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ABSTRACT.

Although the linear binary-integer problem, a problem
where the variables are either 0 or 1, is frequently en-
countered, no gimple method for solving it exists. However
there are several rigorous and many heuristic methods by
which the binaryfinteger problem can be solved. One of the
methods of solution involves forming two problems ;elatéd
to the original problem. One of the problems is a
Lagrangian and the other is a linear programming problem.
Here the shadow prices from the linearﬂgrogramming problem
are the multipliers in the Lagranéiéﬁ pfqblem. The tech-
nique iterates on the two‘problems to converge on the

optimum solution.
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INTRODUCTION

Frequently managers are forced to decide from a list of
possiblgiprojects which projects to attempt and which to
discard or delay. One method of doing this is fo create a
mathematical model of the prdblem and solve the model. The:
model will consist of maximizing the expected-benefit4
(profit, utility, usefulness, etc.) of zll the projects that
are to be done while making sure that for the projects that
will be done the total man-power needed doesn't exceed the
man-power available, the total cost doesn't exceed the bud-
get, and the material needed doesﬂ“g exceed the material
available.

Problems of this type might be typified by the back-
packer who was planning to spend several days in the country
and thére are many items that he would like to take. How-
ever his pack has limited size, he can only carry so much
weight, and many items must be purchased. Given a list of
all items, a measure of Lhe benefit or usefulness of each,
the size, the weight, and thq.cost of each item, the maximum
allowable weight, the maximum size, and the budget limita-
tions, he wishes to maximize total utility without violating
any of the limitations. Mathematically, this can be
formulated as

Maximize H(x)= é% H

i%i
=1 .
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n
Subject to Cj(x)=’z: C. .X.<c. j=1,2,3

X;=0 or 1  H;20 C. .20 for all i and j

where Hi is the benefit associated with the ith item, Cl i
4

is the cost of the ith item, C is the weight of the ith

2,1

item, is the size of the ith item, < is his budget

3,1
allowance, c2 is the maximum total weight, C3 is the maximum
size, and Xi=0 if the item is not included, and Xi=l if the
item is included in the‘pack.

This problem type is also encountered in loading sub-
marines where size and weight are critical; planning space
projects where size, weight, and moment of inertia must be
considered; and in almost any problem based on a go, no-go
decision.

It is the purpose of this thesis to present one method
for solving problems of this type, called linear binary-
integer problems. The basic idea of this technique, pre-

(1)

sented by Brooks , used linear programming in an iterative

manner to solve the binary-integer problem.

-
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THE LINEAR BINARY-INTEGER.PROBLEM

In general,'the binary-integer problem may be modeled

as:
‘ n
Maximize H(x)= 5. H.X.
! X i%i
i=1
n .
Subject to C.(x)= C. .X.<c. j=l,...,m
J . ig 3,1%1%%3 J ’ ’
where H; = the return or profit from doing project i,
’Cj ; = the amount of resource j required to do
, . .

project i,

S5 = the total amount of resource j available,
m = the number of resources considered,
n = the number of projects proposed,

and the wvariable Xi is either 0 or 1

Xi = 1 if project i is to be done and 0 otherwise.
Note that when the problem has been solved, because Xi is
either 0 or 1, H(x) then becomes the sum of the returns of
the projects that are to be done and Cj(x) becomes the amount
of resource j neeéed for the projects selected.

Another problem frequengiy encountered is cne in which
the variables Y. assume non negative integer values. How-
ever this problem can be refornulated into a binary-integer
problem by replacing each such variable Y, by 2°Xl'i +

1 k-1

27X, . +...427 “X, ., where k is sufficiently large such
2,1 k,1
k

that 2 ay;. Here Y; is the least upper bound on the
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variable'Yi found by setting all other variébles to 0. Also

for each variable Yi the constraint

o l k-l < )
2 Xl,i + 2 X2,i+"’+2 Xk,i"Yi

must be added. Here Y; is an integer and Xj i is either 0
14

or 1. For example the problem

Max. Z=3 Y, +4 Y

1 2

Y
Y, +2 Y, 26

<
3 Yl + Y2._10

Y, ¥, are non negative integers
14

could be reformulated as

=7 ‘
Max. Z=3 Xl,l+6 X2,l+4 Xl,2+8 X2’2
<
S.T. Xp 142 X, 142 X 44 X, 5 <6
'Y
3X) %6 Xy gt Xy 540 Xy =10
. <
X, 142 %, 4 <3
<
X ,*2 X, 5 £3
X, . =0 or 1
1,7

556, ¥,<3; and from 3y + stlo; Y,<3. Some

difficulties in doing this are that the number of variables

since from Yl+2Y

can become quite large, the coefficients increase rapidly in
magnitude, the number of constraints increase, and the linear
binary-integer problem is frequently hard to solve.

Although the pfoblem looks simple, solving problems

with relatively few variables can become herculean. This is
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because the variables are either 0 or 1 and thus the problem
doesn't yield itself to linear programming. However there

are several rigorous methods such as explicit enumeration,

implicit enumeration done by Balas(z), Geoffrion(3), and
Plane(4) and branch and bound done by Davis(s), Laner(6), and
Tuan (/) that yield optimal solutions. These rigorous tech-

‘niques involve searching over all 2n potential solutions
where n 'is the number of variables. Explicit enumeration
involves examining all possible solutioné directly, elimina-
ting those that are infeasible and finding the optimum. of
those that are left. Implicit enumeration involves examining
a few solutions explicitly, and based upon these solutions
eliminating all solutions that are obviously not feasible or
better than the present optimum. Another solution is then
examined expliqitly and the érocedurefis repeated on those
solutions that haven't been examined or eliminated. Branch
and bound sets up a tree, as in figure 1, and proceeds down

a branch until the end of the branch is reached, the solution
becomes infeasible, or no solution down the branch will be
better than the present optimﬁm.'.At-this point the routine
fhen bounds to another branch. This procedure is continued
until all possible branches have been investigated. There
are also many heuristics, one of which is a vector search
technique by Senju(s). This technique, although it doesn't

guarantee an optimal sclution, does provide a near optimum

solution very quickly. It does this by setting all the
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THE BRANCH AND BOUND TREE FOR THREE VARIABLES

Figure 1
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'variableslequal to 1, and ordering the variables in terms

of benefit/use of resource. Then it sets the variables equal
to 0 starting at the low order until a feasible solution is
reached.

