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ABSTRACT

Linear binary-integer problems are problems whose variables are
either 0 or 1; each constraint and objective function must be linear.
They are frequently encountered in capital budgeting problems, assign-
ment problems, and allocation problems.

There is no simple technique that guarantees an optimum solution
for linear binary-integer problems. However, there are both rigorous
and heuristic methods used in solving problems of this type. Three
rigorous techniques are explicit enumeration, implicit enumeration,
and branch-and-bound procedures. S. Senju and Y. Toyoda have developed
a projection gradient heuristic that compares the extent to which each
variable satisfies the linear constraints and the objective function.
The method requires less computer time than rigorous techniques and
provides optimum or near optimum results.

To investigate the effectiveness of initializing implicit enumer-
ation with the solution from Senju-Toyoda, three steps are required.
First, the method of Senju-Toyoda is run to obtain a solution, which
is not necessarily optimum. Then the implicit enumeration routine is
run to obtain an optimum solution. Finally, the solution obtained
from Senju-Toyoda provides an initial value of the objective function
to an implicit enumeration routine. The solution times are then compared

and discussed.
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INTRODUCTION

Businessmen often encounter the problem of deciding which projects
(activities) should be attempted, given that they have several possible
choices. Generally, it is not possible to do every project because
there are limitations for manpower, money, material, and time. The
managers must decide which projects to perform and which to discard.

In his elimination process, the manager attempts to optimize (maximize
or minimize) the expected benefit (profit, time, utility, etc.) of all
the projects performed. Also, he must stay within resource limitations.

The purpose of this thesis is to compare computational results of
two different methods for solving problems of this type (]inear binary-
integer), and to determine if a good initial solution enhances an impli-
cit enumeration scheme. The first technique is that of Senju-Toyoda
(1) a projection gradient method. The second is implicit enumeration
(2), which involves examining a few solutions explicitly and eliminating
those which are infeasible or which do not improve the present value of
the objective function (ZBAR). The procedure is repeated until all solu-
tions have been examined (either explicitly or implicitly). Only
solutions that imbrove the value of the objective function are candi-
dates for the optimum solution. A "very good" starting solution to
the implicit enumeration routine, therefore, should provide a good
(but not necessarily optimal) value of the objective function, which in
turn should require fewer iterations for the enumeration technique.

The heuristic method of Senju-Toyoda, which is much faster than implicit
enumeration, is used to obtain such a starting solution. To compare the

benefit of using a "good" starting solution, each sample problem
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is solved using implicit enumeration with and without the starting
solution obtained from Senju-Toyoda. Computer results indicate that the
projection gradient method usually obtains very good solutions (optimal
or nearly optimal) with considerably less time than the implicit enum-
eration scheme. These results are displayed in Table 1.

Some applications of binary-integer programming problems are:
capital budgeting, allocation, assembly line balancing, the location
problem, the traveling salesman problem, and the knapsack problem (see
(3) and (4) ). Capital budgcting problems will be the primary con-
cern in this thesis. It should be noted that some of these problems
(for instance, the assignment problem) can be solved more adequately
by "specialized" algorithms (see (5) ). See Appendix C for examples
and formulations of some of these problems.

The main objective in capital budgeting is to perform the activities
that will give the greatest reward or profit and stay within resource
limitations. This is important in todays businesses because resources
are becoming less plentiful and more costly. Many industries that are
plagued with Tack of resources could probably benefit from capital
budgeting information in their decision-making processes.

In general, the above-mentioned problem types, and their formu-
lations, are important because they are concerned with using the available
resources most efficiently while maximizing a rate of return (utility).
With the inevitable scarcity of many important resources, businesses
must consider employing optimization techniques in ‘their daily decision
policies. Hopefully, the results of this thesis will provide an in-

sight for using a heuristic for solving some of these problems.
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REVIEW OF LITERATURE

The purpose of this section is to present some background infor-
mation related to linear zero-one problems. There are several techniques
that can be used to solve these problems; some of these are explicit
enumeration, implicit enumeration, branch-and-bound procedures, and
heuristics. Implicit enumeration algorithms have been advanced by
Balas (2), Geoffrion (6), and Glover (7); Lawler (8) has developed
a branch-and-bound procedure.

Explicit enumeration involves examining 2N solutions (where n =
number of variables) directly, eliminating the infeasible ones and
finding the optimum of the remaining solutions. Balas' implicit
enumeration scheme partitions the variables into three classes: 1) those
variables set to 0, 2) those variables set to 1, and 3) those which
are free to be either 0 or 1. A few solutions are examined explicitly
and infeasible solutions or ones that do not improve the value of the
objective function are eliminated The process is repeated until
all solutions have been examined. Hopefully, all solutions are not
;onsidered explicitly, although this is not guaranteed. This factor
is an important advantage of implicit enumeration over explicit enum-
eration. The original formulation by Balas required severe computer
storage for large problems (more than 20 variables), since all tentative
solutions were stored. Also, problems requiring many iterations (say
1000) were very time consuming.

To alleviate storage and computer-time problems, Glover (7) and

Geoffrion (6) applied a backtracking procedure in which only the variable
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subscripts were needed. A positive subscript in the set indicated
that the corresponding variable was set equal to 1. A negative sub-
script indicated the variable was set to 0. All other variables were
termed "free" variables because they were either 0 or 1.

In Glover's formulation, when a solution is eliminated because
of inféasibi]ity, the rightmost positive element in the set is negated
and any elements to the right are removed from the set. The search is
complete when all elements are negative. The reformulation seems to
have considerably reduced both storage and computer time requirements
( see (9) ).

Branch-and-bound procedures ( 8 and 10 ) involve searching a
branch of a "solution tree" until the solution becomes infeasible,
the end of the branch is reached, or no solution on the branch improves
the value of the objecfive function. In any of these cases, the routine
considers another branch and continues the examination process until

all branches have been investigated. Note that 2" solutions are evaluated

(where n = number of variables), perhaps not all of them explicitly.

The method of generalized Lagrange multipliers by Everett (11)
can also be used to solve binary-integer problems. The algorithm
attempts to reduce the original problem to an unconstrained optimization
problem with the aid of Lagrange multipliers. Wiley (12) provided compu-
‘tational results for this technique.

The only heuristic approach considered is the projection gradient
technique bx Senju and Toyoda (1). Although this technique does not
guarantee an optimal solution, it provides a nearly optimal solution

very quickly. As presented later in this thesis, solution times are
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generally very much less than for the implicit enumeration scheme.
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THE LINEAR BINARY-INTEGER PROBLEM

In general, the binary-integer problem may be formulated as follows:

N
> 5%
N

z 5 A%y < By forall i =1,2,....M

Maximize Z(X)

Subject to W(X)i

X, =
j Oorl
where Cj = The return from doing project j
Aij = The amount of resource i necessary to do project j

B. = The amount of resource i available
M = The number of resources
N = The number of projects
Z(X).= The sum of the returns of the activities to be performed
W(X) = The amount of resource i required to do all of the selected
projects.
For each solution the interpretation is:
Xj = 1 if project j is to be done and 0 otherwise.

The method of Senju-Toyoda requires this format along with the
restriction that Cj, Aij’ and Bi are each nonnegative. Since these
parameters are defined as above, there should be no difficulty encountered
with this restriction for this particular application. However, diffi-
culties may arise for problems not conforming to this restriction. Capi-
tal budgeting problems are very well suited for the format of Senju-
Toyoda.

To convert the parameters defined above to the general format of

implicit enumeration (developed by Balas), let Xj =1 - xj'.



T-1607

Then,
N
Maximize Z(x) = Z C. X becomes
J
N N N
< o = = C. - . .|
Maximize Z(x) z c.(1- X5 ") Z 3 z CJXJ
J J h]
and
N N N N
Maximize Z C Z C. X ! z CJ.X-J.‘ -Z CJ.
J 3 3 3

since the variables which maximize f(x], Xps e ..,xn) also minimize

-f(x] s Xoseun ,xn). Therefore,

s N N N
Maximize ZCX - M Z C.x. ZC
P i BV i

J J j

For each constraint, tl&ere is a similar transformation:

W(x); = Z
(x); J A3y < B; becomes

A (1X )<B

Lo
B

N N

LA "z"uxa 2 -B;

J J
N
), Miss iZAij " B

or
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For more information on this matter, see Hiller and Lieberman,

page 151.

Having made the necessary changes, the general formulation is:

N
Z ctyt -

Minimize F(x) C.

“"f\/ﬂ’z

J
J
N N
Subject to G(x) = :E: Aijxj > :E: Aij'Bi i=1,2,...,M
J W
Xj' =0orl.

Since the problems we arc concerned with in this paper (capital
budgeting problems) have variables whose values are restricted to O or
1, linear programming (which requires continuous variables) is not very
suitable for solving them. However, as stated previously, such techniques
as explicit enumeration, implicit enumeration, and branch-and-bound
procedures provide optimal sclutions. While explicit enumeration must
investigate all solutions (2" of them) directly, implicit enumeration,
hopefully, must consider only a few. Branch-and-bound procedures can
be best visualized with the aid of a "tree" diagram. An example

consisting of three variables is presented on the following page.
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2N
NN

A Three-Variable Branch-and-Bound Tree

X

e
X3

0 1

The 0's and 1's indicate the choices of values for each variable.
The routine follows a branch in the tree until no solution on the branch
improves the present optimum, the solution becomes infeasible, or the
branch terminates. At this point, the routine considers another branch
and terminates if all branches have been examined.

The last-mentioned technique for solving linear binary problems
is the projection gradient heuristic by S. Senju and Y. Toyoda. Their
algorithm does not guarante finding an optimum solution; even if one
exists. However, the heuristic provides near optimum results with less:
computer time than rigorous techniques. It will be used to provide a
starting solution to the implicit enumeration scheme to investigate

if a good starting solution enhances the implicit enumeration scheme.
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METHOD OF SENJU-TOYODA

In this section the algorithm for the projection gradient scheme
of Senju and Toyoda is developed. A1l necessary terms are defined and

a simple example is presented.

