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CHAFTER 1

INTRCDUCTION

Problem Definition

A popular class of problems in Operation Research consists of
those which possess combinatorial characteristics. Characterized mainly
by the achievement of particular arrangements or ordering of elements
into sets, combinatorial problems have long been ameng the most trouble-
somz from a computaticnal view. As such, many problems of practical
size remain veoid of solution even in the present day of powerful and
accessible computing machinery.

This thesis is concerned with a.well known combinatorial problem
as well as certain of its related models. In particular, a problem of
vehicle delivery is studied such that an approach to its solution is
formulated. In addition, specizl cases of the delivery problem are
addressed among which is the celebrated traveling salesman problem.
Following, fundamental aspects and definitions of the primary problem
are addressed, as are relevant assumptions which lead to the related
problems. A pertinent literature review is presented and, finally,
the general corganization of the thesis is presented.

The general problem has been considered frequently in the
iiteravure and is known as the vehicle scheduling problem, the trans-
portation routing problem or even the truck delivery problem. Simply

stated, the problem is one of routing a fleet of vehicles of known



capacities from a central "depot" or terminal to a set of demand points
and back to the terminal. The merchandise 1s homogeneous, the shortest
route between every two points is given and the demand for each point
is assumed known, The objective is to allocate locads to trucks in
such a way that all merchandise is delivered and the total distance
traveled is a minimum. No restriction is placed upon the time or
interval in which the demand must be serviced.

Manifestations of the dellivery problem are common. One example
wotld be the daily delivery of bread from a bakery to retail stores;
another would be the delivery of fuel oil to gas stations. In addition
closely related problems, such as the determination of the smallest
number ¢f vehicles required to meet a given demand, efficient use of
an alrplane fleet to meet the daily schedules, garbage collection,
taxi fleet utilization and police patrol car deployment could all
benefit from analyses dealing with the so-called "delivery problem”.

It is also of interest tc note that the delivery problem is a
generalization cof two other well-known problems. If one assumes that
the demand of all customer is equal to one and that vehlcle capacity
is k units (k < n), then the multi-salesman problem results. Con-
tinuing, suppose that vehicle capacity is at least as large as to
total demand. In such a case, the ordinary traveling salesman‘problem

results.

Literature Review

In recent years, the transportation routing problem as well as

its special cases mentioned above, has attracted the attention of many



researchers. As a consequence, numercus appearances in the literature
have resulted. A survey of the meaningful work follows, organized
according to the approach taken: (1) Integer Linear Programming,

(2) Dynamic Programming, (3) Branch and Bound, and (4) Heuristic.

Integer Linear Programming

Integer linear programming is one of the exact solution procedures
that has been frequently used to model combinatorial problems. Ferhaps
the first appearance of such a procedure relative to the delivery pro-
blem was by Balinski and Quant [3]. In essence, a version of Gomory's
cutting plane method [17] was employed. Alternately, CGarving, Crandall,
John and Spellman [1L4] gave an entirely different linear programming

formulation for the problem. Consider the following:

Yiju = number of unit shipped from 1 to j defined for %k,
Dk = demand at k, xij = number of truck runs from 1 to
g = truck capacity,
C = distance from i to j (cost)
(1) ;Yijk=zrjuk ¥3,kand £k
1 K
(2) v, =Dk, ¥ X
i .
(3) B EY 4 =Dy
k J
(1) Y., = quantity that arrives at j from all points destined

ijk
for k



Yiuk = sum of what leaves j for all points detined for k
{must be equal since no accumulation at j for k)

(2) Wnat arrives at k destined for k = demand at k

(3) What leaves warehouse - total demand

If a truck enters J it must leave j and only one truck will

serve
XK,,=3xX, =1 X,,=00r1l
g 1 u J¢ lJ

Capacity constraeint on trucks
TV, 5 S 8Xi,] ¥i,J 147

x Y

The objective function is Min: ¥ ¥Cij XiJ
i3]

This formulation requires on the order of n3 variables and n2 constraints,
for n = 10 this gives 1000 variables and 100 constraints which is clearly
impractical. Relative to the special case of the traveling salesman
rroblem, a well known integer program of Miller, Tucker and Zemlin [26]

can be given as follows:

n n
Min Z=73% £ dij Xij
i=1 j=1
ST.
n
¥ Xij=1 j=1,2 n
i=1
n
T Xij=1 i=1,2 n

J:]_.



¥i - ¥j + nXij £ n - 1 1 % jand i, j £ IO(IO =1)
Xij =0, 1 1]

Where:
Yi, i=1, . . . n are arbitrary numbers

1 if the salesman travels directly from city i to ecity J

*1j = 0O otherwise.

dij direct distance from city & to city j.

!

For large values of n (the number of cities) this formulation becomes
unwieldy. Indeed, few traveling salesman problems are solved by
integer programming.

Dynamic Programming

Using dynamic programming, an optimal solution to the trans-
portation routing problem can be developed by reducing the problem to
that of finding the shortest path throug a network. The solution
algerithm is a modification of the cne stated below and ls discussed
in reference [34].

The use of dynamlc programming as approach to solving the travel-
ing salesman problem has been suggested by Bellman [4]. In hils formu-
lation, the home base or start of the tour can be defined as any city,
gsay city 1. Suppose at some stage in an optimal tour starting at
city 1, e¢ity i has been reached and there remaln k cities jl, 32 .
jk to be visited before returning to 1. Then, it 1s clear that if the

tour is to be optimal the path from i1 through jl, jg, in scme

.Jk



order and then to 1 must be of minimal length. Consider the following:

c(i; 315 dpo - - - jk) = the length of a path of minumum
length from i to 1 which passes exactly once through each

of the remaining k unvisited cities jl’ je, e e jk'

Thus, C{1; 2, 3, . . . N) and the path that has this as its length,

constitutes a solution to the problem. Now,
C(i3 395 « - - » dy) S ARG + C3 dys pp « - -5 I g

jm+l,...jk) m=1l,2, ...k

By the definition of C(i; 31, Jp» « - 5 Jy):

C(L3 395 « - - Jy) =min {dij +C(I5 3y - -+ 5 d 1o

Jm"'l’ ‘3 jk) }

for k=1
C(i; Jy) = dij; + 43,

The last two edquations are applied recursively to solve the problem.

As is often the case, the dynamic programming approach requires a great
deal of storage. Consequently, its use on large problems is limited
if not Impossible altogether.

Branch and Bound

Branch and bound is essentially a tree- search in which each

branching of the tree from a node represents a partitioning of the set



of all possible sclutions into those that contain a particular link
or city-pair and those that dc not. Associated with each node thus
formed is z number which is a lower bound on the cost of any solution
involving the decision at that node. The branching process continues
until a complete solution is found whose cost is less than or equal
to the lower bounds of all other "unbranched from" nodes, regardless
of their level in the tree. One of the earliest studles dealing with
branch and bound was carried cut by Little [25] such that a landmark
algorithm for dealing with the traveling salesman problem resulted.

An extension of Little's approach was developed by Hayes [18)]
in order to treat the delivery problem. It was reported however, that
the method appears to be unsuitable for solving problems of even
moderate size (greater than fifteen customers).

Another exact technique to date is that developed by Svestka
and Huckfeldt [31]. Their procedure is designed to solve the closely
related m~-traveling salesman problem. The procedure first solves g
related assigrmment problem using a modified transportation algorithm
of Ford and Fulkerson [13]. If the solution to the modified assignment
does not satisfy the conditions of the m-salesman problem, a restriction
is imposed upon the cost matrix, say D. These restrictions prohibit
the formation of the previous solution but do so without prohibiting
any feasible solution. In this method the assignment problem is
solved successively until all conditions are satisfied. Forming a
branch cof a sclution tree with the sequence of assignment problem a
branch and bound technique is used to guarantee optimality. In (317,

the foundation for the branch and bound scheme is from a development



by Bellmore and Malone [5]. However, the formulation, the initial

tour generation, and the generalization of the algorithm to the m-
gsalesman case are original. Due to the generalization, the branching
is not quite the same as the Bellmore and Mallone scheme for any number
of salesmen. As with the most branch and bound schemes, computation
time increase exponentially with the number of cities, However, the
algorithm matches the computatiocnal times of Bellmore and Malone in
the one salesman case. Further it is reported that the inclusion of
more than one salesman dees not make the problem more difficult; and
in fact reduces computational effort.