Everett's technique of Generalized Lagrange Multipliers(g)
can also be used to solve binary-integer problems. Everett's
technique involves reducing the original problem to an un-
constrained optimization problem throughvthe use of lagrange
multipliers. The main problem in this technigque is that
Everett doesn't present any method by which the multipliers

(10) chowed that in problems

may be found. However Gulley
 Vith one constraint the multipliér is determined by the ratio
cf the coefficients of the objective function to the coeffi-
cients of the constraint. It was also shown that in this
case Everett's technique reduced to the Slippery Algorithm.
Terry(ll) presented a method of finding the multipliers by

a random search technique in the general problem.
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SOLVING THE LINEAR BINARY-INTEGER’PROBLEM'WITH G L M

The G L M Technique

Everett states that one;way to solve
Maximize U(x)
Subject to Rj(x)frj j=1,...,m, (2)
where U(x) and'Rj(x) are any function of the vector x, is to

reformulate it as

Maximize U(x)-ZAR. (x) (3)
5373

Then for any set of non negative A 's, ALY the set of
X's (x*) that maximizes (3) also maximizes (2) over every
set xe€S (where S is the set of all possible solutioqs) such
that Rj(x)st(x*) for all j. That is the sclution to (3) is
also the solution to (2) where the rj are determined by
Rj(x*). Therefore by determihg several different A's, and
‘the corresponding'rj‘s it is possible to perform senSitivity
analysis by comparing the different rj and the corresponding
VU(x*). Although having x* determine rj is beneficial in
sensitivity analysis, it also introduces the added problem
that therj determined by x* may not be the rj that were
desired. Therefore if there is a solution set, x*¢S, that
maximizes (3), it may not provide the optimum solution to (2)
if the rj in (2) are fixed. Therefore to solve (2) the
following must be done:

1. Generate a set of lambdas_(}k) based upon

pastwli's-and the corresponding solution sets

i,

X 's.
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2. Determine the set x" correSpondinQ*to.lk.
3. 1If xk is not acceptable then set k to k+l

and return to step 1, otherwise stop.

This requires that a method for determining'lk and xk

is known and a means of knowing whenxk is acceptable. While
in general it may be difficult to find the maximum of the.
unconstrained problem, with the linear.binary—integer
problem it is very simple. All that must be done is computed
-
Ay=Him 20 AsCy s

3
for each i. Then if A, is negative, set'xi;o and if A, is
pcsitive, set Xi=l. The case where Ai=0.is a special case as
Xi can be either 0 or 1, without affecting the maximization
0of the Lagrangian function. Therefore when.Ai=0 the
resource requirements for both cases should be considered to
determine which answer is best. The other requirements,
namely determiningl\k'and knowing when xk is acceptable, will
be discussed in the next section.

However, there is another problem and ;t is that there
are usually lattice points iﬁ’the constraint space that
cannot be generated by any set of lambdas. That is there
are combinations of the Xi's for which no A's exist or there
are cj's for which no combination of xi's exist, such as

3X,+5X,%7

1728270

These lattice points, called gaps(g)

, are influenced by the

number of constraints and the number of variables. Since
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the optimization is done over the n+i dimensional space of
‘payoff versus resource expenditure (PR*spaCe)(g), increasing
the number of constraints aids in'réducing the number of
gaps, or modifying the location of the gaps so that they
become less-criticél to the problem. However, adding con-
straints to a problem doesn't seem to help remove the gaps.
This is because the added constraints usually have the same
gaps that all the other constraints have and only increases
computaticnal time. Although optimality cannot be verified
where a gap exists, bounds on the solution may be obtained
and near-optimal solution can be computed. By locking at
the solutions that require more resources than at.the gap an
upper bound can be obtained and by searching over the solu-
tions that require less resources a lower bound can be found.
And as a set of lambdas'definé'the right-hand sides of the

constraint, it is possible to determine what can be done with

a little extra resource.

Using Linear Programming to Determine the Multipliers

. . . k .
As was mentioned before,.a means for determining A is

(1)

needed. To do this Brooks recommends the use of linear
programming. A linear programming problem is a problem
where the objective function and the constraints are all
linear and the variables are all non-negative real numbers.

Associated with every linear programming problem, called

the primal, is a related problem called the dual. The
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primal problem is formulated as

Max. ,Z=gdiXi
i
: <h. 1=
S.T. %aj,ixi*bj 3 l,,..,m
2>
Xi_O.

The associated dual is formulated as

Min. V=zb.Y.
j
S.T. zaj'insdi i=1l,...,n
J
Y.<0.
l.

Here aj,i . bj , and di»are the same in the two problgms.

It is obvious that Yj is related to the jth primal constraint,
and in fact Y§ is referred to as the shadow price of the jth
constraint. These shadow prices are used by Brooks' as
Everett's multipliers. The primal problem is usually solved
by the simplex method(lz) which'yiéids the solution to both
the primal and the dual by solving only one.

Brooks' recommendation is based upon the observation
that if (2) is a linear programming problem then x° and A°
satisfy the condition that x° maximizes (3), where the
A's are the elements of A °, if x° solves (2) and A° solves

the dual of (2). Therefore by solving

n .
Maximize Y(u)=,ZuiH(xl)
i=1
, n i
Subject to W(u)=.ZuiCﬁ(x )y<c. j=1,...,m
i=1t ] J
zzui = 1

J
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iffthe.Shadow prices become the multipliers. Here u is an
 arbitfary_€ariablé, and the x= is a given solution set.
_Thus, to solve (1) by the method recommended by Brooks, m+2
‘different eiements of the set S are required in order to.
provide the coefficients of the linear programming problem.
The right-hand side cj,is the same as in the linear binary-
integer problem (see example 1). Once the shadow prices of
the linear programming problem are known they are assigned

). These lambdas are used to

as values of the lambdas (A
compute a new x*. This new x* is used to compute new co-
efficients for one of the variables of the linear program-
hing problem. The coefficients that will be replaced are
the coefficients of one of the variables that remained non

basic. This process is continued until
*_T'* *<*
H(x*) fAiCi(X )_10
l -
where,lz is the shadow price associated with the constraint

n
> u.=1l.
i=1 *

-

For example, if the original problem is

Max. Z=4Xl+3X2+2X3+ x4
S.T. 3Xl+4x2+2x3+ x456
Xl+2X +3X3+4X4S6
X.= 0 or 1
i

and the following vectors are chosen from among possible

solutions:
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(b,O,l,l)
(0,1,0,1)
(_1,0,0,1)
(1,0,1,0)

Then the linear,programming problem is.

.

Max. 'Y=3uif4u2+5u3+6u4

3u 4 '
S.T. Vul+5u2+-u3+5u4
7u1+6u2+5u3

<6

f4u456

+ u + u;

u 4

1t ougt ugt ug=l

Where the coefficients of Uqs Uy, Ugy and‘u4;%re determined
by (0,0,1,1); (0,1,0,1); (1,0,0,1); and (1,0,1,0) respec-
tively.

