell something about planning assumptions.

Now, having looked at the tools for design decision,

and their possible operational links with the planning levels,

a brief examination of the process of design decision will be

made.

E. The Process of Design Decision

A discussion of the decision process serves two purposes.

First, it provides a skeleton for the framework for analysis

being developed here. Outlining the specific steps to be

taken will illustrate at what point each of the concepts

presented is used, and how they fit together to give infor

mation of use in decision. Second, there is considerable

opportuni ty in thi's work for use of the computer as an aid
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in analysis. The description of the design decision process

may serve as a basis for devising particular computer pro

grams to undertake particular aspects of the analysis.

Although the computer has been used in a very limited way

in this work, there is much room for contribution in this

area. (See Alexander (8) or Guenther (9) for examples in

transportation; others abound).

It must be pointed out at the outset of this discussion

that although the process of decision is here described in

terms of distinct steps, in practice these steps are seldom

so clear and may follow in different sequence from that

shown. The model suggested here is by no means the only

way to approach the problem.

Figure 5 presents a picture of the process of design

decision, with steps numbered in order of possible occurrence.

These steps will be examined individually.

The first step is identification of the specific compo

nent subscales of the serviceability measure. As explained

previously, serviceability is multidimensional in character,

reflecting the various facets of service required of the

facility. Identification will typically proceed ~hrough

some combination of judgement and experimental technique,

as will be discussed in Chapter III.

Once subscales of the serviceability·function, suitable

indicants must be found to permit prediction of service

ability on these subscales (Step 2). These indicants are
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parameters which are based upon measureable features of physi

cal behavior. Referring to a previous example, one component

subscale of serviceability of highway pavements is found to

be quality of ride perceived by direct users. In turn, it

is found that quality of ride is predicted by measurement

of the macroscopic roughness of the pavement and the use

classification of the road (i.e., high speed expressway,

secondary roads, etc.).

Now one may proceed to develop the actual function of

serviceability with respect to the various indicants (Step 3).

This step is most difficult wIlen it involves assessment of

direct users' response, dependent upon subjective perceptions

of these users. A range of scaling methods have been

devised in psychology and economics, which offer assistance

in this task.

Minimum acceptable levels of serviceability are speci

fied (Step 4) with reference to the planning levels of

decis ion. These minima provide the basis fO.r computations

of reliability, beginning with statement of the possible

modes of failure for the facility (Step 5). Failure may

occur on anyone of the several component subscal~s of

serviceability, generally in any of a number of physical

manners.

The next step (Step 6) is to find or devise models which

will permit prediction of the physical service behavior

of particular alternative facilities. These modesl will be
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stochastic in nature, making probabilistic predictions of

behavior as a function of actions taken in implementation,

operation, and maintenance of the system. An alternative

is proposed in terms of such actions (Step 7), and predictions

are made (Step 8). Resource requirements for the system are

also predicted at this stage.

It will often be the case that there will be some in

adequate aspects of serviceability or apparent inefficiencies

or resource usage revealed in this initial prediction. A

sub-optimization procedure may be undertaken (Step 9) to

adjust the alternative to deliver at least satisfactory

performance in a balanced manner. For example, an otherwise

satisfactory pavement system might be quite likely to show

loss of safety due to polishing of aggregate at the surface.

A slight adjustment of resource allocation, via use of a

different aggregate or scheduling of special maintenance

activities, will raise this aspect of serviceability, and

tllUS the alternative, into the satisfactory range. An

alternative which has passed this step is then set aside

(Step 10) as the search continues, in a cyclical fashion,

to develop a range of acceptable alternatives.

When a number of alternatives have been so prepared,

they may be compared for relative efficiency of resource

usage. The alternative exhibiting the highest levels of

performance at any given level of resource usage are judged

to be most efficient and define the so-called production
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function of performance versus cost. Of course, it is

possible that further search would produce more productive

alternatives, and blis possibility must be considered in

deciding when to terminate the search procedure.

Through the comparison of alternatives for relative

efficiency, the output of the design decision process is

generated (Step 12). The set of alternatives defining the

efficiency envelope are expected to deliver satisfactory

service in an efficient manner, through the design service

life of the facility. Selection of one from among this set,

for actual implementation, must be made with reference to

a higher level of decision.
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CHAPTER III

SERVICEABILITY AND ITS MEASUREMENT
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A. Introduction

Serviceability has been defined as the degree to which

a system of constructed facilities provides adequate service

to the user, from the user's point of view. Within the

broader context of performance, this parameter is presented

as a means for evaluating the present qualities of the system's

physical behavior.

Specifically, it was suggested that serviceability is

estimated as the probability that the user will judge service

to be satisfactory. In practice, this parameter will be

measured as the fraction of users finding service to be

adequate. The level of serviceability required to render the

facility satisfactory with respect to the design level of

decision was presented as derived from the planning levels:

serviceability must be sufficient to give assurance of the

feasibility of tile planning decision.

In this chapter, the serviceabili ty function will be

discussed in detail. Section B will present a detailed treat

ment of the definition and development of the function.

Section C is then a combination of literature review presen

ting background and justification for the proposed measure of

serviceability, and a synthesis and extension of ideas to

be applied to tile evaluation of the behavior of systems of

constructed facilities. In Section D, the serviceability

function will be explored to see what may be said in general

about its behavior and possible tradeoffs among the dimensions
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of users' judgement. Finally, Section E will draw upon pre-

vious sections to make explicit statements about how the

serviceability of systems of constructed facilities might

be evaluated for a particular problem.

B. The Service Problem and A Measure of Success

1. The Approach

An individual user will perceive certain qualities of the

physical service characteristics of a system of constructed

facilities, and will jUdge the facility on these perceptions.

There will be one or more internal judgemental factors which

the user considers. For example, the roughness of a highway

pavement will be perceived by a direct user as vibration and

noise in L,e vehicle. He will then derive a feeling of

comfort or discomfort arising from this vibration and noise,

and it is this feeling which he would use, among others, to

judge the adequacy of the pavement.

It may be suggested that the user has a judgement space

[z.] of i independent factors against which he judges a con
1

structed facility. The user derives some value or pleasure,

or utility, from increased amounts of these factors..
[ Z . ] •

1

This utility is derived according to a function Um(Z), where

m indicates that this is a particular individual, denoted ro,

and Z is a particular vector within [Zi]. A constructed

facility will be judged by the user in terms of such a vector

z.
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The function Um(Z) is posited to be a monotonicly

increasing function of Z, and there exists a value U (z *)
ill m

above which the individual will feel that the facility is

generally satisfactory. The value Zm* which is judged to be

satisfactory is termed the individual's aspiration level.

Z * will define a surface in [Z.] such that Z > Z * willm 1 - m

indicate that the particular example of service, judged as Z,

is satisfactory to the individual user ID.

The user will make these judgements based upon his

perception of a set of system service qualities [Yo]. In
J

the example mentioned above, noise and vibrations are such

qualities. It is suggested that the facility will exhibit

a vector y of such service qualities, and that there is

a relation.

Z = B (.'1)
In ....

B (y) is termed the individual's perception function. Inm

the current example, comfort is a function of perceived

noise and vibration.

(1 )

Finally, there are certain measurable system character-

istics [x
k

] which may be used to predict the value of y for

a particular service situation. Macroscopic pavement rough-

ness, vehicle speed and suspension system are examples of

[X
k

]. These characteristics may be termed indicants of

perceived system service qualities. One may propose a func-
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tion

y = A[x]

to make predictions of these qualities.

(2)

Then if one wishes to provide a facility which a partic-

ular individual user will judge to be satisfactory, one must

assure that Ule facility will exhibit characteristics x such

that the following is true:

z > Z
m

Z = B (y)
rn

y = A (x)

(3 )

(1 )

(2 )

That is, in the example, the roughness of the road and the

vehicle characteristics must be such that the direct user

will feel adequately comfortable. However, he is not

concerned directly with vehicle and road, but rather with

qualities of noise and vibration which these characteristics

induce.

A decision-maker attempting to satisfy the user by

meeting condition (3) will have to allocate resources for

the constructed facility. If one defines a function n(x)

as the cost of achieving system characteristics X, then the

decision-maker will want to have a system of constructed

facilities which solves the following program:
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Minimize n(x) (4 )

such that;

Z > Z *m

Z = Brn(y)

y = A(x)

This program is a restatement of the basic goal for systems

of constructed facilities, for an individual user, and

neglecting explicit considerations of the effects of time.

2. Serviceability as A Measure of Success: The Problem
of Many Users

The system of constructed facilities must serve many

users. Each one of these users will perceive and judge

the service of the facility in the manner described above.

The decision maker's problem is made more complex by the

introduction of additional constraints, representing the

judgement of each of these users. That is, the problem

is now to

Minimize 'TT(x}

subject to

z > Z *M M
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Zl = Bl(y)

Z2=B2 {y)

for a total of M individual users.

As the number of users increases, the problem becomes

rapidly more complex. Not only does each new user have a

new perception function and aspira tions level, but also there

is the possibility that new qualities [y.] will be needed
1

to predict Z. Note that the subscript rn has been appliedm

to indicate that each individual perceives and judges the

facility in his own way. It is suggested here that one

cannot in practice solve this problem with certainty.*

It is proposed that the decision-maker must evaluate

his success in terms of a probabilistic measure. Assume

that a function can be found to generate a vector

Z = B(y)

Z is a vector in a space [Z.] which includes all of the
~

judgemental components of all of the M users, and the

function B is an abstracted tool to be used by the analyst.

Then one may define a new function S{Z), which will be

* Indeed, the problem may in fact not be solveable under con
ditions of free choice {see Arrow's General Possibility
Theorem (I)).
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termed the serviceability of a system of constructed

facilities, thus:

S(Z) = Prob[Z > Zm*' m = l,2, ... ,M] (5)

This function is then a measure of the probability that the

constraints of the decision problem (4a) are met.

Serviceability is thus suggested as a measure of the

degree to which a facility provides satisfactory service to

the user, from the user's point of view. This measure may

be used in analysis as an indication of how close a particular

alternative is to solving the basic problem of (4a). This

problem might be recast as

Maximize S(Z)

5 ub j e c t to 'IT (x) < 7T
o

(6 )

where TI is a budget constraint. This type of statement
o

will be convenient in later discussions.

In practice, as will be shown, the function S(Z) will

be approximated by another function 8' (y), which Mill estimate

the fraction of users who will be satisfied with a given

level of physical service qualities. This function will be

found in the form of several separate subsca.les estimating

fraction satisfied with particular aspects of service, as a

practical approach to the overall measure.

71



s

The above is the rationale for serviceability as a

measure of effectiveness for systems of constructed facili-

ties. Use of the meaSure of course involves a number of

problems. Analysis requires identification of the components

of [Zi] and the functions A(x) and B(y) which will permit

an evaluation of Z for a facility. One must also be able to

find the distribution of individuals' aspiration levels Z *,
m

implying that one might wish to know something about the

individual functions B (y). The following pages will attemptm

to present arguments for the possibility of overcoming these

problems and for the validity of this approach applied to

a broad range of physical behavioral characteristics.

c. Bases of the Serviceability Function

1. Sources in Psychophysics and Psychological Scaling

An idea basic to the above development is that of

utility. It is thus appropriate to review this idea and its

range of applicability. This review may best proceed within

an historical framework.

While the concept of utility as a measure of Subjective

response was initiated in the field of economics, the

developments in that field and applications of the concept

to explain consumer's behavior may be viewed as a part of

more extensive work in psychology. With the broader accept-

ance in the early nineteenth century of the idea that res-

ponse might not only be discussed as a means of explaining

otherwise anomalous behavior, but also might actually be
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measured, psychophysics and the statistical approach to

individual differences was underway. From these two areas

of psychology have grown the principal ideas of what sub

jective response is, how it might be measured, and how it

will enter into the individual's behavior.

Psychophysics was described by Fechner (who may be

though t of as its founder) as .. an exact theory 0 f function

ally dependent relations of body and soul ll (2). The primary

interest of this field is to measure sensitivity and dis

criminatory capacity of the senses-physiological response.

Mental testing, or psychometrics (3), is concerned statis

tically with the variations among individuals, and in

particular with measurements of opinion and intelligence.

Following independent paths, these two divisions of psychology

have developed substantial knowledge in the field of psycho

logical scaling. It is from this knowledge that basis and

techniques for serviceability may be drawn.

The concepts are not completely new. In 1760, Bouguer

performed an experiment in visual perception (4). He took

two lighted candles and a vertical rod, and moved one of the

candles away from the rod until the shadow of the rod was just

barely noticeable on the background screen upon which both

candles shone. This procedure was repeated with another

arrangement of the candles, to determine another barely

noticeable difference. He found that the difference in

illumination intensity between background and shadow was
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about 1/64 of the intensity of the backgrounds at all levels

of illumination. This difference in intensity is an illus

tration of a threshold of perception, the smallest difference

which can be detected. In the terminology more fully develop-

ed later, by Fechner (2), this is the just noticeable differ

ence, designated jnd.

Bouguer's experiments and others like it anticipated

the statement in 1834 by Weber of the law which came to

bear his name (S). This law states that the amount of change

in intensity of stimulus - in the above example, light

intensity - representing a jnd is constant over all ranges

of intensity. Symbolically,

~M = constant

where 1·1 is the rnagni tude 0 f s timul us . This law received

extensive attention and these constants were measured for

many psychological dimensions.

The primary importance of Weber's Law was that it

represented the first comprehensive quantitative measure

ment of sensory judgements. Such measurement is .important

here as indication of the extent of the individual's ability

to detect differences or judge similarity between two stimuli.

But it is important to recognize that Weber's law implies

no scale of response, no measure of what the subject feels.

There is simply the statement that feeling is present.
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Fechner introduced the idea of a Subjective scale (4)

by proposing that all jnd's are subjectively equal. That

is, the jnd is the basic unit of subjective measurement.

This assumption is applied to Weber's law:

then

6M
M

~s

= Constant

=K~M
M

where 65 is the (constant) change in subjective magnitude

of sensation, i.e., the response to stimulus. K is a con-

stant of proportionality.

Solving the equation for response, one integrates the

expression

65 K=6M M

and Fechner's law is given as

S = K log M + a

Fechner's book, published in 1860, presented this law and

opened the way to the field of psychophysics.

Thurstone (6) put the measurement of subjective response

on broader footing by suggesting, in the late 1920's, that
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perhaps the techniques of psychophysics could be applied

to the study 0 f a tti tudes. II Ins tead of asking a person

which of two cylinders is heavier, we might as well ask

something interesting, such as, "Which of these two nation

alities do you in general prefer to associate wi~1?' or,

'Which of these two offenses do you consider to be In general

the more serious?' or "Which of these two pictures or

colored des ign do you like better?' II • This generali za tion

of thought did much to revitalize and extend psychophysics

and mental testing.

Objections to the ideas reviewed above have been

several, and seem to fall esentially into two classes. The

first class includes criticism of the attitudes and assump

tions which lead to the laws stated. The philosophical

background of psychology was such that in the mid 1800's

there were many people who felt that these qualities of

subjective response were beyond measure, that the only

patl1 to psychological knowledge was tllrough introspective

investigation. This feeling waned as time passed. More

serious was criticism of the assumptions used. Fechner's

law is quite vulnerable because of its basis of e~ual values

of subjective magnitude.

Indeed, although a good deal of data was manipulated

in the late 19th century to yield the parameters of Fechner's

law, slightly changed assumptions yield different formulas,

which also may be supported. Stevens has found such wide
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verification of the power law

where n is a constant, that he suggested that it may be

useful in achieving broad concensus on social matters (7 1 8).

He refers to this law as the "psychophysical law" (9).

The second class of criticism is concerned with measure

ment and scaling methods. Closely allied with the

psychophysical law are the experimental techniques of direct

estimation or direct scaling. These techniques and the

results of their use are basically different from the con

fusion techniques of Fechner's jnd. The individual is

asked to judge the difference between two stimuli, or their

relative intensities, Hence numbers are directly applied

rather than imputed from the number of jnd1s occuring

along the scale between two magnitudes (10). The subject

might be asked to rate his feelings along a scale from one

to five, or to determine what magnitude of stimulus he

considers to be twice as strong as the previous one.

Thurstone and Stevens have done a great deal of work in

demonstrating such procedures for mental testing and

psychophysics, respectively (4).

The use of direct scaling has been encouraged by

Stevens' extensive analysis of scale types. There are

several ways of scaling response, each scale more useful
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and, as one might expect, more difficult to apply than

preceding ones in the hierarchy. Stevens defines four

principal types of scale (7). These are the nominal, ordinal,

interval, and ratio scales.

The nominal scale, as the term implies, simply assigns

names to the elements of the group being scaled. No measure

ments in the usual sense are implied. The scale is simply

a means of identification of differences among elements.

Examples of a nominal scale are the numbering of players

on an aUlletic team, or the way a taxonomist classifies plants

or animals.

Next in terms of ordering is the ordinal scale. In

this scale the progression of names or numbers indicates a

set order. For example, successive street numbers tell in

what order one might expect the houses to appear. However

no other information is implied, and one does not know if

successive houses are one foot or one mile apart.

The interval scale not only indicates order, but also

expresses the difference between elements in terms of a stan

dard, the unit interval. Thermometers and calendars are

examples of the interval scale - given two points on the

scale, one may compute the distance between them in terms

of the unit interval. A particular characteristic of this

scale is that it has no natural origin. The origin is set

by choice and the scale defined by adding away from it.

The most powerful of the scales is the ratio scale
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This scale of which most physical scales such as mass,

density, pressure, and voltage are examples - possesses not

only the measuring qualities of the interval scale but also

a natural zero point. Each element in the scale is expressed

as a ratio of the unit interval.

There are other types of scales which may be hybridized

from these four. An example which is of particular interest

here is the ordered metric. This scale is an ordinal scale

which also has order in the intervals between elements. That

is, it is known elat the difference between, say, L~e second

and third elements is greater than that between first and

second, which in turn is greater than that between the third

and fourth, and so on. As no unit of measure, or unit

interval, is implied, this is not as strong as an interval

scale.

As suggested, each scale, besides being mathematically

more powerful and more useful than its predecessor, is more

difficult to obtain for psychological parameters. A great

deal of work has been done trying to set general rules or

techniques for scaling (see for example Winkler (11) or

Galanter (12». But for many of the application~ of

interest here, the ordered metric scale is adequate. Such

a scale is adequate for definition of an aspiration level

(13). This level will become more important in later pages.

These scales, and the "laws" discussed earlier, are

a means for predicting subje~tive response t.o a stimulus.
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If the stimulus is measured in terms of some set physical

pararne ter, for example true weight, then on tries to scale

the response, in this case perceived heaviness. Questions

are asked (sometimes implicitly by measuring some physical

response characteristic) to yield the scale desired. "Which

weight is heavier"? yields a ratio scale. The utility upon

which the serviceability measure is based will be portrayed

as a type of response.

Sometimes a response measurement is made in terms of

a substitute for the factor of interest. For example,

the skin's electrical resistivity is found to vary with the

subject's anxiety (a finding used in lie detector tests).