A slight variant of the spanning tree problem was used by Held
and Karp [19] to solve the related traveling salesman problem. It is
shown that a minimum-weight l-tree can be found by constructing a
minimum spanning tree on the vortex set {2, . . . n} and then adjoining
two edges of lowest weight at vortex 1. This is important because
every tour is a l-tree, and 1-tree is a tour if and only if each of its
vortices has degree 2. Therefore, if a minimum-weight l-tree is a
tour, it is the solution to the traveling salesman problem. Held and
Karp introduce a "gap" function f(m) equal to the amount by which the
cost of a minimum tour with respect to the weights cij + ni + mj exceeds
the cost of a minimum l-tree with respect to the same weights: Thus,
f(m) is a non negative function that measures the size of this gap,
and assumes the value of O at its minimum when it is possible to
obtain a minimmm l-tree that is a tour. The problem is left to minimize

f{n). One of the approaches used to minimize that function was branch



and bound, using as a fundamental element the concept of an out-of-
kilter vortex. No computer computation with the branch and bound
method was reported.
Heuristic

The inability of the optimal-seeking procedures to solve reason-
ably sized traveling salesman problems and truck delivery problems in
a feasible amount of time has necessitated the development of alter-
native methods which take the form of heuristics. The earliest such
paper on the delivery problem was published by Dantzig and Ramser [10]
in 1959. In the procedure each customer is first assigned a route
for itself. Aggregation into pairs is then performed meking use of
the distance matrix to detect likely links, based on the proximity
of any two particular customers. If a link is formed and subsegquently
seems disadvantagecus, it may be broken and a new cne found. Once
this aggregation has been achieved, a new distance matrix if formed
using the aggregation in a manner analogous to customers in the
previous step. This process continues until all aggregations are
completed. At the first stage of aggregation no pairing is allowed
which results in a combined demand greater than (C/2)N"l where N is
the total number of stages which will be required. Cbserving this
constraint in the first stage allows all further aggregations ‘to be
made without concern for the capacity constraint.

The method of selection for the joining of points does not
guarantee optimality, but the technique has served as basis for many
heuristic sclution procedures existing currently.

In an effort tp construet improved solutions to the delivery
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problem, Clarke and Wright [6] developed a heuristic algorithm which
in some respects is quite similar to Dantzlg and Ramser's. Clarke
and Wright start with each customer assigned a route of its own.
Routes are then combined by maximizing the "savings" achieved by
Joining two of these routes (always subject to the capacity constraint).
The final solution is then built wup by successive recombination of
smaller routes and single customers. This procedure will be discussed
in Chapter II and IIT in greater detail, since it is used as a basis
for this work.

Tillman and Cochran [327] extended the work of Clark and Wright
such that a "look-ahead” procedure was developed. They chose the arc
to be added as that link which allows the second best to be chosen
go that the sum of the two is largest. This could be extended to a
look-ahead depth of three or more.

Gaskell [15] also proposed z modification of Clarke and Wright
method. He suggested changing the calculation of savings to give more
consideration to unusual Cij's. His savings are calculated as one of

the below:

A\ij = 815 (C + |Coi - Coj' - Cij)

mij = Sij - Ci]

Where C = average value of all C_;+ The remainder of the procedure
is the same as Clarke and Wright,
Christofides and Eilon [9] took a somewhat different approach.

Their "r-optimal"” procedure was based upon work done by Lin [23]
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concerning to the traveling salesman problem. This approach starts

with a feasible sclution and tests perturbation to cbtain r optimality.
If r = 2, each pair of arcs are examined to see 1f they can be replaced
by another pair of arcs such that the routes are still feasible and
more economical. This procedure can be used with any of the other
heuristic procedures since i1t does require an initial feasible solution.
They report, in general, an improvement in the solution quality, but

at expense of greater pomputation time,

A recent paper bleewtcn and Thomas [28] has employed yet
another solﬁtion approach to the delivery problem. The method consists
of finding a solution to the traveling salesman problem having the same
cost matrix and then partitioning the one traveling salesman route
into individual truck routes which conform the capacity constraints.

In Chapter III the weakness of this approach is demonstrated.

The moét recent extension of the Clarke and Wright procedure
has been done by Holmes [217]. He points out that the selection of
pair for joining entirely on the basis of savings may cause vehicles
to be loaded at substantially low capacities, or it may prohibit pair
Joining at later stages which would otherwise result in greater total
savings. The suggested improvement is to "suppress" the joining of
certain demand points that alone yield high savings, but which affect
adversely subsequent joinings. This methed has proved to be compu-
tationally desirable in that solutions of good quality are attained
for problems of relatively large size. This approach is shown in
Chepter IT to be suitable for a heuristic solution to the traveling

salesman problem,
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Relative tc the traveling salesman problem, a number of heuristic
solutions have been proposed. Karg and Thompson [22 ] propesed an
approach utilizing a shortest path distance matrix. This matrix is
then used to generate an optimal or near optimal route. Ashour, Vega,
and Parker [l] presented an algorithm which in essence is a branch and
bound approach without backtracking. Several ramifications in the
algorithm, such as the application of two depth lock-ahead rule, a
modified regret function, and a saving function were attempted. The
algorithm provides solution with good quality in a feasible amount
of computér time,

Most recently, Lin and Kernigam [24] proposed a heuristic method
that has proved to be one of the most successful to data. However,
the method is good only for symmetric problems., It uses the same
interchange philosophy as do many of the heuristics and employs a
rationale very similar to the r-optimal concept. Basically, the
procedure starts with a pseudo-random solution and continues the
solution until no further improvement is avallable. It does this
iteratively, however, so that it is similar to r-optimal bur r is not
fixed. The key to the success of the procedure is the following
theorem.

"If a sequency of number has a positive sum, there is a cyclic
permutation of these number such that every partial sum is non
negative'". This allows the procedure to consider only seauences of
interchanges whose partial sum of the gains is always non negative,
Computational experience is reported as very good. On small problems

(up to 42 cities) the probability of obtaining an optimal solution is
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cloge to one.

Organization of Study

This research deals with two extensions of the Clarke and Wright
procedure. The first is developed in order to treat the classic,
Euclidean traveling salesman problem and the second to treat the delivery
problem. Chapter IT is concerned with the traveling salesman problem
such that an algorithm is discussed and presented. Sultable experience
with the algorithm is given. Chapter III deals with the delivery pro-
blem. A detailed description of the method developed for its solution
is given, including a computational statement of the algoritlm. Again
computational experience is provided. Finally, Chapter IV presents a
summary of the applicability and competitiveness of the two approaches,
relative to sclution quality and computational effort. Areas for

improvement and extensions are discussed.
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CHAPIER IT

A HEURISTIC ALGORITHM FOR THE TRAVELING SALESMAN FPROBLEM

Introduction to Holmeg' Algorithn

An algorithm is presented in this chapter which is based,
fundamentally, upon previous work relative to the delivery problem [21].
In essence, an approach is pursued which is based upon the notion of
savings [6] coupled with a specific solution disturbance scheme which
has been shown previously to be effective in achieving solutions of
good quality without great expenditure in computational effort. Conse-
quently, the basic concepts of the previous algorithm are diScussed
after which its formalization is specified, domonstrated and tested
relative to use for the special case of the traveling salesman problem,

A recent piece of research by Holmes [21], itself based on the
previous work of Clarke and Wright [6], was devoted to the development
of a functional algorithm for the vehicle scheduling problem. While
the current chapter is concerned with the special case of the traveling
salesman problem, the terminclogy of a truck delivery problem will be
maintained while presenting certain basic concepts. Consider a
feasible allocation of trucks to demand points shown in Figure 2.1(a).
The demand points P(1) and P(2) are initially linked only to the
terminal point P(0). Two trucks, each traveling from the terminal
point to a demand polnt and back to the teéminal point, are allocated

to haul the loads required by the demand points.
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(a) (b)

Figure 2.1. Demand Point Before and After
Being Joined on a Route

The total distance traveled in Figure 2.1(a) is:

D=dgy *+dytdy +dy,

However, linking the two demand points P(1) and P(2) on a route and
removing links from point P(1) to the terminal and from the terminal
to point P(2), results in a single route shown is Figure 2.1(b). The

total distance now becomes:

Dt =dy) *dyp + dy,

The two solutions depicted differ in cost by an amount, say AC such

that

=17 - Dt = - -
AC =D - D' =dy +djy T dy Ty, - dy - dyy

K=dyy*+dp * a5

If AC > 0, then there is realized a reduction in distance by combining
the two demand points onto a single route. Note further, that in

routes of both figures, directionality is maintained since 1n the
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current work, symmetric as well as non-symmetric problems are
considered.

The notion of savings is simple. Joining two polints on a route
will reduce the total cost regquired to service the points by an amouﬁt
equal to the savings associated with the two points. Thus, the total
cost after joining two points is equal to the total cost before

joining, less the saving of the joined pair. That is:
Cost (after) = Cost (before joining) - Total Savings

This relation is true for each pair of points joined. It must then
be true that the final solution is equal to the initial solution cost
less the sum of all savings, which 1s obtained by joining pelints in

the sclution, That is

n n
Cost (final) = Cost (initial) - £ ¥ 8i,j Xi,j ]
i=2 j=2

The same relation between initial and final cost holds for any solution.
Thus, for the optimal solution it must be true that the total savings
is maximized. A procedure suggests itself then such that all possible
savings are calculated and tabulated in a matrix, after which pairs
of the maximum savings feasible with respect to truck capacities are
successively jolned. This process continues until all possible
joinings are made.

The above scheme is basically the procedure of Clarke and
Wright. Holmes, among others however, has identified one of the major

weaknesses of this methoed. It can be observed that in many optimal
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solutions, a pair of points selected for Joining by the Clarke and
Wright procedure do not appear at all. It has been pointed out that
selection of a pair for joining entirely on the basis of savings might
prohibit jeoinings at later stages which ultimately result in greater
savings.

