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ABSTRACT AND PREFACE

Operations research (OR) problems have been solved by the well-known

mathematical algorithms and the caonventignal programming 1languages
such as FORTRAN, PASCAL, ...etc.

This memo. is %concerned with solving some OR problems (specially the
nétwork prablems) by using the artificial intelligence (Al) technigues
such as expert systems (ESs) and the decalarative programming
languages such as PRULUG* language.

The salesperson problem was taken as a classic network optimization
problem to be solved with such Al techniques. A small ES was built for
solving this problem. PROLOG language has been used as an ES taol
since it is considered as an effective AI language. With minor
modification to the suggested ES, the shortest route problem, the
maximal flow problem, finding the spanning tree of a graph,...etc can

be easily solved.

¥ PROLOG is a an—conventianal programming language centered around a
small set of basic mechanisms, including pattern matching, tree-based
data strucuring, and automatic backtracking. This small set
canstitutes a surprisingly pawerful aﬁd flexible programming
framework. PROLOG is especially well suited for problems that invelve
objects ,in particular, structured objects and relations between them.

For more details, refer to reference no. [11].



Chapter 1 introduces the traveling salesperson problem from
operational research point of view. It also includes the FORTRAN

program (stated in appendix) as a convensinhal approach to solve this

problem.

Chapter 2 (the main chapter of this memo.) manipulates the same
problem from artificial intelligence point of view. It introduces the
the ES for solveng the problem. It also introduces a small expert
system for solving the salesperson problem using TURBO PROLOG
language. This chapter also refers to the solution of the salesperson

problem by artificaial neural systems since researchers (in
laboratories) shaowed that using artificial neural systems (ANS)

enabled them tao solve one salesperson problem on an  ordinary
micro—computer in 0.1 second compared to the optimal solution that
required one hour of CPU time on a maineframe—computer using the

conventional programming language L[BI1.

Conclusion has been presented at the end of this memo.



CHAPTER 1

TRAVELING SALESPERSON PREOBLEM
(OPERATIONS RESEARCH MANIPULATION)

PROBLEM DEFINITION :

Traveling salesperson’s problem is considered as a formal model of
many practical network optimiztion prablems. The praoblem is defined by
a network with N nodes (towns) and links (edges, arcs, or roads)
between them. The task is to find a shortest route from some starting
town, visiting all the other towns and ending in the starting town. No
town, with the exception of the starting one, may appear on the route
twice (an acyclic route).

PROBLEM FORMULATION 3

Let cij = the cost (distnce) of travel from town i to town j.

1 if the route uses a link from town i to town j.

X. .
1l 0O otherwise.

The total distance of a route became

v

(1)

2= 3

N N
i=1 j=

ci. Xi'
1 J J

In order for each town on a route to be visited only once, the
salesperson must arrive at each town exactly once, and leave each tawn
exactly once. This means that =

i,N {leaves each town exactly once? 2)

N
Z*j___l X35 =1 N1

1,N {arrives each town exactly once} (3)

N
Eaxij 1 Af s



and (3) constitute just an assignment prablem, but due to

1), (2},
this assignment

e circumstances of the
does not guarantee that the

salesperson’s problem,

-ablem route will be connected.

added ta govern the

erefore, extra constraints should be

isconnection as follows L[91 @

ui—uj+inj_l; N-1 N i = 2,N,
j = 2,N, and

if 3.

ere

u; represent N-1 auxiliary variables.
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PROBLEM ALGORITHM WITH CONVENTIONAL COMPUTER PROGRAM (FORTRAN) [31 1

Although a great deal of research effort has been put forth in the
past vyears to solve the general traveling salesperson problem,
algorithms that find the exact optimal solution are still limitted to
fewer than 100 towns. Algorithms that will find the exact salution far

large problems are still very much in demand.

A number of branch—and-bound algorithms that find the exact optimal
colution for small-to-moderate-size traveling salesperson problems
(fewer than 50 towns) have appeared in literature during the last
years; however, most ,if not all, are based on the Eastman algorithm.
Eastman and Little et Al algorithms form the basis for all traveling

salesperson problems.

fhe FORTRAN program as listed in the appendix solved the 10-town
problem ,listed in example 2 at the end of this chapter, in 28 seconds
on compatible IBM PC computer. However, computation times grow
exponentially as the number of towns increases as we shall see in
chapter 2. Generally, a 30-town praoblem can be solved in a reasonable
amount of time on a mainframe computer, but larger problems get out of

hand quickly [31].

The following illustrates the solution of two examples using this

mentioned program.



EXAMPLE 1 : A Four—towns problem . The input data and output results.