Then for a given stimulus, anxiety response is measured

by the proxy of electrical resistance. It is said that

the resistance value, ohms, is an indicant of anxiety felt

(5). Or, anticipating the next topic of discussion, it

might be said that b,e equilibrium price in an economic

study is an indicant of desireable qualities of a consumer

90od .

Thurstone led the way in the step from measurement of

response to physical stimulus to the measurement of

attitudes, response to social or emotional stimulus. with

this short step to the measurement of tastes and values,

psychologists found themselves involved in the attempt to

predict human choice behavior. How do people's tastes and

values influence them in their behavior, in their decision
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making? Here the development of utility theory in the field

of economics was encountered.

2. utility Theory and Consumers' Behavior

In the middle to late 1800's, a veritable revolution

in the field of economics was under way. Samuelson (14)

has suggested that if one criterion is to be found to

distinguish the modern field which emerged from its classical

background, it might be the introduction of the subjective

theory of value. Such outstanding economists as Jevons,

~'!alras, and Menger tried to explain corns ume r " behavior

motives, decisions, and actions - in terms of the idea that

rational men will try to maximize their happiness, or, as

Bentham termed it, their utility. The theory was at its

height with Edgeworth's Mathematical Psychics, published in

1881 (15).

An assumption basic to the entire theor~l was that the

amount of satisfaction derived from increasing amounts of

a commodity increases at a decreasing rate as the total

amount of the comrnodi ty already possessed increases. (see

Figure 1) Note that the previously reviewed laws of

psychophysical response (e.g., Fechner's Law and Stevens

Psychophysical Law) possess this property of diminishing

marginal utility.
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AMOUNT OF
COMMODITY

FIGURE 1: Satisfaction from an Economic Commodity
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The first use of this principle to explain economic

behavior appears to be in the 18th century with D. Bernoulli's

discussion of the famous St. Petersburg Paradox (16).

Bernoulli proposed that the paradox could be resolved by

postulating that a person's marginal utility for money is

expressed by

liD k=
.6~1 M

where r'1 is the monetary s timul us and U is the utili ty res-

ponse. Solving this expression for U yields Fechner's

Law,

U = klog M + a,

as previously discussed.

Bernoulli's discussion did not receive the widest

circulation, and subsequent developments of utility theory

in the mid-1800's were apparently independent of this

previous work (14). Al though a number 0 f the prorninen t

economists of the day tried to suggest that lltili.ty could

be measured directly and that this cardinal utility could

be used in economic analysis, the trend has been away from

such strong assumptions. The basic promise which has been

retained is that the individual, when confrollted with a

selection of goods and their prices, will choose to spend
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[lis limi ted income on that mixture of goods which will

yield the greatest satisfaction. That is, he will maximize

his utility.

By the beginning of the 1900's the idea of cardinal

utility was losing favor among economists, most of whom

were asserting that it is only necessary than an ordinal

preference field exist. Pareto in particular may be noted

for his extensive use of this assumption (15).

It should be noted that throughout this development,

only one detail seemed to separate the views of economist

and psychologist (5). This is the economist's interest in

a theory describing what the rational man would do rather

than what the actual man does. Derivation of such a theory

often required assumption of the very things psychologists

were trying to measure.

With the economist's growth away from strong assump

tions of utility has corne the psychologist's interest in

economic behavior. For example, as previously mentioned,

the psychophysical law has been found to be quite broadly

applicable in economics. Galanter (12) in fact found that

the utility of money in a gamble could be expressed as

U = 3.71 MO. 43

when there are no losses involved. The work in the two

fields has converged sub~cantially to yield data in common
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areas, of use in a variety of social, political, and economic

situations. It is this convergence which suggests that

the user I s response to service provided by sl'sterns of con

structed facilities may be described in terms of utility.

3. Multi-Dimensionality and Attributes Space

It is apparent that one considers many factors in

perceiving and judging a complex stimulus such as the service

of a system of constructed facilities. There is thus a

need to consider the possibility that utility might be

defined on several scales, and how several scales might be

related to yield a feeling of satisfaction of dissatisfaction.

There is much evidence to indicate that people making

choices will, given time, recognize separate attributes

of the alternatives (16). There also is evidence that to

some extent people perceive different types of utility for

these various attributes, but that on each i11dividual

attribute scale, the descriptions of utility presented

earlier are realistic. Thus, it may be postulated that an

alternative with multiple attributes will have a multi

dimensional utility space, where each attribute (stimulus)

axis, ignoring the others, will have utility curves as

discussed. If this is so, how do L~e different utility

measures interact to give a basis for final judgement?

The earliest attempts to answer this question were

made by economists trying to predict the mix of commodities

on which a consumer would spend his fixed income. If there
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are N commodities, it was suggested that there were N utility

functions u., and ilia t the utili ty 0 f the prc)duct mix was
1

the sum of these functions (5)

The consumer would try to maximize total utility. More of

any commodity could be bought, thus increasing one utility

quantity, but money was limited and marginal utility decreased

Witll quantity. Hence, there was a problem to be solved in

the maximization. The solution is the point at which the

ratios of marginal utility for each commodity to its price

are all equal (14).

A very popular use of such additive utility has been

in management decision theory. In this application, the

utility theory is intended to be prescriptive (17), that

is, to tell the manager what the rational decision should

be, given his basic set of values. R~cogniz.ing the uncertainty

of future events, and hence the uncertainty of utility

arising from the results of a decision, the measurement has

been placed in a statistical context. One tries ~to maximize

expected utility.

where u. and p. are the utility and probability of occurance
1 1
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of possible outcomes of a particular action. Quite a body

of theoretical work has been developed to utilize this

approach (see for example Von Neumann and Mor'genstein (18)

or Luce (19) and for strictly monetary situations, experi

mental evidence suggests that expected utility may indeed

be so maximized (20).

When one is dealing with multi-attributed choices,

however, choices which cannot be reduced to purely monetary

terms, the situation is different. It is the old matter of

apples and oranges - if one simply wants fruit, the two may

be added. If one considers the differences, choice is more

difficult. In fact, the problem is one of substantial

current interest in psychology and marketing analysis. It

is now generally agreed that the individual scales of

utility (as suggested in Figure 6) are not generally

separable for the purposes of measurement, that the entire

perceptual space must be considered at once.

The most effective approach to this problem seems to

be the Coombsian model of attribute space. Coombs (21)

suggests that the attributes of a commodity or choice al

ternative - the stimulus - form a multi-dimensional Euclidean

space. Each alternative is represented as a point within

this space. Each person has an ideal set of values of these

attributes against which he compares the alternatives, and

thus each person is represented in the attribute space by

an ideal point. The ideal point is the combination of
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attributes which the individual would tend to prefer to all

others. The particular alternative which an individual

would choose is predicted as the one which maps into a point

closest to the individual's ideal point in the attribute

space.

In the symbolism of previous discussion, the model

suggests that there is in fact an attribute space [z. ]
1

within which a constructed facility might be represented

as a point. The vector Zm would give such a point.. The

promising feature of the techniques developed, based upon

this model, is that L~e space may be found directly from

sample stimuli, without reference to the intervening variables

[Yj] or an immediate need to measure parameters [X
k
]. It

would perhaps be worthwhile to describe briefly in which an

experimental determination of the attribute space is carried

out.

A set of experimental Objects are presented to a sub-

ject. In the cases where these techniques have been used,

small market items such as toothpaste or magazines, it has

been possible to show the actual alternatives directly to the

user. For systems of constructed facilities, the. use of

photographs, architectural renderings, or full-scale models

might be satisfactory.

work of Winkel (22).

(See, for example, tile preliminary

The subject (user) may be asked to select the alternative

which he likes best from among the set. He is then asked to
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compare the other items, a pair at a time, with this preferred

alternative and to indicate which of the paiI~ is not like the

preferred item. The comparisons are made for all possible

pairs of items. This procedure is termed the method of

paired comparisons.

The set of mathematical inequalities which these judge-

ments represent are then input to a computerized algorithm

which will produce a multi-dimensional mathematical function.

This function will reproduce the similarity judgements made

by the subject, in terms of inter-point distance, and suggests

the number of attributes being considered by the subject.

Shepard, in 1962, made a significant breakthrough by producing

the first computer algorithm to successfully produce such

a function (23). Several other techniques have since been

developed, and the connection of such procedures with statis-

tical factor analysis has been demonstrated (24).

Examining the predictive function produced, one can find

measurable qualities of the samples to serve as indicants of

the attributes. That is, knowing the end points of the

problem, the attribute space [Zi] and the actual samples,

one can a ttempt to recons truct the in termedi ate p,arts [y. 1,
J

B(y), [X
k

] , A(x). While these methods are still fairly novel,

and certainly untried for cases such as a system of construc-

ted facilities, tl!ey offer a promising alternative to the

psychological scaling procedures reviewed previously.
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4. Synthesis: The Typical Utility Function and Aspiration
Levels

The preceding sections have, by means of historical re-

view, laid the groundwork for developing the concept of

serviceability presented earlier in this chapter. This

section will present a synthesis first of the ideas of utility

as a means for characterizing response and then two possible

approaches to finding the information required for estimation

of serviceability.

It has been shown that a fairly broad range of so-called

stimuli may be investigated using a concept o~ internal sub-

jective response, or utility. It is suggested here that the

user's perception and judgements of service provided by

systems of constructed facilities may be characterized in

this same fashion. This characterization provides a common

basis for a diverse set of factors which the constructed

facility should have.

STIMULUS

FIGURE 2: Utility "Laws"

While much of the work on various aspects of utility has

suggested utili ty functions of the form ShOWll in Figure 2,

such functions are found primarily as a result of working in
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one direction from an assigned origin. It has been found (12,

26) that over a sufficiently broad range of stimulus, a point

of influction will be found, and a more general shape for

IIII

the utility function would be similar to that shown in
I

Figure 3. I

STIMULUS

FIGURE 3: The Complete utili ty Fllnction

This typical s-curve may be discussed in terms of three

regions. Region I is a range of small stimulus, in the

neighborhood of b~e threshold of perception. Examples falling

in this range might be small changes in the background noise

level in a house, or the difference of a few pennies in the

price of an expensive auto. That is, the subject perceives

only fairly sizable absolute changes in the stimulus and

utility rises quite slowly.

In region II, the subject is confronted with a stimulus

which he can perceive and judge with a high degree of discrim-

ination. Region II is an area of maximum se.nsitivity,

influenced by physiological and psychological preconditioning,

i.e., by what one is familiar with.

Region II may be thought of as containi.ng a natural ori-

gin of judgement, a point about which valid judgements may be
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made. Such a point may then be viewed as ele origin of the

laws presented previously. Work by Galanter (12) is an

example of utility measured in both directions from this

middle ground.

In region III, the subject has reached saturation, an

inability to consider relatively small changes in stimulus.

For example, the desirability of two large sums of money,

both beyond the familiarity of the subject, will yield small

variations in utility. The overall utility or feelings of

BA

the subject may be characterized as relatively uniform.
I
I
I
I

STIMULUS
FIGURE 4: A Dual Range Function

In some cases, where several points of inflection are

observed in a utility curve, as shown in Figure 4, a change

in the nature of response is postulated (25). For example,

if income is the stimulus, the curve might be the perceived

utility of income for a poor man (Region A) and for that same

man when he becomes rich (Region B) . Income falling in the

area between regions A and B is so high that the poor man

cannot really judge; he is happy and feels diminishing

marginal utility. Given the opportunity to enter Region B,

however, the man's views change and he strives for higher in-
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corne.

While the presentation of utility in the manner of

Figure 4 suggests that actual measurements may be made over

a broad range of stimulus, such measurements are difficult

to obtain and have always been subject to questions of

validity. In fact, it is felt by some people that, while

the function pictured may exist, to suggest that it is

measurable requires unwarranted assumptions (25).

(See Figures 5 and 6 on Page 94)

However, for the purposes of the serviceability measure

which has been suggested, only one point is necessary--the

aspiration level (27). (See Figure 5). The region of rapidly

increasing utility (Region II in Figure 3) may be termed the

critical region. It gives the range in which the subject

is most sensitive to changes in stimulus. The subject is

most able to make judgements in this area. The aspiration

level is associated with stimulQs level that is the upper

bound on this rapid rise in utility. For a discrete valued

utility function, this level of aspiration is located by the

point at the upper bound (26). On a continuous function,

the aspiration level is located at the point of maximum
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~__ cri tical
region

~aspiration level
~

STIMULUS

FIGURE 5: Critical region and aspiration level

UTILITY

marginal curve

FIGURE 6: Multiple stimuli
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slope (27).

The aspiration level is identified with the idea of

achievement of a goal. It is found that the subject will be

generally satisfied (please, complacent, ... ) with a level of

stimulus above the aspiration level (27). This idea is use

ful as a decision criterion, and is the basis for the service

ability measure presented here.

It is observed tllat the aspiration level is variable,

changing in the individual with time and experience. It

rises with success and goes down with failure. Cases of this

pehnornenon are familiar; one will tolerate more trouble with

an old car than with a new one; students who have always done

only average work do not strive for higher grades with the

same intensity of those who are used to high scores.

In the case of problem solving, it is suggested that the

aspiration level, the goal to be achieved, will lower as

difficulties of finding any solution increase (28). It might

be generalized that the aspiration level will depend upon

part history and current expectations.

One may easily extend the psychological idea of aspir

ation level into the realm of economics by postulating that

the aspiration level is reflected in the individual's demand

curve by the decision to buy at the quoted price. Then the

demand curve shifts when tastes change. Leibenstein (29)

identifies several external effects on utility as changes in

individual demands caused by DIe actions of other individuals.

95



These economic effects are a matter of -the individual

acquiring more of the stimulus commodity in reaction to a

shifted aspiration level. On the other hand, the individual

may shift his aspiration level when the goal cannot be

achieved. Such behavior is commonly observed in response to

the physical environment (30), where individuals will adapt

to initially undesirable conditions. This effect is especially

pertinent to discussions of the evaluation of slum housing

conditions. It is suggested here that a particular individual,

at a particular time, will judge the service provided by a

system of constructed facilities to be satisfactory if he

perceives this service to fall above his aspiration level.

It is thus necessary to find only this aspiration level to

ascertain user satisfaction.

This is satisfaction for an individual. For a group

of users, it would be expected that there would be a distri-

bution of aspiration levels. Disoovery of ele statistical

characteristics of this distribution will yield and estimate

of the serviceability function S, which is the probability

that a user will judge Z > Z *, and thus find the service
- m

to be adequate.

5. Synthesis: Determining the Serviceability Function

There are three primary pieces of information which must

be found if the serviceability function is to be determined.

First, one must know the dimensions of the users' judgement

space Z.. Then, one must have a means for characterizing a
1
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facility in terms of Z. Finally, one must find the users'

reaction as related to Z and thus estimate S(Z). There were

two basic approaches to these problems reviewed or alluded to

in previous sections. They are discussed below explicitly.

The first approach is to use the techniques based on the

Coombsian model of attribute space. This approach, though

untried in this area, is desirable because of its directness.

One begins by applying an experimental technique such as the

method of paired comparisons. At the same time, the subject

would be asked whether the particular example under consider-

ation is acceptable. Analysis of this data would yield the

dimensionality of the attribute space, using the previously

described computerized algorithms, and with the added question

would permit one to plot a surface enclosing all o,f those points

which were felt to be acceptable. This gives Z *.
rn

Applying the technique to a representative group of

users will permit computation of a norm, or average, of

judgement (24) for each experimental item. This norm is the

vector Z characterizing a facility. Then, from this distri-

bution of ideal points and their associated surfaces of

acceptability, one can find S(Z).

To fully implement the analysis, one must then find a

set of parameters [xk ] which will serve to predict Z. This

may be done using statistical correlation techniques. It may

be possible in this way to predict Z directly as a function

of indicants,
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Z=B[A(X)]

without making direct references to intervening variables

[y · ]. For example, it is not necessary to kI10W tha t temper
J

ature and humidity determine a quantity called effective

temperature, which is correlated with comfort, if one can

immediately predict serviceability as a function of the two

basic parameters.

Proceeding in this fashion to some extell t obvia tes the

need to worry about interactions among parameters, which may

effect users' judgements. That is, a facility which has

service on one particular component in [Z.], will perhaps
1

be considered satisfactory because of very high values on

other components. The direct determination of [Z.] from
1

examples takes account of such interactions.

The second approach, which does not have this last fea-

ture, is to try to describe [Z.] from other sources.
1

In so

doing, possibly appropriate parameters [y.] will be suggested.
J

Measurements of S will then be made on individual scales

S. (y.), which give serviceability relative to the one compe
l ]

nent z., with the others held constant.
1

(Figure 6). In some

cases, the serviceabili ty function so obtained will be con-

sidered a good representation of the users' judgement; in

other cases, it is simply the best available approximation.
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(See Figure 6 on Page 94)

The identification of [Z.] is undertaken through reviews
1

of literature, discussions with users, and introspective

analyses of what one considers to be important. One will try

to catalog all of the factors which apparently concern the

user, and will then try to synthesize a set of component

scales which adequately concern the user, and will then try

to synthesize a set of component scales which adequately

cover these multifarious factors.

The synthesis may be facilitated by computerized tech-

niques for decomposition of data (for example, Alexander (31)

or Milne (32); see Appendix A). The group of factors and

their relations to one another are submitted to an algorithm

which breaks the group into small subgroups of relatively

highly related factors. In recombining the subgroups, one

has an opportunity to see certain unifying characteristics

which may suggest the desired components of serviceability.

These characteristics are hidden from easy view in the myriad

of discrete factors. This approach was used in an example of

urban housing, to be discussed in an appendix.
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When these components have been developed, serviceability

subscales Si may be found by using the scaliIlg techniques

discussed previously, linked with a question of whether the

particular situation is satisfactory. This approach was used

in the example of highway pavements discussed in a later

chapter.

The principal advantages of this second approach is its

relative simplicity. The amounts of experimental data and

computation required are much smaller than in the previous

case. At the same time, the implicit assumption of separ

ability of tile serviceability function appears to be not too

inaccurate in many cases. For example, the structural inte

grity of a pavement, as long as it is high, will have little

effect on rideability or on the user's opinions of whether

rideability is acceptable.

With either approach, the desired output is a way to

estimate serviceability as a function of characteristics of

the system of constructed facilities. Whether this estimate

is derived directly as SeX), or via transformations y = A(x)

and Z = B(y), the result is a prediction of the probability

that a user will find the service of the facility to be

acceptable. Alternatively, for a known population of users,

this is a measure of the percentage of this population who

would be satisfied. Some particular aspects of this function

may now be explored.
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D. Some Aspects of the Serviceability Function

1. Trade-offs Among Judgement Subscales

Serviceability has been described in terms of a multi

dimensional function of users' perceptions and jUdgements

of physical behavior. That is, each subscale of the assessed

servicability function provides an estimate of the probability

of user satisfaction wi th tha t single aspect of service

behavior, effectively disregarding judgements on other sub-

scales. There is, however, no reason to suppose that in

general no interaction of subscales occurs in judgement, that

there are no tradeoffs among judgemental variables. One may

try to explore the nature of these tradeoffs.