Define the following:
1. 3=1, 2,...,N activities

2. P. = n-vector giving the relationship between all n processes/

=
resources
3. R = vector sum of all Py; 5=z ik
4. L = limitation vector; its components are the process/
resource limitations
5. § = surplus vector; S =R - L
6. U =S/ |S| = unit vector parallel to S and having the same sense

7. U.= projection of the vector -Ej onto the vector -U

8. gd= (_Bd) * (-gd), where * indicates scalar product

9. Cj= “profit" (or benefit) of the jth activity

10. EGj = Cj/Uj = Effective Gradient of the vector Ej; the Effective
Gradient is the profit Cj divided by its projection Uj
11. Aij = coefficient matrix for constraints.

Since.it is not generally possible to perform every activity in
the objective function (due to resource limitation, etc.), we must
select the activities that satisfy all of the constraints as well as
‘the problem objective (maximize or minimize). The gradient projection
algorithm presented here provides a heuristic approach for accomplishing

these goals.
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Having defined the necessary terms, an intuitive technique is repre-
sented with the aid of the following graph which shows the relationship

between two processes.

Determination of R for Two Processes

L2

Feasible
Region

J_I’U

Process II

L1

Process I
Figure 1

L1 and L, are the resource limitations of process I and II, respectively.
The resultant vector, R, is the sum of the individual vectors Ej. Vector
Eq shows that r units for process one is used with.r2 units for process
two if activity one is performed. S is simply R - L where L is the vector
sum of the limitations, i.e. |L| = zj Lj.

The vector S provides two important things: the direction and
‘extent for removing the P-vectors. It is S upon which the gradients

of each Ej is projected. See the following figure.
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Projection of P onto S

L2 e e -P

Feasible
Region

Process II

Process I L1
Figure 2

It should be noted that the order for adding the P-vectors is
random. Therefore, to return to the feasible region, any vector can
be removed, and the algorithm provides a direction and extent. More
will be said about this later.

When any vector is omitted (say Pg in Figure 1), the point R is
moved along the vector (-Pg) to the point RP (see Figure 2). This move
causes a reduction in profit (or whatever the objective function is con-
cerned with) by the amount associated with performing activity 6. The
contribution from Pg from moving toward point A is the projection of
Pg onto S.  Naturally, the object is to eliminate activities whose
profits are relatively small when compared with their projected length
on S.

In practice, what needs to be compared is the effective gradients
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of all the proposed activities. Once the gradients have been calculated,
consider eliminating the ones that provide the least gain or profit--
these are designated by small (relatively) effective gradients. The

step-wise procedure for finding EGj (effective gradient) is:

1. U =5/|s| =( S,
{V(S12 + 522 +’"‘+Sn2) 1/2
. 252 R s,
2
1 2 n
where S;, S,, ... , S, are components to S
= (-P.) * (-
3. EGj = Cj/Uj
Note that each component of the vector U has a common denominator
1/2
(8,2 + 5,2 +...45 2) This gives a common factor in all EG, i.e.
_ 2 2 2. 1/2
_ 2 2 2. 1/2
_ 2,2 2, 1/2
EGj - aj (S] + 52 +ouo+sn )

2

, 1/2
and therefore the factor (512 + 52 +'"°+Sn2) /

may be omitted from
the calculations.

The effective gradients are compared by comparing the values ays
32"'"’aj and the projects with smaller effective gradients are re-
moved until feasibility is reached, at which time each project is

checked to see if it can be added back into the solution (and still
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maintain feasibility).
Perhaps a summary of the procedure -is useful:
Step 1: Put the problem in the proper format. Initialize by
setting all variables to 1.
Step 2: For each row, find the total resource requirement--
R; =:§:j Aij for each i. For each row find the difference

between the supply and demand of resource i -- Si = Ri - Bi'

Step 3: For each project (column) find the effective gradient.

Step 4: Find the project with the least effective gradient and
remove it from consideration and subtract its Aij from
the total requirement for each row (in short, subtract
}Aij from Si)‘

Step 5: Is the solution feasible? If yes, go to step 6. If no,
go to step 4.

Step 6: Decide if there are any projects that can be added back
and still maintain feasibility. Start with the project
with the greatest payoff that was removed from consideration
and continue until no more projects can be added without
becoming infeasible.

The sketch on the following page shows how the gradient vectors
are added and how they can be removed to get back into the feasibie
region. In trying to obtain feasibility, we choose the vectors that
will best "fit" the vector S. A simple example is used to explain the

procedure and the figure.
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ADDITION OF P-VECTORS AND HOW TO OBTAIN FEASIBILITY

6 Feasible
T Region

(L“'D

Resource II

4 |
I
i
|
|
2 |
] |
]
|
0 : . i .
2 4 8 10

6
Resource 1

Figure 3
Consider the following five-variable example, in which Ed = (r]j, rzj).
S. T. ZX] Xyt 2 X3 +3Ky + 2 X5 < 7 (Resource I)

Xp+2X, + X3+ Xy + 3 X <6 (Resource II)
Xj =0or 1 for all j.

Then = = =
x] =] 4.r11 =2 , ‘XZ = ]‘+.r2] =1 . X3_= 1 »-r31 2 s
M2 =1 22 = 2 A
_ r =3 _ r =2
Xg =1+ 41 » X5 =1~ 51 ( + means "implies" )

]_} = (10,8), where i = index for the activity
J
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numberNand Jj = index for the resource number (1 or 2). -Now find each
Ri = :E:‘j Aij: R].= 10 and R, = 8 (note that these are components of R).
The difference between supply and demand is Si = Ri - Li:
S = 10-7 = 3 and Sp=86=2,orSs=R-L-= (R]—L], R2-L2) = (10-7,8-6).
Next find
U=/ 18] = I8/ (5,2 + $,5)1/2, s,(5,% + 5,2)1/2]

U= 3/09 + 8)V2, 2709 + 1)1/2)

and Uy = Py*U = (2,1) * (3/(13)/2, 2/(13)1/2) = (6 + 2)/13)"/2 = 8/(13)!/2
Up = Pp*U = (1,2) * : = (3 +2)/(13)1/2 = 5/(13)1/2
Uy = Pg*U = (2,1) * L = (6 +2)/(13)/2 = 8/(13)1/2
U4 = _E4*_= (3’]) * " = (9 + 2)/(]3)]/2 ="~|/('l3)]/2
Ug = P*U = (2,3) * " = (6+ 6)/(13)/2 =12/(13)1/2

If the coefficients in the objective function are interpreted as "profit"

values, the effective gradients are given by EGj = Cj/Uj :

e, = (1/8 )x(13)!/2
= 1/2 - 2,c 2 2y1/2
EG, = (2/5 )x(13) EG; = Csx (S7745,%+...45%)
E6, = (2/8 )x(13)'/2 f%:
B8, = (1/11)x(13)"/2 & Py
EGg = (4/12)x(13)/2. where p, = ith component of P and
s; = ith component of S.
1/2

Notice that (13) is common in each EGj. Therefore, to compare the

effective gradients, one needs only to compute/compare the factor

1/2.

preceding (13) Then tabulate the effective gradients in increasing
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order:
EG, = 1/11
EG, = 1/8
EG3 = 1/4
EG5 =1/3
EG2 = 2/5.

Now remove proposed activities, starting with the ones having smaller
effective gradients, until the resultant vector R enters the feasible
region. At this time, check to see if any of the removed activities
can be reinserted into the solution set. If this is possible, the total
profit is increased.
Since EG4'1§ smallest, remove variable X4 (et Xq = 0). The surplus
values are:

S!I"A]4=3-3=O=S]'

1

n
w

Sz“A24=2‘]

and since 52' > 0, remove EG](let X.I = 0). The new surpluses are:

S.Il-A]]:O—z '2=S]"

Sl‘A]2=]<‘] 0=52".

2
The resultant vector finally enters the feasible region because
there are no surpluses. Therefore, consider adding either X1 or X4 back
into the solution. Consider adding X4 (since C4 is greater than C]):

St A =-2+3=1
So" + Ay, = 0+1-=1.
Since there are positive surpluses, R is outside the feasible

region and X, cannot be added back into the solution. This is also true
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3= Xg = 1.

The corresponding value of the objective function (ZBAR) is 8.

for x;- Therefore, the solution is X; = X, = 0, X, = X

In conclusion, it is suggested that the S-vector is "occasionally"
recomputed. "Occasionally" may mean after a project is eliminated
or it may be after a fixed number of activities are removed (say
five). This should provide more accuracy in determining which vector

P reduces feasibility by the largest amount.
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METHOD OF IMPLICIT ENUMERATION

Implicit enumeration is a branch-and-bound procedure for solving
binary-integer problems. The algorithm involves examining a few solu-
tions completely and eliminating those that are infeasible or that do
not improve the current value of the objective function. Additional
solutions are examined explicitly until all solutions have been considered.
The main difference between explicit enumeration and implicit enumeration
is that explicit enumeration considers all solutions whereas implicit
enumeration (generally) must examine only a few solutions directly.

To outline the routine we must define the following terms and

expressions:

1. S = the partial solution vector which contains the subscripts
of the variables which have been given specific values--
0 or 1. The positive subscripts refer to the variables
set to 1; the negative subscripts refer to the variables
set to 0. Each variable added to S is placed to the right
of the rightmost element already in S. This insures that,
while backtracking, we consider only solutions not pre-
viously examined.

2. free variables = those variables not in S. Their values have
not been specified as either 0 or 1.

3. V = the set of constraints violated when the partial solution
S is considered and the free variables are set equal to O.

4. ZBAR = current value of the objective function.
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5. XBAR = (x], X2""’xn) = the current solution.

6. fp = the value of the objective function obtained by setting
to zero all of the free variables.
7. T = the set containing each free variable which has

i) an objective function coefficient less than the limit=
ZBAR.-;-vfp and
ii) a positive coefficient in some constraint in V.

8. complement of a partial solution -- all possible solutions
associated with the partial solution. That is, if S = (1,2),
then the completions of S are all those solutions for which
X, =X =1

9. backtrack -- the procedure for going "backwards" in the solution

network: It is used to examine all possible solutions for a
partial solution S.

Having defined the necessary terms, the general procedure for
solving 0-1 problems via implicit enumeration can be outlined. First,
start with the partial solution S empty -- S = @. Identify the set of
violated constraints V and store in the set T those variables which
cause infeasibi]i@y when equal to 1. If every constraint in V can be
made feasible by adding (to the solution) variables in T, we add to S
that variable in T which has the greatest coefficient sum in all of the
constraints.

Continue this process until a partial solution has been implicitly

enumerated. Then backtrack, complementing (negating) the rightmost
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element in S which has not been complemented, and drop any elements in S
to the right of the variable currently complemented and begin to consider
the partial solution.