J

To i 2 3 4
Fram b c d
4
Q9999 4 & 10 1 a == 4 & LO
4 99999 7 10 2 b 4 - 7 10
1) 7 99999 5 3 & Vi - o
10 10 5 99999 4 d 10 10 2 —
IHE DISTANCE MATRIX
9999 AL & 10 4
4 Q99g 7 10
& 7 99999 =
10 10 S 99999
=
THE OFTIMAL DISTARNCE = 29.
]
THE ROUTE IS AS FOLLOWS =
FROM TOWN 1 7TO0 TWnN 2
FROM TOWN 2 TO TOWN 4 g
FROM TOWN 2= TO TOWN 1
FROM TOWN 4 1T0 TOWN 3
That is the shortest route is as follows : -

a —2>b —>d-—>cgc —-—> a



EXAMPLE 2 : & ten—towns problem. The input data and output results.

\\\\Tn t1 t2 t3 t4 5 té6 t7 tB t9 tio
From
t1 9999 184 292 449 &70 S16 598 4618 881 09
2 184 99997 195 310 540 375 514 434 &79 P64
t3 292 195 99999 215 380 232 434 493 719 55
t4 499 310 215 99999 284 200 5466 787 790 1020
tS &7 540 380 288 99999 211 436 814 &332 974
téo 516 357 232 200 211 979999 381 6472 &97 9352
L7 598 514 434 S6b6 436 381 279999 295 224 541
t8 418 434 493 787 a14 &42 295 99999 320 341
9 881 &7 719 790 632 &97 224 320 99999 318
t10 F09 P64 955 1020 74 P52 541 341 318 99999
10
P99 184 292 449 670 Sié 598 4618 881 F07
184 99999 195 310 5S40 3739 S14 434 &7% 64
292 195 9999 215 380 232 434 493 719 55
499 310 213+ 99999 2a4a 200 S6b6 787 790 1020
L7 540 380 288 79999 213 436 B14 632 74
S1s6 357 232 200 211 995999 81 642 &97 952
598 514 434 S&é 436 381 99999 295 224 541
als8 434 4973 787 814 bH42 295 99999 320 341
881 &7 719 790 632 &77 224 T20 99999 318
09 64 955 1020 974 52 541 341 318 99999



THE DISTANCE ATRIX

99999 184 292
184 99999 195
292 195 99999
499 310 215
670 540 380
s516 357 @ 232
s98 514 434
618 438 493
881 697 719
909 944 955

THE OPTIMAL DISTANCE

449
310
215

99999

288
200
S66
787
790
1020

670
540
380
288

99999
211
436
814
632
974

THE ROUTE IS AS FOLLOWS :
FROM TOWN 1 TO TOWN 2
FROM TOWN 2 TO TOWN 8
FROM TOWN 3 TO TOWN 1
FROM TOWN 4 TO TOWN 3
FROM TOWN S TO TOWN &
FROM TOWN & TO TOWN 4
FROM TOWN 7 TO TOWN S
FROM TOWN 8 TO TOWN 10
FROM TOWN 9 TO TOWN 7
FROM TOWN 10 TO TOWN 9

That.is the route is as follows 3

516
375
232
200
211
99999
381
642
697
952

598
514
434
S66
436
381
99999
295

541

618
434
493
787
814
642
295
99999
320
341

881
&79
719
790
&32
&97
224
320
9999
318

909
64
955
1020
974
952
541
341
318
99999

t1 => t2 -> €8 -> t10 -> t9 —> t7 > 3 —> t6 —-> t4 -> 3 -> t1



CHAPTER 2

TRAVELING SALESPERSON PROBLEM
(ARTIFICIAL INTELLIGENCE MANIPULATION)

PROBLEM DEFINITION AND PROBLEM ALGORITHM 3

The analysis here will be quite different from that one mentioned in
chapter 1. The problem is def-ine.d by a map with N towns and road
distances between these towns. The task is to find a shortest route
from starting town, visiting all towns on the map and ending in the
starting town. No town ,except the starting one, may appear on the

route mare than once.

The salesperson here requires an expert system which will compute
all thepossible routes between any two towns on the map, along with
the shartest of these routes. Every route should camprises all of the
towns in the map and every town should appear only once. That is every
route is a hamiltonian route; that is an acyclic route comprising all

of the towns on the map. This will enable him to s

- plan routes which cover all towns on the map,

- choose routes which use particular roads with which he is

familiar, and

- choose the shortest (i.e., cheapest) route.

10



GRAPH REPRESENTATION OF THE PROBLEM s

A graph is defined by a set of nodes and a set of edges, where each
edge is a pair ot nodes. When the edges are directed,they are also
called arcs. Arcs are represented by ordered pairs. Such a graph is a
directed graph. The edges can be attached costs, names, distances, or

any kind of labels depending on the applications.
In FROLOG, graphs can be represented in several ways:

(1) Each edge or arc is represented separately as one clause. Far

example :

graph {al graph {bl}
For graph a, the clauses are : For graph b, the clauses are =
edgela,b). arci(s,t,3).
edge(b,c). arcl{t,v,1).
edgelc,d). arc(u,t,2).