It is obvious that the initial solutipn vectors used
to start the problem can greatly affect the numbér of
iterations. Also, since there are not limitations on the
elements of the set S used, the-initialvsolution vectors
used can be either feasible or infeasible. Therefore, if
one knew which solution vectors will produce the optimum
set of lambdas, the problem could be run very quickly.
However, there is no way of knowing beforehand which solu-
tion vectors will produce the desired result. For this
reason the vectors used in the program were the rows of an
m+2 and m+2 identity matrix. However; after the final

answer was obtained many of the vectors used to obtain the

linear programming problem were infeasible. This would

13
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indicate that possibly a better starting solutioﬁ¥VecE6fwva
would be one that is infeasible or possibly a set of vectors
where some are feasibie and some are infeasible.

As was mentioned before, if there are gaps in the
regiop of the optimal solution, then optimality cannot be
verified; In this case the techniqueﬁwillido one of two
things. First the technique may find a nearby solution.
This nearby solution may be either feasible and suboptimal
or it may be infeasible. The infeasible solution is sus-
pected to be caused by the linear programming problem
linearizing overﬂthe gap. In this manner infgasible solu-
£ions_may be introduced into the G L M technique through
the multipliers. If the technique fails to find a nearby
solution then the ;echnique will start lQoping. That is, it
will obtain the same solution repeatedly,'Ch;gse the same
column to replace, .and in this way it will fail to obtain

an optimalvsolution.

The Algorithm

From the previous discussion the following algorithm
for the solution of the linear binary-integer problem has
been developed. |
Step 1: Arbitrarly choose xkgS k=l,...,mt?

Step 2: Compute H(x") and Cj(xk) for all i and j
Step 3: Set up the linear programming pfbblém

Max. z=ZukH(xk)
k

k .
S.T. Sy, C.(xT)gc., j=1l,...,m
* k7] J
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1
=

2u
EY

k
Step 4: Solve the linear programming problem and set
Aj= the shadow price of the jth constraint = Y;

j=1l,...,m

A = the shadow price ofZ u, =1
o k k

m
Step 5: Solve Max. H(x*)—:Z'}fc.(x*)
' J=1 373
*
X &S

m

Step 6: TIf H(x*)- 5 2. C.(x*)=2% stop.
j=1 33 - o

Otherwise find k such that uk=0.
Replace Cj(xk) with Cj(x*) j=1,...,m
and H(xk)“with H(x*).

Go to Step 3.
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'COMPUTATIONAL RESULTS

To determine theAefficiénCy of the technique of Brooks
-and‘GeoffriOn, the author has solved several problems using
a'FORTRANiIvarogram on-a Digital Equipment Corporation PDP-
10 owned by the Colorado School of Mines. The method of
Senju and‘proda was also programmed to provide'compufational
times and ahswers to aid in.determining the efficiency of the
technique proposed by Brooks and Geoffrion. The optimal
answers were found-by either a_Balas code or, in cases where
‘the number‘of variables was less than 5 or there was only one
constraint, the answers were obtained by hand. As was men-
tioéed Eefo£e, there are some cases where Ai=0; In these
cases the corresponding X; was set to 0. At the end of the
program i1f Ai was 0 then Xi was set.to 0 and flagged with a
-1. It should be noted that for the problems run if all
the X;’s that were flagged witha -1 are set to 1 the solu-
tion is still feasible. This would seem to indicate that if
Ai=0 then X shoqld be sét to 0 unless optimality has been
reached then Xi should be set to 1. Table 1 shows the
results of the program and the last column shows the value
of .the objective function if all variables where Ai=0‘are
set to 1.

Note that in all cases where G L M obtained a feasible
solution,fthe method of Senju and Toyoda was as good as if

not better than the solution obtained by G L. M. Also, as
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expected, there was a problem where G L M failed to find a
‘solution. It should also be pointed out that in all cases
where an answer was found the objective function was better
than 75% of the optimum. However there were a few cases
where the solution was infeasible, and depending upon the
problem this may be unacceptable. Also the degree of error
in the suboptimal solution might be unacceptable.

The problems used to check out the program and to
determine the efficiency of the teqhhique of Brooks and
Geoffricn came from three sources. Seven of the problems

(13)

were from an article by Peterson , five were from an

(14)

érticle'by Trauth and Woolsey , and three were developed

by the author to check against a hand solution.
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CONCLUSION * .

For the problems run, the useibffiinearvﬁrbgramming to
find the multipliers required moréfﬁiﬁg,#ﬁéh the method of
Senju and Toyoda. Also, although £hetﬁéth0d.of Senju and
Toydda cannot guarantee an optimai éélﬁfiéﬁ;_it was in'eaéh
case equal to if not better than ﬁﬁe éhswer from G L M.

It is the author's opinion that for problems with few
variables some.other technique might~be“used; as_in,general
‘these techniques require less time on small pfoblems than
the method of using linear programming to find Everett's
multipliers. However, as this technique is rather insensi-
tive, in terms of time, to increases in the numbef of
variables and constraints, when compared to most other
methods, it might prove to be efficient on large problems.
The major-drawback is that the technique cannot always
guarantee an optimal or feasible solution. However, in
problems where the amount of the resources available is not
absolutely fixed, the solution is the best for the resources
used. Alsc, if the solution‘is feasible it can be fed into
a branch and bound algorithm as a lower bound to obtain an
optimum, or if the solution is infeasiblé it can be adjusted
to where it is feasible and then fed into a branch.and bound

algorithm.
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APPENDIX

Contained in the following pages is the listing of the
FORTRAN IV program used to solve the linear binary-integer
problems reported in this paper. Also contained is the

output from the linear binary-integer problems ;un;



F S PON NS

o AR

€2
€1

OO0

OO0

OO0

OO0

COMMON/SENJULZAL5E,50)
CIVENSIQON LAREL(22),LFORY
INTEGER TTY,COR,BLANK
DATA TTY,CDR,LPT/4,3,6/
FORMAT (2112)

FORMALY (20A8) ,

FORMAT (/1 THE OPTIMUM VALUE 18',117)

FORMAT (//6X,'THE VALUES FUR X FOR THE DIFFERENT TECHNIQUES ARE AS
1 FOLLOWS ' //268%, 1SENJU', 35X, "BROOKS?)

FORMAT (18X, '¥{',13,")=",2X,12,9%,12)

FORMAT (/6X,'THE TIME RECQUIRED TO RUN BRODKS WAS ',Jé,' MILLISECUN
108, /776X "THE vALYUZ OF THE ORJECTIVE FyUNCTION WAS '»1140,/6X,' WKIC
2h 15 1,F7,2,' PERCENT OF TnE OPTIHUM!)