At one extreme, it might be assumed tha·t the user con-

siders no in teraction - no tradeof f - among factors [Z i] .

It may then be postulated that the overall serviceability of

a system will be equal to the serviceability on the lowest

subscale. That is:

S = (8.') . ,
1 ffiln

or a chain is as strong as its weakest link.

If there is any interaction, such that high ratings

on some subscales will compensate for lower ratings on some

sub-scales will compensate for lower ratings on others, this

statement would seem to be valid as a limit:

S> (5.').
1 ffiln
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That is, the overall serviceability of a system is at least as

high as the lowest subscale. Hence, the indirect approach to

developing the se,rviceabili ty function gi ves at a wars t a lower

limit of the probability that the original problem of equations

(4a) is solved.

(See Figure 7 on Page 103)

Figure 7 suggests visually what this result means, for

the case of the two factors. The marginal functions S.' (y.)
1 1

are perhaps typical, but are not intended to suggest any

general conclusions about the form of such co~ponent subscale

functions. It may be concluded that the contour of the

points (Yl'Y2) such that S(Z) = b (assuming trade-off) lies

entirely on or outside of the angular figure defined by

s = (S. I) . and (S. I) . = b.
1 IDln 1 mln

This statement suggests that if one is trying to allo-

cate resources, with no knowledge of interactions of the

judgement factors, a suitable strategy would be to maximize

the minimum: i.e., maximize (Si')min as an objective

function. This strategy is referred to as a "max-ranking"
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s ~ a

S = b

a
a

FIGURE 7: Limits of the serviceability function
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criterion (33), and leads to a leveling of the ratings on

individual subscales.

In some cases, one may feel that particular components

of [z.] are more important than others. That is, these
J.

components are considered to be dominant. III this case,

higher values of serviceability will be desired on the dominant

sub-scales S. '. The first stage of resource allocation
1

would then be to assure that the facility will have high

enought values on these scales, after which the other scales

could be optimized as before. This approach is analogous to

what Simon terms "satisficing" (28), that is, finding an

action which is at least good enough, if not the best.

The above is one extreme of assumptions. At the other

extreme one may adopt Coombs' original view (24) that all

individuals consider a perfect tradeoff among factors, and

that this is reflected in decisions based upon inter-point

distances. That is, a person's ideal point is given as, say,

Ym** and judgement made on the basis of the distance ly-ym**I.

Coombs' original assumptions, modified for individual

differences of perception by Horan (34), suggest that it

will always be possible to transform the rectangles of

Figure 7 to squares, as in Figure 8. Then, overall service-

ability is defined by the circle inscribing this square.
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1.0

FIGURE 8 The Coombs model
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The impact of this assumption is that ill the regions of

[Zi] where such perfect tradeoff is possible, it is possible

to collapse the multi-dimensional serviceability function

into a single dimension. This would simplify the entire

evaluation and design decision problem by eliminating the

difficulties associated with vector representation. For

example, optimization of resource allocation would become

an application of the well-studied techniques of quadratic

programming (35).

The two cases presented are extremes, arld it may be

suggested that the actual situation in user response lies

somewhere in between. For example, it seems reasonable to

suspect that tradeoff might be acceptable within subsets of

the space [z.], provided that behavior on all scales is
1

within some particular range. This is an area of inquiry

in need of much work and offering possibilities for contribu-

tion.

In view of the lack of knowledge in this area, it must

be stressed that on of the major points to be made in this

analysis is that the service behavior of systems of constructed

facilities will require a number of dimensions in its

description. To reduce a description of service to a single

parameter is at this stage of understanding inappropriate,

to say the least. To attempt to do so will only obscure

the issues involved.
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2. The Probability Basis of Serviceability

The principles upon which the measure of serviceability

is based, and the interpretation of serviceability as a

probabilistic variable may imply something about the behavior

of the serviceability function. In effect, the user's utility

response curve is replaced by a step function of acceptance,

with the step at the aspiration level. If one is investiga-

ting an arbitrary group of users, it might be assumed that

there is a small uniform probability of occurrance of this

step in any single, correspondingly small, region of the

j udgemen t scale.

The number of users satisfied at a particular level of

z. will then be predicted as a binomial distribution of
1

probability. If there are M users in the group, then the

serviceability function becomes

S (Z) =
n z
M

where n is the predicted number of satisfied at or below
z

a given z. For large M, the binomial distribution is

approximated by a normal distribution. That is, in such

cases it might be expected that serviceability will be

predicted by a normally distributed random variable over z.

It will be noted that the data on serviceability with

respect to rideability in the case of highway pavements

closely fits this conclusion (Chapter VI) ·
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E. Problems of Application

1. Making Evaluations

This section presents a' short discussion, in more

explicit terms than previously used, of some of the operation

al problems involved and possibilities for solution. These

problems may be viewed as falling roughly into two categories:

There are general problems of developing the tools and tech

niques to permit better estimation of serviceability, and

there are the problems associated with analysis of particular

types of facilities.

On the general level, a number of experimental methods

have been developed in the fiels of psychometrics and psycho

physics which, as has been mentioned, might prove of value

for the analysis of systems of constructed facilities.

Indeed, when linked with separate structure-finding techniques,

some of the more basic of these methods have been applied

with reasonable success, for example in the evaluation of

highway rideability (Chapter VI) and certain aspects of

comfort in housing (Appendix D). A good deal more work will

be required, however, before such techniques can be considered

standard in this application.

Of special interest are the non-metric scaling techniques

previously discussed. It is here recommended that a rather

extensive investigation of the application of such techniques

to systems of constructed facilities would be a highly worth

while endeavor.
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On the level of particular types of facilities, the

problems of principal importance are those which hinder

immediate estimation of serviceabili ty (as contrasted with

the more general problem of accuracy). These problems are

primarily of presentation and measurement of samples for

evaluation. In the case of the AASHO Road Test (Chapter VI) ,

subjects were taken to a number of different locations to

observe and judge highway pavements. Such a procedure

is time-consuming, and in cases such as urban housing, where

longer term impressions are relatively more important than

in highways, of questionable validity. Other means of

presenting the stimulus are desired. Work such as that of

Winkel (22) involving pictorial display, may prove useful.

This is an area in which a great deal of work may yet be done.

2. A Comparison with Consumer's Surplus

The relation of serviceability to demand has appeared

as a point for discussion several times in preceeding pages.

One more aspect of the comparison requires consideration.

The idea of consumers' surplus as a measure of relative

desireability of one alternative over another has gained

atten·tion (see Bhatt (36)) and might be related to the

serviceab~lity measure.

Consumers' surplus is based upon the idea that at a'

given price, there are people buying a product who would

be willing to pay more, and are receiving a benefit because
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FIGURE 9: Changes in Con
sumers' Surplus with Price

they do not have to. Figure 9

shows a simple demand curve

of price versus quantity

desired. At a price PI' °1
units are demanded. If the

price is lowered to P2' the

first purchasers are saving

(PI - P2)Ql' for they would

have been willing to pay that

much more for Q1 uni ts.

This quantity is their gain in consumers' su:rplus. In addi-

tion, a larger quantity will be purchased, each unit being

bought at a price lower than that which the purchaser would

have been willing to pay, up to the last unit. At this last

unit the price is just equal to that which the last purchaser

is willing to pay. The total increase in consumers' surplus

is then the shaded area indicated in the diagram.

In the more complex and realistic situation, the demand

function depends upon a number of factors, so that consumers'

surplus may change even if the actual price paid is held

constant. As suggested in Chapter I and Appendix C, a change

in physical service qualities could be equivalent to a change

in price, in terms of having an effect on demand.

Raising the serviceability of a constructed facility

would effectively move the demand curve to the right at any

given price, a greater amount of service will be desired if

110



p quality is raised. Increased

line and between the two

increase in serviceability

consumers' surplus is indica-

In this view, an

ted by the area above the price

curves.

Q will indicate an increase in

FIGURE 10: Consumers Surplus
and Service Quality

consumers' surplus, other

things being equal.

As developed herein, the serviceability function will

give an estimate of how far to the right the demand curve

moves as physical system parameters improve, given the range

of psychological and economic factors which influence this

function, including expectations and past experience about

the system. It is impossible however, without specifying

a serviceability function at every price level, to say

exactly how far the movement of the curve might be. Such a

specification would be equivalent to finding the complete

demand function.

In the absence of such specification, the actual in-

crease in consumers' surplus cannot be estimated unless the

planning analyst is willing to make some assumptions. For

example, if the shape of the demand curve is estimated to

remain constant as serviceability changes, then a rough

estimate of change in consumers' surplus is obtainable.

Such assumptions cannot be recommended as a great deal of
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work will be needed to investigate this relation between

planning and demand decisions.

F. Summary

This chapter has been devoted to the description of

serviceability as a measure of effectiveness for constructed

facilities and with ways in which this parameter may be

predicted. Serviceability was defined as a measure of the

degree to which satisfactory service is provided to the user,

from the user's point of view. This probability is estimated

as the fraction of users judging a facility's qualities of

service to be adequate.

In practice, this parameter is estimated in terms of

serviceability subscales, predicting fractiorl of users satis

fied with respect to indicants of apparently independent

aspects of service. For example, it will be shown in Chapter

V that the serviceability of highway pavements may be

evaluated with respect to quality of ride, safety, and

structural integrity. Hence, serviceability emerges in

practice as a multidimensional parameter for the evaluation

of present physical service qualities of a facility.

Two approaches to the measurement of serviceability.

The first approach begins with the identification of component

subscales, followed by scaling along each of these subscales.

It should be established, to the degree that it is possible

to do so, that these subscales are independent. It was

suggested that computerized algorithms for investigating
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problem structures will be helpful in identifying relatively

independent subscales, and that relatively standard psycho

physical and psychometric techniques are available for sub

sequent serviceability evaluation. The use of this approach

is illustrated in Chapter V.

The second approach depends upon the application of

newer experimental techniques referred to as non-metric

scaling methods. Here, identification of components sub

scales and measurement of response are undertaken simultaneous

ly, and the user is not required to make any numerical judge

ments about services. Here too the computer service as an

aid, in this case quite important, in following this approach.

The discussion of serviceability tacitly assumes that

the physical characteristics of service may be predicted,

and that they are known with certainty. This is not, however,

the case. The physical system's behavior is in fact highly

uncertain, and predictions must be made in a probabilistic

fashion. Reliability and maintainability are thus proposed

as measures of effectiveness of the system of constructed

facilities, and will be discussed in the next chapter.
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CHAPTER IV

RELIABILITY AND MAINTAINABILITY:
MEANING AND MEASUREMENT
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A. Introduction

The previous chapter discussed the user's response to

the service of a system of constructed facilities. Through-

out the discussion, it was implicitly assumed that one could

actually (and accurately) measure the characteristics [Xk]

of a system. In fact, it is not so easy to be certain of

Xfor a particular facility at a given time. And even worse,

the facility's behavior must be predicted for future times.

In short, the physical service behavior of a system

of constructed facilities is essentially uncertain. Both

system characteristics and environment can be predicted at

best in only a stochastic manner, in terms of probabilities.

It is suggested here that design decisions for systems of

constructed facilities must be made with an awareness of

these uncertainties. Reliability and maintainability will,

as components of performance, reflect these needs.

Reliability is defined as a measure of the probability

that a facility will not fail during its design life, that

its physical service will remain adequate. This measure in

effect preceeds serviceability, which takes the physical

service as given. But, as has been shown, re.liability also

depends upon serviceability for its definition.

A system of constructed facilities generally has a

fairly long service life. This aggrevates the problems of

uncertainty because of the increased difficulties of making

predictions over longer periods of time. Further reliance

115



•

must generally be placed upon actions to be undertaken during

the facility's service life - i.e., operating and maintenance

activities. Maintainability is proposed as a measure of the

degree to which the service behavior depends upon such

continued effort throughout the design service life of the

system of constructed facilities.

This chapter will discuss the problems of uncertainty

and prediction, and the meaning and use of reliability

and maintainability as measures of effectiveness. Section

B will try to present a 9icture of the major sources of

uncertainty. Section C will discuss the definition of

reliability and two approaches to its computation including

consideration of the problem of modeling service life be

havior. Section 0 is devoted to maintainability. The

summary in Section E serves as a quick review of these

ideas and a comment upon using them.

B. Sources of uncertainty

In the previous chapter, it was suggested that the

serviceability of a system of constructed facilities depends

ultimately upon characteristics of that system's physical

service behavior, designated [Xk ]. It is now suggested

that these service characteristics will depend upon some

interaction of the system with its service loads and

environmental qualities, as proposed visually in Figure 1.
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LOADS ~
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CHARACTERISTICS

~ENVIRONMENTAL

~ CONDITIONS

FIGURE 1: Service Behavior of Constructed Facilities

It is convenient to denote this interaction symbolically as

x = T(c,e)

X is, as before, the service description which is useful for

predicting serviceability. c and e are descriptions of the

characteristics of a system of constructed facilities (its

service capabilities) and the environment (including all

so-called service loads), respectively. The function T might

be termed the technology of the system of constructed

facilities, which predicts behavior as a function of loads

and capabilities.
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For example, X for a highway pavement might include

a measure of the amount of permanent deformation at the

surface of the pavement. Then c would include such factors

as materials' strengths and moduli and layer thicknesses.

Similarly, e will perhaps include magnitude and configuration

of vehicle loads, temperatures, and rainfall. The technology

function T will comprise equations predicting deformation

as a function of the chosen c and anticipated e, and would

assume differing forms, dependent upon whether the pavement

is considered to be flexible or rigid.

The sources of uncertainty in the system may be viewed

in this context as residing in the three factors c, e, and t.

That is, system capabilities c can be only imperfectly con-

trolled and are subject to natural dispersion of their

values. Loads e must be predicted for the future service

of the facility, and are also dispersed. Finally, predictions

of behavior are only as good as the models by which they are

made, and the technology descriptions used in practice are

always approximations or idealizations of the so-called real

world.

OPERATIONAL
PREDICTIONS

FIGURE 2: Components of Reliability
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Figure 2 suggests the major aspects of these uncertain-

ties, and also the basic separation between the uncertainties

of T and those of (e,e). The uncertainties of Tare con-

trolled by the accuracy of both assumptions made in the

analysis and of the models derived from these assumptions.

Predictions will be only as good as the models used to make

them. This source of uncertainty must be recognized.

However, this source of uncertainty is quite difficult,

if not impossible, to evaluate without extensive experience.

Often, the only estimate of a model's accuracy and validity

will be personal judgement. This factor will be neglected

in present discussion, for it involves many questions beyond

the scope of this work. It will be assumed that if c and e

are known with certainty, X can be predicted with certainty.

This assumption could be relaxed without changing the

essenti-al form of any of the following arguments, and is

made primarily to limit the size of the discussion.

The uncertainties of c and e may be seen as occuring

in the execution of a design, i.e., in the implementation

and operation of the system. Uncertainties arise from

natural variations in materials, from the ways in which

actions are undertaken (not only in construction as it is

usually understood, but also in maintenance), and from the

possible variations in future operating conditions, in terms

of loads and environment.

It is suggested that these uncertainties are best
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FIGURE 3: Portrayal of Uncertainty
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considered in terms of the probabilities of occurance of the

conditions in question. Greater uncertainties are reflected

in greater dispersion of possible values, and thus in corres-

pondingly lower probabilities over a given interval. (See

Figure 3). The distributions of probability of occurance of

c and e may be utilized to estimate the probable values of X,

and thus the reliability of the system of constructed facili-

ties.

c. The Nature and Use of Reliability

1. Defining Failure

The first question which must be answered is "what con-

stitutes failure for a system of constructed facilities"?

The answer lies in the serviceability function and in the

role which the constructed facility plays in its interactions

with social, political, and economic subsystems.

For the individual user, failure occurs if Z <z *.m m

The serviceability of the system, S(Z), has been defined as

the probability that this individual failure does not occur.

It was further suggested that one will perhaps wish to raise

S(Z) as high as possible, subject to constraints on scarce

resources.

To review quickly, it is proposed that there will be,

for any particular system of constructed facilities, a minimum

level of achievement Sf which may be termed the failure level.

That is, if the overall serviceability of a system of con-

structed facilities is such that
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S(Z)<Sf

tnis system will have failed, as far as the analysis is

concerned. Sf is the minimum acceptable probability of user

satisfaction with a given set of service characteristics.

It was proposed in the last chapter that, given no

particular knowledge about the form of S(Z) I it could be

said that

5>(S.) .
- 1 ffiln

It may then be said tlLat, as a limit, if serviceability on

the lowest rated subscale falls below the failure level,

system failure occurs. Applying this criterion to each of

the i judgement scales in [Z.], one derives a statement of
1.

I failure modes, Sf>Si' i = 1,2, ... ,1.

Each of these failure modes will imply certain condi-

tions x.* (not necessarily single values), defining failure
1

in the system in terms of behavioral characteristics. These

conditions will in turn imply relationships between c and e,

according to the technology description X = T(c,e), which

will determine failure. One may conceptually express these

relationships in terms of demands placed on the system Di(en )

and the ability of the system to resist these demands Ri(Crn ).

The occurrence of x.*, indicating failure, is designated as
1
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R. (C ) < D. (e )
1. m l n

Failure is said to occur in the i'th mode.

For example, one aspect of serviceability of highway

pavements may be termed rideability, referring to the quality

of ride that pavement provides. The demands made upon the

system may be characterized in terms of the accumulated

total of equivalent wheel loads. The resistance of the

system, for a given loss of rideability, may be predicted

as a function of materials strengths and layer thicknesses.

Then if the predicted demand loads exceed the number it is

expected that the pavement can resist before that given loss

of rideability occurs, failure may be expected.

In general one considers I failure modes in this

fashion. Satisfactory service is rendered when the following

inequalities hold (1):
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(1 )

> D (
I

For convenience and completeness, the entire sets [c
M

] and

[eN] are includE~d in the I inequali ties, al though each ex

pression will generally have its own subset (>f parameters

vpon which it depends.

Reliab iIi t~{ is then de fined as the probabili ty thatall

of these inequalities hold. That is,

R = P[R. > D.] i = 1, ... ,1
l - 1..

= P[no failure occurs]

It should be pointed out that the failure level of

(2)

serviceability need not be the same on all scales [Z.]. It
~

has been mentioned that there may be dominance relations

among the subscales of serviceability, such that higher

values are desired on some S. I than others. This situation
1

will not change the basic argument or the form of this

definition of reliability.

One may not'8 the similarity between the definitions

of serviceabili t:y and reliabili ty. In effect, these two

measures are int-=nded to assist conceptually in the estimation
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of the probability that the system will behave as desired,

and then that ttLe behavior is indeed adequate wi thin the con-

text of larger systems of which a system of constructed

facilities is a part.