{2) A whole graph can be represented as one data object. 1In this case,
a graph can be represented as a pair of 2 sets : nodes and edges

(or only a set of edges). Each set can be represented as a lists;
each edge is a pair of nodes. For the graphs above, we have far
example :

Gl = graph(lLedgeia,b),edge(b,c),edgel(c,d) ,edgelb,d) 1).
G2 = graph(larc(s,t,3),art(t,v,1),,arc(t,u,S),arclu,t,2),
arciv,u,2)1).

11



fhere are other methods for representing the graph. What will be the
most suitable representation will depend on the application and on

aperations to be performed on graphs.

ITwo typical operations on graphs are :

(1) Finding a route(s) between two given nodes (e.g., finding the
maximal or minimal flaow in a network, finding the shortest route
for the traveling salesperson problem, etc.).

(2) Finding a subgraph ,with some specified properties, aof a graph

.

(e.g., finding a spanning tree of a graph).

FINDING A ROUTE IN A GRAPH :

Let 6 be a graph; A and Z are two nodes (towns) in G. Let us define

the relatian :

routel(A,Z,G6,P)

This relation means that: P is an acyclic route between A and Z in G. P
is represented as a list of nodes on the route. For example, for graph

{a} above, we have two routes between nodes a and d as follows:

route(a,d,5,la,b,dl).
routeta,d,G,La,b,c,dl).

Since a route must not contain any cycle, a node can appear in the

raute at most ance.



To find a route(s), one method is as follows:
To find an acyclic route ,P, between A and Z in G, we have:

- 1§ A =2, then P = LAl and the relation becaomes 3

i

route(A,A,G,[AT).
otherwise,

- Find an aéyclic route ,P1, from some node Y to 2 and find a route

from A ta Y avoiding the nodes in Pl. This formulation implies

another relation ,routel, as faollows

routel (A,P1,6,F)

k— P1 |

Nheré,

i

Pl : is a route in G.
P : is an acyclic route in B that goes from A to the beginning of P1

and continues alaong P1 up to its end.

The relation between "route” and "routel” is :
route(A,Z,G,P) :— routel (A, [21,G,P).

A classical problem of finding a route in a graph is to find a
hamiltonian route;‘that is, an acyclic route which comprises all nodes

in the graph ( the salesperson problem 1is an example of such a

hamiltanian route(s)).

13



EXPERT SYSTEMS ¥

An expert system (ES) is an artificial intelligence program that
behaves like an expert in some ,usually narrow, domain of applicatian.
ESs have to be capable of solving problems that require expert
knowledge in a particular domain. They should possess that knowledge
in some form. Therefore, they are also called knawl edge—-based systems.
An ES also has to be capable ,in some way, of explaining its behavior
and its decision to the user, as human experts usually dao. Such an
explanation teature is especially necessary in uncertain damains (such
as medical diagnosis) in order to enhance the user’s confidence in the
system’s advice, or to enable the user to detect a paossible flow in
the systems’s reasoning. Therefore, ESs have to have a friendly user
interaction capability that will make the system’s redsoning
transparent to the user. The main structure of an expert system is
usually divided intao 3 main modules :

1. a knowledge base,
2. an inference engine, and
3. a user interface.

Inference User

o> <—> User

engine interface
SHELL

Knowledye

base

|
L o o
A knowledge base comprises the knowledge that is specific .to the
damain ot application, including such things as simple facts about the
domain, rules that describe relations or phenomena in the domain, and
possibly also methods, heuristics, and ideas for solving problems in
this domain.

An inference engine knows how to actively use the knowledge in the
knowl edge base.

A user interface provides a smooth communication between the user and
the system. 1t also provides the user with an insight into the
prablem—solving process carried out by the inference engine.

It is convenient to view the inference engine and the user
interface as ane module which is usually called an ES SHELL.

X For more details, see reference no. [2] for the same author

i4



SMALL EXPERT SYSTEM (TURBO PROLDG) FOR SOLVING THE PROBLEM :

%
% .....Travelling SalesPerson Prablem.....
%
DOMAINS

1 SYMBOL k
SYMBOL.

INTEGER

il

S

int
%
PREDICATES
route(s,s,l,l,int)
member (s, 1)
gotls,s,int)
act ‘on(s)
length(l,int)
RUN
%
CLAUSES
%
RUN :—
MAKEWINDDW (1,5, 4, "SalesPerson Problem",0,0,25,80),
7
WRITE("Enter the no. of towns on the map: "),
READINT (N),
WRITE ("Enter the guessing shortest route: "),
READINT (MinDist),
%
WRITE(" Enter the name of starting town: "),
READLN(Townl),
WRITE(" Enter the name of ending towns: "),
READLN(TownZ) ,nl,nl,
WRITE("All possible shortest routes are as follows: ") ,nl,

WRITE("— "),nl,nl,

A



raute(Townl,(ownz,[TownIJ,Way,Dist),
Dist <= MinDist,
length{Way,N),

7% the predicate length{):
% this predicate limits searching for aonly ane route
Z in a way that it includes all the possible taowns

% but visited only once.