FORMAT (//6X,'THE TINE REQUIRED TO RUN SENJU WAS ', 16
LUS!, /76X, ' THE VALUE OF TRE ORJECTIVE FUNCTION WAS 1,1
24 15 '+p7.2,' PERCENT OF THE OPTIMUM®)

FORMAT (6X,'BROOKS FAILED TD OSTAIN & SOLUTION TO THE PROBLEM'//6X
L+ 'THE YALUES FOR X 0BTAINED BY SENJU ARE'//)

FORMAT (12F3,1)

FORMAT (' FOR THE FROELEM'//)

FORMAT (/)

READ (TTy,2) INLIF,IOFIL

CALL IFILECZDR, INLIF)

CALL OFILE (LPT,I0FIL)

READ (CDR,2) (LABEL(D),121,20)

READ (CpR, 1) M,yN

READ (CDR,2} {LFORM({1),]21,2Q)

)
72, IY(/G)

o' MILLISECON
1 /6%y HHIE

INPUT THE DATA

£9 1€ {=4,nM ..

READ (CORLLFORMY (A(IrJ)eJZL WY B(])

CONTINUE

RLAD (““R LFQFH) (ClJd), = *:V3

WRITE (LPT,2)(LABEL(I),]1=31,22)

WRITE (LFT,41)

WRITE (LPT,68) .

WRITE (LPT,%) (C()sJ=1,N)

WRITE (LPT,61)

20 62 (=z1,M , .

WRITE (LPT,9) (AC1,J).d23,%),8(])
MERITE (LPT.61)

CALL RTIME (]7T1)

saLvi'rHEAPRssLEM USTNG THE METHOD OF SENJU AND TOYODA

J (HDMDIX’
A

Call, SE
RT7ME (172)

Ag
CALL I .
SOLVE THE PROBLEM USING G | M

CaLL RTIME (1739
[782172-171
[T22173-172
SorT=2,

BEOPY=3, -
READ (CoR,1) I10PT

OUTPUT THE RESULTS



11

12
13
14
15

WRITE (LPT,3) 10PT
IFINKY 16,11,1%
~RITE (LPT,4)

DG 15 I=;;N

KRITE(LpT,5) IXC1Y, 1Y)

IFCIX(])) 13,143,142
SOFT=5CRT+C(I)
IFLIYEINIAs, 19,14
EORT=80PT+c(])
CONTINUE

OO0

OO0

A% ]

FCTR=4VZ ., «ROPT/FLOAT(I0OPT)
PCTS=100,#S0PTFLOAT(IOPT)
IBORT=HOPT

WRITE (LPT,6) 17B,IBOPT,PCTB
[S0PT25GPT '

WRITE (LPT,7) 17$,1S0PT,PCTS
STEP

KRITE (LFRT,8)

CG 48 I=1,N

RRITE (LPT,5) 1,IX(I)
IFCIXCTLY) 18,158,417
SOPT=SOpPT+C(])

CONTINUE

[SCPT=zLpPT
PCTS=1upa,#SOPT/FLOAT(IOPT)
WRITE (LPT,7) ITS,ISOPT,PCTS _
STCP

END

SUBROUTINE SENJU (MmN IX)

THIS ROUTIHE SHLVES BINARY INTEGER PROBLEMS USING THE
TECHNIGUE OF SENJU AND TOYODA

CIMENSION IX(73),R(50),5(54),6¢(52),41(582)
COMMON/SENJULY/ ALS2,52),B(52),0(52)

ERRzg 2020701

GO 4 J:l.N

15(40=% ~
SET UP THE VECTORS _

SMaZ, A
LU 8 Izq.,M
kR=3, )
DO 3 J=g.N
HR2RR+A(1,J)
RE1)=RA

S(1)=S§

IF(SM=ERR) 24,24,9
S4ai,/SORT(SM)

DO 10 1s1,M
S(1)=5(1)nsH

00 12 J=i.i

U:g,



OO0 -

= O 00

14

16

15
18

22

23
22
24

OO0

l ENJ

DO 11 1:1:M
U=UsA(I, e3¢
G =Ctud U
AltJd)=d

JER THE VECTORS

CaLl S0RT2 (G,Al,N)
11a}

DETERMINE WHICH VARJABLES ARE TO BE SET TO ZERD

JUSATCI D)

IND=1
O 14 1:1:”
ROII=R(TI=ACT,dd)
IF(RCIY=-B(1)) 14,14,13
I\Ju-

COANTINUE

[X(Jd) =g ‘
GO TO (15,16) IND
ISEDRESH

6o To 17

DO 18%1=1,M
S(I)=R(1)=-B(])
Jisll=t

00 22 ®X=1,J]
[Is]l=8

slnhi(l!)

e 2@ ! 1M
IF(S(I)+a010JV2) 22,282,222
MC\TIQUE

IX(JJ)s 31

Lo 21 1=1,

S(I)= s<1)+A<I ¥
COLTINUE

RETURN

FORMAT (3212)

UBROQUTINE SORT2 (AB,H)

T4l ROUTINE ORDERS ANY VECTOR 4 WITH N ELEMENTS AND PUTS
THE ELEMENTS OF B ]N THE CORRESPONDING ORDER.

CIMENSION A(58),B8(59) .
P\f\?ﬂx\)'i

LO 4 T=q,MN

AMINZA(LL)

INE =1

I1=1+1

L0 2 qul.N

IF (AMTNCA(D)) 22241
AMINEA ()

THOL U=y

INC=2

CCHTIQHE

(o T6 ( 4,3 IND.
&MIN:Q(}HDLQ)‘
ACTHOLD) =ACD)
ECIAGLDYERCT)



ACTY=AMN
B(1)=BMIN
4 CONTINUE
RETURN
END
SURROUTINE BRNODKS (MaN, 1Y, NK)

TH1§ RQUTINE USES THE METHGD PRQPOSED BY BROOKS AND
GEOFFRION TO FIND EVERETT'S MULTIPLIERS FOR THE SOLUTION
GF THE BINARY-INTEGER PROBLEM

OO0 O0

COMMON/ZGENJULZA(SA,5R),B(58),0(58)
COMMON /GLM1/ D(53,56):ML,N2
COHMON sGLM27 T11(5),J1(5g)
DIMENSTON U(BE,52),1Y(72),ALAM{52)
ERR=2,822001