To help overcome such a drawback Holmes suggested the suppression
of certain 1links that alone yield high savings but which in the long
run adversely affect subsequent Jjoinings. The suppression netion can
be summarized as follows: The problem is first solved using the basic
solution procedure (Clarke and Wright), keeping a list of the order
in which each jolning was made. The first joined pair in the current
soluticn is then suppressed and the modified problem solved again by
the original procedure., If an improvement is obtained, the new
golution is saved and the procedure continues, suppressing the first
link of the new sclution. If no improvement is obtained, the current
suppression is neglected and the next Jjoined pair is suppressed. The
process continues until a predetermined number of successive suppres-
sions yields no improvement or when all links in a current solution
have been suppressed with no improvement. Helmes reported that in

large problems, a maximum of five suppressions was found to be effective.

A Bavings Procedure for the Traveling Salesman Problem

The solution to the traveling salesman and the transportation
routing problems are very similar as both require a tour (or tours)
passing through every city (demand point). Consequently, many solution

procedures for the transpertation routing problem are based on the
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traveling salesman solution procedures. As suggested earlier, the
traveling salesman problem can also be treated as a special case of
the delivery problem. Such an apprcoach is taken in this chapter.

Attempts to apply the savings method of Clarke and Wright to
the traveling salesman problem, have been reported in the literature
as unsuccessful [1]. Reasons suggested for such a conclusilon are:
(1) savings are fixed in value throughout the problem solving pro-
cedure (this means that‘there is no sivings Pp dated to remaining
links after a decision is made), (2) the existence of the depot as a
fixed locafion for reference is too restrictive to evaluate savings
and, (3) theoretically, there exists a different solution for every
city used as a central "depot". Assuming that one randomly selects
a city as a depot and applies the savings approach, experience in this
research tends to substantiate the above claims. A potential allew
viation to such drawbacks is formulated.

For problems of small size, say 10 points or less, a selection
of a specific point (or points) as depot appears to be of little
consequence. In fact, the application of the saving scheme with
solution perturbation (suppression) yielded cptimal solutions with
extreme frequency in such cases. However, as problem size increases
a considerate choice of point(s) for the assumed depot becomes more
important. Such criticality is evident in the necessity to achieve a
"good" solution with reasonable effort where the latter cannot be
affected, for example by simple specification of every point as a

depot, application of the algorithm n times (n points) and selection
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the best solution,

Suppose, under the assumption of Euclidean distances, that the
points to be selected for the salesman itenerary are plotted on two
coordinate axes. TFurther, let the centroid or center of mass be

given by (x; y) such that

I . .
;{=Z}£}.-§-_.E.E:

oS R S
Selection of the point nearest the centroid (or sets of points within
some regiop near it) and specification of it as the depot which services
the other n-1 points, might yield good results. After solution of
four well-known test problems with n = 25, 33, 42, and 57, such a
notion has proven relatively worthy. Specific results are given

subsequently.

Computational Algorithm and Sample Problems

The original computational solution procedure given by Holmes
will be repeated here with the modifications introduced to treat the
traveling sazlesman problem. It should be mentioned that the algoritim
is specified for symmetric problems, but it can be used for others -
neglecting the notion of using the centroid to determine "depots™.

Step 1 ~ Initialization

1.1 Construct an initial cost matrix C, such that C = [Ci,]]
for all points 1, j.

1.2 1Initialize a suppression counter L at 1, and the maximum
suppression number, L'

1.3 Compute the centroid such that
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end specify a set of cities S, nearest (x; y) where IS‘ =1,
1.4 Take the first city in 5 and initialize a counter s at 1.

1.5 Change the cost matrix such that

Ci; ~ Cij* ¥

Clj «~ Ci*j ¥3

"*¥'" will represent a city in the set "S". Proceed to step 2,

Step 2 -~ Construct the saving matrix and the initial solution,

2.1 Compute Si,J such that

Si,j=Cil+C1j-0Cij #1i, j=2,3, .. .nand i % J
Let 31, =0 foralli=]
and set 8i,1=851,j=-1 ¥i, j=2,3, .. .n

2.2 Compute the cost of the initial sclution such that

n n
K= ¥ Ci,l+ ¥ Cl,j
i=2 3=2

Step 3 - Determine a candidate pair

3.1 Pind the ordered pair (i, j) with the greatest feasible

savings such that

S1,j = T2X_ rg1j]
3= 115 B
Where (I, j) is defined over all ordered pair such that Si,1 = Si;j # 0

3.2 If S{; 3 = 0 go to step 5
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Step 4 - Join the points i and j on a route

4.1 If niether of the points is on a route construct a new
route z and proceed to step 4.5.

4.2 If one of the points is on a route, say 2z, join the unassigned
point to z proceed to step L4.5.

4.3 If both points are on a route subtour is formed. Set S£;5 =
0; return to step 3.

4.4 If both points are currently assigned to routes u and v
Jjoin both routes into one route z.

L.5 .Compute the new solution cost such that K+~ K - s{;ﬁ. Make

the necessary up-to-date to the saving matrix such that

Return to setp 3.

Step 5 - Save the best solution

5.1 If this is the first sclution, maintain the cecst K', such
that K' = K. Keep all routes and the order in which points were
joined. Proceed to step 6.

5.2 If this is not the first solution and K < K', set K' = K,
L=1, and ST:3 = O in the matrix of step 2.1. Note that (T, J) is
the pair just suppressed and further, that (%, J) remains suppressed
in all subsequent solutions. Go to step 5.k4.

5.3 It K=2K' let L~ L + 1.

5.4 Maintain the routes formed and the order in which points

were Joined.
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Step 6 - Suppress specified pairs

6,1 If L < L', suppress the pair of points joined next in the
current best solution, say (i', j') such that $i;j'= O in the matrix

of step 2.3 and return to step 3.

6.2 If L= L' or if all pairs in the current solution have been
suppressed, terminate at the current lteration. Proceed to step 7.

Step 7 ~ Different cities as a depot

7.1 If s < |¥|, let s = (s + 1). Take the next city from the
set § and return to step 1.5.
T.2 Ifs = |§|, terminate the procedure and select the best

solution from the entire group generated.

Sample Problems

To illustrate the above computational statement, a small
Euclidean problem presented by Karg [22] will be used.
Table 2.1. OCriginal Cost Matrix Table 2.2. Cost Matrix

Using City (2)
as a Depot

2 3 L4 5 2 3 4 5

1 30 [26 |50 |40 1. 30 |2k ko |50

2 |30 o2k |40 |50 2 (30| 0]26 |50 [L4o

c(l) = 3 |26 (24| O |24 |26 c(2) = 3 (24 |26 | 0o |24 |26
4 |50 (k0|24 [ O {30 L ko f50 |24 | 0 |30

5 J4o (50|26 [30] O 5 |50 (40|26 [30 | ©
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Step 1:

The original ccst matrix is given in Table 2.1. In this smsll
problem ]§| = 5. City (2) will be considered as a depot. 1%, j* = 2.
The new cost matrix to be used 1s depicted in Table 2.2,

Step 2:

From the cost matrix (Table 2.2), the saving matrix can be
constructed as shown in Table 2.3. Note the computation of entry
Sh-5 for example: 8k-5 = Ch;1 + C1;5 - Ch-5 = Lo + 50 - 30 = 60. All
Si;1 and S1;J are set at -1, The cost of the initial solution is
simply the sum of the elements in he first row and the first column,
in thls case, both are the same, so it is only necesssry to multiply
the row (column)} sum by 2. Hence, X = 2 x 14l = 288,

Step 3:

The maximum element in S is found to be SH-B with a savings of
60. It is important to mention that the algorithm searchs through
row by row the 55;3 , and in Fuclidean problems or in the case of tie,
in general, the computer will take the first value found.

Step L:

Since neither of the points are on a route, a route is constructed
and the points are Jjoined. The matrix saving is up dated such that:
Sh-5 = =13 SM;M = 0; and Sh-l = 81_5 = 0. The partial solution cost
is computed as 288 - 60 = 228,

Step 3:

Procedure returns to step 3 for a new Si;j. This time 85_3 = 48
;

is found to be the next maximum savings pair.



2l

Step L:

Point 5 is currently on a route, hence point 3 is assigned to

the existing rcute. 1In the current saving matrix, set 85.3 = -1;
3

8 = S = S = 0, K=28% - 148 = 180,

335 231 133

Step 3:

The next maximum saviin. corresponds to the joined pair (3-&),
but in this case a subtour (3-4-5-3) is formed, therefore S3;h is set
equal to zero, and a new candidate pair is considered. Finally, link
(3-2) is placed into thé solution and the final solution cost is:

K 180 - 28 = 152, Figure 2.4 illustrates the current final matrix

solution and the order in which points were Joined.

Table 2.3. Saving Matrix Table 2.4, Current Final
Solution Matrix

1 2 3 L4 5 i1 2 3 L4 5
1l o|-1]-1]-1]-1 1lojoflof-1]| o Order of
Joined Pajr
2l-1] ole8|z0] ko 2L o] -] ol -
4.5
S= 3|-128] 0|40 | L8 Yio (-1 |10 -] - 5-3
Ll-1 {20l 40| 0|60 Yblo | -] -] ol-1 3-2
51-1 |Lo| L8 |60( © slo | -]-2{10! o

Step 5:

Since K = 152 < 288, the current solution is saved and K' is
sel at 152.