Satisfying the inequalities given in (1) is the tradition-

al means by whic~h sys terns of cons tructed facil i ties are

designed. The !)asic difference between traditional approaches

to the analysis of systems of constructed facilities and

that suggested h.erein is that the traditional approach

assumes that these inequalities can, with certainty, be

satisfied, while here it is proposed that the outlook is less

certain. Reliability reflects this uncertainty.

2. Computations of Reliability

Reliability has been defined as the probability that

failure does not occur in any of the I possible failure

modes. One is now faced with the difficulties of evaluating

this function, of estimating the probability of success.

Two basic approaches to making these evaluations may

be identified, which are pertinent to systems of constructed

facilities: the first of these might be referred to as an

analytical approach. In this case, one has definite mathe-

rnatical statements relating demands to resistance, for each

failure mode, as a function of appropriate [c 1 and [e 1.m n

A major advantage of such an approach is that it may be

feasible to develop functional relationships stating required

[em] for given [ten] and Sf' in a probabilistic framework.
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Most standard design methods have been formulated through such

relationships, traditionally used in a deterministic fashion.

The second approach migh"t be termed an activi ties

approach. One \\rill try to describe the chain of even ts

which occur, lea.ding eventually to failure irl a particular

mode. This appr'oach can often be taken wI1.en analytical models

are not available. That is, it may not be necessary to

know how something is happening, simply that it is occurring.

An estimate of the probabilities of occurrance of these

individual events than yield a probability of failure.

One may identify a third approach to reliability

estimates, which is unlikely to be useful for the analysis

of systems of constructed facilities. This is a straight

statistical approach, using full scale models of the system

(2). This technique has been useful in aerospace and elec

tronics, especially in quality control of parts. Such test

ing may be of use for systems of constructed facilities as

a means for esti~nating the behavior of components of the

larger system.

The two principal approaches may be used in concert,

either in series of parallel applications. For a series

case, one may ha"V'e a model of behavior which applied Wltil

a certain limit is reached. When this limit is reached,

one descr ibes sU]Jsequen t even ts which could lead to fail ure,

using the activi-ties approach, because no model is avail

able. The analy"tical model in effect was used to compute
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the probability of occurrence of the first step.

A parallel application might be useful when there are

more than one icientifiable physical phenomena leading to the

occurrence of failure conditions X*r- For example, loss of

highway pavement. rideability might occur due to the pro-

gressive deteric)ration caused by accumulated vehicle loads,

or due to break--up of the pavement caused by the occurrence

of cracks, followed by rains sufficiently heavy to cause loss

of subgrade s up};)ort _ There are models available to predict

the progression of the first phenomenon, but the seer -u can

be predicted onJ.y in terms of the chances that these events

occur _ A closer" look at each of these two approaches will

now be taken.

For the sake of discussion, an example will be assumed,

such that there are only two failure modes. For the first

failure mode, assume that there is a model available to

permi t analytica,l approach to be used. This model could be

theoretical in its derivation or simply a statistical corre-

lation which appears functionally meaningful to the analyst.

The criteria for use of a model are that it should predict

behavior as a fu,nction of system and environmental parameters,

and that it shou.ld predict as accurately as possible.

A model is selected which, hopefully, meets these criteria.

Consider, for e}(:arnple, that the system is a flighway pavement,

and that the first mode is loss of rideability. There are

than models available to predict the number of equivalent 18
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kip loads requi:red to cause a given loss of :rideabili ty for

a pavemen t 0 f given properties. The loss of rideabili ty which

is considered tC) be failure is determined from the minimum

serviceability level set by higher level considerations. The

pavement properties will be represented in terms of their

probabilities of occurrence, which depend on such factors as

construction COI1trol, design decisions, temperature, etc.

This distributic~n of P(cl ,c2 , ... ) may be put into the model

chosen, to geneI"ate the probabili ty of capabili ties P (R
1

) •

This generation may be done analytically (in the mathe-

matical sense) or numerically (through simulation) .

Similarly, the probable demands are estimated. For

example, if exponential growth from an initial daily traffic

is assumed, total loads will depend upon the distributions of

initial traffic and growth rate.

p(e
1

,e
2

)

p ~

p

Hence, P(D
1

) is estimated.

P(c 1 ,c2 ,c3 )

p tl

tProb. [R
1

D
1

] =

1- Prob.[no failure in
mode 1]

FIGURE 4: Analytical Approach to Reliability
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Figure 4 illustrates the procedure. Idealized distribu

tions for (e 1 ,e 2 ) and (c l ,c
2

,c
3

) are programmed into the

computer. For example, it might be assumed that a normal

distribution holds for each individual variable. The computer

then takes "sample" for each distribution, using a random

number generation technique. With an adequate number of

samples, the assumed distributions of (e 1 ,e 2 ) and (c
1

,c
2

,c
3

)

will be reproduced.

Each time a. sample is drawn from each dis tribution,

values of D1 and R1 may be computed. In principle, given

adequate numbers of samples, the expected distributions of

demands and resistance can be described. With these descrip

tions, one is in. a position to compute P [Dl>Rl ], the prob

ability that failure will occur in this first mode.

For the second possible mode of failure, assume that

there is no good. analytical model. An activi. ties approach

must be used. One must define a string of discrete events

which will occur', culminating in the occurrence of failure.

Such a string of events may be termed a possi.ble lifetime of

the system (3), and there will generally be several possible

lifetimes associ.ated with any single failure mode.

The concept~ of a lifetime may be formulated mathe

matically. Let j~i be L~e j'th possible lifetime leading

to failure in th.e i'th mode. j£i may be described as a

compos i te even t compris ing the W1ion of an ol~dered set of

elemental events j{ft}i. These elemental events are defined
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to be independen.t and described by lUlcondi tional probabili ties

of occurrence pt.. For example, the occurrence of breakdown

of the heating system and the onset of cold weather could be

called independent for an analysis of housing and would then

be elemental events whose union would comprise a failure

through loss of comfort, a system lifetime. On the other

hand, because cr'acking in concrete is dependent upon moisture

conditions, structural failure defined by fracture might have

only one element.al event, consisting of a combination of

humidity and micro-cracking.

The failure lifetime is defined as a union of elemental

events

where the set · {f
t
}· is the set of those events which are

J 1

included in this particular lifetime. This statement may be

represented pictorially as a tree diagram (see Figure 5).

£6 f7 Itl

FIGURE 5: Possible Lifetimes of a System
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Each branch in tbe tree, each path from the initial point

to the terminal point, is a lifetime. One Sflould notice

that some elernen.tal events are included in ffiC)re than one

lifetime. For e:xample, heavy rains could play a role in

the occurrence clf subgrade subsidence or in frost heaving

Wlder a highway pavement, where ei"b~er subsicience or

11eaving could ca.use failure through loss of rideability.

Hence it is nece.ssary to identify the set of events j {ft} i

in the above definition of j£i.

The probability that a failure mode will occur may be

expressed as the. probabili ty of occurrence of any of the

several lifetimes which cause that failure. Then for the

particular failure mode i,

P{failure in mode i) ( . £ .) .= P any J 1 J = l, ... ,J,

with J possible lifetimes associated with the mode.

That is, to adopt previous form,

( ) ( • Q. . )P R. < D. = P any J 1
l 1

This statement g·ives a slightly different view than that

of the analytica.l approach. In the analytical approach,

(3 )

it is possible t~o say that there is a distribution of

combinations of D. and R., as suggested in Figure 4. with
1. 1

an activities at:1proach, one feels that it cannot be said
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precisely what v"alues the functions D. and R. to assume, but
1. 1.

that if one of the group of possible lifetimes occurs, these

val ues are such tha to. > R.. One cannot sa~i if the fail ure
1. 1

will occur because of relatively high Di or low Ri .

The element.al events f
t

were defined to be independent

are predicted by probabilities P
t

- So, one may say that

P(jt i ) =

where the probabilities Pt are associated with the T events

· {f t }. in that lifetime.
] 1

For example, returning to the illustration, the second

failure mode might be loss of structural integrity of the

highway pavement., where this refers to the pavement IS

abili ty to serve a heavy vehicle. Tha t is, if the conditions

of the pavement are such that the occurrence of a heavy

load will result. in a definite failure, then structural

integrity is lost even though the loading does not in fact

occur, because the pavement was intended to serve this load.

One possible lifetime might be described as the use of

fine grained material in the base course, followed by the

occurrence of major cracking in the surface layer, followed

by the occurrence of heavy rains, followed by washing of

the base materia.l, ending with a loss of subgrade support.

As stated, there are five elemental events, although the

last two -- wash,ing and loss of subgrade support -- might
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be considered tC) be synonymous. Assuming this is the only

possible lifetime, P(D2 > R2 ) = PlP2P 3P 4P S where these

P
t

refer to the events named.

It is sometimes relatively easy to define events f
t

and

much more diffic:ult to estimate the associated independent

probabili ties P t :. In this case one migh t prefer to define

a partial lifetime as the occurrence of a sul>set of events

which form a part of one or more lifetimes. In Figure 5,

the composite ev'ent (fl ,f 3 ) is a partial lifetime, which

might be designated A.a. The probability of occurrence of

the partial lifetime Aa in this case would be given as

The advantage of defining a partial lifetime is that one may

be able to estimate its probability of occurrence directly,

much more easily' than one could find the needed P t IS.

Computationally, any particular A is really just another

elemental event. Philosophically, it is recognized to

contain a number of "more elemental" events.

If a partial lifetime Aa has been defined as the first

n events in the lifetime j£i, then the remainder of that

lifetime is another partial lifetime A
b

, containing the

f th . {f} Th · i. = Aa + Abremaining (T-n) events 0 e T In j t i. . en J 1 •

One may compute,
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'j

p{A,a)p{A,b)

p(Aa)p{jii _Ita)

Obviously, elemental events can be combined to give a

variety of possible partial lifetimes, so that this equation

is a rather genE~ral sta tement. Further, a single partial

lifetime may be contained in more than one lifetime. Equation

(3) may then be rewritten as

( 4 )

This form is most convenient when there are several possible

lifetimes for wh,ich a large number of the initial events

are identical. In Figure 5, the sequence (f
2

'£3) is

found in two lifetimes and might thus be conveniently

handled as one partial lifetime.

In practice, it will often be found that the system may

be characterized by a description of its current state,

which is taken t.o indica te that a particular partial life time

has occurred. The future behavior may be predicted from

this state condition without reference to the events within

the partial lifetime. For instance, the observation

of some amount of cracking in a highway pavement may be

viewed as an implicit definition of a partial lifetime.

If maintenance is ordered, failure will not occur. Then

the probability of failure may be viewed as dependent only
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upon the observation of cracking, and not on how it came

about.

Wi th this a.pproach, it \vill be argued later that in

many cases for systems of constructed facilities, equation

(4) may be conveniently replaced by a Markov process. It

will be suggestE~d that a IYlarkov process will in many cases

prove to be a rE~asonable firs t approxirna tion of reali ty, and

because of its computational characteristics, a desireable

approximation also.

As a result of applying an analytical approach or an

activities approach, or some combination of the two, the

probabilities of occurrence of failure in each of the I

possible failurE~ modes is estimated. It may be the case

that because of physical interdependencies among the

processes causing failure, it is necessary to estimate joint

probabili ties of occurrence of more than one mode at a time.

Thus, it is impossible to expand in any general way upon

the expression defining reliability as

R = Probe (R. > D.) i = 1,2, ... ,1
]. 1.

If the I fail urE~ modes are s tochas tically independent (4),

then

I
R = L P(Ri > D.)

i=l 1.
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Stochastic indeI;>endence is a requirement distinct from the

independence of judgement variables [z.] which led to the
1.

original statement of inequalities in (1).

In the two mode example discussed throughout this section,

the occurrence of the second mode is probably dependent upon

the non-occurrence of the first. The level of detail given

in the example ~ras insufficient to determine stochastic

independence or lack thereof. But in a later chapter, a

substantially expanded version of this example will be used

to illustrate th.e overall analysis of reliability, antici-

pating this analysis, it is suggested that in this case

reliability would be given as

R = P(R1 > 0 1 ) + P(R2 > D
2

) [1 - peRl > 0
1
)]

rather than as the simple sum P(Rl > D1 ) + P(R2 > D
2
).

3. Lifetime Modeling

While it has been only indirectly pointed out in the

discussion of the activities approach to reliability predic-

tion, the physical behavior of a constructed facility is

highly time dependent. This dependence is inherent both

in the physical phenomena - such as aging and service wear -

which comprise the observable aspects of service behavior and

in the evalutation of behavior relative to a specified design

service life.

To compute reliability, one must first construct a model
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of the service life behavior of the constructed facility.

It is suggested here that a generally useful way of represen-

ting the system is in terms of a state space. A state is a

description of the condition of the system in terms of

appropriate characteristics (for example [Xk ]), along

with such historical data as may be needed to make predictions.

A partial lifetime is a possible example of a state descrip-

tion. The elemental events included comprise the historical

data which is important in predicting subsequent failure.

It was pointed out that practical experience with systems

of constructed facilities indicate that one may often repre-

sent the system in terms of only the current values of

appropriate [xk ] without regard for how this condition

came about. That is, the actual partial lifetime which

resulted in a particular condition x, of the many possible

lifetimes, will ,have no impact in such a case upon predictions

of the system's future behavior.

Because of this situation, in many cases one may repre-

sent the service life behavior of a system of constructed

facilities in terms of a Markov process. This special type

of stochastic process has a number of convenient computational

advantages.

A Markov process may be defined as follows (6): For any

integer n>l, if t1< ... <tn are parameter values, the conditional

X
t

probabilities relative to X , X , •.. ,x are the same
n t l t 2 t n - 1

as those relative to Xt that is, for each A,
n-l
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P [Xt < A IXt ,Xt , ... , X
t

] =
n 1 2 n-l

A process which possesses this Markov property has no memory -

i.e., its predicted future behavior depends only upon the

current state of the process. Future development is indepen-

dent of the way in which the current state was reached.

From the definition of the Markov process, one may derive

a general statement, tl1e Chapman-Kolmogorov Equation:

pst(m,n) = m<r<n

That is, the probability of going from state s to state f in

the time between m and n is the sum of possible chances

of going from s to any other state k in the period m to r,

and then from k to t in the remaining time. This equation

may be compared with b,e previously derived statement;

P[R.<D.]
~ l

(4 )

State 5 in the Chapman-Kolmogorov equation will correspond

to the initial point of a service lifetime, while state t is

the terminal occurrence of failure in mode i. Each inter-

mediate state k represents a set of conditions occuring at

the end of any particular partial lifetime Aa . When the

partial lifetimes can be represented by x only, one need not

distinguish among the many possible ways that x occurred, and
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a single state replaces many partial lifetimes. The Markov

process thus becomes a very compact way of modeling system

service behavior.

It is pass ible to def ine a !1arkov process in terms of

discrete or cont,inuous time and discrete or continuous

states, and the reader is referred to the cited references

for discussions of these variations. The full range of

desireable computational features are realized in the

discrete state, discrete time process (see Drake (7», and

it is suggested here that such a process will often provide

a useful first approximation of many aspects of systems

of constructed facilities.

This model is particularly desireable as a means of

investigating ma.intenance policies. Often, maintenance

actions are undertaken contingent upon the observation of

a particular set. of condi tions. Further, inspections and

other normal maintenance activities are often periodic,

carried out at L'egular time in tervals .

It of course cannot be shown that the service behavior

of a system of constructed facilities may be generally

represented as a Markov process. In fact, if such a process

is useful at all., it will often be in conjW1(~tion with other

stochastic models. Such use will be illustrated in later

pages. It is here simply suggested that the Markov process

will often be applicable, and that where it can be applied,

it will prove useful. This application, for particular types
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of constructed facilities, is an area in which further work

should prove useful.

D. Uncertainties of Future Actions -- the Uses of Maintain
ability

1. Definitions and Rationale

Throughout the service life of a system of constructed

facili ties, ther"e are actions undertaken upon which the

behavior of the facility will depend. A major class of

these actions, termed maintenance, are to some degree planned

for, to slow or prevent deterioration of the facility's

service, or to repair deterioration which has occurred (8).

Reliability as cl component of performance permits an estimate

to be made of tile levels of uncertainty in any proposed alter-

native facility~ But this estimate will depend upon the

proper executiort of the maintenance actions, and is thus

subject to the uncertainties of human influence throughout

the service life.

It is then proposed that design decisioJ1. should be made

with considerations of the sensitivity of a plan to this

particular brand. of uncertainty. To what extent is effort

required during the design service life to assure that

adequate service will be provided? A measure of this sensi-

tivity will be suggested, and will be termed maintainability.

Maintenance actions may be classified roughly into two

categories: nonnal maintenance is the regularly scheduled

day-to-day activity required to keep reliability at high
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levels. Normal maintenance is preventive in nature. It is

intended to assure that partial lifetimes are not completed,

or to tigh ten th.e dis tributions of sys tern characteris tics.

In many cases, the failure of a system will hinge upon poor

execution of no:r·mal maintenance actions, and this poor

execution will be represented as elemental events in a

service lifetime.

Repair maintenance is required when failure has actually

occurred or is felt to be undes ireably close (i.e., loss of

reliability), pI'ior to the end of the design service life.

Repair maintenan,ce actions are intended to restore the

system to an adequate level of service. These actions might

be viewed as associated with the events whicfl occur with

probabili ty (1 _. R) •

~1aintainabi.li ty is described as a measure of the degree

to which continued effort is required during a facility's

design service life. High maintainability is achieved

through minimization of the number of mainterlance actions

needed and the time required to complete these actions,

relative to the design service life of the facility. It

may immediately be seen that maintainability will be closely

linked with reliability through the scheduling of maintenance

activities.
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FIGURE 6: Components of Maintainability

In practice, maintainability will depend on a range of

factors from the degree to which it is feasible to rapair

a particular type of failure to the efficiency of the

maintenance organization in detecting and acting upon fail-

ures and normal maintenance needs (Figure 6). Scheduling

and control of TIlaterials and parts inventories and activities

may become critical. The decision whether a part of the

constructed facility is to be repaired (for example, patching

or plaster walls) or replaced (versus use of plaster board)

enters into planning and design. Finally, questions of

obsolesence of the facility will sometimes complicate evalua-

tion of the benefits of maintenance.

This then is a qualitative view of what maintainability
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will mean in decision. A more quantitative view is now of

interes t, from w-hich functional meas ures of nlain tainab iIi ty

may be derived.

2. !1easures of Maintainabili ty

A system of constructed facilities is intended to provide

service throughout a particular design service life. Overall

serviceability will generally start at some high level, and

will deteriorate with age and service usage of the facility

until it reaches the failure level, defining a failure age.

Generally speaking, this failure age must, at a given level

of reliability, equal or exceed the design service life if

the facility is to be considered satisfactory. Figure 7

illustrated the trend.

To the extent that normal maintenance is effective,

its neglect would be expected to lead to earlier failure of

the system. The manner of occurrence of the failure is

suggested by the second trend line in Figure 7 to be through

more rapid deterioration.

life would thus be lost.

for later discussion.