NK=2

NNsH+y

Mg spMeq

MA=M+2

N2aM+d

SET UP THE LINEAR PROGRAMMING PROBLEM

CO 4 Jsq.M1
L(i2Jd)sC(d)
3 s
Lo 4 I=4.0
ILs]L+d I
LOTLsJYI=ACT ) :
4 CONTINUE
0O 5 IzqeM
[La]+y
5 LetLaN2)y=2B(])
CO 2 Jsq.N2
U(Misd)=l,
GO 7 I=21.M1
< GO 7 JesqgaN2
7. CeLyd)=u(l, )
3 I=q4.M1

o N

Ll S ws

SALVE THE LINEAR PROGRAMMING PROBLEM
CALL LP )
Flig THE MULTIPLIERS

OO DO

Lo 25 I=1,MY
ALAM(])=2,
GO 11 Jsi,Mil
IJd=11¢Jy
IF(IJ=M1) 9,340
S IF(D(L,0)~CMAX) 14,24,24
24 JdslJ
CaXsD01.0)
GO TGO 114 .
13 ALAMCT J=M1)=04(1,J)

N
Vi



11 CONTINUE
c ' )
o SOLVE THE BINARY-THTEGER PROBLEM USING EVERETT!S TECHNIGUE
c WITH THE MULTIPLIERS JUST DETERMINED
¢

F1=2,

CO 46 Jei,N

F=CtJ)

L=y

CO 12 I=1,HM

IL=lLey

12 FafF=alAMCTIL)=A(L D)
IF(F~-ERR) 26,152,144
ry-) [F{F+ERR) 13,1515
13 IY{J)y=a
GC T0 16
14 IY(J)=1
FT=FT+F
GO T0 1e
15 IY(J)=s=1
1s CONTINUE

44 FORMAT (15) .
TF(JJ=LJJd)9i,63,91
63 IF(NK=2ig) 64,65,65

64 hKasNK+1
Gu TO 92

c . .

¢ THE L1NEAR PROGRAMHING PROHLEM AND ITERATE AGAIN,
¢ OTHERWISE STOP,

¢

S1 NK=2

LJdsJdd _
52 IF(FT-ALAM(ML)-ERRY 19,19,17
17 L0 251 1#1,MM1
251 U(l,dd)=8,
CO 16 Jz1.N
IFeIYedy) 18,13,23
23 UL, J =l JJ2+C0J)
IL=1
L0 26 I=1,M
IislLel
r3 LTk JdysACT, D+l J)
18 CONTINUE
: GO TO 6
BE=3(1)
CO 37 J=i,N
IFCIY(J)) 37,37,36
.36 ER=8B-4A(1,J)
37 CONTINUE
GO 41 J:icN
IFCIY(JY) 3B8,41,41
38 IF(BRE=A(1,J)) 39:41,41
39 IYedr=d
41 CONTINUE
RETURN
65 NKz«q
RETYRN
END



SUBROUTINE GAUSS (KL)
THIS ROUTINE PERFORMS GAUSS JORDAM ELIMIMATION

OO

COMMON /GLM1/ AL{58,58) )M N
AR=1./A (K, L)
A(KyL)zaP
£9 3 Iz1.M
IF(lI=K) 2.3,2
2 ACz=AC],L)#AP
A(l.L)s= AC
L2 6 Jzq.N
IF(J=L) 4,6+4
ACTod)=a(l,J)+A(K, J)2AC
CONTINUE
CONTINUE
0O 4 J=sg.N
IF(J=L) 5,15
AlKyJ)EA(K,J)»AP
CONTINUE
RETURN
EMD
SUBRROUTINE LP

i O

= R

T4l POUTINE USES THE vapggx METHOD TO SOLVE THE FRLNAL
FEASIBLE LINEAR PRUGRAMMING PROBLEM

o000

CIMMON /GLML1/ A{52,58),M.N
CoMA0N sGLMZ2/7 T1(58),J1(52)
Lo ie Q?laN

12 AL Jd)s=A(1rJ)

1 JeoL=D
CMAX=23,
€O 3 Jsi.M
IT(A(L)J)~CMAKIZ,3,3

2 CMAX:A(]_,J)
vell=sJ
3 CONTIMYE
IFLJCOL)Y 9,9,4 |
4 JRCK=2
Ri4IN=12p087000,
CO 7 Isp.M
1F(A(T14JCOL)-D,000281) 74745
5 R=a(I,tysA¢l,JC30)
[F(R-RH IN) 6;7 7
6 IRGWs=]
RMIN=R
7 COMNTINUE
IFCIRDYY 9,9,8
CaLl, Gauss (IROw'JCQL)
IS=11¢Jcul) -
[1(JCOLYy=J]l(IROK)
wI(IROW)=]IS -
GO 10 1
9 RETURN

END



PETERSON PROBLEM 41

FOR THE PROBLEM

22,8 550,
8,0 i2.2
8,8 12,0
3,2 6.6
2.9 12.2

5,2 2349
.2 2.9
34 2.0
30 2.2
3.2 240

THE O2TIMUM VALRE 1S

THE VALUES FOR X FOR THE DIFFERENT TECHN]JQUES ARE AS FOLLOWS

Xt
X{
X4
X
Xt
X{

13,8

13,2

4,0
8,7
8,2
3,0
2,2
4,2
5,2

4,@

DU e N
T Nl NP N Nl

I nu s um

242¢,8 5

64,0

75,2

18,2

32,2

S840

SENJU
¢

S

BZ,0
22,0
22,0
6,02
6,0

6.2

849
8.2

8.0

BROOKS
e
1
]
=1
1

THE TIME REQUIRED TO RUN BROOKS HWAS

23,0

w.@

2,0

4,9

4,0

622 MILLISECONDS

THE VALUE OF THE QRJECTIVE FUNCTION WAS
64,24 PERCENT OF THE OPTIMUM

WHICH 18

"THE TIME REJUIRED TO RUN SENJU WAS

2 MILLISECUNDS

80,2
9640

2040

3640

44,9
46,0

10,0

18,40 .

22,49

2940

3200



THE VALUE OF THE OpJECTIVE FUNCTION WAS 3300
WHICH 1S 120,92 PERCENT OF THE OPTIMUM



PETERSON PROBLEM #2

FOR THE PROBLEM

622,41

45542

T OTHE

THE VALUES FOR X FOR THE DIFFERENT TECHNIQUES ARE AS FOLLOWS

318,45

B2

132

1582,0

184

13@.é.w

X
X(
X(
X{

2

52,2

v

72,9

70,0

72,2

82,0

80,0

CPTIMUM VALUE 18 .