The sStep-by-step procedure is presented in the flow diagram, which
is the last page in this section. Now consider a simple example.

Minimize F = 2 X] +3X,+ X

2 -3
S. T. 4X + Xy -2X5>3 (1)
Xy +3X% - X324 (2)
X; = 0,1,

K= 2+3+1=6= ZBARO.

If 50‘= P is completed by setting the free variables to 0, then

Let k denote the iteration number. ZBAR

4 X5 X3
(1) F(0) +1(0) -2 (0)=0#3
(2) 2 (0) +3(0)-1(0)=04#4

and since both constraints are violated, V0 = (1,2). Since V0 # 9 and
S =9. fp = 0 and the 1imit = ZBAR - fp = 6. The variables with posi-

tive coefficients are: constraint (1) X], Xo

constraint (2) Xys Xo.
Therefore, T = (1,2). To obtain feasibility, one or more of these vari-
ables must be raised to 1
For constraint (1) X] = Xz =13 X3 =0
4 1)+1(1)-2(0)=5>3--0K
constraint (2) X, = X, =15 X3=0
2 (1) +3(1)-1(0)=5>4--0K

Then find the coefficient sums of the variables in T and raise to 1
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the variable with the greatest sum:

for X; : 4+1=5*

for X, : 1+ 3=4.

Now set X] = 1, hence S] = (1). The variables not in S are the free
variables. When S is completed by setting all free variables to 0, con-
straint 2 is violated; thus V = (2).

Preforming another iteration shows that X2 must be raised to 1,
which allows for both constraints to be satisfied, i.e. V= @. The
partial solution is S, = (1,2), indicating that Xy =X =1,

Since all constraints are feasible for Xy =X =13 Xy = 0, the
solution vector is XBAR = (1,1,0) and ZBAR =2 (1) + 3 (1) + 1 (0) = 5.
Note that any solution containing X3 = 1 causes constraint 2 to be infeasi-
ble. Therefore, the solution (1,1,0) is optimal.

For a more detailed description of this algorithm, see the flow dia-
gram and the additional problem in the appendix.

In summary, implicit enumeration keeps track of all the solutions
that are infeasible or do not improve the value of the objective function.
For example, the constraint 4 X; - 2 X, + X3 - 5 X, > 5 is always
violated when X] = 0. Therefore, every solution for which X] = 0 can
be eliminated from consideration. Thus, all related solutions (with

S] = 0) have been implicitly enumerated.
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Step 0 :

23.

FLOW DIAGRAM FOR ZERO-ONE PROBLEMS
VIA IMPLICIT ENUMERATION

Formulate the problem as

N

Minimize F =z
Ci%s

J=1

Subject to g; > 0 i=1,2,...,M

Xj =0, 1

where g; are the constraints

Step 1 :

Step 2 :

Step 3 :
Step 4 :

Step 5 :

Step 6 :

If the solution "all X's = 0" is feasible, the problem is
solved. Otherwise, set ZBAR = f evaluated at "all X's = 1",
or the best known upper bound for the objective function,
whichever is smaller. (ZBAR = min (F (x1é1, x2=1,.u",xn=1),
known bound ) ). Find the coefficient sum for each variable
and set S = @ (null set).

Find V, the set of constraints violated when the partial
solution S is completed by setting to zero all variables not
in S.

If V is empty, go to Step 9. Qtherwise, go to Step 4.

Find fp, the value of f when S is completed by setting to
zero all variables not in S. Set the objective function co-
efficient limit to ZBAR —fp.

Store in T each variable not in S which has:

a) an objective function coefficient less than the 1imit ZBAR
-f , and

P
b) a positive coefficient in some constraint in V

If T is empty, go to Step 11. Otherwise, go to Step 7.
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Step 7 :

Step 8 :

Step 9 :

Step 10:

Step 11:

Step 12:

24,

Can every constraint in V be made feasible by adding only
variables in T? If the answer is yes, go to Step 8.
Otherwise, go to Step 11.

Add to S the variable in T with the greatest coefficient sum.
Go to Step 2.

Complete the partial solution S by setting to zero all variables
not in S. This completed solution becomes the incumbent
solution XBAR and the value of the objective function at XBAR
becomes the new value of ZBAR.

Locate the rightmost positive element in S. Replace it

with its negative (complement), and drop any elements to

the right. Go to Step 2.

Are all the elements in S negative? If the answer is yes,

go to Step 12. Otherwise, go to Step 10.

Terminate. The incumbent solution (if there is one) is an
optimal solution. If there is no incumbent solution,

then there is no feasible solution better the solution cor-

responding to the best known upper bound used in Step 1.
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RESULTS

Table 1 shows the times necessary to run each technique on the CSM
time-sharing PDP-10 computer. A1l times are in milliseconds (unless
otherwise specified), and, unfortunately are somewhat proportional to
the amount of "swapping" that is necessary in running the routines.

There are 16 problems presented, consisting of 10 to 39 variables
and 1 to 36 constraints. The problems were selected because of their
diversity in size and individual densities.

The first four problems represent a particular class, called knap-
sack problems. The remaining ones represent a more general class of
capital-budgeting problems.

Solution times vary from 0 - 150 milliseconds for Senju-Toyoda;
from 83 milliseconds to 2934 seconds for implicit enumeration without
a "good" initial solution, and from 66 milliseconds to 2720 seconds
for implicit enumeration with Senju-Toyoda. These variations in solu-

tion times are presented below:

METHOD MIN TIME - MAX TIME
Senju-Toyoda 0 - 150 milliseconds
Implicit enumeration 83 milliseconds to
without Senju-Toyoda 2934 seconds
Implicit enumeration 66 milliseconds to
with Senju-Toyoda 2720 seconds

Fifteen of the problems required less than 65 milliseconds to run
with Senju-Toyoda alone. Six problems required more than 2 seconds to
run with the implicit enumeration routine (without Senju-Toyoda) -- two
of these required over 30 seconds; one required more than 5 minutes;

and one required nearly 50 minutes. The implicit enumeration routine
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with Senju-Toyoda had from 5.3% to 70% improvement over implicit enumer-
ation considered alone. The average improvement was 20.4%. See Table 3.
The sample problems considered have densities that vary from 12 to
100 %. The following table exhibits the densities for the problems
that are not 100 % dense.
TABLE 2 - PROBLEMS LESS THAN 100% DENSE

PROB_# SIZE % DENSE
8 (6, 10) 85.0
1 10, 10) 99.0
12 (15, 10) 96.7
13 (20, 10) 94.5
14 (25, 36) 12.0
15 (28, 10) 9.3
16 (39, 5) 89.3

The average percent density is 91.9% (including all 16 problems). The
standard deviation of the density is 21%. The average density, neglecting
problem 14(which is 12% dense), is 96.6% and the standard deviation is
3.1%. The least-dense problem took Senju-Toyoda more than twice as

long to run than the second most time-consuming problem. Implicit
enumeration with Senju-Toyoda was consistently faster than implicit
enumeration alone for all densities. The method of Senju-Toyoda obtained
a solution less than 90% optimum for only two problems - and each of
these consisted of only one constraint. Optimal solutions were obtained
for one knapsack problem (problem 4), five small problems with 10
variables or less (problems 5 - 10 ), and two large problems having

more than 20 variables (problems 14 and 15). Solutions providing better
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than 93% of the optimum (but suboptimal) are found in problems 2, 11, 12,
13, and 16. The average percent of optimum provided by Senju-Toyoda

is 97.2%. The standard deviation is 4.3%. Note that optimal solutions
were obtained over the entire range of densities.

The implicit enumeration scheme achieved optimality for all problems.
Therefore, to determine how effectively Senju-Toyoda enhances the implicit
enumeration routine, the solution time required without a "good" starting
solution must be compared to the solution time required with a "good"
starting solution. For every problem considered, implicit enumeration
with Senju-Toyoda required less time than implicit enumeration without
a "good" starting solution. On the average, implicit enumeration with
Senju-Toyoda required 20% less computer time than implicit enumeration
without a "good" starting solution. The standard deviation for this time
difference is 15%. The following bargraph shows the relative differences
in computer times for the three routines. ( See page 29).

Perhaps it is useful to display the percent change in time for
implicit enumeration with and without an initial solution from Senju-Toyoda.

Let

I-E = implicit enumeration
S-T

I-E w/S-T = I-E with S-T

Senju-Toyoda

I-E  w/out S-T = I-E without S-T.

Then the percent calculation is

X% = (I-E w/out S-T)-(I-E w/S-T) x 100
(I-E w/out S-T) ’

which is displayed in Table 3.
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TABLE 3 - COMPARISON OF SOLUTION TIMES
Solution time* Solution time* Percent Decrease in
‘Problem # for I-E w/out S-T(1) for I-E w/S-T(2) Time from (1) to (2)
1 200 184 8
2 217 167 23
3 217 150 30.8
4 284 183 35.2
5 83 66 20.5
6 100 67 33
7 116 83 28.4
8 184 134 27.1
9 333 100 70
10 3.5 sec 3.2 sec 8.6
1 366 333 9
12 2.5 sec 2.3 sec 8
13 34.8 sec 32.1 sec 7.7
14 32.8 sec 30.9 sec 5.7
15 457.1 sec 428.2 sec 5.3
16 2934 sec 2720.0 sec 7.3

* ip milliseconds unless otherwise specified
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As previously stated, the average percent improvement of I-E w/S-T
over I-E w/out S-T was 20.4 %; with a standard deviation of 15%. The
effect of using a "good" initial solution for the implicit enumeration
routine seems to diminish for the larger problems. That is, for the
smaller problems (say, 1-10), the percent improvement is (on the average)
much greater than for the other six problems. The least-significant
improvement occurred for a 28-variable, 10-constraint problem having
94.3% density. However, the least-significant improvement could amount

to considerable savings in computer costs - essentially 5%.

It should be noted that a normal distribution is used for all

statistical computations.
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CONCLUSIONS

Unless optimal solutions are mandatory, implicit enumeration may
not necessarily provide more "beneficial" results than Senju-Toyoda.

One should remember that implicit enumeration requires much more time,
and thus incurs additional costs.

It is necessary to decide which is the most important factor: an
optimal solution or economy of obtaining a solution. Before this is
done, one must consider the accuracy of the data. It is highly probably
that unless the data is very accurate and precise, that an "optimal"
solution does not have a great deal of significance. In this case, why
spend money on implicit enumeration?