Step 6:

The suppression level L, is 1 and hence, the first palr selected
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above is suppressed in the saving matrix, that is S,_U5 is set equal

to zero, and the process is repeated with the new saving matrix.
Suppression number 2 (85_3 = 0) of the current solution K = 152 results
in-an improvement of K = 148. Consequently, the new best solution is
saved and K' « K = 148. Since a better solution has been found the

pair (5-3) is permanently suppressed (85_3 = 0). The new current

soluticon is shown below in Table 2.5,

Table 2.5. Suppression Number 2 of K = 152

3 2
Li{ojol-1 {0 O Order of Joined
Pair Saving
2 -1 oo -1- 45 ‘o
310 -10]|-1] - 3=k Lo
L 0 - - o |-1 5-2 ko
s{o0l-1|-10{C Total Savings = 140

Route: 1-3-4-5-2-1

Cost = 288 - 140 = 148

Just as above, the first Joined pair in the current hest solution
is removed, temporarily, from consideration such that Sh-5 = 0 in the
original saving matrix, (85;3 has been permanently removed). The
preblem is solved again by proceeding through step 3 and 4 such that
a new sclution is obtained with K = 152 which is discarded since K' >
148.

The next two points-pairs (3-4) and (5-2) are separately suppressed

and solution of K = 160 are attained in both cases. Since all points-
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pair have been exhausted interaction relative to city 1 terminates,
Step 8:

A new city is set as a cenfral terminal (depot) and procedures
return to step 1.5 to change the cost matrix and initialize a new
solution iteraction. The same optimal sclution of 148 is obtained
taking any city as a depot.

It was menticned earlier that the presented algorithm can also
treat non-symmetric problems. In order to show how it works, consider

the problem presented by Conway [8].

Table 2.6. Cost Matrix Table 2.7. Saving Matrix
1 2 3 L 5 6 1 2 3 L 5 6
1l of 1] 7] 31| 2 il of|-1]-1}-11-1]-1
2l 31 0o 6] 9| 1|2k 2l-1 ol Ll olie] o
3l 6|14 0o 3] 7| 3 3(-x | o]l o 6|13| 5
4l 21 3| 5] of 9|l 12 L.t o]l 4| o] 7] 0
5115 | 7111 2| O 4 5(-1 | 9 (11 |26 | 0|13
6l20 | 5113 | L] 18] © 6]-1 |16 (14 |19 16| O
Step 1 and 2:

Table 2.6 and 2.7 show the cost and saving matrix, respectively.
ity (1) is being considering the terminal. The sum of the first row
and first column give an initial solutien cost of 73.

Step 3:
Link {6-4) is selected as the. first joined pair where Si;j = 19.
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Step L:

Points 6 and 4 are joined and so the first route is constructed.

The partial sclution cost is 73 19 = 54, The saving matrix is up

dated such that S6-h = -1; Sh-6 = 0 and S6;l = Sl;h = 0. Continuing
this cycling process between step 3 and 4, the remaining joined pairs
turn out to be (2-5), (5-6), and (4-3). Table 2-8 below shows the
current final solution matrix along with the order in which pairs

were Joined.

Table 2.8. Current Final Solution Matrix

1 2 3 2
l1{o|- 1|00 |10] 0 Order of Joined
Pair Savings
2 O O - - -l - 6—]—‘- 19
3|-x{ofjo|-|-]|- 2-5 16
hlo|-]-1]o|-]o 5-6 13
-3 I
0|0 -1|~-10]-1
6lo | -|-1-11]1-1]o0 : Total Savings = 52
Cost = 73 - Total Savings

73 -52=21

Step 5:

Since K = 21 < 73, the current solution is maintained and K' is

set equal to 21 and L = 1.

Step 62

The first pair selected above is suppressed in the saving matrix
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(56:h = 0). Under the new saving matrix the process is repeated and
final solution for suppression 1 of K = 21 is attained with a value
of 20. Comparing with K', the new best sclutlon is maintained and
K' -« K = 20. Table 2.9 depicts the new best current solution.

Table 2.9, Final Solution Matrix for Suppression
Number 1 of K= 21

3 5

1 0 0 |-1 0 0 0 Order of Joined

palr Savings
2 o |0 - - (-1 - 2.5 16
3 O - ol - - -1 5-4 16
b{-1{-Jolol-]- 6-2 16

3-6 5
5 0] 0 - /-1 ] 0 -

Total Savings = 53

6 0 |-1 - - - 0

Route: 1-3-6-2-5-4-1

Soct

|

73 - Total Savings

73 -53=20

Since a better solution has been found, the pair (6-4) is permanently
suppressed. First link (2-5) of the new current solution is temporarily

suppressed 5 = 0, and procedure returns to step 3 for the solution

2:5
of suppression 1 of the current solution (K = 20).

Once the procedure has suppressed all joined pairs in the current
soluticn, the final sclution relative to city 1 is reached. TFigure

2.2 presents a summary of the complete solution for city 1. Figure

2.3 shows the final solution cost for every city respresenting the



1lst Suppression of K = 21 1st Solution
_ k-3
@ K=21
1st Suppression of K = 20
@ \ @ _— 2nd Suppression of K = 20

K= 34 3rd Suppression of K = 20
K=21 4th Suppression of K = 20

K= 20

Figure 2.2. Summary of the Complete Solution for City (1) as a Depot

62



City Taken as a Depot Final Sclution Cost

1 20
2 20
3 20
b 21
5 20
6 20

Figure 2.3, Final Solution for Every City
Taken as a Depot



31

terminal.

Consider again the Euclidean problems. In order to show what
the set §'might look like for larger problems, consider Figure 2.4 in
which a map is presented corresponding to the L2-city problem. The
set § in this case can be considered [26, 25, 27, 24]. The best
solution for this problem corresponds to that of taking city 26 as &

depot - the nearest city to the centroid.

Computational Experience

A total of fifteen problems were solved to test the feasibility
and efficiency of the proposed algorithm. These problems were taken
from the literature so as to make possible comparison with results
previcusly obtained. The quality of solution and computer times for
all problems are summarized in Table 2.10. The gquality of a soluticn
obtained by the heuristic algorithm, referred to as efficiency, is
defined as the ratio of the cost of the optimal (or best known) route
and that obtained by the heuristic.

Out of the 15 problems solved in the experiment, optimal solutions
known have been found for the first eleven problems. The optimal
solutions are not available for problems 1k and 15. In problems 12,
13, 14 and 15, however, the efficiency of solutions were .98, £99, .99,
.96, respectively.

For the problems with 25, 33, and 42 cities the best solutions
were found using the 3rd, and 1lst cify closest fto the centreid. In
the first twb and last problems respectively. In the 57 city-problem

the best solution corresponded to a city far away from the centroid,
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Table 2.10.,

Sumary of Computation Experience.

Comparative Result of Published Problem

Proposed Method

Pro- -Cit Distance-Matrix Best Knowrl
blem y Symmetric-Elements | Reference Solution | Solutlon |Efficiency Time (Fxecution Time)
5 Y¥o - Not stated Pierce (27) 20 20 1 Time Average Per Node: 0.31h
2 5 No - Not stated Wasner (32) 62 62 1 Run the Whole Problem: 1,57 sed.
3 5 Yes - Buclidean Kar. & Th, (22) 148 148 1 Time Average Per City: O0.27h4
N 5 No - ilot stated Baker (2) 25 25 1 Run the Whole Problem: 1.64 sed.
5 6 Yes - Not stated | Cockran {7) 37 37 1
6 6 No - Not stated Little (2h) 63 63 1
7 6 No - Not stated Comway (8) 20 20 1 The Average Per Node: 0.500
8 6 | Yes - Not stated | Karp (20) 207 207 1 The Whole Problem: 5.00 sec.
g 6 o - Not stated Montgomery {26) 21 21 1
10 10 | Yea - Euclidean Karg & Th. (22) 378 378 1
11 10 | Yes - Buelidean Ashour, Veza, (1) 3547 a5h7 1
12 25 | Yes - Euclidean Held & Karp (20) 1711 1742 987 4,32 Seconds Average Per Node
13 33 | Yes - Euclidean Karg & Thomp. (22}] 10,861 10. 894 99. 7% 7.26 Seconds Averace Per Node
14 42 | Yes - Euclidean Dantzing {(11) 699 TOL 99.7% 15.36 Seconds Average Per Node
15 57 | Yes ~ Euclidean Karg & Thomp.(22)]| 12.955 13.209 984, 27.75 Seconds Average Per Node

* Problems were run on C.D.C. Cyber Th.

L€
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yet the second best solution is located at the 6th nearest to the
centroid., It should be pointed out that an error might have been
introduced by drawing the map, and the city considered the 6th might
be the 4th or 5th since the points are very close in this area.

It is of interest to note that the range of soluticn efficiency
taking the particular sclution for any city as a depot is not over-
whelming. The ranges are all about the same (approximately 10%) for

the four large Euclidean problems. Table 2.11 indicates specific

ranges.
Table 2,11. Range of Sclutions
Problem n Worst Solution Best Solution
12 25 .87 .98
13 33 .89 .99
1h Lo .90 .99
15 57 .88 .98

Special attention should be given to the values ghown in Table
2.11. Suppose for the L42-city problem, we take any city as a depot.
The worst solution that might result will be that whose efficlency is
90%, with 15 secconds of computer time, which is considered a goad
solution. Even in problem number 12, an efficiency of 87% in U
seconds results from random selection.