WRITE (Way),
WRITE("——>"),
WRITE("The distance is :"), WRITE(Dist),nl,
act_on(y).
y A
Z
act_on(y) - nl,FAIL.
act_on(n).
%
%
route (Tawn, Town, _, (Townl1,0) 22— ¢,
route(Tawnl, Town2,Covered, [Townl !Wayl,Dist) :—
go(Townl, Town3,Dist1),
NOT (member (Town3,Cavered)),
route(Town3, Town2, [LTown3!Coveredl, Way,Dist2),
Dist = Distl + Dist2.
7% .
member (X, [X{_1).
member (X,[_I1Y1) :- member(X,Y).
” .
length(t1,0). .
length(L_IiT1,N) :- length(T,N1),N=N1+1.
%
% end of program. .
Z

14



NOTICE 3

It should be noted that this is a simple prototype system and

represents a very small map. The system could easily be modified and

extended to cover large maps by adding the necessary Qo facts.

Morsover, it should be noted that this is a very inefficient way for

finding thé minimal or maximal routes. This method is unselectively
-
investigates possible routes and is completely unsuitable for large

maps because of its high time complexity.

More sophisticated methods _for finding optimal routes will be dealt

with in another mema. which will include the following items 8

- Heuristic search principle (the best 1ist search and its

applications)

- Problem reduction and AND/OR graphs
. AND/OR graph representation af prablems.
. Basic AND/DOR search procedure.
- Best lst AND/OR search.

Anyhow, the following represents the solution of the same two examples

solved in chapter 1 by using this small ES :

17



EXAMPLE {1 : Four towns praoblem.

The +Following shows the table of distances and the graphical
representation of the problem : . ..
fa a b c d ’ <J
From !
4 a 6| 10
a - 4 46 10 ab . ac’ ad -
b 4 - 7 10 L - ' = '_
c 7 - 5 7 19 7 5 10 5
d 10 10 5 - abe abd  acb acd  adb adc
S S 10 IOI 7 7
abcd abdc acbd acdb adbc adcb
10 el 1] 4| Ca| 4
abcda abdca acbda acdba adﬁca adcba
26 25 25 33 24

7
gota,b,4).
gol{b,a,4).
gata,c,d).
go(c,a,d).
gafa,d,10).
goid,a,10).

33

goib,c,7).
golc,b, 7).
galb,d, 10).
gol{d,b,10).
gol{c,d,5).
gol(d,c,9).

1d




The oputput results will look like the following 3

Salesferson Froblem

Enter the no. of towns on the map: 4
Enter the guessing shortest route:

Enter the name of starting town:

n o N

Enter the name aof ending town:

All possible shortest routes are as follows:

[Ilall; llbll; l.d"; llClI]

———=>The distance is :19 r\

Notice that :

If we add the distance from c to a ,6, we get the shortest route

with the same distance as in chapter 1 of the conventional algorithm.

19



EXAMPLE 2 : Tlen taowns problem.

Consider the same data of example 2 in chapter 1.

go(tl,t2,184).
goltl,t3,292).
goltl,t4,449).
ga(tli,t5,670).
goiti,té6,516).
galtl,t7,598).
go(tl,t8,618).
gottl,t9,881).
gottl, t10,909) .
” .
go(t2,t1,184).
gait2,t3,199).
go(t2,t4,310).
o (t2,t5,540) .
go(t2,ts,357) .
ga(t2,t7,514).
go(t2,t8,434).
go(t2,t9,679).
go(t2,t10,964).
%
golt3, t1,292).
go(t3,t2,195).
go(t3,t4,215).
goit3, t5,380).
go(ti  t6,232).
goit3,t7,434).
go(t3,tH8,493) .
go(t3,t9,719).
got3,t10,955) .
7 c
goi{t4,tl1,449).
goita,t2,310).

20



7

pA

N

go(ta,t3,215).
go(t4,t5,288).
go(t4,t6,200).
go(t4,t7,566).
go(t4,t8,787).
go(t4,t9,790) .
go(t4,t10,1020).

go(tS,t1,670).
gu(tS,t2,§40).
go (t5,t3,380) .
go(t5,t4,288).
go(tS,ts6,211).
go(tS,t7,436).
go(tS,t8,814).
go(t5,t9,632).
go(tS,t10,974).

go(ta,t1,516).
golto, t2,357).
gn(tb, t3,232) .
9o (e, t4,200) .
golts,t5,211).
ga(ts,t7,381).
go{tb,1t8,642).
go(td,t?,697).
goi{t&,t10,952).

go(t7,t1,598).
go(t7,t2,514).
go(t7,t3,434).
got7,t4,566) .
go(t7,t5,436) .
go(t7,t&,381).
go(t7,t8,295) .
go (t7,t9,224) .
Qo (t7,t10,541).