In most cases presented in this paper, Senju-Toyoda provided an
optimal solution. The non-optimal solutions were very close to optimal.
Again, this suggests that implicit enumeration may not be the best economi-
cal technique.

The results from implicit enumeration, when initialized with the
‘solution from Senju-Toyoda, always required less computation time than
implicit enumeration without any good starting solution. This fact
seems independent of the problem size and/or the density. The percent
improvement with the solution from Senju-Toyoda was greatest for problems
with 10 or fewer variables and 5 or fewer constraints. The larger problems
did not result in as significant improvements (recall that the minimum
improvement was 5.3%).

If finding an optimum solution (if one exists) is the primary

importance, initializing implicit enumeration with the solution obtained



from Senju-Toyoda will require at least 5% less computer time than implicit
enumeration considered separately. Recall that the average improvement

was 20.4%. Therefore, if optimality must be guaranteed (again, if there

is an optimum), it is suggested that the heuristic method of Senju-Toyoda
be used to provide an initial solution to the implicit enumeration

routine. However, if “near-optimum" results are sufficient, then only

Senju-Toyoda should be used.
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APPENDIX A

‘A Capital Budgeting Problem-Formulation

A firm is considering manufacturing five different types of elec-

tronic equipment in its next fiscal year. Resource limitations do not

permit all types of equipment to be developed and manufactured. The

problem is to decide which equipment types should be developed. The

only limitations considered are: (1)

engineering manhours, (2) pro-

duction-1ine manhours, (3) R & D cost, and (4) materials cost. The

resource limitations are:

(1) 4000 engineering manhours

(2) 10,000

production-1ine manhours

(3) $180,000--R & D cost

(4) $100,000--materials cost.

Let Xj = 1 if activity j is undertaken and O otherwise. The profit

from each project, if performed, is given in the objective function.

Also, the amount of each resource depleted for performing each activity

is shown in the constraints below.

The problem formulation is:

Maximize Z = :E: (Profit) X, =

Subject to:

(Eng. man-hr)

800 X, + 1,500 X

1 2

(Prod-1ine 'hrs) 1500 Xy + 3,000 X,

(R & D cost)
(Mat. cost)

30,000 X, + 60,000 X,
25,000 X, + 30,000 X,

80,000 X, + 100,000 Xo + 30,000 X3 +

60,000 X, + 110,000 Xg

+ 400 X3 + 700-X4 + 1,200 X5 < 4,000

+ 500 X3‘+ 3,000 X4 + 4,000 X < 10,000
+ 10,000 X3 + 40,000 Xq + 75,000 X5 < 180,000

+ 15,000 X, + 20,000 X + 30,000 Xg < 100,000

3

xj =0orl.
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APPENDIX B

Example Using Implicit Enumeration

Let the problem be formulated/defined as

Minimize 5 X] +

S. T. X.l -

4 X] +

7 Xy + 10 X3 + 3 X4 + X

3 X2 +
SXZ -
X2 +

5= F

3X3-2% +2X >0
2 X3 - X - X521
X; = 0,1

The following steps correspond to the ones in the detailed flow

diagram presented earl
STEP
(1) XBAR = (1,1,],1,]

ier.

) ZBAR = 26 = f(1,1,1,1,1) S =0

(2) Constraints 1 and 3 are violated when all variables equal 0;

V=(1,3)
(3) V#¢

(4) f_ = 0 since all variables equal 0

p
1imit = ZBAR - f

P
(5) 1) (1,2,3,4,5)

= 26

ii) (1,3,4) ---T = (1,3,4)

(6) T#9
(7) Yes, since 1 +5
2 -1

(8) Choose variable w

X4:1“2‘]

+1-2
-1

ith the
-1

5
0

0
0

--0K
--0K

greatest coefficient sum

-5 = (3)
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(2) Xg=13X =Xy =X =X =0 V=(2)
(3) v#p
(4) f, =10 Tlimit = ZBAR - f, = 26 - 10 = 16
(5) i) (1,2,4,5)

ii) (2,5) --- T = (2,5)
(6) T#9

(7) Constraint 2 can be made feasible by adding to S only variables in T
(8) s = (3,2)
(2) v=29
(3) Yes
(9) XBAR = (0,1,1,0,0) ZBAR =7 + 10 = 17
(10) S = (3,-2) -2 = complement of 2, which means Xo = 0
(2) V = (2) (because X
(3) V#9
(4) fp =10 1limit = ZBAR - fp =17 -10=7
(5) 1) (1.4,5)
ii) (5) ---T = (5)
(6) T#9
(7) The second constraint is infeasible when Xg = 1 is added to S:
“3+2% 0 |
(11) No
(10) .S = (-3) which implies X

3= 13 Xy =X = X4 = Xg = 0)

3= 0. Note that all elements to the right

of -3 are dropped.
(2) v=1(0,3)
(3) v# 9

(4) fp =0 limit ZBAR - fp =17
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(5) )
ii)
(6) T#90
(7) No
(11) Yes
(12) Stop.
XBAR
ZBAR

(1,2,3,4,5)
(1,4) ---T (1,4)

The solution is optimal.

17

(0’]9],0’0) ------X.I = X4 = X5 =

0; xz. =

X

3=

1

37.
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APPENDIX C1

The Assignment Problem

The assignment problem can be formulated as:

_ N
Maximize or Minimize f = z Z C..X
‘ SR

i=1 J=1
N
Subject to: :g: X.. =1 for all j
. ;& 1]
N °
:E: Xij =1 for all i
J=1
xij = 0,1 for all 1i,j

where n = number of assignments.
Example: Suppose there are four employees to be assigned to four tasks
so that each employee receives exactly one task. The objective is to
minimize the total cost, where a known cost exists for each possible
assignment. The following table displays the costs:

Costs in Dollars

Employee Tasks 1 2 3 4
Bob 5 3 7 8
Alice 4 4 6 9
Ted 7 8 10 7
Carol 5 5 12 8

Formulate the problem in terms of double subscripts where the first
subscript refers to the row or employee, and the second subscript refers
to the column or task. Also, define Xij to be the number of times (0 or 1)

that employee i is assigned to task j. Then the objective function is
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Minimize f = 5xn + 3x12 + 7x]3,+ 8x]4

+

4x2] + 4x22 + 6x23 + 9x24

+

7x3] + 8x32 +'|0x33 + 7x34

+ 5x4] + 5x42 +'|2x43 + 8x44

The first constraint type relates to the requirement that each employee
shall receive a task:

Bob: x]] X0 F X3t Xy ® 1
Alice: X571 ¥ Xgp * Xo3 F Xy ® 1
Ted: X31 +X3p ¥ X3g + Xgp = 1
Carol: Xg1 t Xgp t Xg3 t Xgy = 1
The following constraints allow only one task to be assigned to each
employee:
Task 1: Xpp F Xo1 X3t Xgp T 1
Task 2: Xgp + Xop + Xgp + Xgo = 1

Task 3: Xq3 + Xo3 + X33 + X43 = 1

X1g * Xpq * Xgq * Xgq =1

Xij 0Oor 1 for all i,j

Task 4:
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APPENDIX C2

The Knapsack Problem

A salesman wishes to pack his carrying case - his knapsack - so
that he gets as much value into the case as possible. He does not want
to carry more than 25 pounds of merchandise and he can take no more
than one of each item. The objective is to pack his case in the "best"

manner. The following table provides the value and weight of the possible

items the salesman can carry.

ITEM # VALUE ($) WEIGHT (LBS.)
1 $ 35 1
2 85 4
3 17 17
4 24 2
5 94 3
6 10 4

The problem is formulated as:

Maximize 35x] + 85x2 + 117x3 + 24x4 + 94x5 + 10x6

Subject to  Tx; + 4x, + 17x5 * 2xg + 3xg + Axg < 25

xj =0orl.

Note that additiona] constraints could include volume, width, or bulkiness.
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APPENDIX C3

The Traveling Salesman Problem

Suppose a salesman must visit several cities in his sales circuit.
He is interested in knowing how to sequence his visits to all of the
cities such that each city is visited exactly once and the total travel
distance is minimized (and thus minimizing travel cost). When this
problem is formulated as a 0-1 integer problem, the number of constraints
grows very rapidly as the number of cities increases. The example below

deals with a three-city problem and the distances are in the table

below:
DISTANCES
TO CITY
1 2 3
1 - 25 40
FROM 2 25 - 10
CITY
30 10 -
1 if the salesman travels from i to j
Let X.. =
1 0 otherwise

The objective function is to minimize the total distance (and thus total
cost).
Minimize f = 25x]2 +'40x]3 + 25x2] + 10x23 + 30x31 + 10x32

The first constraint type requires that each city is left once.

(each row sum equals 1):
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X1 * Xp3 = 1
X3 * X35 = 1

The second type of constraint requires that each city is visited

exactly once (column sum equals 1).

Xp1 + X31 =1
X1g + %39 = 1
X3 * Xp3 = 1
To eliminate subtours we need:
X2 ¥ X1 <1
X13 + X31 i]
1

23 ¥ X32 <

xij =0, 1 for all i,j
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APPENDIX D

A listing of the FORTRAN IV main program that calls the implirit
enumeration and Senju-Toyoda routines is included in the following
pages. The method of Senju-Toyoda is also included.

The main steps of the calling program are:

1. Initialize and input data (in Senju-Toyoda format)

2. Call SENJU--which in turn calls subroutine SORT  SORT orders

the vectors from SENJU.