Execution times are given in Table 2.9 as average time per
node. That is, the computer time that would be regquired to solve s

problem taking any city as a terminal. Computational time Increased
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exponentially with the number of cities, and an equation can be

constructed approximately such that
t = (e).058n where t = seconds and n = number of cities

It is ncted that the above formula is similar to that given by Svestka
and Huckfeldt [31].

A very important conclusion from the experience with larger
problems is that relative fo the iImprovement obtained by the proposed
algorithm over the original of Clarke and Wright. Improvements
appear to decrease with the size of the problem. For the 25-city
problem the improvement is 8% and decreases to 0% for the 57 city
problem. This means that in this case the best solution is that given

by Clarke and Wright.
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CEAPTER III

THE DELIVERY PROBLEM

The Basis for an Approach

An elgorithm is developed in this chapter which treats the
classic vehicle delivery problem defined at the outset. Fundamentally,
the procedure is structured around the notion of savings just as were
the algorithms of Clarke and Wright and Holmes. However, as will be
demonstrated, by employing a simple modificaticn, a variation of both
approaches can be constructed which can yield improved solutions,

Prior to stating the proposed algorithm, however, it may be instructive
to review the basic scheme of Clarke and Wright. A sample problem is
used as a vehicle for demonstration.

Consider a small problem involving five demand points and a
single terminal. The cost matrix is given in Table 3.1 as is the
list of demands for all points. It is assumed that there is an
unlimited number of 27-unit capacity vehicles. Notiece, in this case
the non-symmetry such that ci,j # ¢j,i. From the cost indice the
saving matrix can be constructed as shown in Table 3.2. Note the
computation of entry 53_5 for examplé : $3,5 = C35q ~ c3;5 3 83,5 =
7T+T-1= 13‘ An initial sclution of one truck assigned to each
demand point and is represented by an initial solution matrix with -1
in each cell of the first row and in each cell of the first column

of 8 in Table 3.2 This means a truck is assigned from the central



facility to each demand point and back to terminal.

first sclution is given by

Table 3.1. Date for the Sample Problem:

J

6

6

r clj+ I

i=

cil = Sk

C and Demend Requirements

37

The cost of the

Cost Matrix,

Points Demand
1 -
2 K
3 10
i 8
5 12
6 6

1 2 3 4k 5 6
1o |L 7675
2|6 |0o]2]3]2]|3
317|302 |21]7
C =
{3 |3 |2]|0]|5(%4
515 (3|1|6|o0of7
6148 |2|4%([3]0
(Point 1 is considered the central depot)
Table 3.2. Initial Saving Matrix
1 2 3 L 5 6
1 o1 [-1]|-1 [|-1]-1
2 |- |0 12 |9 |11| 8
3 |-1 |8 |0 |12 |13} 5
. y (- lyl8lofs]|u
‘5 |- |6 |1 |50 3
6 [-L |0 |9 (6|80
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The first step is to select the pair of points having the greatest
savings as & candidate for joining. These points are tested against
the constraints and joined if found feasible. For the given example,
the pair (3-5) with a saving of 13 is selected first. The capacity
constraint is met and the points are Joined. The first step solution
matrix is shown in Table 3.3. The joining of pair (3-5) is denoted by

plecing a -1 in cell (3-5) of the up dated solution matrix.

Table 3.3. The First Step Solution Matrix

This indicates that a truck is assigned to travel from point 3 to

point 5. HNote that now elements (3-1) and (3-1) and (1-5) are set
equal to zero. This means that row 3 and column 5 need not be
considered further for Jjoining. The elements of row 3 represents all
possible trips leaving demand point 3. Since each demand point is

to be serviced, only cne truck can leave any demand point. There=

fore, once a trip from i is assigned, no more trips from i are possible.
Notice also, that assigning a trip from i to j preclude the possi-

bility of travel from J to i, since this would violate the constraint
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that each point is visited only once. Therefcre, whenever arc (1,3)
is essigned, sj;i will be set equal to zero to avoid selection of
(j,i) for Joining.

Once row 3 and column 5 have been eliminated from further
consideration, the procedure moves such that the next maximum saving
is selected. The greatest savings at this step seem to be §2;:3 for
the pair (2-3) on the same route so, Sp.3 is set equa; to zero. By
continuing in the same fashion, the next feasible joining corresponds
to points (2-4). The corresponding reduced matrix is depicted in

Table 3.4.

Table 3.L. Intermediate Solution Matrix

1 0 |-1|-1 0 0 1]-1
2 0 0 - | -1 - -
3 o|-]of|-]1]|-

Joinings are then made until no more are possible. From the
intermediate solution matrix of Table 3.4, the last feasible-joined
pair turns out to be (4-6). The final solution metrix is given in
Table 3.5 as are the final routes and the cost of the final solution.

Hayes [18] identifies the two major faults with the above

procedure. First, two customers once placed on a particular route
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w1ll remain together on the route in the final solution. Therefore,

a link which initially appears advantagecus may be the direct cause

of a suboptimal sclution. Second, demands are ignored in determining
assignments of customers to route; except, of course, for the continual
observation of the capacity constraints. Holmes [21] was led to the
same conclusion, indicating that the selection of pairs for joining
entirely on the basis of savings, may cause vehicles to be loaded

less near capacity, or it may prohibit joining at later stages which

would result in greater total savings.

Teble 3.5. Final Solution Matrix

o (oo | =-|-1]-1-
3 lo|=~-]o]|-[-1]-
by {oflo|l-]of-|=

The final solution routes are:

Route 1 1-2-4-6-1 Savings 13

Route 2 1-3~5-1 Savings 13
Total Savings = 26
Final Solution Cost = 54 - Total Savings = S5k - 26 = 28
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Based upon the above chservations, it would seem desirable to
formulate a different method for selecting an initial starting link.
Suppose link {6-3) is selected as an initial joining. Table 3.6 shows

the initial reduced saving matrix.

Table 3.6. The First Step Solution Matrix

1 0«10 |-1 [-1]|-1
2 -1 {ol-]9fm1}8
3 -1 |80 11 13| 0
4 1 j4s]-]O0 5L
5 -1 |6(|-|5(0]3
6 o|(-|-1]-}-1]0

1 0l |of-1]0]-1
2 olo|-]-1|-1]-
3 -1 |80 rl-|o0
L -1 |4 | -0 |~-|4
p -1 |0} -1|51{0]3
6 o |-{-1 |-f~]0O

After deleting row 6 and column 3, we find that the highest savings
correspond to points (3-5). However, the route that has been formed

(6-3-5) is infeasible hence, 83,5 = 0. Returning, the next maxirmum
»
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savings is found to be for the joining (2-5). Whenever there is a tie
the algorithm selects the first element found. The final pair chosen
is {(3-4). The complete solution is shown below in Table 3.8.

Table 3.8. Final Solution Matrix Using Link (6-3)
as Starting Peint

1 |0 k1 |00 |0 |-1
2 {0 {0 |- |- }1]-=
3 |0 (-0 fF1 [-]-
Y |-1 o |- |0 |- |0
5 |- |0 |- |- |00
6 0 |- k1 |- |[-]0O

The final solution routes are:

Route 1 1-2-5-1 Savings 11

Route 2 1-6-3-L-1 Savings 20

Total Savings = 31

Final Solution Cost = 54 - Totael Savings = 54 ~ 31 = 23

As can be seen, the solution has been improved by taking
different link as the starting joining. This problem was solved by
the suppression approach [21] (Holmes' procedure) and the finsl
solution was also 23. The basic idea then is to find an appropriate
starting link which tends not to prohibit subsequent lucrative

Joinings. A heuristie rule to find such a starting link has been
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constructed which is based on an intuitive or heuristic notion which
dictates that the optimal solution should contain, at least, the maximum
savings of one of the demand points. 1In the next section a complete
computational statement will be given. However, the two basic steps
to be implemented in the basic scheme of Clarke and Wright are the
following: First find, for each demand point, the link that yields
the best savings. This is done by searching through the corresponding
rows and columns of 5. Then, rank those links in decreasing order of
savings. These links will then be taken as starting joined pairs in
the Clarké and Wright procedure. Note that the first link will
correspond to that of the normal procedure.

There is one more comment which should be made on problems with
different truck-capacities. Planning a system of routes for a fleet
of trucks having different capacities poses a far more complicated
structure than the single-capacity case. Clarke and Wright also
allowed for this consideration, but as pointed out by Holmes, the
vehicle capacities served only to act as a check after the pair had
been selected for joining and the effects of capacity constraint upon
optimality are not considered in the selection process. In the
opinion of the author, one of the main achievements in this piece of

work has been to find a suitable way to handle such cases.

Computational Algorithm

A step-by~step computational procedure of the proposed method
will be given in this section. The method allows for the solution of

symmetric as well as non-symmetric problems. In addition, equal or
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different types of trucks are permissible.

Step 1 - Initiglization

1.1 Construct an initial cost matrix C, such that C = [ei;J]
i,3=1,2, . . . n, where n is the number of demand points plus the
terminel, When i = J, let cii) = 0.