)=

)=
3=

4)s

385242

200,48

208,2

150,2

280,2

100,20

£7 4

1Y

22C,0

SENJU

1
i

1
o

-4

12,2

12,6

1846  198,7 882,92

60,0

11ﬁ.ﬂ

20,0
4@.é
60,0
72,0

19,92

4200,9

150,92

210,92

70,0

92,2

125,92

60,9

160,02

14,0

18¢,0

402,45

88,4

12042

1640

2040

22K

€.€

20,E

324¢

30+

327,92

40,2
49,9
12,2
20,0
24,0

28,2

40,8

52,0



X{ S)= i g
X{ 6)= b 1
X{ 7)= 1 @
X{ 8)s 1 1
X{ 9)= & @
X{ 1) = 1 1

THE TIHE REQUIRED TO RUN BXOQKS WAS 552 MILLISECONDS
THE VALUE OF THE ORJECTIVE FUNGTION WAS 6836
Wi]CH 1S 78,52 PERCENT UF THE OPTIMUM

THE TIME REQUIRED TO RUN SENJU WAS $3 MILLISECONDS

THE VALUE OF THE ORJECTIVE FUNCTION WAS 8336
WH1Cs 1S 95,76 PERCENT OF TWE OPT{MUM



4CZe0 3eB.R 0 402,7 205.8  12p.8 162.0 580,09
ik’\{ . % ,3,2‘44‘602‘ f)jﬁ.?

ﬁ!n QOJ 13,” LL-S 7@92 85!@ 459@ iSuﬁ 28(2 9?,%
1%¢.¢ 52.2 27 . led. 2 44,9 552.¢

8.7 EXy 13,7 L8g.2 109.2 90,% 7549 25.0 28,2  120,7
128 .4 I, 48,4 16G.7 47,8 750 . ¢

3,7 bt 4.7 2247 2740 30,0 g,u 3.0 12.2 14.02
4@.2 6 3.8 ZEa8 5,0 132,72

2.2 9.7 6.7 4240 30,0 42,7 16.9 5.0 18.¢ 24,0
b@.ﬁ iéaﬂ 1101 Sﬁ.j 25.% ?4@!2

S 7.0 BT.7 46,8 40,2 19,0 7.6 18.2  29.0
7¢ .7 21 174 3Z.7 25.2  280.7

9.2 18.2 252

B
=
-
'—_&
[
~J
RN IRNN]
0L AN
AG R
» -
O
E Y
B
=
P9
=
=
nN
PN
e

EYN: 4,7 12,7 g.0 6.0 2.e 6.0

I
N =R
.
&5
.
50 b
~3
[NSIE G
.-
<
[ 5%
2N
>
=y
H
‘—L
)
&

5.7 4.0 5.7 2B.7 14,8 23,4 6.8 12.2 102 18.2
§z.4 9 12.0 142,72 ¢Z.2  205.%

3.0 6.7 .7 32,7 29,9 22,0 12.2 12,90 12.2 30,4
42.¢ 18,7 18,7  11%.0 20,8 262.7
42,7 o0 18.8 12442 228 . 275.%

i

THE VALUES FufR VIFFERENT TECHNIQUTS ARE AS FOLLOWS

=g
(*-
L
Ly
-
I
=y
P

SEU BROOKS

K0 1= 4 1
i 2= 4 1
% Iz 1 3
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THE VALUE
NIl 18
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5
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Fde fed e e ped b

CIPEWY

3

REQUIRED T3 RUN BRACKS WaS 1166 "'ILLISECONDS

T OCRJECTIVE FUunLTION WAS
77,33 PERCENT OF THE QOPTIMUM

REQUIRED TH RUN SENJU HAS 56 MILLISECONDS

OF THE

g FUMETIOR W45
93.69

OF THE OPTIMUM

£ e

3145

3762
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i5.9

62,2

45.8

3.2

.

” -
[ W

o O
- -
e
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32,0 75.0
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THE OPTIMUM VALME 13 5120

THE VALUES TO® X FOR TAE DIFFERENT TECANIGUTS ARE AS FGLLOWS

SEIL ARO0KS
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DG N R

et kAP e
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; e
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R
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Y Wb o Fedr

THE 1198 RETUIREU TO Ruf ERDGKS wAS. 1653 ILLISECONDS

THE VALUE OF THE OBJECTIVE FUNCTION WAS 6500
WMRICH 1S 106.21 PERGENT LF THE OPTIMuM

THE TIME REQUIRED 7O RUN SENJU WAS 3% MILLISECONDS

7 H

VALl

Lo

L

FOTHE OpJECTIVE FUNCTION WAS 6212
95,2 PERCENT UF THE OPTINMUM
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a
w—s T
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[Oxz&

&

o L O = & T & oo ) = k>
- - - - - L - e e - -

(M
@
[y

1R,2

27,8

in,r
)

14,9
2.8
24,9
9
2
9
112,
52.2

265%1 ¢!
9 i
8
2
742
4
3

6ol
g.2
4

Q'-'*-Z
LE.E
1.€
A
o K
g

g

-
I

¢
12.¢
72+
i1g.¢

1

6
18,

~

160.£
6C. &
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3
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28 .8
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1¢.2

fat Ot
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. N [ IRV N QY]
-t o~
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44

1

47
49¢ . ¢
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7.0

3.
12.4
28.0

[E R BN

122.2
¢
2
15.0@
6
8
2
2
12.8
4
2
7
8
15.2

P e 1

5.2

) 3
45,0
AN,
8
7%,

5

8
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Z
16.72

3

3
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A

7
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¢
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MUM YALUE 1S 12447 /
4T : wTalid A SGLUTION 70 THE PROBLEM

THE VALUET FoR X opTal ED &Y SENJU ARE

Lom

Al
K1
% {
F 3
AL
Cx(
i
% €
AL
AL
%1
*x{
xq
x{
wi
X
At
xi

Houu
T b g g

RN e
M

500 SN O AT B A A
T

T

S RO RN S
P s TR

y o

e S S = Sy

~.

"
"
L N W BN N D . V- U e . ]

[ L T N TN F AN X N DI AN ¥ SN T A L | I £} w.aun o

i ek
Nals+
s

xi
O 242
210
X{ 22)=
AL 23)=
i 24)=
1 Z25)=
X{ Z26)=
XL 27'=
Al Z25%)=

hV]
&
JED e R pet b 2 Bk 33 B RS

s

THE TISE PEQUIRED TO RUN SENJU WAS 67 MILLISECONDS

OF THE orJECTIVE FUMCTION WAS 12490

3
MRICH 1S 129,86 PERCENT OF THE OPTIMUM




FETERSON PROBLEM #6 (26 /706

FORK THE PROBLEMN

56,8 1125,¢ 3¢2.9 62C,8 21¢2,0 431,48 58,0 328.0 47.0 122.2

3229 196.8@ 41.2 25,2 425,72 4253,9 416.2 115.2 829 22,92
631.9 132.2 42¢.¢ 6,0 42,9 183,3 215.2 81.0 91.¢ 6.2
49, 420, @ 316.¢C 72,8 7142 49.2 128,0 116.0 90.¥