3. Compute the time for Senju-Toyoda; find sum of objective
function coefficients for ZBAR used in implicit enumeration;
output data
Convert'to Balas format
Call BALL with ZBAR as bound

Compute time for Balas; output data

~ o (83 +>
- L] o L]

Take solution vector and ZBAR to subroutine BALL; call BALL
with these known values

8. Compute time; output data
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INTEGER V,Vy
DIMENSION 1X8(70),1X(50),LFGRM(20)
COMMON/SENJUL/A(58,502),B(58),C(50)

¢
Va7
Vizé
c .
66 IFC(y LJEQ. B8) GO 10 32
1 FORMAT(21)
2 FORMAT (586
3 FORMAT(10F8.1)
5 FORMAT(LBX, "X, 13, N)5',2X,12)
6 FORMAT(//5X%, ' THE RESULTS FROM SENJU-TOYODA ARE',//)
7 FORMAT(//,' THE VALUE OF THE OBJECTIVE FUNCTION I18§',F11.3)
8 FORMAT('  ENTER "i" IF A(1,42/8B(I) IS DESIRED ,',/}
9 FORMAT(/' THE TIME FOR SENJU-TOYODA WaS ', 111,' MILLISECONDS'//)
40 FORMAT(' WHAT ARE THE VALUES FOR ™M AND N 72'/)
41 FORMAT ('  INPUT A¢I,J) AND B(I1) "2/
42 FORMAT(! INPUT ClJ) "0 4)
43 FORMAT (14X, 37¢'\/'})
44 FORMAT(4H1)
15 FORMAT(/)
44 FORMAT(20A5)
47 FORMAT(' ENTER INPUT FQRMAT,', /2

IFCY JEQ, 4) WRITE(VLi,g)
READ(vﬁl) K1
IF(y JEQ, 4) WRITEC(VL.42)
READ(V, 1) MaN
[F(V EG, 4) WRITE(V1,47)
READ(?:4§7 (LFORMCI?.I=1.2@)
[F(V +EQ. 4) WRITE(V1.41)
DO 19 I=1,.M
READ(V,LFORMY (A¢Il d)yrJdat ,NY)WB(])
10 CONTINUE
IF(V JER., 4) WRITE(V4.,42)
REAQQV;LFORMQ (ng)sJ=1!N)
IF(KL = 1) 11.12.11
12 DD 13 I=si,M
IF¢R¢ly LEQ. €,8) GO TO 13
D0 13 J=1.N
AT, J)aAll,J)/BCID
13 CONTINUE
11 CONTINUE
WRITE(VL,3) (C(J)adziN)
WRITE(VL,45)
Do 16 1=1,M
IF(K1 JEQ, 1y B(I)=i
WRITE(VL,3) (ACL1, W) dB1,N),B(ID
16 WRITEC(VL,45)
Call RTIME (1T1)
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CALL SENJU (M,N, IXB)

CALL_RTIHE‘(ITQ)
1TS={T2~17T1
2RO, 0
DO 25 J=si.N

28 ZuZ+C(d)
ZBAR=Z
ZHOAR{=z¥
ABC=@,@
DO 24 I=z1,H
DO 23 JE4 N

23 ABC=aBC+A(I.J)
B{I)=B(1)~ARBC
ABC=ﬁgﬂ

24 CONTINUE
D0=g,0

CALL RTIME(IT3)

CALL BaALL (A,B,C,IX,ZBAR,M,N,DD)
CALL RTIME (174)

ITS1=1T4n1IT3

DO Sg Ing.M
WRITECVL.3) (ACI,J)0d=4aN),B(T)

¥ OO0 000N
k%5
=

31 0Bs2,0
N0 14 JriN
EIX=1XB(J)

14 OR=0R+C(J)uETIX
HRITE(VL,6)
DO 18 Jsi,N

15 WRITE(Y1.5) J)IXB{)
NRITE<V1;7) 0B
WRITE(VL,9) 178
HRITE{Y1,43)
ARITEL(VL.28)
NO 22 Jesi,N
IX¢ysi=1X¢ )

22 WRITE(VL.5) J,IX{J?
ZaZ=2BAR
URITE(V1,7) 2
IFCITS1~1000) 34,34,35

34 WRITe(V1,27) ITSL
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GO TO 36
35 AILTS 178y
AITS4=A1TST/1000,
WRITEC(V1,28) AITSL
36 cONTINUE

ZBAR=0B
FA- 1ol

DO 26 J=1.N
26 IX(J{?i*IXB(J)
DD=4.2
Call RTIME (1T5)
CALL BALL (A,B,C,IX,ZBAR,M,N,DD)
CALL RTIME (176)
IT84=1T6~175

L3

WRITE(V4,43)
WRITE(VL,32)
RBe=1X(1)
DO 29 Jsi,N
29 IFCIXE) JEQ. 9) IX(J)=1-IXB(J)
DO 31 J=g,N
IXCmgm1X0)
31 HRITE(VL,5) JoIX(J)
ZRARRE, 0
DO 380 J=1.N
EIX=1X¢d)
350 ZBAR=ZBAR+C(UIREIX
C ZRAR=ZBAR1~ZBAR
IF(RRE .EQ. 9.2) ZBAR=0B
WRITECVL,7) ZBAR
IF(ITSY = 10006) 37,37,38
37 WRITE(Y1,32) 1784
GO To 39
38 AlTS121TS1
AITS1=A1TS1/71000,
WRITE(VL1,33) AITSY
39 CONTINUE
IF(vy ,EQ, 6) WRITE(V1,44)
Vayeq
GO Tno 66
20 FORMAT(//,4X,'THE RESULTS FROM [MPLICIT ENUMERATION W/0UT
1 SENJU~TOYODA ARE!,//)
27 FORMAT(/,' THE TIME FOR BALAS W/OUT SENJU~TOYODA WAS', IS5,
2 ' MILLISECONDS!',//)
28 FORMAT(/,! THE TIME FOR BALAS W/QUT SENJU-TOYODA WAS'.F5.1,
1 ' SECONDS',//) .
39 FORMAT(//,1X, 'THE RESULTS PROM IMPLICIT ENUMERATION WITH
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2 SENJU-TOYODA ARE',//)
32 FORMAT(/, ' THE TIME FOR BALAS WITH SENJU=-TOYODA WAS', 16,
2 ' MILLISECONDS'.///7)
33 FORMAT(/,!' THE TIME FOR BALAS WITH SENJU=TOYODA wAS ',F5.1.
2 ' SECONDS!',////)
RETURN
END
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SUBROUTINE SENJU {M,N,IXB)

DIMENSION 1XR(72),R(58),8(52),6(58),A1(58)
COMMON/SENJU1L/A(52,50),B(5a),C(50)

ERR=a, 000001

DO 4 Je1aN

IXBeJdyal

SET UP THE VECTORS

s EoRoNeRe R4

S1:=0.0
DO 8 Imq.M
55=0.,0
DO B Jui.N
5 S8=88HAa(],J)
R{1)=58
TT=88~B(1])
IFLTT=ERR)Y 6.6.7
TV=¢.0
GO To R
S4nSq#TTaTY
S{I)aTT
IF(S41~ERR) 30.,342,9
84=1,/80RT(S1?
DO 40 I=1,H
18 S¢lHy=8¢1)a81
FIND UaVECTOR AND EFFECTIVE GRADIENTS

OO0 0 o~ L)

D0 12 J=4.N
U=0.,0

00 11 I=1.M
UsUspACT, ) #S(])
Gt =ClJd /U
Al{dyed

Fuy
[A¥] | pad

ORDER THE VECTORS

QOO0 ¢

CALL SORT (G.Al.N)
IMeq

DETERMINE WHICH VARIABLES ARE TO BE SET TOo ZERO

= 30O

7 JUJ2ATCIN)
IND=1
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13
14
16

15
18

20

21
25
39

IF(RCII-BCI))Y 14,114,143
INDz2

CONTINUE

IXB(JJ)=0

IF¢IND JEQ. 1) GO TO 15
[NaIN+1

GO To 17

DO 18 I=1,M

St =R(IY-B(D)

Nz IN=Y

QQ 25 KglsJN

IN=IN=1

JURATCIND

PO 20 I=1.M
IF(SCIY+ACTJJ)) 28,20,25
CONT INUE

IXptJdi=d

DG 21 I=21.M
S{D=S(I)+A (T )
CONTINUE

RETURN

END
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o Oaaon

SUBROUTINE SORT (AG,B,N)

THIS SUBROUTINE ORDERS ANY VECTOR AG WITH N ELEMENTS AND PUTS
THE ELEMENTS OF B IN THE CORRESPONDING ORpER,

DIMENSION AG(52),B(5¢)

MNEN-Y

DO 4 Iml.NN
AMINSAG(D)
IND=4

IREBEY]

D0 2 Wall.N
IFCAMINR-AG(J)Y) 24244
AMIN=ZAGCD)
IHOLp=J

IND=2

CONTINUE

GO TO (4,3) IND
MIN=B(IHOLD)
AGCIHOLDY=AGCT)

BOIHOLD)Y=B(])
AG(TysAMIN

BL{I)YeBMIN

CONTINUE

RETURN

END
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L3 €3 B VI W1 O
= =3
o »

L9

i o

[N
5

DWOoDOQRGOUMOER
- =
N A

SUBROUTINE BalLL (A.B,C,IX,ZBAR,M,N,DD)

INTRvL =1

INTEGER V,V1

DIMENSION A(S8,50),C(58),B(50),CS(582),W(50,50),IX(50),1V(50)
DIMENSION 1T¢(52),NOTT(50),.5UMS¢(50),18(50)

DIMENSION IPRINT(52), ISAVE(SP,52),I8TEP(52), INUM(BR)

Vag

Vie4

EPS=d,000201

DG 11 I=4.,50
NUMQI):
CGNT NUE

IF(Ve LEQ, 4) WRITE(VL,5@1)
FORMATC(///,"' INPUT M,N, INTERVAL, '/
READ(V,588) MaN, INTRVL

FORMAT(31)

IF¢M=51) 4,9800,9008

pag 2 I“ltbﬂ

EQ. 1) GO TQ 8

m““HCHHHM

ACT.d
w(I:Jaﬁg,ﬂ
CONT INUE

DO 3 I=34

IpﬁlﬂT(I)=@

CONTINUE

IF(Y JEQ, 4) WRITE(V1,511)
FORMAT (/! INPUT GO, Y./
READ(V,81g) (CGD) ozl N)

IF(V gQ,4) WRITE(VL,502)
FORMAT (/' INPUT BUI),A(Lsd)o' s/
D0 10 I”l;M

READ (Y, B1g) B, (AT ), Jai.N)
IF (Y .&Q. 4) WRITE(V1,512)
FORMAT(/,' INPUT ZBAR.',/)
READ(V,.510) ZBAR
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542

=

P00 QDGO

g g
WD G

oD

35
36

17

18

22

19
21

FORMAT(526)
FZBAR=ZBAR

DR 28 Js1.N
CS(uyeg .,

DO 28 1=1,M
cStI=pS (N +all )

THIS SECTION PRINTS MATRIX INPyr

IF(Vy (EO, 4) WRITE(V1,12)

IF(VL JEQ, 4) WRITE(VL,13) CINUMCI), j=1,N)
IF(VE LEQ. 4) WRITE(VL,14) (c(J) =L, N)

IFeye JEg. 4) WRITE(VL,15)

FORMAT(///2%, 18HOBJECTIVE FUNCTION,/)
FORMAT(2X,18(4X,1HX,12))

FORMAT (/42X 18F6.14+/) |
FORMAT(/ 12X+ LLHCONSTRAINTS /7, 6X, BHCONSTANT, /)

DO B4 [=4,M

IF¢Vd LEQ. 4) WRITE(VL,16) 1+BCI) (ALl ad) =l N)
CONTINUE

FORMAT (14X, 4HG»12,2X)F6,1418F8.427)

IF(DD EQ, @) GO TD 36

IFCIXEY) WpQ. 1) ISth)=J

IFCIXGY JEQ. 2) Is(J)=0

CONTINUE

DQ i? IGltM .

