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ABETRACT

The research and system development work described in this
papar is aimed at overcoming saome of the problems associated with
the development of larges, complex linear programming problems.
The most Qverwhelmfng probiem is that of size. It is not uncommon
for large planning and policy analysis problems to have tens of
thousands of constrainte and activities. Matrix generator systems
have besn designed to help in this process. However, the amount
of manual labor involved is still very great and the formulation
process is subject to errors which are difficult to detect.

We provide an overview of a system which uses artificial
intelligence and database techniguses to help a knowledgeable user
formulate large linear programs. The system auntomates many of the
tedious processes asscoiated with large-scale modeling and
praovides a top-—down dévelmpment environment with a number of

different forms of problem representation.




AN _INTELLIGENT SYSTEM FOR_FORMULATING LINEAR FROGRAMS

This paper describes a partially implemented system for
farmulating linear programs (LFs) using artificial intelligence
technigues. Given a mathematical program of the form:

(1) maximize cx

subject to:

A & b

# ; Cry
the goal of the formulation process is to provide numerical
valuss for c.A:b. Currently, formulating linear programs is
treated as an art where one formulates many examples illustrating
the possibilities that may occur in practice. After sufficient
experience with the examples, one starts to recognize patterns
that apply to new problems. Beyond the abstract formulation step
where one decides the ﬁlass of models within which the new one
fites, there are the grueling steps of constructing the model,
developing labeling schemes for the rows and columns and
organizing the data that determine the coefficients.

In this paper we describe the nature of the formulation
process and the technigues for formulating & linear program using
an intelligent system. The LF Formulator employs artificial
intelligence (AI) techniques to simplify the problem fnrmulétian
process. 1t is designed to handle a broad class of linear

programming problems but will be particularly useful in large




scale systems where theres are many submodels. Initially, the
svatem will be most suitable for expert users; eventually we hope
that it will become intelligent snough to help managers or
students with a minimal exposure to linear programming
technigues.

As far as we know no system has vet been developed that
emplaoys expert systém technigues to aid in the formulation of
linsar programsz. However, there have been many data generators
for specific problem types - for example, see Gershon [&]. In an
alternative approach, Slate % Spielberg, [141, provide a general
purpose PL/1 front-end to IBM's mathematical programming package,
MFEX, [121. The LOGS system, (Brown, et al, [3]1) provides a
powsrful modeling language for specifying logistics planning
problems. Our resesarch complements the work done by Greenberg in
computer—aided analysis, [81, [9]. He develops tools and
mathematical te:hniques to help understand LFs after they have
besn formulated. Ouwr approach is to specify and use the
structural properties of the problem during the formulation
process. A closely related expert systems project which
concentrates on formulating LFs for production planning is
reported in Binbasioglu and Jarke, [Z1.

Linear programs range in size from small paradigm problems to
massive production/distibution problems running into hundr=ds af
thousands of activities and rows. The larger problems contain
small models replicated in dimension and/or linked through saome

sort of network structuwre. The art of formulating large linear

Center For Dieital Econ

Ster ho I
ern School of B

1l 4 -
Workine l"'."-' 1S-85-40



programns involves distingul
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parform the following funct
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on the formulation
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and generation of alternative models
we hope that our system will help

arising from the complexity of real

world applicatione of linear programming.
Figure 1 shows the components of the prototype software
syvaetemn that we are building.
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This is a loosely coupled system that takes advantags of the
existence of four powsrful existing systems:

. An LF Benerator, [153] {(this is similar in function to the
popular OMNI system, L[101).

= IBM s MFEX syvstem for solving linear and integer
mathematical programs, [12].

. IBM*s SOL database management system (DBEME) . [113.

« A tableau solution analyser (ANALYZIE, [81).

The five software systems in Figure 1 communicate by passing
files. It is easy to imagine more integrated designs and other
opportunities for the employment of Al techniques — particularly
for model validation and sensitivity analysis.