40.2 91.0 10.8 . 32,0 160,90 22,0 3.2 12,9 3.0 18,0
9.% R5.0 1.9 1.2 12, ﬂ 280 2 12.9 8.0 1,8 1.9
2.2 1.2 42.0 6.9 4, 9 8,2 2,02 12.0 1.4 602,02

1613 QZQQ 41-@ 169@ 15ﬁ.?@ 23.? ‘Q|@ 18-@ 6!@ bc@

7ﬁ @ Q47 22, '«‘3 4,¢ 1.3 5,¢ 12.2 6.9 4,¢ 2,9
4.9 2.2 8.2 4,2 3,0 2,9 16,0 2.9 612 532,92

38,0 39,2 32.8 71,2 80,2 26,0 5.9 42,0 .8 12.2

28.0 15.% Z.2 1,9 23,2 192,2 2,0 22,9 3¢l 2.C

49,0 67 8.2 @ 6,2 4,0 220@ 4,0 6.@ 1.9
5.0 14.0 8,2 2.7 8,2 2,0 20,2 2.0 B4 .500,2
8,8 71,0 30,2 68,0 200,08 18,0 6,0 30,0 4,0 3,0

31.2 6+0 3.0 0.0 18,0 60,0 21.0 4.2 g€ 2.0

32.0 i5.2 31.0 2.2 242 7.0 8.0 2.9 8,2 h,02
2.9 CRYA 6.2 7,@ 1.8 3,0 2.0 8.9 8.2 50,9

8.8 5242 32.8 42,0 172,82 9.2 7,0 22.92 2,7 3,92

21,0 . 4,7 1.9 2+ ldna 312,82 8,0 4,0 6% 1.8
3.0 42 6,2 1.2 3,0 2, 3.0 5.0 4.7 670,0

THE GRTIMUM VALUE IS 12618

THE VALUES FOR X FOR THE DIFFEFENT TECHN]QUES ARE AS FOLLOWS

BEHJU ARDO0OKS
X{ 1)= 1 1
Xt 2)= 5 . !
xX{ 3= § 7
Xt 4)= i 1
Xt 5)s @ 5]
Xt 6)= 1 b
X { 7)= 4 2
x( B)= 15 1
X{ ©)=z 2 1
X{ 18)= 1 9]
Xt 1)z 1 31



X{ 12)= 1 2
X{ 13)= 1 1
X0 14)= 4 1
X{ 15)= 1 1
X{ 1¢&)= 1 1
Xt 17)= b 1
X¢ 18)= pA 1
X{ 19)s= b 1
X{ 2@i= 1 i
xt{ 21)= & i
X{ 22)= i ?
X( 23)= 1 1
X{ 24)= 1 2
X( 25)= i 1
X{ 26)= 1 1
X{ 27)= 1 1
X{ 28)= 1 b
X{ 29)= 1 1
x{ 32)= b i
X{ 31)s 3 1
X{ 32)= 3 i
X({ 33)= k z
XK 34)= 1 1
X{ 35)= 1 i
Xt 36)= 1 1
X{ 37)=. b 1
X{ 38)= 1 i
Xx{ 39)= i i

THE TIME REQUIRED TO RUN BROOKS WAS 1383 MILLISECONDS
THE VALUE OF THE OBJECTIVE FUNCTION WAS 11483
WHICH 1S 187,39 PERCENT OF THE OPTIMUM

THE TIME REQUIRED TD RUN SENJU WAS 5¢ MILLISECONDS

THE VALUE OF THE ORJECTIVE FUNCTION WA3 16192
WRICH 1S 95,99 PERCENT OF THE OPT[MUM
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THE VALUES FUR X FoR THE DIFFERERT TECHNIQUTS ARE AS FOLLOUS
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THE TIvE REQUIRED TO RUN BROOKS WAS 2567 ILLISECONDS

THE VALUE OF THE GRJENTIVE FUNCTION WAS 17949
WHI1CH 15 10B.54 PERCENT OF ThE ORTIMUM

THE TI#4F SEILIRED 10 RUN SENJU WAS 117 MILLISECONDS

¥

THE VALUE OF ThHE SBJECTIVE FUNCTION WAS 15832



AMICH 18 95,74 PERCENT OF THE CPTIMUM
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TRAUTH AND HOOLSEY PROSLEM #4

FOR THE PROBLEM

22.0 1840 17.8 15,2 15,0 12,2 5,0 3.0 1.€
W0 25.0 20,80 18,8 17,8 11,0 5.0 2.0 1.2
62,0

THE OPTIMUM VALUE IS 52

THE VALUES FOR X FOR THE DIFFERENT TECHN]QUES ARE AS FOLLOWS

SENJU BROOKS

Xt 13= 2 2

X{ 2)=z B 2

xX( 3= 1 i

X{ 4)= Z ]

Xt S)s i 1

X¢ 6)= 1 i

Xt 7= 1 i

X{ 8)s 1 i

X{ 9¥= 1 1

X{ 16)= 1 1
THE TIMg REQUIRED TO RUN BROOKS WAS 33 MILLISECONDS
THE VALUE OF THE OBJECT]IVE FUNCYION WAS 52

WHICH 1S 100,20 PERCENT OF THE OPTIMUM

THE TIME REQUIRED 70 RUN SENJU WAS 17 MILLISECQNDS

THE VALUE OF THE OBJECTIVE FUNCTION WAS 4
WHICH 1S 1¢2,00 PERCENT OF THE OPTIMUM



TRAUTH AND WOOLSEY PROBLEM #2

FOR THE PROBLEM

.3 18,0 17,86 15,8 15,8 12,0 5.8 3.2 102
38-@ 25,2 2gqg~ 18!9 17Ig 11'@ 5!@ 2‘0 192
THE COTIMUM VALUE IS 58.

THE VALUES FOR X FOR THE DIFFERENT TECHNIQUES ARE AS FOLLOWS

SENJU BROOKS

X( 1)= 2 2

Xx{ 2)= 2 2

Xx( 3= 1 1

X{ 4)= o 2

X{ 5S)= i 1

X{ 6)s 1 1

Xt 7)= 1 i

X{ B)= 1 ]

X{ 9)= 1 b

X{ 1@)= 1 1
THE TIMp REQUIRED TQ RUN BROOKS WAS I3 MILLISECONDS
THE VALUE OF THE QRJECTIVE FUnNCTION WAS 52

WHICH 1S 89,66 PLZRCENT CF THE OPTIMUM

THE TIME REQUIRED TO RUN SENJU WAS 17 MILLISECONDS
THE VALUE OF THE OBJECTIVE FUNCTION WAS 52

WHICH 1S 82,66 PERCENT QOF THE OPTIMUM

1.2

1.9



TRAUTH AND WODLSEY PROBLEM #3

FOR THE PROBLEM

20,2 18,2 17.2 15,8 15,2 12,0 5:0 3.0 1.#
32,0 25.2 20,2 18,0 17,8 11,0 5,0 2.9 1.0
78,0

THE OPTIMUM VALUE 1S 62

THE VALUES FOR X FOR THE DIFFERENT TECHNIQUDS ARE AS FOLLOWS

_ SENJU BROOKS

X( 1)s= a 2 .