21



7%
go(t8,t1,616).
go(t8,t2,434) .
goit8,t3,493).
go{t8,t4,787).
go(t8,t5,814).
go(t8, té,4642).
go({tB,t7,295).
ga(t8,t9,320).
go(t8,t10,341).

A
go(t7,t1,881).
go(t9,t2,479).
go(t?,t3,719).
go(t?,t4,7390).
go(t?,t5,632).
ga(t?,ts&, 6975 .
qoit?,t7,224).
ga(t?,t8,320).
go(t9,t10,318).

%
go(tio,t1,909).
go(ti0,t2,944).,
go(tl10,t3,9535).
go(tl10,t4,1020).
gol{tlo,t5,974).
go(tlio,ts,?52).
go(tl0o,t7,541).
ga(ti0,t8,341).
go(t1o,t9,318).

N
R



The cutput results will look like the fallawing 3

SalesPerson Problem X

Enter the no. aof towns on the map: 10

Enter the guessing shortest route: 2600
Enter the name of starting town: ti

Enter the name of ending town: t3

All possible shortest routes are as follows:

c lltl II; Iltzll; Sltall; )ltloll; "tqn; Ilt?tl; lltle; llté‘ll; llt4ll; "t3“ ]
~——->The distance is :2563 N

[ lltl "; llt2ll; "tB"; llt 10“; lltqll; llt7ll; lltbll; llts“; llt4ll; lltsll ]
——% The distance is :235%96

Notice that :

1f we add the distance from t3 to t1 ,292, we get the shortest route

with the same distance as in chapter 1 of the conventional algarithm.



ARTIFICIAL NEURAL SYSTEM FOR TRAVELING SALESPERSON PROBLEM [81 :

The solution of the salesperson prdblem is importent because it is
the classical prablem faced in optimizing the routing aof sigqals in a
telecommunicatios system. Dptimizing routing is important in

minimizing the travel time, and thus effeciency and speed.

The following table shows the possible routes for 1 to 4 towns on a

map

L am——— T

No. of towns Possibie'ruutes

Notice that the number of possible routes for a map of N towns is

proportional ta (N-1)!.

While there are 9!=362880 routes for 10 towns, there are 29'!=8.8E30
possible routes tor 30 towns. The traveling salesperson prablem is a
classic example of combinatorial explosion because the number of
possible routes increases S0 rapidly that there are no practical
saolutions +br realistic number of cities. If it takes 1 hour of a main
frame CPU time to solve 30 towns, it will take 30 hours for 31 towns
and 330 hours for 32 towns. lThese are actualliy very small numbers when
caompared to the thousands ot telecommunication switches and towns

that are used in routing of data packets and real items.



A new development 1n computer science arose in 1980°’s called
artiticial neural system (ANS), based on how the brain processes
intaormation. lhis science is saometimes called connectionism because it

models sofutions by training simulated neurons connected in a network.

ANS has had remarkable success in providing real-time response to
camplex pattern recognition problems. ln one case, a neural net
running on an ordinary micro-computer obtained a very good solution to
the traveling salesperson problem in 0.1 seconds comared to the

optimum solution that requires 1 hour of CPU time on a main frame

computer.

.

A neural net can solve the 10-town case just as fast as the 30-town
case while a conventional computer takes much larger. Although neural
nets may not always give the optimum answer, they can provide a best
guess in real time. ln many cases, as 99.9999999% carrect answer in

0.1 second is much better than a 100% correct answer in 30 hours [81l1.

119



CONCLUSION

- o e s s treee e e e e

The salesperson problem is solved in this memo. using two different
approaches.

fhe results obtained from the two approaches show that the solution by
the non-conventional approach is better than the one obtained from

applying the conventional approach for many reasons

1, The database in conventional programming is certain and static,

while it is dynamic and may be uncertain for PROLOG programming.

2, The searching space for PROLOG programming is much small compared
to the one in FORTRAN programming.

3, The number of towns can be very large compared to the limitted

number of towns in conventianal programming.

4, 1In future, it would be possible to use the ANS in real world
applications in which case, the current ES inference mechanism will
be replaced by the new ANS inference one ——— which it seems as a

science fiction film; hawever, stanger things have happend .

2&
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THE CONVENTIONAL COMPUTER PROGRAM (FORTRAN) [ 3 1 s
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T,
-t

This program has been quated with minar modification +rom

Reference no. L[3].
EASTMAN’s Algorithm for Traveling Salesperson Problem

This program will solve the traveling salesperson problem when
15 or fewer cities are involved, by uging the HUNGARIAN

ALGORITHM to solve the associated ASSIGNMENT problem.