The LF Formulator is being developed in FROLOG on an 1IBM 43241
computer. FROLOGE is a logic—programming langusage that has been
found useful in a number of “expert system’ projects ([41). The
krnowledge in the LF Formulator consists of a number of rules
ralevant to the formulation of LF problems. This knowledge is not
specific to any given application. Specific application knowledge
arnd data values for the coefficients in the LF tableau are stored
in thes DEME. To simplify the exposition however we assume that
the LF problem structure is explicitly defined in an interactiaon
with the user of the system rather than being stored in the DBEMS.

Section 2 describes the philosophy underlying our approaach.
A example in the domain of energy modsling is introduced.
Szction I describes the problem representations available to
users and maintained internally by the system. Section 4

illustrates the logic of the rule-based system in formulating a
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small transportation problem. Finally, Section © presents a

summary and outlines future work.

£, FHILDSOFHY UNDERLYING THE LF_FORMULATOR

Large linear programs typically have 90 pearcent or more
zeroes in the A matrix and the bulk of the nonzeroes are 17s.
This results from fhe dominance of network substructures. One can
taks advantage of the networks to visuwalize the problem and focus
attention on the component submodels. For example, the standard
representation of the FIES energy policy model, [13], is a
diagram that parallels the flows in the energy system. The
intelligent system helps categorize the types of linkages and the
submodels that are connected.

fActivities in a linear program represent transformations in
either form, time or space. Transformations in form are the most
complex. These occur, for example, in product mix problems where
resources such as labgr, capital equipment and materials are
transformed by the activities inteo products. Inventory holding
activities are examples of transformations in time while
transportation activities are examples of transformations in
space. Apart from the transportation model and a few manpower
planning and scheduling problems, the paradigm models are
typically transformations in form.

Az a first step in formulating & linear program we isclate
(as “blocks") the submeodels that are form transformations and
connect them with arcs that represent the existence of soms kind

of linkage in place or time. This is the first of four goals




|
i
i

that must be reached to identify the values of c. A and b. The
pcond through fourth are to specify the transportation
csubmodels, the interperiod linkages and the physical

transformations.

-3

Figwe Z shows the first two levels of refinement of the FIES

mooiesl .
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The First level simply asserts that the model contains
sources, conversions and sinks. Sources connect to conversions
and to sinks: conversions connect to sinks. Already, the form of
the resulting LF tableau has been constrained as we will show
momentarily. The second level specifies the kinds of sources,
conversions and sinks togsther with their interconnections. In
FIES there are submodels that represent the supply of various

types of energy; others that transform one or more forms ot




@nargy int

oo ancther and finally submodels that represent the

consumotion of energy. The arcs in Figure 2 represent the
Mveical Flows of eneragy forms. Mote that at this point we have a
svatams diagram but not a transshipment model orF a netform as

defined by Glover et al, [71.

A interactive session with th

it}
I

= LF Formulator might begin

follows (computer prompts arse followsd by a question—markl):

Create-blocks? sources,sinks,conversions

Indicate links for sources? sinks,conversions

Indicate links for sinks? none
Indicate links for conversions? sinks

At this point the system could display the first level

=L

!

grraphic in Figure Z. In fterms of the underlving linear

progranmi ng model we have the intormation shown in (2) below.

(2D

Mimimize
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whareas:

g0 = set of sources

FED = set of production activities at the sources

050 = =et of outputs from the sources

(] = gset of conversions

FCO = set of production activities at ths conversions

OCO = get of outputs from the conversions '

sl = a=t of sinks

FEI = set of praoduction activities

& = inday of production constraints +or sources

ful = index of outputs from sources

" = index of production constraints for conversions

= = index of outputs from conversions :

z = indsx of production constraints for sinks

Although very little has been specified in the model, the linear
programming regressntation is already complex. The complexity com=s
from having to distinguish among constraints for inputs and outputs
and possible transformations internal to the blocks. The contrast in
complexity betwsen the problem representations in Figure &£ and the
alogsbraic statement (2) illustrates the potential of the LF Formulator
svatem. It will allow users to state their problems in a natural;
araphic style and to concentrate their attention selectively on small
sub-problems. The algebraic manipulation and book-keeping details will
e parformed by the aystem