X( 2=z B e

X{ 3)s & i

X( 4)s= ¢ 2

Xt 5)s & 1

XC 6)s 1 1

X( 7)= 1 1

Xt 8)s 1 1

x{ 9)= 1 i

XC 18)= i 3
THE TIMg REQUIRED TO RUN BROOKS WAS 33 MILLISECOMDS
THE VALUE OF THE 08JZCTIVE FUNCTION WAS 52

NAICH 1S 83,87 PERCENT OF THE OPTIMUM

THZ. TIME RESUIRED TO RUN SENJU WAS 0 MILLISECONDS.
THE VALUE OF THE QBJECTIVE FUNCTION WAS 22

WWICH 1S 83,87 PERCENT OF THE OPTIMUM



TRAUTH AND WOOLSEY PROBLEM #4

FOR THE PROBLEM

N

20,0 1849 174@ 1.3!@ 150@ 1@.@ 5,0 3.9 14.€
30.0 25,2 22,0 18,0 17.0 11,0 5,0 2.9 1.9
75,7

THE OPTIMUM VALUE IS 57

THE VALUES FOR X FOR THE DIFFERENT TECHN]QUES ARE AS FOLLOWS

SENJU BROOKS

Xt 1)= & 2

X( 2)= i 2

Xt 3)s i i

X{ 4)s i »3

X( 5)a 1 i

X{ 6)s3 i 1

X( 7)= i 1

X( 8)= 1 1

X( 9)= 1 1

X{ 190)s 1 1
THE TI4g REQUIRED TG RUN BROOKS WAS 33 MILLISECONDS
THE VALUE OF THE ORJECTIVE FUNCTION WAS 52

WRICH 18 77.61 PERCENT OF THE OPTIMUM

THE. TIME REQUIRED TO RUN SENJU WAS 17 MILLISECONDS

THE VALUE OF THE O0BJECTIVE FUNCTION WAS 67
WHICH 18 103,00 PERCENT OF THE OPTIMUM



TRAUTH AND WOOLSEY PROBLEM #5

FOR THE PROBLEM

22.0@ 18.2 17.9¢ 15,2 15,0 19,2 5,0 3.9 1.0
20,0 25,7 20,0 18,0 17,0 11,0 5,0 2,0 1.2
80,0

THE 0OPTIMUM VALUE IS &8

TRE VALUES -FOR X FOR THE DIFFERENT TECHN]JQUES ARE AS FOLLOWS

SELJU BROOKS

Xt 1)s i 7]

Xt 2)=s & 2

X{ 3)s i b

X( 4)= 3 1

X( 8)= b 1

X({ é)= 1 1

Xt 7)= 1 1

X({ B8)=s 1 1

Xt %)= 1 1

X 18)s by 1
THE TIME REQUIRED T2 RUN BROOKS WAS 17 HMILLISECONDS
THE VALUE (OF THE OBJECT]VE FUNCTION WAS 67

WHICH 15 96,53 PERCENT QF THE OPTIMUM

THE TIME REQUIRED T3 RUN SENJU WAS 2 MILLISECONDS

THE VALUE OF THE ORJECTIVE FUNCTION WAS 67
WHICH 1S 93,53 PERCENT OF THE OPTIMUM



TEST PROBLEM #1

FOR THE PROBLEM

1.2} 2-@ 39@ 40@

4.0 30 2.¢ 1,0 4.2
1.2 442 2.0 3.0 6.7
THE ORTIMUM VALVE 1S 7

THE VALUES FOR X FOR THE DIFFERENT TECHNJQUES ARE AS FOLLOWS

SENJU BROOKS
Xt 1) 8 ¢
X{ 2)= z Z
X( 3 1 1
X{ 4)s 1 b
THE TIME REQUIRED TO RUN BROOKS WAS 33 MILLISECONDS
THE VALUE OF THE ORJECTIVE FUNCTION WAS 7

NHICH 18 142,28 PERCENT OF THE OPTIMUM

THE TIME REQUIRED TO RUN SENJU WAS ¢ MILLISECONDS

THE VALUE OF THE ORJECTIVE FUNCTION WAS 7
AMICH 18  1024,2¢ PERCENT OF THE OPTIMUM



TEST PROSLEM 2

FOR THE PROBLEM

39@ 2:5‘} 4’9
THE OPTIMUM VALUE 1S )

THE VALUES FOR X FOR THE DIFFERENT TECHNIQUES ARE AS FOLLOWS

SEMNJU BROOKS
X( 1)= 1 1
Xt 2)s 1 -1
X{ 3= 7 2
THE TIME REQUIRED TO RUN BROQOKS WAS 17 MILLISECONDS
THE VALUE OF THE OnJECTIVE FUNCTION WAS 3

WHICH 18 52,28 PERCENT OF THE OPTIMUM

THE TIME REQUIRED TO RUN SENJU WAS g MILLISECONDS

THE VALUE OF THE OBJECTIVE FUNCTION WAS 5
WHICH 1S 83,33 PERCENT OF THE OPTIMUM



TEST PROBLEM #3

FOR THE PROBLEH

2!“ 3,@ 4:2 6.@

1.0 4.7 3.0 1,0 6,9

248 6.0 7;@ 12.¢ 15,0
7.3 4.7 3,0 2.7 1.2
THE OPTIMUM VALVUE 18 a8

THE VALUES FOR X FOR THE DIFFERENT TECHNIQUES ARE AS FOILOUWS

SENJU BROOKS
X 1)s= i 1
X( 2= @ 2
Xt 3)= ) b
X 4)z 1 ¢
THE TIME REQUIRED TO RUN BROOKS HWAS 66 “ILLISECONDS
THE VALUE OF THE OBJECTIVE FUNCTIO: WAS 6

WHICH 18 75,28 PERCENT QF THE CPYIMUM

THE TIME REQUIRED TO RUM SENJU WAS 2 MILLISECONDS

THE VALUE OF THE ORJECTIVE FUNCTION WAS 8
WHICH 1S 18,00 PERCENT OF THE OPTIMUM
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