This program is designed to read from a FILE called SP.DAT the :

No. of cities involved on the map.

The distance matrix of order N called IDIST(I,J) ; I,Jd =1.N.

The output results of this program will be :

CLUB : The distance of the optimal feasible solution.

IAS : The assignment matrix.

DIMENSION IAS(15), IDIST(15,15), ISDIST (15,15) ,JCOMP(15),

2BFSD(15),IIAS(5OQ,15),BRANCH(SOO);R(SOO),C(SOO),P(SOO),
= TD (500) , NARCS (500) , SUBT (500

OPEN(UNIT=1,FILE="SP.DAT")
OPEN(UNIT=2,FILE="GP.R8T?)

READ (1, % , END=2000) N
DO 2 I=1,N
READ (1, %) (IDIST(I,J),J=1,N)

KODE=0

WRITE (2, %)’ THE DISTANCE MATRIX’
WRITE (2, %)

DD 707 I=1,N

707 WRITE(2,702) (IDIST(I,J),J=1,N)



]

0 0o

702

o0

0OnNnoono

0COoO oo

71

70

80

701

FORMAT (L 20 /)

STEP 1 :
Set minimum total distance (CLUB) to large +ve number.

ir

CLUBR=0L 1E11

STEP 2 :
Call subroutine HUNGRY to solve the associated ASSIGNMENT
problem by the HUNGARIAN method. |
1f at least one subtour exists, gao to step 3. Dtherwise, an
optimal solution of the ASSIGNMENT problem is the OPTIMAL
solution of the TRAVELING SALESPERSON problem, so STOP.

CAlLL HUNGRY (N, IDIST, 1AS, MD, KODE)

NN=N-2

00 71 I=1,N

JCOMP (1) =1AS¢ID)

DO 70 II=2,NN

DO 70 I=1,N

J=JCOMP (1)

JCOMP (1) =1AS (J)

IF (JCOMP (1) .E@. 1) 6O TO 80
CONT INUE

GO TO 200

STEP 3 :
A subtour exists of which we have the SHORTEST. Determine the
parameters of the SHORTEST subtour.
i
IARS=11
INT=1
DO 701 KK=1,N
11AS(1,KK)=TIAS (KK)

28
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STEPS 4,5

Branch into K subproblems

Solve the K subproblems as a new ASSIOGNMENT problems, and let
each solution distance be a LOWER BOUND for the corresponding

subproblem

Pi{1)=1

IPRED=1

G0 ro 110
700 LL1=IPRED

111 IF(FP(L1) .EQ. 1) GD TO 112
LL2=R(LL1)
LL3=C (L)
1SDIST(LL2, LL3)=IDIST(LLZ,LLS)
IDIST (LL2,LL3)=9999F
LL1=P(LL1)
GO TO 111

112 L12=R(LL1)
LL3=C(LL1)
ISDIST (LL2,LL3)=IDIST(LL2Z,LL3)
IDIST (LL2,LL3)=99999
[ARS=NARCS ( IPRED)
INT=SUBET ( IPRED)

110 ITERM=INT
DO 90 1J=1,IARS
IBEGIN=ITERM
ITERM=IIAS (IPRED, IBEGIN)
K=K+1
R(K)Y=1BEGIN
C (K)=I1TERM
ITEMP=IDIST (IBEGIN, ITERM)
IDIST {IBEGIN, ITERM)=99999

CALL HUNBRV(N,IDIST,IAS,ND,KDDE)

1Dk =MD
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P (K)=IPRED
IDIST(IBEGIN, ITERM) =ITEMP
DO 125 MM=1,N

IIAS (K, MM) =IAS (MM)

DO 73 1=1,N
JCOMP (1) =IAS (1)

. DB 75 1I=2,NN

75

129

130

Q0

150

DO 75 I=1,N

J=JCOMP ({)

JCOMP (1) =1AS(J)

IF(JCOMF(I) .E@. I)60 TO 131
CONT INUE

STEP &

1f there exists one or more feasible solutions from STEF S5, and

if the smallest TOTAL distance for that feasible solution is

smaller than CLUB, st CLUB

feasible solutiaon.

IF(CLUB .LT. TD(K))»BD TO 130
CLUB=TD (K)

DO 129 Jd=1,N

BFSD (JJ) =IAS(JI)

BRANCH (K) =0

60 TO 90

BRANCH (K) =1

SUBT (K) =1

NARCS (k) =11

CONTINUE

IF(IPRED .EQ. 1)G0 TO 140
LL1=IFRED
IF(P(LL1) .EQ. 1)BO TO 152
LL2=R(LL1)
LL3=C(LLY)

30

STD and save the corresponding
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160
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134

(!