IF(BCIY) 19+47+17

CONTINUE

DO 418 121,50

I%t1y=0

CONTINUE

ZRAR=#,0

WRITE(V1.22)

FORMAT(//,48%X,26HALL CONSTANTS ARE POSITIVE,/)

GO TO 1754 _

IF(VL ,EQ, 6) WRITE(VL,21)

FORMAT(/,6H STEP®, 34X, 1Hn, 34X, 9H40B) FCN#,34X,11H% NOT# ADD#,
/y6H NUMB#, 6%, 22HPARTIAL SOLUTION (8),6%)1H#,4X, 26HVICLATED CO
TRAINTS (V),4X,0H#00F [ 1M#,7X,2pHVARTABLES IN SET (1),
7X,17H# SAT#TO S&¢  ZBAR,/Z,135(1LH#*))

NUMB=D
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NS=g
i
¢ STEP 2
¢
c FIND V, THE SET OF CONSTRAINTS VIOLATED WHEN PARTIAL
¢ SOLUTION S IS COMPLETED BY SETTING T0 ZERQ aLlL VARIABLES
c NOT {N THE SET §,
c
¢ FIND FP, THE VALUE OF F WHEN S IS COMPLETED BY SETTING
¢ TG ZERO ALL VARIABLES NOT IN §,
C
45 IF(NUMB) 645,645,639
639 1P=11
TFINS=11) 640,640,642
640 Ip=Ng o
642 DO 1224 1s4,1P

JIPRINTCL)=1S(C)
1901 CONTINUE
645 FP=2.0

Nis@

IF(N8) 51,51.52
Bo PO B89 J=4,NS

IFCIS()) B89,50,55
58 MW ENW+]

JUrIS ()

DO 6@ 1al.M
60 W{T NHYRACT»JJ)?

FPaFp+C(JJ)
S0 CONTINUE
59 NEaNW+Y

Do 65 I=1,M
65 (T, NWY=B(]
MV¥=g
N0 74 l=4.M
SUMS(I)=0.@
DO 89 J=1,NUW
SUMS(I)=5UMS(I)+Wll,J)
IF(SUMB(IY+EPS) 85,702,782
MY=Myaq
TVIMY) el
CONTINUE

)

oo o
& =

STEP 3

1S THE SET V EMPTY ?
IF YES~~GO0 T0 STEP 9
IF NO --G0 To STEP 4

oo aagoaoN

IF(MY) 280,288,902
[Pad4

D
=
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[F(MVm11) 92,92,94
92 IP=MY o
54 o 1222 I=s1,1P
IPRINT(I#14) a1V (I
299 CONTINUE

STEP 4
SET THE OBJECTIVE FUNCTION COEFFICIENT LIMIT TO ZBAR-FP,

(S ReReReR @ N

CLIM2ZBARWFP
NYap

NT=a

IT(1)=g

STEP 5B
STORE IN THE SET T EACH VBL NOT IN THE SET S WHICH HAS

1. AN OBJ FCN CQEFF. LESS THAN THE LIMIT
2. A POSITIVE COEFF, IN SOME CONSTRAINT V

IO

no 1048 J=1,N
10@ HOTT(J) =0
IF(NSY 184,104,101
141 0o 185 Jsi,NS
ITEMPRIS(J)
IFCITEMP) 102,105,105
142 ITEMPa=-1TEMP
105 NOTT(ITEMP) =4
c IF C(J) 18 LESS THAN OR EQUAL TQ CLIMY 112,120,122
104 PO 118 Jm1.N ,
IF(NOTT(J)Y)Y 145.,115,11¢
115 IF(CLIM-C(J)) 118,120,120
120 DO 125 Im1,MY
ITEMPaIV(])
IFCACITEMP,J)) 125,125,134
125 CONT INUE
6O To 140
130 NTaNT#*1
IT(NTYJ
NWzNW+y
DO 136 Is1,M
135 WL, NWY=A(L, )
119 CONTINUE
IP=1d .
IFINT=11) 106,106.:1028
196 IP=NT ,
108 00 13Ag I=1,1P
IPRINT(I+22)=1T(1)
1329 CONTINUE
Fal
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STEP &

IS THE SET T EMPTY ?

IF YES~-SET ITPCK TO 1 AND GO QUTPUT SECTION THEN
GO To STEP 11 (BACKTRACK)

IF NO =~GO To STEP 7

3OOt O D

IF(NT) 1400,1400,138
1TPOKs1

JMAX =D

GD To 4200

STEP 7

>
B
&
=t

CAN EVERY cONSTRAIMT IN V BE MADE FEASIBLE BY ADDING
ONLY VBLS IN T ?

IF NO =SET ITPCK TO 4 AND GO 70 OQUTPUT SECTION, THEN
GO To STEP 44
IF YES~~G0 TO STEP 8

»Oonooaoaaaooond,

38 DO 148 I=q,MV

ITEMPRIV(D)

DO 145 Jsi,NW

IFCHCITEMP,J)) 145,145,158
150 SUMS(ITEMP Y =SUMSCITEMP)Y+W(ITEMP,» )
145 CONTINUE

IF(SUMS(ITEMP)+EPSY 152,140,140

ise IPRINT(34)=[TEMP

ITPeKE1

JHAX =8

GO To io00
49 CONTINUE

STEP 8

ADD TO § THE VBL IN T WITH THE GREATEST CQEFF, SUM,
GO TO QUTPUT SECTION,THEN GQ T0 STEP 2

[+ ROReEG RS RS ¥ o

JMAX=IT(1)

CSMAX=CS(UMAX)

IFINT=2) 156,146:146
146 D0 155 Js2,NT

JTEMpsIT()

IF(CS(JTEMP) ~CSMAX) 155,160,178
164 IFCCCJTEMPY~C(JMAX)) 178,155,155
172 JUAX2JTEMP

CSMAXSCS(JTEMP)
155 CONTINUE
156 CONTINUE

GCQ To 1g00
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157

(e Rs v Ee ReRe RerRe

n o
S
o

217
2158

G
218

1000
1910
1500
1550
1600

o
=
\J

ET oy Yy O30 O30y

CONTINUE
NS=NS#Hy
IS(NS) s MAX
NUMB=NUMB+1
GO TO 48

STEP 9

COMPLETE THE PARTIAL SOLUTION S BY SETTING TO ZERO ALl
VBLS NOT IN 8, THIS COMPLETED SOLUTION BECOMES THE
INCUMBENT SOLUTION X-BAR, AND THE VALUE OF THE 0BJ

FCN AT X-BAR BEGCOMES THE NEW VALUE OF ZBAR,

Do Eig J“i:N

IX(Jy=p

ZBARQQAW

0o 215 JB1,NS
JTEMPRIS(J)

IFCJTEMP)Y 21s5,215:217
IXCJTEMP) =4,
ZBAR=ZBAR+C(JTEMP)
CONTINUE

FEASIBLE SOLUTION ENCOUNTERED~--SET IFEAS TO 1 TO SAVE

IFEASaq
JMAXa g
CLIM=4,0
DD=g2.0

THIS SECTION IS THE OQUTPUT SECTION

INT=INTRVL,

ICK= (NUMB/ZINT) # INT-NUMB

IF(IcK) 155@,1013,155%

IF(VE “EQ.6) WRITE(Y1,1588) NUMB, (IPRINTC([),151,11), CIPRINTC)),
JE212,22) s CLIM, CIPRINT(K) ,K=23,33), IPRINT(34),JMAX,ZBAR
FORMAT(LX,13,2H #02(1113,2H #),F6,1,2H 4,1113,2H «,

2013,2H #),F6e1:/48X,0H#,2034X,1H#), 7X, 1Hu, 34X, 1H#, 204X, 1H%))
DO 1600 1=1,34

IPRINT(1) =0

CONTINUE

IF(IFEAS-1) 1605,30%,308

IFCITPCK=1) 157,308,300

STEP 11
ARE ALL ELEMENTS IN THE SET 5 NEGATIVE?