The FROLOG implementation will be

sutficient

iz

g
&

imitially knows €

problem structure is g

here to describe the general
at the LF has the form (1),
almed

described
strategy.
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in a separate papsr.
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o through interaction with the usesr the
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formulation becomes more detailed. Thus the program successively
attempts to refine problem statements but it gives the user the
froedom to move to another goal before the current geal is met and to
return to it at a more convenient time. The system achieves its final
goal when the statement is detailed encugh to allow all coefficient
BN} to be retrieved from the DEMES and when the problem statement

A

i)
1]
ifi

1

fimas a number of other completeness and integrity checks.

0

ati

i
iy

ifi

The ides is to work from the general to the particular. The LF
formulation at each stage is the most general one that is consistent
with the information obtained so far. Thus each "block” in the visual
representation (Figure 2) is recursively associated with an LF of the

X

farm (1). Similarly each "arc® is associated with & set of rows and
columns that algebraically link the associated blocks. Each arc is
also potentially associated with a bundle of different flows and may

b capacitated or not. Froperties of a higher level in the

representation are inherited by lower levels.

Z. FROELEM REFRESENTATIONS

Dne of the advantages of an automated approach is that a number of
different problem representations can be generated and displayed to
the user during the problem formulation process. This is illustrated
in the top half of Figure 3.

The first reguirement is that the user should be able to recall
and modify 'the problem definition in & form close to that ugéd for
original entry. This is the function of the “Elock Language’™ which is
u=ad to express the operations that can be performed on blocks in the

graphics view of problem definition. As the work proceeds the user may
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wizsh to view a graphic showing the hierarchical and network structure
of the problem. Alternatively a “picture’ of the tableau in a highly
summarized form may be desired, [B1. Finally, the user may wish to
inspect the algebraic statement of the problem (a format similar to
(%) helow) orF to look at the coefficients in individual columns. The
latter, "activity analysis® approach, is advocated by Dantzig, [31. It
ie useful because activities typically have fewer coefficients than
Fows (usually no more than 2 or 4).

Internally, the system maintains the data structures shown in the
lower half of Figure I. A rule-base internal to the system allows 1t

to translate between these internal and external representations.




The data schema is described below. It forms an important part of
the application knowledge base and gresatly simplifies the task of the
Formulator. The hierarchical and precedence relationships batwasn
problem components are maintained continuously. These allow a top-—down
approach to the problem definition and are the basis for structural
analyses aimed at aveoiding unboundedness and infeasiblities. The

r

interrnal algebraic statement is equivalent to the normal “sigma’
notation of LP textbooks (ses [151). This is easily translated into
the MFS format required by the LF Generator. Along with the equation
forms of the LF, the system automatically generates and maintains the
names of:
« column groups and individual columns (variables)

constraint groups and individual rows

index sets for the summations in obijective and constraint

FOWS
Actually, users shars the responsibility for the names. The system
supplies 2- or Z-letter abbreviations of the names input by users.
Thess are generated according to certain fixed rules and checked

against a contipuously maintained data dictionary to avoid name

In this section we illustrate the use of the above frameworlk
and ruless in the definition of a classical transportation

probl esms




(3 Minimize & 2= CijXij
i j
Subject to:
= Xij § Si
J
:E Xiji p Dj
i

Figure 4 below gives the internal representation of the data

schema and problem definition after interaction with the user.

£ TRANS-COSTS (Vendor, Warehouse, C, % per unit)
b. SUFFLY (Vendor, S, units)
i DEMAND (Warehouse, D, units)

Froplem Definition Statements

&a CREATE-BLOCES (Trans—problem, [Vendors, Warehousesl)
b LINE-BLOCES (ALL, [Vendors., Warshousesl, X)
= CREATE-EBLOCES (Vendors, Vendor = [vl..vZ11)
da CREATE-EBLOCES (Warehouses, Warehouse = [wl w2l)
= MINIMIZE (Trans—costs! :
FIGLIRE 4

Stored Definition of a Transportation Froblem

A
L]

data schema entry follows a relational format as follows:

Table-name (key-identifier, data—-name, units—meta-data)l

The table—-names and key—identifier aré names that actuslly
pccur in the “real’ external database system. The former
idantifiss the sexternal file (or relational table). The latter is
a group of database fields that uniguely identify the data value
in the data-name field. Thus in Figure 4 Trans—-costs is the name
of the file containing the transportation cost data for thes

problem. This file has three fields. The Vendor and Warehouse

Center for Digital Economy
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fields uniquely identify a record in the file and the "C7 field
contains the unit cost of transportation from each vendor to sach
wareahoumns. The name given in the data—-name figld is used in the
alosbraic problem formulation and may be an abbreviation or
synonym for the corresponding field nams in the external
ralation. The last field is used to check that the data for the
problem is expressed in compatible units. This field does not
ooocur in bBhe resl world file (since it would mnormally have the
zame value for every record). It must be supplied by the user ar
found auvtomatically by the svetem from a data dictionary guery.

Although this is a very restricted format for the data it is
satisfactory for the initial prototype in which we are mainly
concerned with developing the rules for formulating LFs. Later
wiork will be directed towards generalizing the database
interfaces.

We mow explain the block-language statements in Figure 4 and

illustrate the rules that are used to develop the LF problem
statemant.

The CREATE-BLOCKES operation refines the definition of blocks
by creating sub-blocks at a8 new level of detail in the problem.
The Ffirst argument specifies the block to be refined; the second

4 the first statement

1

pnrovides the list of sub-blocks. In Figur
gives the problem the nams "Trans—problemn’ and specifies that
Vendors and Warehousss blocks exist at the first level.

The LIME-BLOCKES operation crestes directed arcs betwsan
The first argument gives the blocks that are_tm be

R A el o

Wi

connected; the second is a list of from—to pairs that specify the
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arcsy the third provides a collective variable name for the
linking activities. In Figure 4 the second statement specifies an

o from Vendors to Warehouw . At thi

]
]
i

2

H]

stage the definpition of

completse but no match can be made in the data schema

i

level 1 1
Forr "Vendors® and “TWarehousess®. The system therefore continues
its interaction with the usaer.

The next two BHE@TE-ELDCHS statements create a second level
of detail. Froperty inheritance from the prior LINE-BLOCES
operation ensures that sach specified vendor is linked to each
specified warehouse. Other block-!anguage statements can be used
to add or delete arcs &t this leval if necessary.

A MINIMIZE (o MAXIMIZE) statement specifies the objective
fusrtion cosefficients by providing & list of names of relations
wiiare the data can be found together with the algebraic sign to
be used e.g. MINIMIZE (Unitprofits — Transcosts — Fixedcosts).

The five statements in Figure 4 could be specified in any
arder. Together with the data schema they allow the rule-based
system to complete the problem formulation. Some typical rules
are shown in Figure 3.

Firat, we explain the interaction with the data schema.
*Yandor® and ‘Warehouss® are recognized as field names thus

satisfying one of the problem completeness criteria. Statements

ifi

. and d. actually specify a database selection by specifying
which data records of the underlving real database are to be
retrieved later by the LP Generator system. Arbitrarilly complex

solections can be ernvisaged: specifying the field name by itselds

Stern School of
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Nz, Geperal Description

1. A block is of type "exogenous supply’ if it has no
activities defined for it and has only outgoing arcs.

b I+ a block is of type "exogenous supply’:

a. Add a row to the tableauw for each output commodityg
the row pname consists of the block name concatenated
with the output name.

b. Add a "supply limit® constraint set of the form:

= 7ij & ?i
J
where the 7 symbols are yet to be identified. The
index set for i is krnown from Za.3; the index set for
j iz determined when the variable is identified.
s For a LINE-BLOCES statement:

a. Add a column to the tableau for each +low; the
column name is & concatenation of the from— and
to—block names and the name of the commodity.

b. Use the variable nams and index sets in the argument
to identify the transportation activities aszociated
with the columns of step a.

. If no gains or losses are associated with the

activities their tablesau cosfficients in the
associated demand constraints are equal to *i.