142

LL1=P(LL1)
IDIST(LLZ,LL3)=ISDIST(LL2,LL3)
GAOTO 150

LL2=R(LL1)

LL3=C(LL1)
IDIST(LL2,LL3)=ISDIST(LLZ,LL3)

STEP 7

1f CLUB is less than the LOWER BOUNDS on all aof the unexplored

subprablems, the solution corresponding to CLUB is an OPTIMAL

soltion, so STOP. Otherwise, 90 to STEP 8.

DO 132 I=2,K

IF (BRANCH(I) .EQ@. 0)GOTO 132
IF(CLUB .GT. TD(I))GBTO 134
CONT INUE

GOTD 135

STEP 8

Select the unexplored subproblem with the smallest value.
Find the minimum distance for the unfeasible NODES.

Set the initial minimal NODEs to the value of the counter in

previous laop, and return for the further branching.

MINND=1

DO 142 J=1,K

IF (BRANCH(J) .E@. 0)6OTO 142
IF(TD(J) .LT. TDUMINND)) MINND=J
CONT INUE

ERANCH (MINND) =0

IPRED=MINND

OTD 700

Output the Final HMINIMAL distance.
Output the ASSIGNMENT for the OPTIMAL solution.

the
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200

202

203
204

2000

WRITE (2, 222)CLUB.

FORMAT(//,” THE OFTIMAL DISTANCE = °,F7.0//)
WRITE(2, )7 THE ROUTE 1S AS FOLLOWS =7
WRITE (2, %)

DO 136 I=1,N

JIJ=EFSD(I)

WRITE (2,220) 1,33

FORMAT (/, 10H FROM TOWN, I3,8H TO TOWN, I3)
GOTO SO

fhe solution to the ASSIBNMENT problem is the OPTIMAL solution
to the TRAVELING SALESPERSON prablem.

WRITE(2, %)

WRITE (2, )

WRITE(2,%)" THE SOLUTION HAS NO SUBROUTES, HENCE THE OPTIMAL®
WRITE (2, %)’ SOLUTION OF THE ASSIGNMENT PROBLEM IS ALSO AN OPTIMAL’
WRITE(2, %)° SOLUTIONOF THE SALESPERSON PROBLEM *

WRITE (2, %)
WRITE (2, %)

WRITE (2, 202)MD

FORMAT (26H THE TOTAL MINIMUM ROUTE 18 ,I7//)
WRITE(Z, %) *THE ROUTE IS AS FOLLOWS®
WRITE(Z,%)

DO 203 I=1,N

WRITE (2,204) I, IAS(I)

FORMAT (10H FROM TOWN, I3,7HTO TOWN, I3)

60TO S0

S5TOP

END

32
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SUBROUT INE HUNBRY (N, I IF, IRDW, TOTAL, KODE)

DIMENSION IIF(lS,15),IEFF(15,15),IRDW(IS),IDDL(lS),ICHEDK(IS),
2JCHECK (13)

INTEGER TOTAL
STeP 1

CONSTRUCT THE EFFECTIVENESS MATRIX IF TOTAL EFFECTIVENESS IS TO
EE MAXIMIZED. LET THE EFFECTIVENESS MATRIX BE THE —-VE OF THE
ORIGINAL MATRIX; OTHEWISE, THE EFFECTIVENESS MATRIX = THE ORIBINAL
MATRIX.

iF (KODE .ER. 1)G0TO 100
DO 110 I=1,N
DO 110 J=1,N
110 IEFF(I,Jd)=IIF(I,J)
650TO 200
100 DO 120 1=1,N
DO 120 J=1,N
120 1EFF¢I,d) = — LIF(I,J)

STEP 2

FIND THE SMALLEST ELEMENT OF EACH ROW AND SUBTRACT 1T FROM
OTHER; ELEMENTS OF THE SAME ROW. '

200 DO 210 I=1,N

MINRQW=IEFF (1, 1)

DO 220 J=1,N

IFCIEFF(I,J) .LE. MINROW) MINROW=IEFF (1,J)
220 CONTINUE

DO 210 Ji1=1,N
210 IEFF(1,d1)=IEFF{(I,J1)—MINROW

]
(&
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310

300

400

410

420

440

STEP 3

FIND THE SMALLEST ELEMENT OF EACH COUMN AND SUBTRACT 1T FROM

OTHER ELEMENTS OF THE SAME COLUMN.

DO 300 J=1,N

MINCOL=IEFF (1,J)

DO 310 I=1,N

IF(IEFF(I,J) .LE. MINCOL) MINCOL=IEFF(I,J)
CONT INUE '

DO 300 I1=1,N
1IEFF(11,2)=IEFF(I1,3)-MINCOL

STEF 4

ROW ASSIGNMENTS . . .