IF NOT~~LOCATE THE RIGHTMOST POS, ELEMENT IN S,
REPLACE 1T WITH ITS COMPLEMENT AND DROP ANY
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LTI OY O

225
ez2d

230
1508

1511
i5@9

isia
1812

QOO0 nn

ELEMENTS To THE RIGHT, THEN GO TQ STEP 2,
IF S0~«TERMINATE,

NEWS=NB

0o 22@ J31)NS

JIING=Jeq

IFCIS(JJ)) 225,225,237
NEWSaNEWS =1

CONTINUE

GO To 428

IS(JU)==18¢Jd)

NS=NEWS

IFCIFEAS~1) 1512,1508,1528
IFCITRCK~1) 1511,15812,1512
IF(S2=100UNT)Y 1512,1512,1509
ICOUNTSICOUNT+]
ISTEP(ICOUNT Y sNUMB

00 1518 Il=4sN
[SAVECICOUNT, IX=IX(D)
CONTINUE

[FEAS=0

[TPCKk=0

NUMB=UMBaq

GO TD 45

STEP 42

TERMINATE~~THE INCUMBENT SOLUTION, IF ANY, IS OPTIMAL,
IF NONE~~-THEN THERE 15 NO FEASIBLE SOLUTION BETTER THAN
THE INITIAL VALUE OF ZBAR,

IF(Yy JEQ., 6) WRITE(V1,1612)

FORMAT (1HZ)

IFCIX(1)~9) 1638,1615,1615

WRITE{(V1,1620) FZBAR

FORMAT(5X,'THERE IS NO FEASIBLE SOLUTION WITH A VALUE FOR

2 THE ORJECTIVE FUNCTION LOWER THAN',F7.1,', THE INITIAL
3 ZBAR VALUE.")

1630

16540
1729

1750
1760

18249
1772

GO To ogde
GO To ¢
D0 1708 I1=4,1COUNT
IF(V4,EQ,6) WRITE(Y1,1652) ISTEPCI), (ISAVEC(TJ),J=1, W)
FORVATf//,QX.'FEASIBLE SOLUTION, STEP’gI4;2X05®12)
CONTINUE
WRITE(YL,1770)
DO 1760 I=1,N
WRITE(VL,1808) 1.IX(1)
CONTINUE
FORMAT(18X, "X(',13,')=1,14)
FORMAT(//,108X%, ' THE ORPTIMAL SOLUTION [8')
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¢ WRITE(VY,1908) ZBAR | |
1980 FORMAT(//10X,'OPTIMAL VALUE OF OBJECTIVE FUNCTION =',F1Q,4)
C GO To 1

LY. RETURN
END
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3.7 25,0 20,0 18.0 17.@ 11,8 5,0 2.4
67,0

THE RESULTS FROM SENJU-TOYODA ARE

X¢ 4)= @

X¢ 2)s @

Xt 3= 1

X¢ 4)s &

X¢ 5)= 1

Xt 6= 1

X¢ 7)= 1

X( 8)= 4

X¢ 9= 1

X¢ 1@)= 1
THE VALUE OF THE ORJECTIVE FUNCTION 183 52,0080
THE TIME FOR SENJU~TOYODA KAS 17 MILLISECONDS

LV AVEVAVEVEAVENEVEVEVEVAVEVAVEVAVEVEVEVAVAVAVEAVS VA VEVEAVAFE VAV

THE RESULTS FROM IMPLICIT ENUMERATICN W/QUT BENJU-TOYODA ARE

X¢ )= @
Xt 2= 2
Xt 3)= i3
Xt 4= 1
Xt B5)= 1
X{ 6)= 1
X¢ 7= 1]
Xt 8)= 2
Xt 9)= 1
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X{ 18)= @
THE VALUE OF THE ORJECTIVE FUNCTION 1St 58,0040

THE TIME FOR BALAS W,/0UT SENJU-TOYDDA WAS 200 MILLISECOND®

VALYV Y VY VYRV E VN VEVEVEVEVEVEVEFEVEVE VA VE VA VEVA Y

THE RESULTS FROM IMPLICIT ENUMERATION WITH SENJU=TOYODA ARE

X
X
X
X(
Xt
X¢
X ¢
X¢
X¢
X ¢

(SR S S SRR A RS SRS

o oo o# s unny

s

THE VALUE OF THE OpJECTIVE FUNCTION 1St 58,000

THE TIME FOR BALAS WITH SENJU-TOYQDA WAS 184 MILLISECONDS
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27,8 18+ @ 17.9 15.0 15.8 12.9 5.2
30.2 25,2 20,0 18.8 17.0 11.8 5,0
80,2

THE RESULTS FROM SENJU-TOYODA ARE

X¢ 1)= 3

X¢ 2@= 2

Xt 3)s= 1

Xt 4)= 1

Xt B)= 1

Xt &)= 1

Xt 7)= 1

X( 8)= 1

Xt )= b

X¢ 10)= 3
THE VALUE OF THE OBJECTIVE FUNCTION IS% 67,0009
THE TIME FOR SENJU-TOYDDA HWAS 4 MILLISECONDS

LYY YRR Y Y Y RV AV RN S VY VYRV EVE NV EVEVAVEVEVEVE VEVE ¥/

THE RESULTS FROM IMPLICIT ENUMERATION W/QUT SENJUATOYODA ARE

X¢
X{
X(
X
X

X(
X(
X¢

OO D WOE
Al Ml Ml R Bl NP N P
8 0 3% 1 o u Hu o
o e ol Lo g

3.0

22

1.0
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X( 10)= 0]
THE VALUE OF THE OBJECTIVE FUNCTION ISH 68,000

THE TIME FOR BALAS W/QUT SENJU-TOYODA WAS 217 MILLISECONDS

WAVAVAVAVAVEAVEVEAVEYEVEVEVEVEVAVEYEVEVEVEVAVEVEVE VL VEFEVEVE V)

THE RESULTS FROM IMPLICIT ENUMERATION WITH SENJU=TOYODA ARE

Xt 1= @
X( 2)s 14
X¢ 3= 4
X¢( 4)= @
X( 5)s 1%
X{ 6)= 1
Xt 7= 1
Xt &)z 1
Xt 9)= @
Xt 1@)= @
THE VALUE OF THE OBJECTIVE FUNCTION ISt 68,008

THE TIME FOR BALAS WITH SENJU-TOYODA WAS 167 MILLISECONDS
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2@00 1,5-@ 170@ ‘1.5;25 ﬂ.sqg 1@;@ 5.@
32.2 25,8 20, @ 18:0 17,9 118 5,0
0.0

THE RESULTS FROM SENJU-TOYODA ARE

@ n sgnn

U un

x
~

I|WC O N AT D W

it R TR BT

>
-
>

THE VALUE GOF THE OBJECTIVE FUNCTION ISY 52.0%0

THE TIME FOR SENJU~TGOYODA WAS @ MILLISECONDS

A VAVAVEVEVEVEVEVEYEVANEVAVEAVAYEVEVEVEVEVEVEVEVE VA VAVAVE VA ¥

THE RESULTS FROM IMPLICIT ENUMERATION W/OUT SENJU-TQYODA ARE

Xt 1= g
Xt 2= g
X( 3J)= 1
Xt 4)= 1
Xt B5)e 1
Xt 6)= 1
Xt 7)= @
Xt 8)= 1
Xt 9= 1

3.0

1.0
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X( 18)= 1
THE VALUE OF THE OBJECTIVE FUNCTION IS 62,002

THE TIME FOR BALAS W/0UT SENJU-TOYODA WAS 247 MILLISECONDS

WWANA VA VYA VS VEVEVEVAFEVEVEVEYVEVEVEAVAVAVAVE VANV VEVEVE VAN

THE RESULTS FROM IMPLICIT ENUMERATION WITH SENJU=-TOYQDA ARE

Xt 1) @
Xt 2= ]
X¢ 3)s 4
X¢( 4)s 1
X¢ Bl= 1
Xt 6)s 1
X¢ 7)== 2
Xt 8= 1
X( %)= 1
Xt 18)= 4
THE VALUE OF THE OBJECTIVE FUNCTION 183 62,800

THE TIME FOR BALAS WITH SENJU~TOYODA WAS 152 MILLISECONDS
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30,0 25.0 20.8 18,9 179(5 114@ 5.0
60,4

THE RESULTS FROM SENJU-TOYODA ARE

X
X(
X(
X¢
X
X
X
Xt
Xt
X( 1@

it n n

O 00~ O U G O
B oo
RRASREP DS

#u uaun

THE VALUE OF THE ORJEGCTIVE FUNCTION ISi 52.028

THE TIME FOR SENJU-TOYODA WAS ¢ MILLISECONDS

WWANAVEA N VAVEVEVAVEVEVEA VA VEVAVAVAVEVEVAVAVAVAVA VA VAVAVEVE VAN

THE RESULTS FROM IMPLICIT ENUMERATION W/OUT SENJU-~TOYODA ARE

Xt 43= 2
Xt 2)F @
Xt 3= b
X(¢ A)= 1
X¢ 5)= 1
X¢ 6)= 2
Xt 7)= i
X( 8)= 2
Xt 9= @

3.2

1.0
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Xt 18)= )
THE VALUE OF THE OBJECTIVE FUNCTION 1S} 32,008

THE TIME FOR BALAS W/O0UT SENJU-TOYODA WAS 284 MILLISECONDS

AN VA NN VY Y AV VAV AV EVEVEVEVEVAVAVAVEYAVAVAVE VAV

THE RESULTS FROM IMPLICIT ENUMERATION WITH SENJU~TOYODA ARE

Xt
X
X
X¢
X
X<
X
X
X{(
X<

THE VALUE OF THE QRJECTIVE FUNCTION IS4 B2.00e

Y
™ O LN O UTD G TOR
"o au WMoty ou nn
N A P WUE R\

THE TIME FOR BALAS WITH SEMJU-TOYODA WAS 183 MILLISECONDS
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1.2 20 3.9 4.0
4.8 322 242 18 4,8
1.2 4.8 240 Ky 6,2

THE RESULTS FROM SENJU-TQYODA ARE

X{ )= @
Xt 21= @
X({ 3)= 1
X({ 4)= 1
THE VALUE OF THE OBJECTIVE FUNCTION 1S 7,800
THE TIME FOR SENJU~-TOYODA WAS 17 MILLISECONDS

L AVAYAVAVAVEVEVANEVEVAVAYAVAVAVEYEVAVAVAVAVAVAVAVAVAVA VA YAV

THE RESULTS FROM IMPLICIT ENUMERATION W/0UT SENJU=TOYODA ARE

Xt 1)= @
X 2)= v
X( 3= 1
X¢( 4)= 1
THE VALUE OF THE OBRJECTIVE FUNCTION ISH 7808

THE TIME FOR BALAS W/0UT SENJU-TOYODA WAS 83 MILLISECONDS
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i VANEVEAVEVE VRV EVEWEYVEYEYEVAVEVEVEVEYEVEVEVEANSVAVEVEVAVE VEVE ¥/

THE RESULTS FROM IMPLICIT ENUMERATION WITH SENJU-TQOYODA ARE

X¢ 1)s 4]
Xt 2)= 2
Xt 3= 1
¢ 4)= 1
THE VALUE OF THE ORJECTIVE FUNCTION IS} 7.200

THE TIME FOR BALAS WITH SENJU-TOYODA WAS 66 MILLISECONDS



Tmd 647
2.0 X0
1.9 4.0
2.9 6.2
7,0 4,8

4.9

3.8

748

6.0

118 6.0
12.0 15.8
2.2 11.9

THE RESULTS FROM SENJU-TOYODA ARE

X{ 4= 1
Xt 2= 2
X¢ 3= 5
X( 4)= 1
THE VALUE OF THE OBJECTIVE FUNCTION ISi 8,000

THE TIME FOR SENJU-TOYODA WAS

17 MILLISECONDS

VANV VEVEYEY Y YR VAV YRV EYEYVE YRV EYEVE VA VEVEVEVEVEVEYEYE W

THE RESULTS FROM IMPLICIT ENUMERATION W/QUT SENJU-TOYODA ARE
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THE VALUE OF THE OBJECTIVE FUNCTION ISH 8,080
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THE TIME FOR BALAS W,/QUT SENJU-TOYODA WAS 199 MILLISECONDS