1.2 Determine the demand of each point gi, the number of
trucks availaeble of type k, Ty and the capacity of each Cy.

1.3 Initializelthe maximum saving link counter, IN at 1, and
the greatest number of maximum savings links desired, IN'.

Step 2 - Compute the saving matrix and the initial solution.

2.1 Compute si;Jj such that:
sijd = ci;l + cl) -ci3y i, 3 =2, . .n, and 1 # J

If si;J < O set sij) = 0. ©Set sijj = 0 for all i = j.
2.2 Bet sl = -1 fori=2, . n; glyj=-1for J=2, . . 0.
2.3 Compute the cost of the initial solution such that
n

K= £ cijl-=
1= 3

cJ

[ e =

2

Step 3 - Find the starting links

2 R
3.1 Find the greatest savings Si,) corresponding to each demand

point such that :

51;) = Max [si;3] ¥4, 3 =2, . . . n and i =}

(1:J)

where (4, J) is defined over all ordered pairs in row i and column
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3{1 = j). 1If the problem is symmetiric, the elements in the rank
vector (starting links) can be selected in such a way that their
opposites may be included or not. The two options are defined by the
variable "simet" such that if simet = O s§;§ are set equal to zero,
otherwise opposites can be included in the rank vector.

3.2 If qg + q3 > ¢ for k = 1 (the biggest truck), set sg;j = 0
(infeasible).

3.3 Rank the number of maximum saving links, IN' to explored,
from the highest savings to the lowest. Go to step 5.

Step 4 - Determine a candidate pair

4.1 Find the ordered pair (i, J)with the greatest feasible
savings such that,
5133 = Max [si;J]
(133)
where (i,J)is defined over all ordered pair such that si;1 and sl;] # 0.
h,2 1If si;s = 0 and trucks are equal, go to step 10, otherwise
go to T.2.

Step 5 - Join the points i and j on a route.

5.1 If this is the first Joining set i = Ianaj= 3.

5.2 If neither of the points is on a route, construct a new
route z and compute the required demand @ such that Qz = qi + qa. If
equal trucks, go to étep 6 otherwise go to T.l.

5.3 1If one of the points is currently assigned to a route,
say z, attempt to Join the unassigned point to z. Compute the total
demand Q such that Qz < Q, + ai (or gJ) and if equal trucks go to

step 6, otherwise go to T.1.
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5.4 If both points are currently assigned to routes say u
and v, attempt to Jjoin both routes intc one route, Z. Compute the
total demand Q such that Q;= @, + Q.. If equal trucks go to step 6
otherwise go to T.1.

Step 6 - Attempt to assign the points to vehicles of equal capacity.

6.1 Check the capacity restriction such that; if ¢; 2 Q,, pro-
ceed to step 6.2. If ¢, < Q,, set si,j = 0 and return to step 4.
6.2 Up date the number of trucks svailable T, such that T; <«

T. = 1. If routes are joined increment the appropriate number of

1
trucks available.

6.3 Compute the new solution cost such that K + K - si;S,
and return to step 4. Update the saving matrix such that

si3d = -1; sj;i = 0 and si;l = s1;3 = 0.

Step T - Attenpt to assign the points to vehicles of different capacities

T-1 Each type of truck is considered spearately, starting
with the truck of largest capacity (k =1). If Ty z Q, g0 to step b,
If ¢, < Q, set s13J = O and return to step h.

T.2 Consider all the routes formed under the truck size being
considered.

T.3 If any of the routes can be assigned to a truck of smaller
capacity, delete the route.

7.4 The savings of those routes that are only feasible for
the truck being considered are calculated. GSelect among them the
one(s) with highest saving.

7.5 As many trucks as avallable (i per route) are assigned

to the routes presenting highest savings.
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7.6 Delete all routes not assigned to a truck.
Step 8 If the number of rvutes that have been formed under a type
of truck (routes considered in 7.2} are less than the number of trucks
available for that type, all demand points have been assigned to
routes and therefore there is no need to consider further trucks.
The algerithm assumes infinite number of trucks of the smallest
capacity. Proceed to step 10.

If the number of routes is greater than the number of truck
gvailable consider the next type of truck and proceed to step 9.

Step @ Consider the next type of truck

9.1 The truck(s) having the next largest capacity is considered
such that T, * T(k + 1). The savings matrix is reinitialized suech
that the points which are not omn a route have their original values,
and for the points already assigned to a route, sij;j = -1, sj;i = 03
slj = si;1 = 0. Return to step k.

S8tep 10 - Save the best solutiocn

10.1 If this is the first solution, save the cost K' such
that K' = K and go to step 11.

10.2 If this is not the first solution, and K $ K', set
K' = K and maintain the route formed.

Step 11 Check the termination conditions

11.1 If IN < IN', take the next link in the maximum savings
rank vector and return to step 5 with IN <« IN + 1.
11.2 If IN = IN' or if all of the links in the rank vector

have been considered, terminate the procedure.
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Sample Problems

Prior to considering the application of the algorithm, two
importeant comments should be made relative to the procedure. First,
in order to gain insight into the method used to handle the problem
of different capacities, consider the following example. Suppose we
have two types of trucks "A" and "B", twelve demand points (including
the terminal) and that we are in the "first pass" of the procedure.
This means, the truck being considered is that of type "A". That is,
the elgorithm always start with the truck of maximum capacity. Further,

agsume that the information ultimately obtained is the following:

Truck Next type

Route Formed Demand Savings Considered of Truck
Route 1 1-2-3-4-5-1 T X A B
Route 2 1-6-T7-8-9-1 b Y A B
Route 3 1-10~-11-12-1 c b/ A B

Assume also: X > Y > Z; (a <A anda <B); {(b<A andb < B) and ¢ > B,

Let the order in which joined palrs were selected be the following:

1. (2-3)
2. (6=7)
3. {(11-12)
L. (3-4)
5. (7-8)
(10-11)
7. (8-9)

8. (b-5)
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Step 7.3 of the algorithm requires the deletion of those
routes that can be assigned to a truck of smaller capacity. In the
hypothetical example, routes 1 and 2 are deleted., However, procedure
makes sure that these routes will again result and will be feasible
for the next smaller type of truck. This is warranted because the
links were selected in decreasing order of savings, Hence, under
truck type B the following routes are formed.

Route 1 1-2-3-4-5-1

Route 2 1-6-7-8~1

The new order in which pair were Joined is:

1. (2-3)
2. (6-7)
3. (3-h)
b, (7-8)
5. (8-9)
6. (4-5)

Now both routes are assigned to truck of type B. The procedure then
allows for a trade-off between demand and saving which contributes
to better use of the truck capacities available,

A second pcint is concerned with the method of reduction
relative to the saving matrix. In particular, the way in which
pairs (j,i) givern the initial ranking of some (i,j), are handled
should be given some thought. The example given in Table 3.9 can
be used for clarification. Assume that each demand point has a demand
of 2 and there is one truck of 8 unit-capacity and another of L units.

Note that elements in the rank vector are different. Notice also that
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the solution arising from the of 5-T7. (1-5-7-2-6-1), (1-3-k-1) as
starting joining is different from that when 7-5 is used. (1-7-5-2-6-1),
{(1-3-4-1). The difference in the rank elements, of course, produces

a different solution. Computaticnal results showing this effect are

given in the next section.

Teble 3.9. Saving Matrix for a2 Symmetric Example

1| 0Of-1|-1|-1|-1|-1]|-1 Rank Vector when Teaking
the Opposite simet =1

(5=7)
3l-1] 1| 015 2| 1| & (7~5)
(3-4)
Li-1}2|1stofl 2} 3] b (L-3)
(2-6)
s5l-1| 8l 22| 0] k|20 (6-2)
6|-1 |10 2 (3| 4| O] & Rank Vector without the

Opposite simet = 0

(5-T7)
(3-L)
(2-6)

Consider now, two sample illustrations of the algorithm. The
first deals with a problem when egual truck capacities exist and the
second, when trucks are allowed to be different.

Case I Egual Trucks

The dgta for this problem is given below in Table 3.10. Note
that point 1 is considered the depot and truck-capacity is 60 units.
Steps 1 and 2 give the information summarized in Table 3.10(a) and

3.10(b). The cost K of the initial solution is the sum of the elements



in the first row and first column of C.

That is K = 3.4,

Table 3.10(e) Cost Matrix

1 2 3 W 5 6 7

1 o |1 |2 |2 |2 |3 |5

2 1 |0 |1 |3 |5 |4 (2

3 |6 |2 |o |9 |5 |2 |4

L (1 |5 |1 jo (8 |2 |1

0T 5 1 |6 |5 |6 |0 |5 |2
6 1 3 |3 (3 |1 |0 7

T 13 11 |1 |4 {6 {6 ]o

Table 3.10(b). Saving Matrix

1 2 3 L4 5 6 1

L lofalalalalala

2 l-1|lol2]oflaol o] &

3 [-1 (%[ ool 3] ™ 7

L |- [3]2]lo]of| 2] s
8§ = 5 (-1 |2f0ofofo] ol u*
€ (-1 |sjo|lo]l2a|o} 0

7T |-1lo*fol1|lo0fo] 0

The ordered pair that yield the best saving for each demand

point are the following:

23
12
18

10

28

15

51
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Link Savings
Point 2 (3-2) 11
Point 3 (3-2) 11
Point b4 (5-7) 5
Point 5 (5-7) L
Point 6 (3-6) 7
Point 7 (1-2) 9

All links are ssen to be feasible according to step 3.2, hence, step

3.3 yields the following rankings:

Link Savings
1 Max. (3-2) 11
2 Max. (1-2) 9
3 Max. (3-6) T
4 Max. (4=-T) 5
5 Max. (5-T) L

Assume that a maximm of five starting links are to be considered
such that IN' = 5, The first element in the rank vector is taken

as an initial starting Jjoining. Table 3.11 shows the initial reduced
savings matrix. At this point, the procedure moves to step 4 for

the first s§;3 element which is Sh;? = 5, Neither of the points &
and T are on & route so we construct a new one., The total demand

for the resulting route is 18 + 15 = 33 which is feasible. The two

routes formed thus far are depicted in Table 3,12.