A certain amOtU1t of the service

This amount will be designated T
n

An unexpected failure and its repair may be viewed in a

similar fashion. Some tine T will be required to return
r

a facility to satisfactory service given that the failure

occurs. This lost time, analogous to T I will be a charac
n

teristic of the mode of system failure and the feasible

repair actions. It may be pointed out here that the prob-
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ability of occur'renee of any such trend as nlunber 3 in

Figure 7 is estimated to be (1 - R).

The expected values of the parameters T and T will be
n r

characteristics of b~e particular system of constructed

facilities. Larger values of T and T will indicate an r

greater dependence of the system upon maintenance activity.

A ratio of either of these parameters to the total design

life will indicate the service availability of the system,

wi th respect to losses associated wi th main tenance (9).

This indication ()f availability provides a useful basis for

estimating maintainability.

In particular, a coefficient of maintainability with

respect to repair maintenance may be stated as

!v1 =
r

where TD is the design life and Tr is expected repair time

lost, as described above. A high value of this ratio indi-

cates a low sensitivity of the system to repair maintenance

activities, i.e., high maintainability. It is the inverse

of the expected fraction of service life lost if repair is

needed, and may intuitively be viewed as an estimate of the

number of times failure could occur before the service life

is exhausted. Ease of repair and reduction of the need for

same will increase this coefficient of repair maintainability.

In similar fashion, a coefficient of mai:ntainability with
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respect to normal maintenance is proposed. In this case,

Tn/TD is the fraction of the service life which might be

lost if normal maintenance is neglected.

This normal maintenance fraction is associated with the

even ts tha t nOrTIlal main tenance is neglected and failure occurs.

It is possible in this case that failure would have occurred

anyway, that it was not the neglect of normal maintenance

which is at fault. To obtain a true estimate of rnaintain-

ability with respect to normal maintenance, an adjustment

must be made fOI~ this possibility.

If the following probabilities are defined:

l-R = probability of failure

P[NM] = probability that normal maintenance will be
carried out

p[FINM] = the probability that failure will occur, given
that normal maintenance is carried out,

P[NMIF] = the probability that normal maintenance was
carri.ed out given that failure occurred;

Then from the definition of conditional probabilities one

may state that

l-R
P [NM]

= P [F NM]
P[NM F]

To obtain an estimate of the chance that a failure, and

thus any time which may be lost, is due to something other

than normal maintenance, assume that P[NMIF]~l.O; i.e., it is
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:;s
f

certain that normal maintenance was adequate even though fail-

ure occurred.

P I [F INM]

~rhen one finds

l-R=
P [NM]

pi [FINM] is an estimate of p[FINM] on the basis of the assumed

adequacy of normal maintenance.

The fraction of service life lost in the event of failure,

which would have been avoided if normal failure were carried

out, is now estimated as l-R
(Tn/TD) (1 - P[NM])*. A coefficient

of normal maintainability may now be given as

M
n

P [NM]
<p [NM] - (l-R))

As with M I this parameter increases with ease of maintenance
r

and decreases with sensitivity of the facili,ty to maintenance

caused service losses.

It may be seen that the meaningful range of values for

both of these coefficients is l<M<oo. I~ makes little sense

to consider M 1, for while this is theoretically possible,

it indicates a loss of time in excess of the design service

life. A value of M=l indicates that normal maintenance is

absolutely necessary or that a failure cannot be repaired.

* The fraction ~[:M] is constrained by "rationality" no be

less than unity. If the probability of failure is large and
P[NM] is relatively small, the assumption of P[NMIF]~l.O
becomes meaningless.
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At the other eX1:reme, a facili ty which is planned to have no

normal maintenarlce will exhibi't M ~oo as the expected time
n

lost due to neglected maintenance, T I approaches zero. One
n

would expect that Mr will always be a finite value, because

repair time canrlot be eliminated (lUlless there is a duplicate

system ready fOl~ immediate use -- an unlikely situation for

systems o~ constructed facilities) .

E. Swmnary

It has been. suggested that reliability and maintain-

ability be used as measures of effectiveness in the analysis

of systems of constructed facilities. These measures are

intended to reflect the uncertainties and risks involved

in a particular system. The measures will depend upon the

inherent variabilities of system and environment, operations

and maintenance management policies, accuracy and detail

of prediction models, and other such factors.

It is proposed that the service life of the constructed

facility is best modeled, for purposes of prediction, as

a stochastic process. The occurrence of fail ures may be

predicted through use of models representing the conditions

at failure, or through analysis of the activities which

lead up to failure. The practical aspects of the behavior

of systems of constructed facilities will often make it

worthwhile to consider the use of Markov processes to model

certain aspects of behavior. Reliability and maintainability

are then predicted using these models of service behavior.
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Expected trends of serviceability may also be predicted.

The use of such a probabilistic approach to prediction

makes greater demands upon the analyst than does the more

traditional deterministic approach. The greater demands

appear primarily in the form of a need for more extensive

data on the characteristics of system and environment.

In general, it requires several pieces of information for

example a description of the probability distribution type,

a mean value, and a standard deviation, to describe probabil

istically a variable which is predicted deterministically by

a single number.

These increased requirements for data handling can and

undoubtedly will be accomodated through applications of the

computer. It is suggested here that in fact the entire

framework of models for predicting service life behavior

for a particular type of systems of constructed facilities

and a particular design decision problem, and ba computerized,

and tha t do ing 5() will be val ue by permi tting' the decis ion

maker to explode a substantially broader range of solutions

in his problem solving.
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CHAPTER V

THE ANALYSIS OF HIGHWAY PAVEMENTS
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A. Analyzing the Pavement as Part of the Transportation
System

In the highway pavement one has a fairly clear example

of a constructed facility which is intended to serve as part

of a larger system. There is certainly little reason for

the existence of the long band of asphal t or concrete except

for the role it plays in a transportation network.

Properly, the constructed facility in highway transpor-

tation will include not only the pavement as it is generally

defined, including its substructure and foundations, but

also bridges, interchanges, cut and embankment slopes,

lighting, traffic signals, etc. Certain associated components,

such as right-of-way and air rights structures, might be

included on occasion, as they effect the transportation

function of the .higllway, but these components are not strictly

part of the constructed facility. In this example however,

the discussion will be restricted to the pavement structure,

and it is suggested that in many cases (in this particular

example, inter-urban roads) this restriction will still

yield an analysis useful for investigating the interactions

of physical, social, political, and economic systems. In

the present case then, bridges and similar structures will

be neglected, for simplicity's sake, and the discussion

will concentrate upon highway pavements.

Having roughly identified the system, one might next

examine the role of the facility as part of a transportation

system, and investigate the nature of the users. In this
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..
case, there is a substantial amount of literature devoted to

the analysis of transportation as a factor in urban and

regional growth and development (1,2). At another level of

discussion, the highway as an influencial agent in social

patterns and political institutions is becoming apparent (3).

The transportation planner, who makes the decision that

a particular transportation link will be a highway, will

generally consi.der factors of comfort, convenience, safety,

speed, and cost as the measure of transport systems effec-

tiveness (4). Satisfactory service by the highway pavement

is considered to be rendered when the pavement does not inter-

fere with the desired levels of these five measures. That

is, the physical behavior must be such that the users - direct,

indirect, and subsidiary - do not find the overall trans-

portation systenl impared by the highway pavement. With this

criterion in mind, one may attempt to structure the analysis

of the system of constructed facilities.

More specifically, the planning decision begins with

an equilibration of supply and demand, assuming relatively

standard features of the highway link - i.e., features which

will not produce a significant alteration of demand. It

then falls to design to determine the possible technologies

which will meet these equilibrium requirements, and thus to

permit the planner to evaluate alternative courses of action,

each alternative including a particular physical system as

a component of the whole. This chapter will examine the
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analysis of higllway pavements in this light.

B. Pavement Serviceability

1 . The Componerl ts

The first step in the analysis is to identify the compo

nent subscales of serviceability. Figure 1 suggests that

serviceability for highway pavements may be represented by

three components: rideability, safety, and structural

integrity. These components were suggested through applica

tion of the previously discussed techniques for analysis

of problem structure, through hierarchical decomposition.

(See also Appendix A) •

Rideability is a descriptive term for the quality of

ride which the pavement system gives. This factor is readily

apparent to the direct user, whose comfort is effected by

his response to the physical stimuli of the pavement. It

might also be expected that comfort will be correlated with

liklihood of damage of goods shipped over the road, and

would thus be of some interest to the indirect user. Travel

speed is of course of importance to both of these groups, as

is cost. Vehicle operating costs are a principal factor in

this consideration. Rideability as a whole will effect the

demand for the facility, or rather the willingness to use

the facili ty, and is thus of importance to the subs idiary user.

Actually, rideabili ty is governed by a complex in ter

action of vehicle and pavement characteristics (Figure 2).
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The perceived quality of ride will be a variable depending on

vehicle characteristics, surface qualities, etc. That is,

evaluation of serviceability with respect to rideability will

be very much a function of current technology and the trans

portation role of the pavement. The same pa,vement will be

eval ua ted diffe.ren tly if it is to serve as an in ter-urban

expressway or as a rural secondary road.

Safety is a similarly complex component of serviceabilit~

Its evaluation is especially difficult because of the ethical

and moral questions involved in placing values on human

injury and deatll.

The highway pavement will effect safety in two ways.

Friction characteristics of the system will influence the

various forms of sliding and skidding which may lead to

losses. This area of safety has received substantial atten

tion over a number of years. Another source of unsafe be

havior, one which has not gained such attention, is the

hazards which may cause loss of control of tlle vehicle. Large

irregularities, lack of lane markings, narrow pavement, are

examples of such control factors.

Structural integrity is a concern directed toward

future behavior. Can the pavement support the loads for

which it is planned, throughout the remainder of the design

life, without losses of rideability or safety? An example

of how structural integrity might be lost without immediate

loss of rideability or safety might be found in the phenomenon
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of pumping. A substantial void under a rigid pavement would

not be noticed by vehicles as long as the pavement slab

does not crack and exhibit displacement. Such cracking might

not occur under light auto loads, but would be virtually

assured under a single heavy truck. This is a loss of struc

tural in tegri ty.

Structural integrity will depend upon vehicle loads -

their magnitude and number of repetitions -- and upon the

environment -- moisture, temperature, chemicals, etc. Environ

mental degradation, for example, asphalt ernbrittlement, con

crete-sulfate reactions, loss of joint filler due to high

temperatures, can cause failures, even without substantial

loading action.

The serviceability of highway pavements can be charac

terized in terms of rideability, safety, and structural

integrity. The question now is how to measure these

parameters.

2. Serviceability with Respect to Rideability

Rideabili ty, particularly wi th respect t~o comfort, is

a fairly subjective parameter. There have be.en attempts to

circumvent subjectivity by viewing human response mechanis

tically, for example by constructing mass-spring-dashpot

models (S). On the other end of the scale, purely subjective

rating techniques have been used (CGRA (6) and AASHO (7)).

Quite good reviews of these various approaches have been

published; the illterestec. reader is referred to these (for
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example, Hutchinson (8), or Holbrook (9)).

For this example, data from the AASHO Road Test is used.

The manner in which ratings were obtained illustrates quite

well the techniques suggested for estimating serviceability

by psychometric scaling. Further, it is felt that the data

obtained is among the best available and provides a good

example of the steps of identifying indicants and operation

ally useful scales.

There is one point requiring attention before proceeding.

In the AASHO Road Test, the term serviceability was used to

refer to pavemen.t surface quali ties which are here viewed

as indicants of serviceability with respect to rideability

only. That is, the AASHO concept of serviceability does not

display the full breadth of meaning argued in the present

work. Hence, in the following discussion, tile term ride

abili ty has been inserted where AASHO might llave used service-

ability.

In the AASHO Road Test, a panel including "highway

designers, highway maintenance men, highway administrators,

men with materials interests, trucking interests, automobile

manufacturing interests, and others" (7) were asked to rate

138 sections of highway pavement. Ratings were made on a

scale of 0 to 5 of the pavement's ability to serve traffic

at the time of rating. Figure 3 shows the rating form used.

Panel members were told to use whatever criteria they wished,

and were asked to judge whether the section was satisfactory
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or not.

(See Figure 3 on Page 157)

In effect then, each individual was being asked to rate

his utility vallle for the pavement and to indicate the

relative location of his critical region. The panel might

have been of more general value had it included a represen

tative selection of highway users rather than so-called

experts. This biasing of the scale could lead to a lower

individual ratillg and higher aspiration level relative to

the average user of a given pavement section. The halo

effect (see Chapter III) and the influence of common, special

ized background among the panel members would be apparent in

their possible tendencies to judge the pavement more critical

ly. Subsequent studies reinforce this idea (10).
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From the individual ratings and the statements of accept-

ability, it was possible to derive directly a measure of

rideability as discussed here. Figure 4 shows the AASHO

plots of the fraction of the panel adjudging the pavement

satisfactory versus the ratings given. The rideability scale

values are the means of the individual ratings.

These ratings were derived for pavements serving high

speed mixed truck and passenger traffic. It would be expec-

ted, from previous discussion, that for secondary roads the

individual's aspiration level would be lower than for these

high speed primary roads. As a result of this, assuming that

the same general factors are influential in the choice

process, the serviceability value should be higher on a

secondary road than on a primary road with the same ride-

ability rating. Data from Nakamura (10) and Purdue (11)

would seem to support this expectation, although some addi-

tional work would be required to test the hypothesis thorough-

lye Figure 5 shows serviceability versus rideability rating

for primary and secondary roads.

(See Figure 5 on Page 162)
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in which r =
F =

C =
P =

RD =

The rideability rating derived here is still a subjec

tive measure of performance. The next step required is to

find suitable indicants of this measure such that complete

panel ratings are not required whenever a pavement section

is to be evaluated. Numerous instruments have been derived

to measure various aspects of the pavement's physical

characteristics, and there is little agreement among highway

personnel as to what is correct.

The AASHO analysis identified longitudinal roughness,

cracking, patching, and in flexible pavements, lateral

rutting, as the principal physical characteristics of the

pavement which determines rideability (6). Lateral and lon

gitudinal roughness are found to be by far the most important

factors (11). These indicants were statistically fitted to

the subjective evaluations to yield regression equations of

the general form

rideability rating;

roughness measure;

cracking;

patching;

rut depth;

A
o

,A
I

,A
2

,A
3

= constants.
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The physical factors F, C, P, and RD are at present

defined in terms of the techniques used to measure them. For

example, F, roughness, may be measured using a roughometer,

in which case the value in inches per mile is inserted direct

ly into the equation. Other instruments measure similarly,

but may require some transformation before insertion into

the equation, as in the case of slope variance measured with

a profilometer. Similarly, rut depth, (RD), is defined as

a particular number of measurements taken transversely to

the pavement centerline along a straight-edge resting on the

pavement. For a complete discussion of these measurement

techniques and the instrument used, including suitable values

of the coefficients, one may refer to such authors as

Holbrook (9), Phillips and Swift (12), or Yoder and Milhous

(11) •

It is suggested that the function r -- it will be

referred to as a coefficient of rideability is a suitable

indicant of serviceability with respect to rideability.

The measure is of course restricted to the area of high type

pavements, for which it was formulated. The current tech

nology is also implicit in this parameter. If, for example,

new vehicles are developed which travel at much higher speeds,

but are more sensitive to pavement surface characteristics

for comfort and operating costs, then it would be expected

that the ratings shown in Figure 5 would be shifted to the

right. But for the purposes of this example, the measure is
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adequate.

3. Serviceability with Respect to Safety

The evaluation of serviceability with respect to safety

is an especially difficult problem. The entire area of high

way safety has been marked with lack of understanding and

responsibility, and with general confusion due to the ethical

questions involved. Traditional efforts to reduce safety con

siderations to monetary measures run into trouble when attempts

are made to put values on human life and limb. The values

are seldom justifiable except as attempts to obtain results

in the face of extreme difficulty.

An additional problem is that safety is not generally

directly apparent to the direct user of the highway. In

most situations, the user is unaware of the chances that he

will be involved in an accident. Only when a highway section

is notoriously unsafe does safety become a conscious judg-

mental attribute.

It is felt that this situation is primarily one of

education. If the user knew that one road was likely to

be safer than another, he would prefer the safe one (other

things held equal). One might then argue that it becomes

obligatory that the decision-maker either educate the user

or assume a responsibility for maintaining safety in such

a way that the user would find satisfactory.

Following this line of thought, one might suggest that

a suitable judgemental parameter for safety would be the
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relat~ve probability of occurance of accidents. That is, if

the user knew what the average and extreme values of accident

statistics are, and he were given the probability of accident

occurance on a particular road, he could make some judgement

of that road. One could then experimentally attempt to find

the function of serviceability versus the probability of

accidents. The experiment might be conducted along the lines

of the previously described investigation of rideability,

perhaps with the assistance of visual aids such as the new

computer simulation of highway driving conditions.

Unfortunately, no such work has been done. In order

to illustrate the results which might be expected, some

assumptions will have to be made and the function developed

as an exercise in logic. First, the role of obstructions

or other unusual features which might spur accidents will be

neglected, as there is little data available in this area.

Second, the step to an operational level will be made for the

investigation of skidding behavior. That is, the function

will be constructed immediately in terms of a physical

parameter, analogous to the coefficient of rideability as a

predictor of serviceability with respect to rideability.

Skidding occurs through the complex interaction of a

set of parameters including pavement surface, vehicle speed,

tire characteristics, and the depth of water on the pavement.

At an extreme, skidding occurs due to a hydroplaning effect

in which the vehicle actually rides up on a thin film of water.
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The critical parameter is the breaking force coefficient or

effective skid resistance (13). For a dry pavement at slow

speeds, this parameter is the coefficient of friction as

normally defined. But under other conditions, it reflects

the net effect of all factors on the system's skidding charac

teristics. The coefficient will generally fall between 0.0

and 0.7 (14,15).

Accident studies indicate that the probability of acci

dents increases quite sharply as the braking force coeffi

cient falls below 0.30 (16). In California 0.25 is consider

ed to be the minimum acceptable value of coefficient of

friction before remedial action is required (17). Other

studies have indicated that the average value for pavements

in reasonably good condition is about 0.5 (18).

Now assumptions must be made to postulate the users'

response to safety features. It is suggested that these

values of the braking force coefficient are representative

of the current state of highway technology, and that the

individual user will on the average be satisfied with a level

of risk commensurate with this current state. Figure 6

illustrates a curve of serviceability versus peak braking

force coefficient, which might be derived in this manner.

167



~.

1.0

>t
E-i
H
...:r
H
a:l
~ 0.5
~
u
H
>
~
~
U)

0.2 0.4 0.6 0.8

PEAK BRAKING FORCE COEFFICIENT

FIGURE 6: Serviceability with Respect to Safety

Referring to Figure 6, five distinct points are indica-

ted on the curve. A value of the braking force coefficient

F of 2.5 is considered complete failure by any standards.

At 3.0 performance is still poor, but approaching a reason-

able value. British standards rate this level slightly

below satisfactory. 4.0 represents an acceptable value,

about equal to that encountered on high quality, high speed

pavements when they are wet (moderate rain, slide value).