DO 410 I=1,N

IROW (1) =0

ICOL (1) =0

NOMADE=0

LOOP=0

NZEROS=0

DO 430 I=1,N

NOZR=0 | |

IF (IROW(1) .NE. 0)GOTD 430
DU 440 J=1,N

IF(ICOL(J) .NE. 0)GOTO 440
IF (IEFF(1,d) .NE. 0)GOTO 440
NOZR=NOZR+1
NZEROS=NZEROS+1

NRET=3

NREFF=1

CONTINUE

34
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IF(NOZR .NE. 1)60T0 430
IROW (1) =NRPT
ICOL (NRPT)=1
NOMADE=NOMADE +1
LOOP=L00P+1

430 CONTINUE

STEP S
COLUMNS ASSIGNMEMTS . . .

DO 500 I=1,N
NOZC=0
IF(ICOL(I) .NE. 0)GBDTD S00
DO 510 J=1,N
IF(IROW(J) .NE. 0)BOTO S10
IF(IEFF(J,I) .NE. 0)GOTO 510
NOZC=NOZC+1
NZEROS=NZEROS+1
IRPT=J

S10 CONTINUE
[F(NOZC .NE. 1)GBOTO 500
ICOL(I)=1
IROW(IRPT) =1
NOMADE=NOMADE+1
LOOP=LOOF+1

500 CONTINUE

STEFP 6

CHECK RESUL.TS SO FAR. IF COMPLETE ASSIGNMENT HAS BEEN MADE,
G0 TO STEFP 15. IF AT LEAST ONE ASSIGNMENT HAS BEEN MADE, RETURN TO
STEF 4 TO MAKE ADDITIONAL ASSIGNMENTS.

IF (NDMADRE .EQ. NXGDOTO 1300

33
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IF(LOOF .NE. 0)GOTO 420
1F (NZEROS .EQ. ©0)GOTO 800

STEP 7

PICK UP AN ARBITRARY ZERD AND RETURN TD STEP 4 . . -

IROW (NREFF ) =NRPT
NOMADE=NOMADE+1
ICOL(NRPT) =1
G010 420

STEP 8

CHECK FOR UNASSIGNED ROW . .

800 DO B10 1=1,N
1CHECK (3) =0
JCHECK (1) =0

IF(IROW(I) .NE. 0)60TO 810

ICHECK(I)=1
810 CONTINUE

STEP 9

CHECK COLUMNS THAT HAVE ZEROS IN CHECKED ROWS . . -

200 NCHECK=L
DO 910 1=1,N
IF (ICHECK(I) .EQ.
D 920 J=1,N
IF (JCHECK(J) -NE.
IFC(IEFF(1,J) .NE.
JCHECK (J)=d
NCHECK=NCHECK+1
920 CONTINUE
910 CONTINUE

0)B0TO 910

0)GDTO 220
0)GOTO 220
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1010
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1300
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SIErE 19,11,12

CHELE ROWS THAT HAVE ASSIGNMENT IN CHECKED COLLUMNS .
REPEAT UNTIL CHAIN OF CHECKING IS COMPLETED-

EL {MINATE ALL UNCHECKED ROUWS AND ALL CHECKED COLUMNS.
i

IE (NCHECK .EQ. 0)BOTO 1300

00 1010 I=1,N

IF (JCHECK(I) .LE. 0)BOTO 1010

DO 1020 J=1,N

IF (JCHECK (1) .NE. IRDW(J))BOTO 1020

TCHECK (J) =J

NCHECK=NCHECK+1

CONT INUE

CONT'INUE
¢

LF (NCHECK .NE. ©0)B0OTO %00

STEP 13

FIND THE MINIMUM UNMARKED ELEMENT . - -
M INELM=9999%9

po 1310 1=1,N

IF (ICHECK (I) .E@. 0)BOTO 1310

PO 1320 J=1,N

IF (JCHECK.(J) -NE. 0)BOTO 1320
IF(1IEFF(I,J) .GE. MINELM)GOTO 1320
MINELM=IEFF (1,3}

CONTINUE

fLONT INUE

Ml

STEP 14

REDUCE MATRIX AND B0 TO STEP 4 - . -

L

i
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1410

1400

1500

1510

DO 1400 1=1,N

DO 140G J=1,N

IF(ICHECK (I) .LT. 0)GOUTD 1400
IF(ICHECK(I) .E@. 0)GOTO 1410
IF ¢(JCHECK (J) .NE. 0)GOTD 1400
1EFF (1, 3)=1EFF (1,J)-MINELM
GOTO 1400

IF (JCHECK (3) .LE. 0)GOTO 1400
IEFF (1,3)=1EFF (I,J)+MINELM
CONT INUE

GaTA 400

STEP 15

COLCULATE TOTAL AND RETURN TO MAIN PROGRAM . . .

TOTAL=0

DO 1510 I=1,N
K=IROW 1)
TOTAL=TOTAL+IIF (I,K)
RETURN

END
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