FIGURE 5
Illustration of Rules to Generate Algebraic Froblem Statement

is equivalent to specifying all the data records in the relation.
Fram statament b. and rule Zbh., the system infters that the X7
variables are doubly subscripted by the elements of Vendors and
Warehouses. Using c. and d. it can be ssen that these form the
key of Trans—costs. The system can ther=sfore associate the values
in the 'C° field with variable X in the objective function of

(Z) .
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The system next uses Rule 1 in Figure T to infer that vl
B

through v3 are source blocks. Rule 2 is selected next to generate

the general +form of the first ineguality constraint in (32, It

b
can then infer from the data schema that the required values of
the RHE cosfficients are given by the "S" column in the SUFPLY

relation and that X is the relevant variable name. S8imilar steps

are performed with similar rules for the warehouse blocks.

i

The +imnal steps performed by the LF Formulator are as
follows:

(2) Access the metadata concerning the wunits in which the data
are stored and perfoarm a dimensional analysis to determine if the
data are conformable and to calculate conversion factors if
NECRSSArY.

(b)) Access and analyse the actual data values to see i+ there are
scaling problems that will impair thé accuracy of the results and
to calculate corrective factors if necessary (not planned in
current implementation’.

() Dutput the algebraic problem statement (egquivalent to (302
far execution by the tableau generator together with the relevant
data retriaval commands.

The preceding description shows how the various components of
the knowledge base can be used coopsratively to formulate the LF.
(bhviously this was a very simple problem. Before leaving this
section we will thersfore briefly describe some other block

language statements:




DEF-INFUTS (DEF-0UTFUTS)

Used to detine the inputs (outputs) to a block in a
multi—commodity network.

LINE-INFUTS-0UTFUTS

In a multi-commodity network this command links like

inputs to like outputs. e.g. natural gas as an output of a
block will bs auvtomatically linked to all blocks for which it
is an input.

REFLICATE-BLOCK

Elocks (or groups of blocks) can be replicated in either
space or time. For example, if the inputs, outputs and
internal structure of all oil-producing regions are the same,
it is easier just to define the structure of one region and
then use this comnmand to generate similar structures for all
the others. Essentially this just adds a region index to all
production and transportation activities associated with the
block. Note that the tableauw data values may still differ
from region to region.

DEF-4CTIVITIES
Ueed to define the list of activities of various types
associated with a block. This is the most important step in

defining blocks representing form transformations as in
blending and product-miy problems. Each activity is
associated with an index set, a variable name and its inputs
and outputs,

Mote that the two "LINE" commands create transportation
activities while the DEF-ACTIVITIES command creates more general

binds of activities.

i

This paper has given a briset overview of the LF Formulator

systen. Howsver many details have beesn ommittsd. A future paper
1

il — particularly

i)

will describe the Elock Language in mores det
with regard to the replication of problems in space and time and
the definition of various kinds of form transformations. Other

papars will describe the FROLOE implementation and the role of
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thea daktabase in the knowledge repressntation.

The prototype currently being constructed represents a first
abttempt only. Many guestions will remelin to be investigated svan
atter this has been built and tested. The first set of questions
concarns the design of the user interfacs (bevond the Blook

Languags which is primarily for internal system purposes). What
is the best mivtuws= of graohic—, menu— and command-— driven styles
of 1npuwit™ Will different users have very different reguirementes?
Can the system supoort non—expert as well as expert users?

The sscond set of questions involves the role of the database
system. Tan this be generalized so that 1t can determine data

nesds and automatically access data in the corporate databaze?

Can complex data transformations be included as part of the

b

B

i
ifi

retrisval proce

& third area of investigation will involve extending the

i

yvatem to obther problem types. This will include a better
understanding of the time dimension to allow us to handle
schaeduling problemns. We will also need to investigate how to
formulate integer and perhaps non-linear programming problems

£

(e

mally, much wore renains to be done in order to build

i

i

imt@elligence into other aspects of the problem solving process:

modal btesting and validation, avtomatic generation of alternative

zcenarios and alds for analyzing the results of models
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