L VANE VA NE N UEYEYE NSV EVEVEVEAVEVEVEVENEVAVEVEVEVEVEVEVENEVE VAN,

THE RESULTS FROM IMPLICIT ENUMERATION WITH SENJU=TOYODA ARE

Xt 1= 1
Xt 2)= @
X( 3= A
X( A= i
THE VALUE OF THE OBJECTIVE FUNCTION ISt 8.000

THE TIME FOR BALAS WITH SENJU-TOYODA WAS 67 MILLISECONDS
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1.2
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5.9
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14,0

3.9

THE RESULTS FROM SENJU-TOYODA ARE

Xt 1)= 1
Xt 2= i
Xt 3)= @
Xt 4)s i
THE VALUE OF THE OBJECTIVE FUNCTION 1S 7,808

THE TIME FOR SENJU-TOYODA WAS

O MILLISECONDS

VANV NV Y RV EVE VYRV VEAVEVEVAVEVE VWAV VEVEVE Y,

THE REBULTS FROM IMPLICIT ENUMERATION W/QUT SENJU=-TOYODA ARE
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THE VALUE OF THE OBJECTIVE FUNCTION ISt 7,208

THE TIME FOR BALAS W/QUT SENJU-TOYODA WAS 446 MILLISECONDS

LWANE VAV VAVEYVEVEVEYEVAVEVEVEVEVEVAVEAVAVAVAVEVAVAVAVAVAVE V& V)

THE RESULTS FROM IMPLICIT ENUMERATION WITH SENJU-TOYODA ARE

Xt 1= 1
X( 2= @
Xt 3= Y]
X( 4)= 1
THE VALUE OF THE OBJECTIVE FUNCTION ISi 7,009

THE TIME FOR BALAS WITH SENJU-TOYODA WAS 83 MILLISECONDS
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THE RESULTS FROM SENJU-TOYODA ARE
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THE VALUE OF THE OBJECTIVE FUNCTION IS 3800.000

THE TIME FOR SENJU-TOYODA WAS 16 MILLISECONDS

L ANAVANE Y ANE YAV AV Y VA VAVAYEAYAYAVAVAVAVE VANAVAVAVAVAFAVE VA V]

THE RESULTS FROM IMPLICIT ENUMERATION W/0UT SENJUATOYODA ARE

Xt 1)= 2
X( 2= 1
X¢ 3)= 1
Xt 4)= 2
X¢ %)= a
X¢ 68)= 1

THE VALUE OF THE OBJECTIVE FUNCTION IS 3800.%09

THE TIME FOR BALAS W/0UT SENJU-TOYODA WAS 184 MILLISECONDS

AN VAN YRR R Y RV VEVAVE YRV VRV EVAVEYENEVEVEVEVEAVEVE VAV

THE RESULTS FROM IMPLICIT ENUMERATION WITH SENJU=TOYODA ARE
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THE VALUE OF THWE OBJECTIVE FUNCTION 1Si 38pe,020

THE TIME FOR BALAS WITH SENJU-TOYODA WAS 134 MILLISECONDS
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THE RESULTS FROM SENJU-TOYODA ARE
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THE VALUE OF THE OBJECTIVE FUNCTION ISt 2. 820

THE TIME FOR SENJU-TOYODA WAS 17 MILLISECONDS

ANV AVA VAN Y VY A VA A VA VA YA VAV VA VAV VAVAVAVE VAVAVAVE VA NS

THE RESULTS FROM IMPLICIT ENUMERATION W/OUT SENJU-TOYODA ARE

P N R e i e
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THE VALUE OF THE OBJECTIVE FUNCTION 18% 2,090

THE TIME FOR BALAS W/0UT SENJU-TOYODA WAS 333 MILLISECONDS
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THE RESULTS FROM IMPLICIT ENUMERATION WITH SENJU~-TOYODA ARE
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THE VALUE OF THE ORJECTIVE FUNCTION 1St 2000

THE TIME FOR BALAS WITH SENJU-TOYODA WAS 120 MILLISECCNDS
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THE RESULTS FROM SENJU-TOYODA ARE
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THE VALUE OF THE 0BJECTIVE FUNCTION 1S 5,000

THE TIME FOR SENJU-TOYODA WAS 7 MILLISECONDS

LVAVA VA VAN VAV VRV VEVE VA NEVEANEVEVEVEVEAVAVEVAVEVAVAVEVE VAV

THE RESULTS FROM IMPLICIT ENUMERATION W/QUT SENJU-TOYODA ARE

Xt 1= 2
Xt 2= i
Xt 3)= @
Xt A4)z 1
X¢ B5)= 2
Xt 6= 1
Xt 7= 2
Xt 8)= 1
X 9= i
X{ 103 = ]
THE VALUE OF THE OBJECTIVE FUNCTION 1S} 5,002

THE TIME FOR BALAS W/0UT SENJU-TOYODA WAS 3.5 SECONDS

AN EVAVANAYEVEYE Y EVEVAVEVAVEVAVEVEVEVAFAVAVEVAVEVAVA N VE VAV

THE RESULTS FROM JMPLICIT ENUMERATION WITH SENJU~TOYODA ARE

Xt 1= %)
X( 2)= 1
Xt 3)= 4
X{ 4lr 1
X{ S)= 2
Xt 6)= A
Xt 7)% @
Xt 8)= 1
Xt %)= 1
Xt 18)= 2
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THE VALUE OF THE OBJECTIVE FUNCTION ISt 5.@20

THE TIME FOR BALAS WITH SENJU-TOYODA WAS 3.2 SECONDS
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THE RESULTS FROM SENJU=-TOYODA ARE
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THE VALUE OF THE OBJECTIVE FUNCTION IS} 8336,900

THE TIME FOR SENJU-TOYODA WAS 47 MILLISECONDS

NAVAVANANA VY EVEVEVEVANEYE VA VEAVAVEVEVAVAVAVAVAVEVAVAVAVE VAV

THE RESULTS FROM IMPLICIT ENUMERATION W/QUT SENJU-TOYODA ARE

X¢
X ¢
X{
Xt
X
X¢
X
X

OOV D N
TRl Tl Ml T N Bl Nl N
"N oo uon
PERESAR RS



T-166G7

Xt 9= @
X( 1= 1

THE VALUE OF THE OBJECTIVE FUNCTION ISi 8706,100

THE TIME FOR BALAS W/0UT SENJU-TOYODA WAS 366 MILLISECONDS

LVAVAVENAFENEYVEYEVEYEVEAVEVANEVEAVEVEAVEVAVEVE VEVEAVEVEAVEVEVEVE Y]

THE RESULTS FROM IMPLICIT ENUMERATION WITH SENJU~TOYQDA ARE

x
L)

¥ RN, NEC I NPXR PR

Bl A Nl il Bl Nl Tl Nkt Wl

na an6u 8 anan

IR R RS EREN SEE )

x
-
[
=
e

THE VALUE QF THE OBJECTIVE FUNCTION ISH 8706,100¢

THE TIME FOR BALAS WITH SENJU-TQYODA WAS 333 MILLISECONDS
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THE RESULTS FROM SENJU-TOYQDA ARE
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THE VALUE OF THWE OBJECTIVE FUNCTION ISH 3760.0822

THE TIME FOR SENJU-TOYOQODA WAS 33 MILLISECONDS

WAV VA VANA SV EYEYEY VA VA VEVAVEAVE VAV VAV VAVEVAVEVAVAVAVEAYAYS

THE RESULTS FROM IMPLICIT ENUMERATION W/OUT SENJU-TOYQDA ARE
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X LI1= 1
Xt 2= 1
Xt 3= 4]
X¢ 4)= 1
Xt 5)= 5]
X¢ &)= %
X¢ 7)= b
X¢ 8)= @
Xt 9= 1
X¢ 10)= 1
X¢( 1)+ @
X¢ 12)= 7
X( 13)= ]
Xt 14)= 1
Xt 18)= 1

THE VALUE OF THE OBJECTIVE FUNCTION IS 4815,400

THE TIME FOR BALAS W/QUT SENJU~TOYODA WAS 2,5 SECONDS

\VAVEVENEYE VYRV YV VEVEVEVAVEVEVEVEVEAVEVEAVEVEVEVAVEAVEANVE VAV

THE RESULTS FROM IMPLICIT ENUMERATION WITH SENJU-TOYORA ARE

X¢ 1)= 1
X¢ 2i= 1
Xt 3= %]
¥t 4= 1
Xt %)= @
Xt &)= 1
X( 7= 1
X{ 8i= 7
Xt 9)= 1
X( 1¢)= 1
X( 11)s= i
X( 12)= @
Xt 131= @
X( 14)= 1
X 15)= 1

THE YALUE OF THE OBJECTIVE FUNCTION ISt 4015.080

THE TIME FOR BALAS WITH SENJU~TOYQDA WAS 2.3 SECONDS
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THE RESULTS FROM SENJU~TOYODA ARE
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X( 14)=
X¢ 18)s
X( 16)=
X( 17)=
X( 18)=
X( 19)=
X( 28)=

P SR o e TP E)

THE VALUE OF THE ORJECTIVE FUNCTION ISt 6018020
THE TIME FOR SENJU-TOYODA HWAS 33 MILLISECONDS
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THE RESULTS FROM IMPLICIT ENUMERATION W/OUT SENJU-TOYODA ARE
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THE VALUE OF THE OBJECTIVE FUNCTION ISt 612@,000

THE TIME FOR BALAS W/OUT SENJU-TOYODA WAS 34,8 SECONDS
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THE RESULTS FROM IMPLICIT ENUMERATION WITH SENJU-TOYODA ARE
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THE VALUE OF THE OBJECTIVE FUNCTION 1S4 6120,222

THE TIME FOR BalLAS W1TH SENJU-TOYODA WAS 32,4 SECONDS
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