Table 3.11. Initial Reduced Matrix

b (-2 | -1210]0( 2| 5
5 |-1 | -l0l0fo0} 0| k4
6 =1 (-|ojo|2| 0] 0

Table 3.12. Intermediate Reduced Matrix

1 (oo |2 |1 |-1|-1]o0
2 |-1 |oJo]Jo|of|ol -
3 lol-x |o|-|-1]-]|-
Y (o[- |-|o0o])=-]-]1
5 (-1 |-]of{ololol| -
6 |[-1 |- |0i0 |2 |0]| -
7T |- {-Jofoflo]o]o

From Table 3.12, it is seen that link {6-5) is the only feasible
pair. Neither of the points is on a route, s0 & new one is formed.
The total demand for this route is 28 + 10 = 38, which is feasible

for Joining.



811 remaining savings are zero hence & complete solution
has been obtzined with cost K computed as 34 - 18 = 16, The cost
K is better than the initial cost of 34 and the current solution
is saved. The final routes and cost are depicted in Table 3.13.

Table 3.13. Final Solution Routes (Clark
and Wright's Solution)

Routes Savings
1.3-2-1 11
1-b4-7-1 5
1-6-5-1 2

Total Savings = 18
Final Scolution = Initial Cost-Total Savings
= 3L - 18 =16

Relative to step 11, IN « IN + 1 = 2, Thus the next link in
the rank vector (7-2) is tsken and set up as a first joined pair.
The initial reduced matrix for the new link is depicted in Table
3.1%. From step 4 pair (3-6) is the next candidate and the total
demand is computed as 12 + 28 = 40 which is feasible. Continuing,
the next joined pair Qrises as (4-T). The total demand for the
route (L=7-2) is 18 + 15 + 23 = 56 which is feasible. The routes

formed thus far are shown in Table 3.15.

54



Table 3.14. Initial Reduced Matrix for
the New Starting Link (7-2)

1 ol o]-1|-1|-1]-1|-1
2 |-1l 0ol 2| o0of o] of ©
3 -1} -Jo0o]lo| 3|7l 7
Y} 1| -} 21 0] 0} 2| 5
5 |-1{ - o] of of of k&
6 |-1| -1 0] o0of 2| o o
T o|l-1| - -} -] - ©

Table 3.15. Intermediate Solution Matrix

1 0| o|=-1f-1}-1| o] ©
2 |-1j{ 0| 2| o] o - -
3 o| -l o] -| -|-1| -
L 0 =| -] 0 -| -] -1
5| -1f = 0o} o] O} - -
6 | -1| -| o] ol 2| of ~-
7 o{-1| -| -| -| -] 0

The next candidate pair corresponds to (2-3) where point 3
is currently assigned to a route. Checking for feasibility reveals
that the demand 23 + 12 + 28 = 63 exceeds the capacity available;

hence s,.5 = 0. The final point arises es (6-5) after which the
; :

22



56

algorithm returns to step 10 with a new cost of 11 which is better
than 16 hence the new best solution is saved. Repetition of step
11 indicates that the sclution given by the next starting link
(4-7) is exactly the same as that for {7-2). In summary then,
Figure 3.1 shows the different solutions which result from the
different starting links. Table 3.16 shows the final solution of

starting link (7-2).

Table 3.16. TFinal Solution Matrix for Link (7-2)

1 oloj|-1)]-2 (0| 0] 0
2 -1 0 #] - - - 0
3 o]l -10 - - |-1 -
L Cl-1=-101 -1 ~-1-1
5 |- | -0} -}10| -4 -
6 0 |=-10] -1 |0] -
T o[-l |-t=-]=-[-10
Routes Savings
1-4-7-2-1 14
1-3-6-5-1 9

Total Savings = 23

Final solution cost = 34 « 23 =11
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Solution #1  Solution #2 Solution #3 Solution # L Solution # 5

™
i
o]
[
0
1
=
-
[}
—
N

Figure 3.1. Summary of Different Solutions

Case II Different types of truck

An example given by Tillman and Cochran [32] will be used to
demonstrate the method when the assumption of similar trucks 1is
relgxed. All the reguired information is given in Table 3.17.
Initializing: IN' = 4, X = 1 (start considering the routes when
using the 18 units-capacity truck). TFour different sterting links

are found and ranked as follows:

Link Savings
) 121
) 100
)
)

=R

REEE

8k
T2

Fwhh



Table 3.17. Data for the Sample
1 2 3 4 5 6 1
1| 0] 38 [4e|56]| 63| 64|80 Demand 1
21 38| o35 ]|e22|5h38]|62]|T 2
3|42 35| 0|33|22(27|38]9 3
Lis6|22 |33} O|Lk5|20|65|8 4
° 5|63 |54 |22 (25| 02922} T ° 5
6| 6L |38 {27 [20 |29 | O] 5] 6 6
T80 |62 |38 |65 |22 45| Of 5 T
1 18
1 15
m 12

Once the link (5-7) has been set as the
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79

100

98
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8L

91

121

99

iterates by forming routes using the first type truck.

is identical to that relstive to case I.

below and

Table

truck being considered.

steps T, 8 and 9.

Ste

Routes

Route 1.1-5=T=1

Route 2.1-L4-6-1

Route 3.1-2-3-1

The process

The result is displayed

3.18 showing the final solution matrix for the

A more detailed explanation is given for

starting link, the procedure

Demand Savings Truck Considered DNext type of Truck
12 121 18 15
1k 100 18 15
16 45 18 15



°9

The first two routes cen be assigned to smaller trucks, so they
are deleted. Route 3 is the only cne left, hence the truck being
considered is assigned to that route,

On step 8, the partial solution is computed as 686 - 45 = 641,

Step 9

The next type of truck is considered (15-unit-capacity) and the
initial saving matrix is reitialized such that the points (2-3) are
fixed on a route sp,3 = fl; S3;2 = 0, Sp;1 T S1;3 < 0. The other
points assume their original values. The new initial saving matrix

for the truck type 2 is depicted in Table 3.19,.

Table 3.18. Final Solution Matrix for Truck Type 1

1 of -1y o -1 =11 of o
2 ol o|l-1] -t -| -1 -
3| =-1] ol o] ol o] - -
L o| - -| of -| -1 -
p] o -} -| -| of - =1
6 | -1 ol -1 o] o] of -
T -11 ol -] o]l of - o

Under the new type of truck the routes formed are:

Routes ' Demand Savings Truck considered Next type of truck
Route 1.1-5-7-1 12 121 15 12

Route 2.1-k-6-1 11 100 15 12
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Table 3.19. Initial Saving Matrix for Truck Type 2

L =172 -| o T 10O| 91

s | =17 -1Ts| 0] 98121

6 | -1164| -poo|98| of 99

T -1|5 | -|[91[121] 99| ©

Step Z

Route 1 can be assigned to smaller truck, hence it is deleted
and the truck being cconsidered 1s assigned to route 2.

Step 8
The updated partial solution cost is 6kl - 100 = 5k1.

Step 9

The next truck type is considered, namely the 12-unit capacity-
vehicle., The initial saving matrix is reinitialized such that
points (2-3) and (h-6) are permanently assigned to a route.

Under the last type of truck the only route arising is l-5~T~1
with a final solution cost of 541 - 121 = 420. The algorithm
assumes Infinite numbers of truck of the lowest capacity, hence the
procedure moves to step 10 and saves the new solution which is better
than that obtained initially.

As in the case I, the procedure tskes the second 1link in the
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rank vector and goes through a new interaction. Table 3.20 shows
the final solution taking link (2-4) as a starting joined pair. It
is of interest to note that the solution is known to be optimal.

Table 3.20. TFinal Solution Matrix Taking Link (2-h)
as Starting Joined Pair

> O - -t -{O0}| -|-1
6 |-1{olo| -to} o] o
T ol -] -]-10}|-1] 0

Routes Savings Truck
1-5-7-6-1 220 18
1-2-h-1 72 15

Total Savings = 292
(Note that 1-3-1 is implied)
Optimal Solution Cost = Initial Cost - 292
= 686 - 292 = 39L

Following, computational experience with the algorithm, for

both cases, is discussed.
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Computational Experience

Four types of problems were used to test the algorithm presented
in the current chapter. The first class corresponds to symmetric and
non-symuetric problems currently existing in the literature, three of.
which were different truck-sizes. This is done to provide sn insight
to the success of the modifications introduced to the Clarke and
Wright procedure. The second problem is the multi-salesman case,
which is a degenerate version of the truck delivery problem. The
cost matrices for the 25, 33, 42 and 57 city problems used in Chapter
IT were utilized in the experimentation. The third type of problem
is the general truck delivery. The same cost matrices above mentioned
were used.  Finally, a fourth class of problems with randomly generated,
non-symmetric cost matrices were run. |

In order to gain some basis of comparison in time and in quelity
of solution relative to the "suppression technique" of Holmes [21],
all problems presented were alsc solved by latter approach.