So the average user would be as likely to find it acceptable

as to reject it. A value of 0.6 is high, about equal to the

peak value expected on a high quality, high speed pavement.

A value of 0.7 is considered safe by any standard.

ffi1ile a great deal of work is still needed to verify the

type of judgements made in deriving this scale, it is felt

to be fairly representative of the conditions of safety with
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respect to pavement frictional characteristics. In using

the braking force coefficient as an indicant, considerations

of surface, drainage, and vehicle speed are incorporated.

And, as verification that risk does vary as suggested, studies

of pavement grooving have shown that improvement of the

braking force coefficient from .25 to .35 can give a reduction

in the number of accidents on the order of 75%, where the

pavement at 0.25 was recognized as low in safety {18}.

4. Serviceability with Respect to Structural Integrity

Structural integrity is not a directly perceptible

quality of the highway pavement. Rather, it refers to

qualities of the pavement which will effect the pavement's

ability to provide adequate service in the future. Struc

tural integrity depends upon the vehicle loads to be applied

to the pavement - their magnitude and frequency of repetition

- and upon environmental loads and degradation - water,

temperature, and chemical effects - as well as upon the

characteristics of the pavement system.

Often, loss of structural integrity will be associated

with other modes of failure. For example, cracking in a

rigid pavement effects rideability as well as structural

integrity. But loss of structural integrity may occur

alone. If pumping of base course material leads to sufficient

loss of support, a breakup of the pavement will be likely

if heavy loads are applied. However, behavior under lighter

loads may be apparently satisfactorj, even though structural

169



~.

integrity has in some degree been lost.

The pavement is designed to withstand a projected traffic

load in providing its transportation service. This load

will be stated in terms of vehicle weights and numbers.

Using a concept of equivalency of loads (19), it is possible

to convert this projection to a total number of applications

of a single magnitude of load. The 18 kip axle load is a

popular choice. It may be suggested then that the pavement

which can resist the total number of predicted equivalent

loads will be satisfactory. A pavement which has lost this

capability - through poor design, excessive accumulation of

damage, etc. is unsatisfactory.

The individual user will judge the system in terms of

whether he can be served adequately. The load-carrying

capability of a pavement may be extended by prohibiting

vehicles whose load is greater than some particular quantity.

This prohibition reduces the total of equivalent loads to

be resisted. The individual who wishes to use a heavier

vehicle will, however, consider the pavement a failure.

It is then suggested that serviceability with respect

to structural integrity may be suitably expressed as a

function of the maximum vehicle load which the pavement can

serve without premature losses of safety and rideability.

Determination of this function depends upon the particular

traffic pattern for which the pavement has been planned.

Figure 7 shows a curve derived for typical traffic composition.
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Using data from California (1966), traffic is represen

ted by five principal weight classes (20). These curves are

plotted in terms of gross vehicle weight, but could just as

well be converted to axle loads, wheel loads, or any other

pertinent measure. As illustration of variation in service

ability requirements as a result of the basic transportation

function, two curves are shown, one for urban interstate

and one for rural primary roads. Passenger autos comprise

a larger percentage of traffic in the urban situation, and

so a pavement which will resist all of the projected passen

ger vehicle loads has a better chance of being acceptable

to the individual user.

c. Pavement Reliability

Figures 5,6, and 7 suggest measures of serviceability

with respect to rideability, safety, and structural integrity.

These measures have been stated in terms of physical system

parameters which can be measured or predicted for any par

ticular pavement system configuration. Thus it is possible

to evaluate lifetime serviceability trends when this partic

ular configuration is to be subjected to particular service

demands.

The analysis of pavement reliability will begin with

an identification of failure modes, which in turn begins

with statement of minimum acceptable levels of service

ability. Such a statement requires reference to the overall

transportation system. The highway as a transportation link
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will have been planned to serve a certain community of users

and to meet certain economic criteria. The linkage between

these higher level concerns and the constructed facility

will determine failure criteria.

For example, if the highway is to serve half of the

potential traffic between two cities, a serviceability of

0.5 might be required as minimum on all scales. If, in

addition, the road is to serve large trucks and is thus an

important freight channel, serviceability with respect to

structural integrity might be set higher, say at 0.97.

Failure has then been specified as the occurrence of one or

more of three conditions: coefficient of rideability less

than 2.9, braking force coefficient less than 0.41, or in-

ability to support predicted future traffic loads up to the

40 kip range.

These criteria form the first stage of a description

of the failure modes for the pavement system. These state-

men ts are then transla ted in to phys ical system quali ties .

. Figure 8 is a suggestion of the considerations that will be

made. This figure shows possible causes of a number of forms

of pavement distress, for rigid and flexible pavements (21).

Each type of distress will, if severe enough, lead to losses

of serviceability. One might view each of the types of

distress as specifying one of the failure mode inequalities

discussed in Chapter IV.

It will be noted that the distress types listed will
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affect primarily the pavement's serviceability with respect

to rideability and structural integrity. A complete descrip

tion of the failure modes possible would lead to inclusion

of "distress types" such as loss of surface friction due to

bleeding of excess oil in asphalt or polishing of aggregate

in concrete, or accumulation of excess water (leading to

hydroplaning) due to interaction of heavy rains and rnicro

roughness properties.

In general, one would check each type of distress in

proposing a design alternative, to assure that it has at

least been accounted for. Of course, there is some prob

ability of occurrence for each, which would be assessed in

the reliability analysis. In the case of highway pavements,

there are mathematical equations which allow one to check

a number of possible failure modes simultaneously. In

particular, a number of recent design methods have been

based upon assuring a minimum level of what is here called

coefficient of rideability. In so doing, a number of types

of distress are implicitly accounted for. Longitudinal

roughness, cracking, and transverse roughness (rutting), as

a response to vehicle loads and base materials, are included.

As will be discussed more fully in the numerical examples,

one might choose to lump the failure modes thus accounted

for together under the title of normal failure, suggesting

that a design alternative is proposed with these modes in

mind. Further, because there are explicit mathematical models
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involved, reliability analysis for these modes will follow

an analytical path.

For the other failure modes, those not considered

analytically, one will pursue an activities approach. The

Markov models discussed previously then become a useful first

approximation of behavior. For example, referring back to

Figure 8, consider the case of IIlack of 'team work'" in a

Portland cement concrete pavement. Cracking and faulting are

the two modes of distress suggested. The factors which influ

ence cracking are included in the design method used in the

forthcoming examples. This is then a facet of what will be

termed normal failure, because it is what the pavement

system is proposed to resist in normal service life behavior.

Faulting however is not included. The presence of an

erodable soil, a precondition for failure in this mode, is

not by itself sufficient to cause failure. A general sequence

of events leading up to the occurrence of serious faulting

might be as follows: an opening occurs in the pavement sur

face; water enters the opening and reaches the erodable soil;

heavy vehicle loads are applied in sufficient number to cause

erosion; the resulting loss of support becomes sufficient to

cause the faulting. Note that warping of slabs is one way

the initial opening might occur. Loss of joint filling or

cracking could also serve this purpose.

These steps might then be represented in a state space

of partial lifetime, as has been discussed. One then may make
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the reliability analysis by computing the conditional prob

abilities of occurrence of cracking and faulting - normal or

abnormal failure - and then the probabili ty of "lack of I team

work In.

Ideally, of course, there should be no "abnormal" modes

of failure. All possible modes would be understood well and

explicitly accounted for in analytical search procedure. The

activities approach to reliability would then be used exclu

sively for investigation of operation and maintenance poli

cies. Of course, the final analysis combines the various

failure modes and the ways in which they might occur to yield

an estimate of system reliability, the probability that

serviceability will be adequate throughout the design life.

D. Highway Pavement Maintainability

It was suggested in previous discussion that maintain

ability for constructed facilities may be investigated with

the aid of computed coefficients of maintainability, with

respect to normal and r~air maintenance operations. These

coefficients provide a rough measure of the sensitivity

of the service life behavior of the facility to maintain

ence efforts scheduled to be made during the service life.

It may be noted that both measures vary inversely with

the fraction of service life that might be lost if the

scheduled operations are neglected. Stated another way,

if a system is proposed to require no maintenance effort

throughout the design life, then maintainability will tend
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to become very high, subject to reductions caused by possible

associated losses of reliability. That is, it is expected

that little or no effort will be required during the design

service life to keep service at adequate levels.

Viewed in these terms, it may be suggested that the

maintainability of current highway pavement systems is quite

high. The pavement system, as it is viewed in much of current

practice, emerges from the initial design decision without

consideration of future maintenance needs. That the consider

ation of maintenance can be rationally included in the early

stages of the decision-making process has been amply shown

by Alexander (22).

Alexanderls work comprises a valuable review of highway

maintenance and its role in system costs and service behavior.

The interested reader is referred to this work for a fuller

presentation of maintenance than is desirable here. It will

be worthwhile to illustrate here how Alexander's work fits

within the present framework for analysis of highway pavement

systems.

Figure 9 is reproduced from Alexander's work, and shows

the behavior of several pavement systems. The three AASHO

sections have essentially no maintenance activity, while the

saw-tooth shape of the PSI trend (the AASHO serviceability

definition - here the coefficient of rideability) for run

#437 is due to the execution of maintenance actions. All

systems were proposed to meet the same normal failure criteria.
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For the purposes of illustration, suppose that these four

curves are predictions of the expected value of coefficient

of rideability versus axle load applications. In fact, this

supposition is true for run #437, while the AASHO sections

are historical data. If the pavements were proposed to

resist 86,000 load applications (the number chosen as that

at which run #437 has a rideability value of 2.5), then some

conclusions on reliability and maintainability may be drawn.

Reliability for run #437 is defined to be 0.50, as the

expected value (i.e., the mean) of 2.5 occurs at 86,000; e.g.,

it was so set up in the preceeding paragraph. It is apparent

that the reliability of section #740 must be much higher than

0.5, as the expected failure age is slightly above 100,000

repetitions. Similarly, sections #136 and #120 have expec-

ted failure ages of roughly 70,000 repetitions, and would

thus have reliability lower than 0.5.

On the other hand, the three AASHO sections have coef-

ficients of maintainability, with respect to normal rnainten-

ance, which may be quite large. The coefficient is given as

= TD [ P(Normal Maintenance) ]
TN P(Normal Maintenance)-(l-R)

where;

TD =
TN =

P{N.M} =

design service life,

expected service life lost if normal
maintenance is neglected

probability that normal maintenance
will be executed

180



1
f

R = re1iabili ty.

The ratio of To/TN is undefined, becoming infinitely

large as TN goes to zero, the case if no normal maintenance

is scheduled. It might be argued that M
N

is higher for

Section #740 than for the other two AASHO sections, because

its higher reliability results in a lower value of l-R, thus

sending the product TN(l-R) to zero faster. This argument is

of only passing interest here.

Of interest here is the estimation of maintainability

with respect to normal maintenance for run #437. Figure 10

projects the results of neglect of normal maintenance. Fail-

ure would be expected to occur at 53,000 applications. The

ratio TD/TN then assumes a value of 86,000/(86,000-53,000),

or 2.6. If it is assumed that the maintenance organization

is good, so that P(normal maintenance) tends toward 1.0, -

i.e., the scheduled maintenance will certainly be executed

then

86 ( 1.0
~ = 33 1-0.5)

= 5.2

This number if of value to the analyst as a means of compari-

son with other possible alternatives.

The aim of the above discussion was to demonstrate the

evaluation of maintainability and to illustrate the linkage

between the present work and Alexander's work, which is part
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of a larger set of models for estimating highway costs. These

models can form a valuable link with the present work, as a

means for integrating design and planning activities.

E. Examples

To illustrate the application of ideas presented here,

the discussion will now proceed in terms of a numerical

example. Assume that a rural interstate road is to be

designed to handle light traffic for a 15 year design service

life. The design life will have been determined as desire-

able by analysis on the broader scale of the transportation

system. The overall transportation analysis would also

provide traffic projections and the minimum acceptable

serviceability levels, as discussed previously.

Figure 11 shows the traffic growth pattern predicted.

From an ini tial demand prediction, a cons tan t percentage

growth rate is projected to compute a total number of vehic-

les, or in this figure, equivalent 18 kip axle loads. Assume

that a legal load limit is set at 30 kips gross weight,

implying a serviceability requirement with respect to struc-

tural integrity of 0.97. (Refer to Figure 7).

As was discussed, it might be decided that service-

ability should be kept at or above tl1e 0.50 level in order

to assure the economic justification of the project. Very

roughly, this requirement might be understood as saying

that, of the potential demand generated, 50% of the users will

consider this highway to be at least an acceptable trans-
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portation alternative. Of course, this argument applies

primarily to safety and rideability, as a structural integrity

failure level has been set (in a dominance relationship) at

0.97.

This then defines the service requirements for the pave-

mente The next step is to proceed with a search for possible

solutions.

The initial search approach is by means of standard

design methods. It may be assumed that the decision maker

immediately restricts himself to standard rigid or high-type

flexible pavements. If the traffic volumes were lower, this

might be the case.

The standard methods to be used here are derived from

the AASHO Road Test and subsequent studies of that sort.

Thus, initial search is conducted in terms of rideability,

and the concept of load equivalency, mentioned earlier, is

based upon the number of load applications required to bring

about a given loss of surface riding quality. This assump-

tion is necessary before Figure 11 can be derived from

initial traffic studies.

The formulas to be suggested are used for illustration

only. Other suitable models are available and could have

been used.

For rigid pavement, the extended AASHO equation (23)

will be used. This model is as follows:
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Log EW = -9.483 - 3.837 Log[SJ
D

(1 _ 2.61a)] + ~
Z!. D~ s

x 4 4

where;

EW = number of equivalent 18

J = a coeffic ien t depending

S = 28 day concrete madul usx
D = pavement scab thickness

Z = ElK

kip loads to failure

upon slab continuity

of rupture (psi)

(inches)

K =

a =

G =
p =

0

P
t

=

S ==

E = concrete modulus of elasticity (psi)

modulus of subgrade reaction (psi/inch)

radius of loaded area = 7.15 in
p -p

log (0 t)
P -1.5

initia~ rideability index

terminal (failure) rideability index

1 + 1.64 x 107
(D+1)8.46

For flexible pavements, an extension of the Asphalt

Institute method (24) will be used. This model is as

follows:

Log EW = 1 (6.13 + T
A

(CBR)O.4) + Log Y
3.97

where;

Log W = equivalent 18 kip loads to failure

T
A = total equivalent thickness of asphalt (in. )

= alDl + a 2 D2 + a
3

D
3

a
1

,a
2

,a 3 = layer strength equivalencies

D1 ,D 2 ,D 3 = layer thicknesses (in. )

CBR = California Bearing Ratio y=L<Jg P -LDg P t0

Log p -0.4
0
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P = initial rideability indexo
Pt = terminal (failure) rideability index

The extension is discussed in Appendix B.

These two models predict the total number of loads to

failure (a predefined level of rideability) for a given

design (pavement thickness). The implication of using these

models is that loss of rideability will now be referred to as

normal failure, as this is the expected mode. Both equations

may be inverted to give a thickness of pavement required to

resist the desired number of loads.

To arrive at alternatives possessing a reasonable level

of reliability, one might initially design pavements for

expected traffic higher than the actual projection. Since

the actual behavior of the pavement is dispersed about this

mean, reliability relative to the actual projection of load

will then be computed. Thus, the initial guesses for stan-

dard rigid and flexible pavements might be made by assuming

a 5% growth rate, leading to roughly 2.1 million load

applications over 15 years, rather than the 3% projection

which defines actual service requirements.

Assume that soils explorations indicate preliminary

subgrade design values of CBR = 3 (or k = 100 psi/in.),

and that other necessary values of system parameters are

chosen by the designer from past experience. See Figure 12.
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DESIGN CONDITIONS

Initial Traffic - 200 vpd (18 kip equivalent)
Traffic growth rate - 3% per year
Design life - 15 years
Soil (subgrade) - CBR = 3, k = 100 pci

L Portland Cement Concrete

9"

II. Asphalt Concrete

6"

12"

FIGURE 12:

s = 400 psix

Type IV asphalt
granular base

Basic Design Alternatives

Trial designs of a 9 inch rigid pavement and a 12 inch

(total equivalent asphalt thickness) flexible pavement are

derived. It is suggested that these are approximately the

configurations that a pavement designer, proceeding in

standard fashion, might have proposed (25,26). The above are

preliminary designs. They must be constructed and will be

subject to problems of construction control and uncertainties

of materials and environment. This opens up the possibility

of various strategies in implementation, some of which are

suggested in Table 1. A Monte Carlo simulation was under

taken to compute probability estimates for normal failure
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CC&-'~' . OF R.iJ..,ATI 1JE FROB. OF
STRATEGY ~vARIAT I 0 I~ COST l~ORI\'iAL FAILU"RE

Asphalt 5 l~ 1.30 0.24

10 '% 1.10 0.)6

1.5 (;/ 1.00 0.44/0

Concrete 5 ~~~ 1.69 0.06

10 % 1.43 0.22

15 % 1.30 0.30

Table 1 ~uality control strategies

189



1

under each strategy.

This analysis gives the probabilities of failure for

several partial designs, with respect to losses to rideability.

The distributions derived in simulation give the probability

of 105s of minimum acceptable serviceability as a function

of total number of load applications. But the designs must

be completed to include the operation and maintenance stages

and the other possible modes of failure. Because the alter-

natives being developed so far were proposed in reference to

one particular mode of failure, these other modes are abnormal

failures -- that is, as far as the design algorithm is con-

cerned, these modes cannot occur or do not exist. (Note that

so far at least six alternatives are potentially suggested:

standard flexible and rigid pavements with three levels of

construction quality).

Normal
Failure

4 . Abnormal
Failure

Markov
Process

Pil P12 0 0

0 P22 P23 P24
Markov Matrix P =

P31 P32 0 P34

0 a 0 1

FIGURE 13: Service Life Markov Sub-Model
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Figure 13 suggests an extended but quite simple model

for a highway pavement, presented in terms of a state space.

The service behavior within this system may be modeled in

part as a Markov process. An explanation of the states is

in order.

The first state, normal aging, refers to the expected

behavior of progressive deterioration of rideability over

the period of 15 years. Based upon traffic growth and

materials quality, there is a certain probability that the

system will go to the normal failure state, as was computed

by Monte Carlo methods above.

Given that the process has not gone into the normal

failure state, it will be in the Markov process which

incl udes lIothern factors. The second 5 ta te is termed

accelerated aging. If some event occurs, such as cracking

of loss of joint filling, which sharply changes system

characteristics such as the stresses in the pavement or the

access of water to the base, then the damage or deterioration

of the pavement resulting from each passage of a vehicle is

likely to be greater than normal. The deterioration rate

increases and with it the possibility of premature failure.

The probability of passing into this accelerated aging state

will depend upon construction quality, operating control,

environmental factors and the normal maintenance policies.

Dependant upon normal maintenance or inspection policies,

there is some probability th&t the process will enter this third
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state, in which repair maintenance procedure are begun to

stop the accelerated aging. These repair maintenance actions,

depending upon their quality and adequacy, will return the

system to its initial normal aging state or to the accelerated

aging state. Or, if repair maintenance is inadequate (which

includes the possibility that it is not initiated in time)

the system will possibly experience abnormal failure, the

fourth state.

Two features of the model are artifacts of the modeling

process. First, because probabilities are figured with

respect to a particular period of time, the possibility that

the system might remain in a particular state is admitted.

In this case a six month period is used. Second, this model

is intended to represent gross consideration of operating

and maintenance policies, for example at this initial planning

stage. The states are thus highly aggregated. For more

detailed investigations, i.e., in maintenance planning, the

states could be broken down into more refined descriptions

and the Markov matrix expanded accordingly. On the other

hand, some of the data used in this example was more detailed

than desirable and had to be reduced to appropriate values for

the model. Model size and refinement are a function of

decision level and computational resources.

Table 2 reviews four alternative operating-maintenance

policies in terms of their Markov transition matrix represen

tations. These matrices represent probabilities on a basis
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REL.
DESCRIPTION P j\IATRIX COST

I. Standard 0I)era t ing .95 .05 0 0 1.00
policies 0 .40 .20 .40

.60 .• 30 0 .10
0 0 0 1.0

II. High maintenance · 95 .os 0 1.10
activity, standard 0 .40 .50
quality .60 .30 r\

"J

0 a a

III. Standard maintenance •95 .05 0 0 1.05
activity, high 0 .40 .20 .40
quality .80 .10 0 .10

0 0 0 1.0

IV. High maintenance .95 .05 0 1.15
activity, high 0 •L~o .50
quality .80 .10 0

0 0 0

Table 2 Operating and. tl1aint enance pol i ci es as a l~larkov

sub-!nodel.
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of discrete stops over a period of six months. This is, each

entry PI I is the estimated probability that the system, given1J

that it is in state i when inspected now, will be in state j

when inspected again in six months. Associated with the

changes in probabilities would be changes in costs.

There are now a total of 24 possible alternatives under

consideration: standard flexible and rigid pavements, each

with three levels of construction quality and four operating-

maintenance policies. Table 3 summarizes these alternatives

and gives the reliability for eac11, as computed through Monte

Carlo simulation of normal failure linked with the Markov

model of abnormal failure possibilities.

Coefficients of maintainability may also ue computed

from the Markov sub-model. By the wa1' in ·.~11ic11 the model

was constructed, repair maintenance 11as been excluded.

That is, it has been assumed, for Dle computation of reli-

ability, that once a failure state occurs, no repair is

made. Hence, no coefficient of maintainability for repair

is defined. For normal maintenance policies, it is possible

to compare the four strategies in Table 2.

One finds from the Markov sub-model tl1at t11e expected

time to failure under strategy I is 20 periods. Strategy

III gives a value of 21 periods, while II and IV have

expected times in excess of the 30 period design service

life. Coefficients of maintainability are defined relative

to Strategy I, which is the minimum activity level.
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DESIGN co:,Tsr~ • CP i~~ • \ -~ I ':\~-5 IL I--~~ ":{ ~~4~TIT1~ CCEFF. OF
~1 ij~L • FeL. CO~-)T NOR. l·iAlW

Aspr1Hl t
r..J

I 0.30 1.30;; /) -
II 0.57 1.43 8.5

III 0.31 1.62 8.7
1\[ 0.60 1.65 3.8

10 ~/ I 0.25 1.10 --/0

II ') .48 1.21 2.g
III <) -~ 1.16 B.I.e ,-r","r /").50 1.27 3.0'J

i5 ,) I c.24 1.00 --
II r) • L~6 1.10 2.8

III 0.25 1.05 B.O
IV o. L~7 1.15 2.9

:oncrete ~ .. ~

/') I 0.35 1.69 --./

II O.!-J7 1.35 4.5
III 0.37 1.77 9.5

1'1 0.71 1. 9L~ 5.2
10 :) I C • 3L~ 1.43 --

II 0.66 1.57 4.4
III :).36 1.74 9.4

1\1 0.70 1.64 5.0

15 }b I D.3l 1.36 --
II 0.61 1. L~3 3.8

III 0.33 1.62 9.0
IV 0.64 1.65 4.2

-~~.',.,f.. ,.-.".J.'..li.~.,·.__.· .1 "">:i':f

Table 3 Swmnary of initial alternatives
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increased activities of Strategy II are neglected, and

abnormal failure Occurs, the expected service time lost will

be on the order of 10 periods.

Coefficients are then computed relative to Strategy I,

and are summarized in Table 3. It is interesting to note

that Strategy III, which has activity only slightly above

that of the base level, yields coefficients of the same

order of magnitude as II, which features substantial depen

dence on maintenance. This result is due to the correspond

ingly lower values of reliability and probability that

maintenance will be carried out.

Table 3 is a summary of the service behavior analysis.

One more variable which could be given is the expected

serviceability at the end of the 15 year design service life.

This was not computed for these 24 alternatives because

they were all proposed to have the same aging characteristics.

Any differences in expected failure age are due to the

interactions of probability distributions. That is, a

greater spread in, for example, concrete strength gives a

slightly higher probability of high strength values, and thus

possibly a rise in the mean number of loads to failure. Had

a series of alternatives been proposed with stronger materials

or thicker layers, higher expected serviceability at the

end might have been found, with associated higher reliability,

and of course higher costs. In this example, one might

assume that there is no value attached to this form of effec-
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tive Gverdesign.

Another factor which in this example has been neglected

somewhat more than it might be in a real case is that of

cost. The relative cost factors estimated here might be

viewed as statements of total present values. It is reason

able and in fact desirable to view these total costs in terms

of their components of construction, operation-maintenance,

and user costs. That is, decision will consider not simply

the magnitude of costs, but also the distribution. Some

further discussion of this will be undertaken in Appendix C,

but a full treatment is beyond the scope of this investiga-

tion. It is hopefully apparent that these factors can be

computed, and the reader is referred to work of Manheim et ale

(27) or Stafford et ale (19) for further discussion.

F. Trade-offs and Decision

The analysis has now progressed to the point that a

series of alternatives have been proposed, and have been

checked or refined to yield, at least acceptable performance.

One must now consider economic efficiency to define produc

tion functions.

Figure 14 presents graphically some of the data of

Table 3. All 24 alternatives are plotted to show reliability

versus relative cost. This display is one view of economic

efficiency, in that it suggests those alternatives which

possess highest reliability at a given relative cost. Five

alternatives form an efficiency frontier or production func-
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tion.

Clearly, from this viewpoint, roughly half of the alter

natives are inefficient. These alternatives are in fact

those having high maintainability, i.e., low need for main

tenance, suggesting that a trade-off of maintainability for

reliability is advantageous in an overall cost framework.

That is, it would seem that maintenance effort is a worth

while investment in terms of improved performance.

If, as has been suggested in previous discussion,

reliability is a principal concern for the subsidiary user,

a group which includes the planner-decision-maker, then

Figure 14 might be a first step in the decision process.

A desire for high reliability would lead to immediate

elimination of the alternatives not at or near the efficiency

frontier. Recognizing the inaccuracies of prediction which

enter an analysis using such aggregated models as those used

here, one might choose a range of, for example, 10% below

the efficiency frontier to define a cut-off for further con

sideration of alternatives. Twelve alternatives survive

application of this criterion.

One might follow a similar approach for maintainability,

preparing Figure 15 for the eleven alternatives for which

the coefficient of maintainability is defined. Using the

same 10% screening rationale as above, 7 alternatives are

acceptable.

With this step, one finds a total of 8 alternatives,
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or a third of the original 24, which would appear to satisfy

the goal set for this system of constructed facilities.

These are summarized in Table 4. These alternatives exhibit

the feature that both reliability and maintainability increase

with relative cost. This is in large part due to the common

bases from which the alternatives were derived, a factor which

also manifests itself in the clustering of bituminous alter

natives at the low end of the cost scale versus concrete at

the upper end. In general, one would not expect these aspects

of performance to be so well correlated. Decision would of

course present a much more difficult problem.

As it is, the decision to be made in this example is

cast as one of how much to spend for how much service.

Although they have been skirted in this example, there would

also generally be questions (as has been suggested) of distri

bution of cost. For example, the third entry in Table 4 has

a higher reliability than the first, and a higher cost.

However, the difference in cost is due to scheduled main

tenance activities, and will occur after construction. Hence,

lack of currently available funds may prove no deterrent to

the selection of the higher alternatives, if there is hope

that the addi tional fWlds will be available. On the other

hand, fear of dependance on the quality of future maintenance

activities, as features in all but the first of these alter

natives, could lead one to continue searching for possible

solutions.

201



REL. COEFF. OF
ALTER}TATIVE COST RELIABILITY MAINTAINABILITY

A15 I 1.00 0.24 --

A15I1 1.10 0.46 2.8

AI5 I \T 1.15 0.47 2.9

AIGII 1.21 0.48 2.9

CISII 1.43 0.61 3.8

CIOII 1.57 0.66 4.4
CIO r"\r 1. 6Ll- 0.70 5.0

c 5I\T 1.99 0.71 5.2

Table 4 Relatively efficient alternatives
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Now consider the use of the analytical model during the

service life to control service in an efficient, dynamic

manner. Assume that it was decided to construct a concrete

pavement with low-quality control and a policy of frequent

maintenance inspection (i.e., the 5th alternative in Table 4).

Now, some ti2e after service has begun, data is collected

and compared with predictions. (Note: this discussion could

rapidly be turned into a demonstration of statistical decision

theory, which is beyond the scope of this work. Therefore,

the following is just a presentation of possibilities) .

Suppose, for example, that at the end of five years, it is

found that traffic has grown at a 6% rate, at the expense of

a rapid transit system. lIenee, the regional planners would

like to slow growth on traffic, rather than accomodate total

demand.

A possible means of cutting demand is to permit some

deterioration in rideability, increasing user discomfort

and effective user costs. This policy could be undertaken

through judicious neglect of maintenance activities. The

result of this action should be to encourage some users to

take other transportation modes.

First, maintenance effort could be reduced. In effect,

the probability of a transition to accelerate aging would

be increased. Some savings would be made in the maintenance

accounts, at the expense (in this case desirable) of operating

costs. Linked with this action could be anotl1er dealing with

203



repair actions. The maintenance policies would be modified to

decrease the probability that the system would enter the

abnormal failure state, while raising the probabilities of

transition to maintenance and back again to rapid aging.

These actions would keep reliability at the same or a higher

level while lowering the expected serviceability.

Examples could be presented and expanded at infinitum,

but hopefully the puspose of illustration has been achieved.

It is felt that tiLe application of the principles of analysis

which have been presented in the area of highway pavements

is desirable and feasible. Further, such applications are

immediately practical as substantial quantities of useful

data are being collected in the highway field, although

substantial effort will be required to reduce it to useful

forms.
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CHAPTER VI

SUMMARY AND EVALUATION
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A. Summary

The objective of this study has been to present a frame

work for analysis of systems of constructed facilities, a

framework which will be useful in resource allocation at the

level of design decision. This analysis is intended to

provide information to decision-makers about the activities

of design, implementation, operation, and maintenance through

which a facility is realized, and about the relation of

resources required in these activities to the services which

a facility delivers.

Central to the framework proposed here is the view that

a constructed facility is intended to provide service to

users-. The manner in which a facility provides these

. services is termed its performance, and is evaluated over

the facility's design service life in terms of serviceability,

reliability, and maintainability. Together, these three

components of performance estimate the present adequacy

of service and the likelihood of continued adequacy.

The physical behavior of a constructed facility is pre

dicted in probabilistic terms. Stochastic models of behavior

are utilized, based upon the processes involved in aging and

deterioration or upon observed events leading up to and

accompanying failure. In ~he latter case, a Markov process

will often provide a useful representation of service be

havior.

The predicted physical service qualities are then
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evaluated Witll respect to users' needs and desires. Such

evaluation depends upon factors of subjective response, for

which techniques based upon psychological scaling procedures

are useful.

Comparison of a number of possible alternative construc

ted facilities leads to the development of a "production

function" or frontier of efficiency of performance with

respect to resource usage. This frontier represents the

output of the design analysis, a set of alternatives exhibi

ting qualities of adequate service throughout the facility's

design service life, in a relatively efficient manner.

Selection of any single point on this frontier for implemen

tation must be made within a context of planning consider

ations.

The use of tllis framework and tools for its application

are illustrated for the case of highway pavement. The

possibility for tradeoff among activities in construction,

operation, and maintenance is brought out through the assess

ment of the effects of such activities on performance and

cost. It is shown not only that the present framework may

be used as it is intended but also how it compares with more

traditional approaches to analysis.

B. An Evaluation

Any evaluation of the ideas presented here must contend

with two principal questions: First, to what extent does

this approach actually foster interchange of information
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between planning and design levels of decision. That is,

what role does this analysis play within a larger scheme of

things? Second, can the analysis in fact be used, or are

the data requirements and difficulties of application

excessive for most systems of constructed facilities?

The first question may be approached through a brief

look at work being done at 81e level of planning decision,

with a view toward how the present work at the design level

might be integrated with these efforts. This approach will

elaborate in specific fashion upon points examined more

generally throughout this thesis.

For example, Kilbridge, et ale (1), In developing their

views on urban analysis, use housing as an illustrative case.

They focus their discussion on the financial sector, and

examine factors influencing the profitability of housing.

Their motivation apparently lies in b~e view that increased

profitability will serve to spur increased production and

thus to alleviate a currently perceived shortage in housing.

They concentrate upon the interaction of political and

economic factors which will effect the physical system.

The present work may serve as input to their analysis

through description of current and possible future production

technology. Another close link is established through the

influence of the physical system upon demands placed upon

the facility in the consumption sector, and vice versa. And

finally, conclusions they have reached such as the possibility
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that shorter service lives for housing would stimulate invest

ment by effectively increasing tax shelters, have obvious

direct impact upon the alternatives found in the analysis of

the system of constructed facilities.

A similar situation is encountered in Forrester's work

in urban dynamics (2). In this case, the view of the urban

system is considerably more aggregated than that of Kilbridge,

et ale Yet such factors as the aging rate of housing and

industry are explicitly considered, and opportunities to

investigate variations in demand are apparent.

In the field of transportation analysis, the concept

of level of service as a determinant of demand has received

increasing attention. The role of this analysis in that

field has been discussed at several points throughout the

work. Indeed, this field has served as a background for

much of the thought behind this work.

Slightly further afield are the quite interesting

possibilities for pursuing these ideas in the evaluation and

selection of projects for international and regional develop

ment. An idea which has only recently begun to achieve

recognition is that there may be certain factors inherent

in the technology of a project which makes it more or less

likely to be successful in the environment in which it is

undertaken. (See Hirschman as an example (3». The term

successful in this context of course refers to the contribu

tion the project makes to the development. For example,
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projects of low maintainability may prove more useful than

otherwise equivalent projects of high maintainability. The

former type, because of the deferral of resource consumption

implied in low maintainability, will not only allow for, but

may actually encourage the development of new technologies

within the developing country. The long range effects of

allowing people to learn from the maintenance activities

may be significant. This is an area which may prove of

considerable interest.

Hopefully, the ability of the ideas described here to

be applied effectively to a broad range of facility types

has been affirmed in previous discussion. A basic criterion

for the selection of tools and procedures to be presented

here was that they be useable. However, it must be recog

nized that substantial data in the form of experiment and

observation will be required to apply and verify tl1is analysis

in any new area.

In particular, establishing the serviceability function

will depend on experimental data gathered from users. While

this data may to some extent be found indirectly, for example

through literature reviews (as done here for serviceability

with respect to safety of highway pavements), it is desire-

able to refer directly to the population of potential users,

and the larger the sample, the better. This brings the

investigation into the realm of the behavioral scientist,

and one is referred to D1is literature for discussion of the
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problems of such sampling.

A second difficult area is in the structuring and cali

bration of stochastic models of a facility's behavior. Cases

where sufficient observation has been made to permit a sta

tistical approach to this problem are difficult to find. It

is more likely, as previously suggested, that an approach

using subjectively estimated probabilities in a context of

statistical decision theory will be desireable, enabling a

progressive learning from experience. This does require

significant data collection and manipulation througho"t a

facility's service life.
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CHAPTER VII

EXTENSIONS AND VERIFICATIONS:
SUGGESTIONS FOR FUTURE WORK
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A. Introduction

Quite often, the suggestions made for future work are

primarily concerned with obtaining better estimates of partic

ular parameters or more efficient ways of doing particular

tests. In the present work, such particular objectives are of

lesser interest, as there are some rather sizeable problems,

the solution of which could prove useful.

These problems, of which a few will be briefly discussed

here, fall roughly under three headings: applications, veri

fications, and extensions. There will of course be overlap

among the three. "Applica tions II is in tended to include

concerns for the discovery and development of tools and

techniques to permit a fuller application of the ideas pre

sented herein to decision-making for systems of constructed

facilities. IIVerifications" signifies activities concerned

with checking the logic and validity of decisions made with

the help of this approach to analysis. "Extensions" will

include activities to broaden capabilities for analysis and

to integrate more fully the physical analysis with associated

social, political, and economic concerns.

The following paragraphs will investigate each of these

three areas. The specific questions presented are suggestive

of work which should prove most productive in relation to

the present effort, but are certainly not inclusive of all

possibilities for valuable contributions.
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B. Applications

While it has hopefully been illustrated that the ideas

presented here can be applied to current problems with

currently available techniques, there are several areas in

which additional work would prove useful. The first and

most obvious area is in analysis of particular types of

systems of constructed facilities. The development of 50

called performance-based building codes and design methods

in engineering practice are one manifestation of such work.

The objection to current practice in this area is that

setting single-valued limits in codes might represent elimin

ation of one important latitude in producing better service

with greater efficiency. It is recommended that fuller

recognition be given to the differences among users.

A second area has been discussed in previous pages, but

is worthy of being mentioned again. This area is the develop

ment of applications of non-metric scaling procedures to

systems of constructed facilities. These procedures, because

they require a minimum of prejudgement on the part of the

analyst, could prove of great value in discovering the

dimensions of serviceability for particular systems.

The final area to be suggested is somewhat less specific

than the two preceeding ones. It would be useful to explore

means for extending the capabilities of the analyst for

predicting the consequences of selection of particular facil

ity configurations. The pG3sibilities for a facility to
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T
become obsolete, thus, in effect, causing failure, are recog

nized but at this time are virtually impossible to predict.

In summary, three suggestions for additional work have

been made:

1. Apply this approach to analysis to particular

types of facilities. This will involve assess

ment of serviceability and should investigate

construction of predictive stochastic models

of service behavior.

2. Investigate the application of non-metric

scaling techniques, as developed in marketing

research, for the assessment of serviceability

of systems of constructed facilities.

3. Explore means for improving the analyst's pre

dictive ability, with special reference to the

problems of obsolescence.

c. Verifications

Wnen one proposes a way of doing t~ings which is differ-

ent, and hopefully better, than other ways, the problem of

verification is important. Will analysis undertaken as

described here in fact lead to greater understanding and

better decision? One may approach this question by observing

facilities in service and analysing for the oonsistancy of

these observations with what the analysis might have pre-

dieted, or one can undertake specific experiments, that is,

attempt to influence the observations. These possibilities

are best explained in terms of specific examples.
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For direct observation, housing could prove to be a use-

ful example. There is clearly a correlation of some sort

between the physical qualities of a dwelling unit and the

rent which can be charged. An experienced developer can

predict what a fireplace or a porch is worth in terms of

increased value. And it is observed that as the age of a

unit increases, and if good maintenance practices are not

followed, the users' evaluation of service will decrease.

If a full description of serviceability for housing were

developed, it should be possible to observe this correlation

in more than a qualitative fashion by investigating a large

number of dwelling units within a city.

Similarly, one could observe an assortment of public

housing projects. An evaluation of serviceability might

be related to overall evaluations of whether the project

was "successful II or not. One might expect that projects

such as Columbia Boint in Boston would prove to have low

serviceabili ty.

An experimental approach could be taken with a highway.

One would expect that lower rideability should lead to a

reduction in average vehicle speed, as a trade-off among

components of serviceability. If one were, through adjust

ment of maintenance practices, to allow a section of well

traveled road to deteriorate more than an adjacent section,

such a varying of speed might be directly observable. This

principle is no doubt involved in the use of rough strips
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across a road on the approach to toll boothes, to encourage

drivers to slow down well in advance of the stopping point.

Two more suggestions for future work are then given:

4. Make observations of facilities in service, and

examine these observations in light of ex post

facto analys is .

5. Consciously vary service, through judicious

use of operation and maintenance, and compare

with model predictions.

D. Extensions

An extension of substantial interest would be to pursue

investigation of the links between social, political, and

economic systems, and the system of constructed facilities.

As briefly touched upon in previous discussion, there would

seem to be a number of cases in which ideas used in this

work and those used in other fields, such as social psychol-

ogy and economics, have common points in their bases or

derivation. An exploration of these common points could

lead to a better understanding of how the physical system

effects the non-physical systems, and thus to an improved

ability to achieve desireable effects. This work would

require a truly interdisciplinary approach, and an ability

to see the implications for several fields, of a finding

in anyone.

Another area of endeavor which might be classified as

an extension is the development of computer programs to assist

217



the analysis. Work such as that of Alexander (1), which

makes it possible to investigate a range of alternative

actions rather quickly with the aid of the computer, will be

quite useful in the search for solutions to the design

decision problem. The principal area for development of such

models probably will be in the prediction of lifetime service

trends.

Thus, two possible areas for extensions of this work

are suggested:

6. Explore the interactions of social, political,

arid economic systems, with the system of con

structed facilities, and thus facilitate the

ability to predict how the physical system will

effect these other systems.

7. Develop automated means for using the analytical

tools and techniques proposed herein.
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APPENDIX A

HIERARCHIAL DECOMPOSITION*

*This approach is stated well by C. Alexander, in his
NdEs on the Synthesis of Form. The computer algorithm
used was HIDECS 2 of Alexander and Manheim.
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The computer has a tremendous capability to store and

manipulate information. The growth of this capability has

led people to devise ways of using the computer as an aid

in understanding a problem and finding its structure. One

such approach is through hierarchial decomposition.

One views a problem as a mass of interconnected factors

or requirements. One can list all of the qualities which

a solution should have, and can then state that each of

these qualities is related to certain others. One can see

intuitively that there will be clumps of qualities, within

which individual qualities are more closely related to one

another than to those in other clumps.

Clumps will in turn cluster together by closeness of

qualities within. At one end of the hierarchy, there are

individual listed qualities. At the other end, one sees

the whole complex, inter-related cluster. Through decom

position of the problem (the large cluster) one hopes to

learn something about its internal structure. Searching

for a solution might then be a matter of proposing solutions

for subsidiary clusters and building, up the hierarchy, to

a complete solution.

Hierarchial decomposition with the computer is based

upon the analysis of the structure of a linear graph. Such

a graph has two elements: vertices and links connecting

pairs of vertices. These links are non-directional. The

process of decomposition consists of partitioning this graph,

229



the set of vertices, into two or more subsets, each a graph

of verticles and links. The partitioning is repeated succes

sively, decomposing the original set into smaller and smaller

Subsets, until the limit of a complete decomposition into

constituent vertices is reached. The result of this process

is a tree diagram.

The computer program used for the decomposition uses

algorithms of three types:

1. Criterion - The computation of the measure

by which the value or liS trength II of a parti tion

is assessed.

2. Sampling - The selection of possible partitions

to be evaluated.

3. Control - Storage of partition results; deci

sions about sequences to be followed in par

titioning, when to stop, and printing of output.

The criterion for partitioning is based upon the repre

sentation of links as statements of statistical correlation

between variables associated with the end point vertices.

It is desired to obtain the partition which produces two

subsets which have the least possible information trans

mitted across the partition. This is achieved by representing

the links by random variables equal to 1, indicating linkage

of the endpoints or 0, indicating no link. The probability

of either possibility is 1/2, and a correlation coefficient

is defined to describe the information transmitted between
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sets. The program samples possible partitions and computes

this coefficient. The minimal coefficient defines the best

partition.

The graph is represented by a matrix of the link vari

ables. This matrix will be symmetrical. A random start,

hill climbing type optimization search procedure is used to

find an optimal partition. Thus there is a certain degree

of randomness in the decomposition, and two successive

decompositions of the same graph could give different tree

structures.

As u3ed in this investigation, successive runs were

made and the various diagrams compared. Differences were

seldom extraordinary. From tl1ese runs, a better under

standing of the goals was derived, and goal fabrics such as

those shown in the example problems were formulated.
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APPENDIX B

EXTENSION OF THE ASPHALT INSTITUTE EQUATION
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Based upon data gathered from various sources, the

AASHO Road Test and others, the Asphalt Institute derived

and presented an equation to be used in determining the

design parameters for a given loading condition. This

equation was

= 9.19 + 3.97 Log DTN
(CBR) o. 4

where,

= total equivalent thickness of asphalt
required (inches);

(I)

DTN

CBR

In turn,

= design traffic number, the daily equivalent
18 KIP loadings for a 20 year life;

= California Bearing Ratio

where,

(2 )

= coefficients of substitution of other materials
for good quality, type IV asphalt;

Dl ,D
2

,D 3 = depth of surface, base, and sub-base respectively

For standard materials, a 1 = 1, a 2 = .5, and a 3 = .37 were

recommended values.

For the analysis to be undertaken, it was desireable

to have a somewhat more general equation. This one was

restricted to the traffic-counting assumptions and the
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defined initial and terminal rideability levels chosen by

the Asphalt Institute as a basis for a design method.

The modification began with traffic. By definition:

DTN

where EW18 was the total of equivalent 18 kip axle loads

expected during the (assumed) 20 year life. Substitution

gave

= Log 7300 + 1 [T
A

(CBR)O.4_ 9 . 19 ]
3.97 (3)

This equation predicts how many loads are required to reduce

the rideability of a given pavement system (TA and CBR)

from an initial value of 4.5 to a terminal value of 2.5.

Reference to the AASHO Road Test Data and subsequent

analyses showed that pavement deterioration tended to follow

exponential curves. It was decided that this would not be

a totally lUlreasonable assumption, so that it, was stated

that S = S e-aW
o ·

So 1
At failure, S = 2.5, so a = (Ln ---25) W----. Over the

• ' 2 .5
narrow (relatively) range at which the approximation was

desireable, a new failure level Sf would be caused by a

different load application Wf' thus

5
o

= S e - (Ln 2. 5 )
o
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Solving for the failure load W
f

, one finds

Ln So - Ln Sf
= W2 . 5 [ Ln S - Ln 2.5]

o

The transition to common logarithms was made, and a

factor defined.

Then

s =
Log So
Log So - 0.40

W2 . 5 is now the same as LW18 from equation (3). So,

by substitution

Log W
f

= 1 [15.32 + T (CBR)O.4 - 9.19] + Log S
3.97 A

Thus, the final form used in reliability analysis was given

as

Log W
f

= 1 [6.13 + T (CBR)O.4] + Log S
3.97 A

with

and

(3 =
Log So - Log Sf

LDg S - 0.40
o
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with all terms previously defined.
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URBAN HOUSING
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The area of urban housing has been for a number of years

recognized as beset by major problems. Present housing is

judged to be inadequate in quantity and quality for a substan

tial portion of the population. While much research has been

done in what is needed and L10W it might be achieved, relative

ly little result is observable. This situation would appear

to stem from the uncoordinated planning of much of the

research and from a failure to recognize for whom the housing

is intended.

To fully implement a generally applicable analytical

model for urban housing, using the approach described in this

thesis, will involve a major effort. It would seem that in

many cases the data required is simply not available, and

must thus be gathered as part of tile work. The few attempts

at any sort of a comprehensive view have had to simplify

the situation a good bit to make any progress. Schodek (1),

for example, while looking at U1e broad range of factors

describing service, was forced to use the idea of single

number absolute failure levels, as is done in current building

codes. Within the present framework, these statements must

be viewed as extensions of the analyst's own individual

aspiration levels. They give no recognition to the normally

expected variations in reSponse within a population of users,

or to the role these variations play in the social, political,

. ~. .
and economical sys terns wh lC~1 nous lng serves.

The purpose of this section is to present some prelimin-
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ary work which has been done, and to suggest how this work

might be extended to produce a fully implemented analytic

tool for urban housing. Work of people such as Forrester (2)

and Peters (3) are examples of the many views of the role

of housing within the total urban system, and suggest the

potential for benefits deriving from a fully implemented

integrated and rational analysis of urban housing.

A. A Serviceability Function

The basic nature of the service provided by housing

lies in providing shelter from a sometimes hostile environ

ment. This concept of service may be expanded in terms of

environmental qualities which the user experiences and of

the structural characteristics associated with the integrity

of the system. Figure 1 illustrates the possible form of

this expansion.

Figure 1, which suggests components of a housing service

ability function, was derived using the hierarchical decom

position methods of Alexander and Manheim (4). (See Appendix

A). A fairly extensive review of literature was made to

yield a list of statements of qualities good housing should

have. This list was broken down, and the breakdown used to

suggest the components displayed in Figure 1.

There are then proposed to be two major classifications

of the components of serviceability. Structural consider

ations, including the foundations, superstructure, and

mechanical system, are the traditional concern of the engineer.
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These factors are often not readily apparent to the user, but

are clearly dominant over the other part of a serviceability

measure, environmental factors. A structural failure will

represent a serious loss of safety and security.

Environmental qualities are those which have the most

apparent impact upon the direct user; they are the qualities

of his surroundings. There are four components under this

classification: health, safety, comfort and amenity.

Health includes the obvious problems of waste disposal.

It is estimated that roughly four pounds of garbage per

capita are produced in the u.s. (5). Subsystems to collect

and eliminate waste materials must be provided.

In addition to waste, there is an overall problem of

cleanliness or healthfulness. For example, pipes should

not poison b~e water. Lead paints are an example of a

material which would rate relatively low on this component

of serviceability.

Safety is defined to cover the hazards of fire losses

and danger in circulation. Fire hazards are well known and

are considered explicitly in current codes and design methods.

Less familiar are the effects on safety, measured perhaps

by the likelihood of accidents -- of narrow halls, stairs,

poor lighting, etc. Such factors need to be made explicit.

Comfort covers a broad range of factors which lie some

where between socially approved necessities and the extras

which money can buy. The noise level within the house will
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depend on externally generated sounds -- traffic and aircraft,

for example -- and upon internal sources -- children, machine

ry. Insulation requirements depend directly upon these sour

ces and the availability of noise transmission pathes.

Visual "comfort" is a measure of how well lighting and

overall visual aspects meet utilitarian and psychological

needs. The interaction of light (intensity), color, and

texture will have to be different in the kitchen from what

it is in the bedroom, in order to be equally satisfactory.

Texture relates to the quality of lighting (glare, for

example) and to surface qualities of the environment (wood

grains for walls versus concrete blocks) .

The term physiological is intended to refer to the

effects on comfort resulting from the interaction of temper

ature and humidity - higher temperature is much more easily

tolerated if relative humidity is at a low level. Response

to this component will be a function of the type of activity

in an area. Hard work or exercise necessitate lower levels

of temperature and humidity.

The final component, amenity, is something of a catch

all term. It includes, for example, the relative desirability

of real wood versus wood-grained plastic wall panels, or

single picture windows versus an equal amount of glass in

smaller panes, or the presence of a useable fireplace. These

are the things which are not based primarily on need, but

which make the difference in level of service perceived by
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a user. At present, the best approach to this component that

can be suggested here is one based on simple orderings of

particular alternatives for their relative levels of amenity.

The fact that lending institutions can make judgements about

a developer's provisions for amenity, and the subsequent

effect on marketability of a development, indicates that

there is something here which might be evaluated more expli

citly.

Figure 1 is a proposed representation of a service

ability measure, in terms of its component subscales. The

next step is, of course, to select suitable indicants of

response on each of these subscales and to obtain a function

al relation between serviceability and these indicants.

In some cases, data is already available for these relations.

Table 1 suggests some possible indicants and a judgement as

to the immediate possibility of developing the desired

function from available data. Items marked with a question

mark are felt to be quite likely to require substantial

research before a good understanding can be achieved.

B. Reliability, Maintainability, and Service Life

The idea of service life for housing is complicated by

the separation of user groups in a market environment. This

separation is often observed in terms of income, but will

include more subtle differentation such as social status

and racial factors. The result of the separation is that

as the level of service deteriorates, direct usage of the
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of the dwelling unit may pass from one direct user group to

another, with the new group possibily finding the unit as

satisfactory as the previous group did. It may thus be

suggested that there are several service life estimates to be

made.

The phenomenon in question is referred to as filtering

(6). Filtering is the process by which housing ages and

changes its level of use. The process is controlled only

in part by the physical aging of the constructed facility.

In filtering, a housing unit which starts its service

life as high quality, high income housing will, with time,

lose some attractiveness. It will depreciate to become

middle income housing. With additional time, the housing

moves to lower income and perhaps to slum conditions. In

typical urban settings each of the three levels spans a time

period of 20 to 50 years, giving housing a total life of on

the order of 100 years.

Grigsby (6) discusses the process through use of a hypo

thetical housing- depreciation curve (see Figure 2). The

total depreciation of the unit is minimal in early years

of life. Any decrease in usage level is due primarily to

changes with time in heighborhood and users' subjective

values. In very old units, the total depreciation rate de

clines as the potential demand rises (more families can

afford the lowered rate), intensified by a relative scarcity

of usable low cost housing. This tre.nd often occurs in spite
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of an acceleration in physical deterioration which is obser

ved.

Grigsby's description may be rephrased on the basis of

serviceability, in that losses of serviceability on particular

component scales will imply dissatisfaction among a partic

ular, identifiable faction of the potential users. It may

further be suggested that this effect is only indirectly

related to cost: i.e., a decrease in rent will not persuade

the high-level user to be satisfied. Then, lifetime becomes

a concept related to rent level, which may be changed. There

might be multiple "failure" levels, as suggested in Figure 3,

associated with expected rent reductions. The lowest level

of failure might be thoroughly unacceptable on a basis of

total social welfare in the city.

The definition of usage levels and failure levels pre

sents questions which will require some careful thought. The

modeling of lifetime behavior and computation of relia0 i.lity

and maintainability may be carried out in a multi-stage

manner, handled separately for each defined level of usage.

It might be found desirable to design houses like autos, to

be discarded after some particular average service life.

These and similar problems must be faced in modeling the

lifetime behavior of the system.

A beginning attempt at such modeling might be made by

starting·with the descriptions of condition used by the U.S.

Bureau of Census, wherein housing is described as adequate,
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substandard, or dilapidated. Substandard means that a dwel!

ing unit is in need of substantial repairs, while dilapidated

units exhibit structural failure or lack of inside plumbing.

The problem with these three states is that substandard and

dilapidated both are quite likely to be failure states (as

suggested in Figure 3), although the dilapidated state does

indicate a dominance of structural consideration over environ

mental. Hence, it would probably be desirable to expand the

definition of adequate to suggest several states of service.

It would seem likely that the model would best be built

as a set of integrated submodels. One group of submodels

would include failure modes resulting from factors which

are relatively independent of facility usage or wear and tear;

for example, safety with respect to fire. The second group

would include failure modes which are likely to depend upon

operation and maintenance activities, such as visual comfort.

(For example, it is expected that light bulbs will require

replacement) .

It may in general be suggested that given the current

technologies of housing, the overall maintainability of a unit

must be low, relative to other types of constructed facili

ties. This suggestion stems from the combination of long

service life and heavy usage. Mechanical units will need

repair; walls will need repainting; roofs will need patching.

A minimum maintenance system becomes expensive.

On the other hand, given dependable maintenance policies,
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there is no apparent reason why reliability should not be

quite high. Preventive maintenance is not a new idea in this

field, and could contribute admirably to overall system per

formance.

c. Search and Selection

In searching for alternatives for solution of a partic

ular problem, it may be desirable to extend the previously

alluded to idea of dominance among serviceability subscales,

to assist in the first stage of satisficing. It has been

suggested that structurai subscales are dominant over environ

mental subscales. Hence, one might begin search by choosing

a promising structural system. (See Figure 4).

Safety and health may be viewed as occupying" the second

level of hierarchy. The argument for this view is based

upon the idea of social consensus. That is, it is generally

recognized that health and safety are important, and must

be provided.

At the lowest level, then, are comfort and amenity.

These scales are most apparent to the direct user, and include

those factors which are often compared with rent costs by the

user in making his selection. Further, the components of

the physical system which most directly influence these scales

are items such as wall and floor coverings, insulation

material, etc., which are in effect attached onto a finished

structural-service system.
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ACCEPTABLE ?

STRUCTURAL

yes

no
HEALTH - SAFETY

yes

no

COMFORT - AMENITY

yes

Figure C -4 Hierarchy of the serviceability measure
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Reaching the "success" block in Figure 4 is then the

completion of a solution proposal. The output of the search

step will then be a satisfactory housing possibility.

The selection decision is complicated by the multiple

lifetimes or failure-usage levels of the housing system. The

decision maker must consider all stages of use within the

context of the total city. Experiments with models such as

Forrester's urban dynamics construct (2) suggest the role

which varying the relative lengths of usage periods can play.

For example, planning housing to have a shorter life can,

when linked with a program of regular demolition and recon

struction of inadequate units, increase the city's tax base

by encouraging new industry and increasing employment. Of

course, this is only suggestive. Forrester's work has been

a subject of some controversy (for example, see Hester (7».

Obviously, though, decision will in this broader context be

of some importance.

D. Conclusion

As was stated initially, this Appendix is intended pri-

marily to suggest the issues to be faced in the analysis of

urban housing, and to present some preliminary work done in

this direction. It is felt that the area is quite important,

and in need of work. Other aspects of urban analysis are

being pursued (see Kilbridge, et ale (8)) and indicate the

need for and place of this analysis of the physical system.
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