Symmetric and Non-Symmetric Problems

The small problems existing in the literature were solved and
the results are summarized in Table 3.21. Fundamentally, such problems
are useful only for benchmark comparison since their sizes fell far
short of those anticipated for "real" models.

Multi-Salesman Problem

As stated before, cost matrices for the 25, 33, 42 and 57 used
in Chapter II were also utilized in this case. The capacities for

the salesmen were assigned randomly. All the problems were solved



Table 3.21.

Small Problems Existing in the Literature

Suppression

Proposed (Max. Saving

S

Sizen

Characteristics Reference Solution | Execution| Solution | Execution
*
6 Equal trucks - Symmetric Hayes (18) 76 3410 76 3470
*
7 3 types of trucks - Symmetric| Tillman (32) 394 .5810 394 JLb2o
L #
9 2 types of trucks - Symmetric | Holmes (21) L28 .7080 4128 L5860
*
6 Equal trucks - Not Symmetric Parker (pag. 37) 23 Loso 23 3470
3 2 types of trucks - *
Not Symmetric Holmes (21) 210 4260 210 .5070
*
7 Fqual trucks - Not Symmetric | Parker (pag- 51) 11 .3600 11 .3Lk00

€9
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under the two alternatives; simet equal O and 1. Complete information
for each problem is summarized in Table 3.22.

A very important comment on the solution found here and that
given by the single-traveling salesman case should be made. Consider
the 25-c¢ity problem with equal capacity-salesman. The optimal tour
for the single-salesman using the same cost matrix is given by
Raymond [30], and it is the following: 1-11-15-23-10-4-5-7-2-6-1§-22~
9-19-20-16~-21-1T-25-24-13-3-12-14-B-1. Cost - 1711. A suggested
approach by Newton and Thomas [28] to solve the miltisalesman problem,
was to find the optimal tour for the single-salesman, and then "slice
up" the route relative to the number of salesman that the problem
dictates. If we do this for the example problem the results will be

shown in Figure 3.2

Figure 3.2. BSolution of a Multi-Salesman Problem
Based Upon a Single-Salesman Tour

Solution Cost = Optimal Cost for the Single-Salesman + d19;l + dj-20 -
k]

419,20
= 1711 + 201 + 183 - 18 dy9;) = 201
4y ;00 = 183
= 2077 a = 18



Table 3.22.

Summary of Multi-Salesman Problems

Pro- Truck-Number With Opposite Without Opposite
:izz ' and Suppression Proposed * Proposed Suppression Proposed Proposed
n Truck - Size L'=5 Time |IN'=15{ Time |IN'=10 | Time L' =5 Time {IN'=15( Time |IN'=10| Tine
) 0 0 %
13] o 0 2076 | 5.63 2063 .62 | 2082 6.27 1983 5.45
25 1 w | 0 : .
201 3 0 1916 | 4.69 1916 5.02 | 1921 3.79 1907 L.32
1 1 o
11| 8 | 3 | 23107 7.68 2310" | 6.59 12316 | 9.2 2310 | 7.03
o 0 0]
15| © o 1450 | 6.97 | 14408 | 11.86 [14L08 g9.41 | k450 | 6.2 14000" | 11.81 |1k4408 8.63
33 1 © O B %
12| 8 0 115391 | 11.63] 15309 19.45 [15349 13.36| 15391 | 10.32(15309 | 19.33(15349 | 1A.16
1 1 -
12 10| 5 15979 | 12.95 15802* 21.8 15839 16.63] 15979 | 14.91 15802* 30.9 115839 | 17.3
) 0 O :
20| o 0 823* 20.6 830 |25.9 830 16.2 | 926 16.11]| 827 23.6 | 830 18.00
L2 1 L 0 . * * * *
, 15| 12| 0 1011 | 23.65{ 1009 { 41.85} 1009 37.00| 1011 25.41 (1009 46,31 |1009% 26.L
L L = * * * *
15| 121 10| 106L4 | 21.16| 1062 | 58.6 | 1062 43,3 {1064 2Lk.16 1062 50.9 [106A2 34.05
o 0 0
21{ o 0 [1h681 | 2.2 [14681 | 68.67 14861 4s5.9 |14681 | 26.5 1681 [ 5h.0001bhk%L | LA.T7L
1 o O |
57 20| 15 [ o [15219 | L4.12|15219 pl12.1 (L5219 60.54{15219 | 40.3 [15219 [10hk.2 [15219 |[66.1
1 1 ® '
20| 15 | 10 15656 | 52.6 5636 71.5 |15656 } 40.0 15656 |83.3

59
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The cost obtained is larger than the one given by the proposed methed

which has a cost of 1983 and the routes are ss follows:

1-3-13-24-25-17-21-16-19-20-14-8-1

1-11-15-23-10~4=5-T-2-6-18-22-9-12-1

The quality of the solutions of the proposed algorithm sre relatively
"good". Table 3.23 shows the percentages of improvement cbtained by

proposed over the original of Clarke and Wright.

Table 3.23. Percentages of Improvement Over
Clark and Wright Solutions

City-Problem Equal Truck 2 Truck Type 3 Truck Type

25 10.67% 1.4% 2.65%
33 6.03% 3.4% 3.86%
L2 10.69% .19% .18% .
57 0.00% 0.00% 0.00%

It seems that the highest percentages of improvement occur when
working with equal trucks such that the percentage decreases with
changes in capacities. Regarding computationsl time, Figure 3.3
provides an idea, for the problems solved, of how the execution time
fluctuates with the structure of the problem and the method used.
The curves are constructed only for the case when opposites are
considered (simet = 1). The times for the other cases are largely
the same, The usual conclusion can be made from the plots such

that the execution time increases with the size of the problem and
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when working with different salesman-capacity.

Symmetric Truck Delivery Problem

As previcusly indicated, the same cost matrices used in the
experimentation of Chapter II are utilized here. The demand for
each point and the capacity of trucks were assigned randomly. A4
complete compilation of the computational experience is given in
Table 3.24. Figure 3.4 shows a rough behavior of time curves.

The highest percentage of improvement, 3.78 percent, relative
to Clarke and Wright, was obtained in the 33-city problem when egqual
trucks were considered. Improvement for larger problems was more
difficult to obtain. Hence, additional computation time involved
would not normally be Jjustified unless the attalnment of solution
improvement (or an attempted attainment) were of great importance
end economically feasible. At any rate, from the experience obtained
in the latter case and the one being considered, the following
conclusions can be drawn.

l. Execution times are very sensitive to problem structure.

That is, demands, number of trucks available for each size, truck-
gize, the cost matrix, and naturally the problem size, bear heavily
upon the computational effort required.

2. Improvement‘for large problems is more difficult to obtain
and further, such improvement decreases when different types of
trucks are considered.

3. Another important factor determining the cost of solution

and times involved appeers to be the truck capacity. For a given



Table 3.24,

Summary of Symmetric Truck Delivery Problems

Problem .Truck-Number With Opposite . Without Cpposite
Size and Suppression Proposed Suppression Proposed
n Truck - Size |1' = 5 Time | IN'= 10| Time L'=5 | Time IN' = 10| Time
o 0
2o | o 2345~ | 6.00 | 2351 N6k | 2351 5.73 | 2371 | 4.6
25
2 -]
*
100 50 2811 6.77 2811 8.13 2811 . 6.7 2761 7.98
o 0
* *
, 120 0 17597 16.26 17661 12.29 | 17597 1h.46 17661 12.00
33 > i
100 | 5o | 2092 | 15.7 20020 { 18.3 | 20962 | 13.8 | 20020" | 18.08
w O
Ly 150 0 127" 25.hg 1238 24,85 1227 | 25.46 1238 2k .13
2
2 ® .
200 80 1107 15.4 1105 | 23.28 1107 15.5 1105 23.57
o 0
' 200 0 16330 28.23 | 16330 43.72 | 16330 28.21 | 16330 43.50
57
2 o
250 100 16103 32,21 16103 46.63 16103 31.91 16103 L5 .46
Demand of16] 15|12 | 13l12{10]16] 21 |1k [18{ 12|18 |22 | 15 [1k (12| 11|16 |19 [ 20115 14 | 15{ 10|12 | 14
16115 | 16113 194 11 18| 15} 13|12 | k| 16412 | 1 10j12 { 12{10] 11§ 14} 1Lf16 1§13 1 12}13[1A [ 12]12{10] 17
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Figure 3.4. Computation Time of Symmetric Truck Delivery Problems
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problem, the effect of increasing truck capecity is that the number
of trucks to be used is reduced. This implies that the number of
points on a route increases and the size of the saving matrix is
reduced much faster. Moreover, when more points are on a route, the
savings tend to increase and the cost of the solution is reduced.

Y. The proposed method appears to have an increasing computaticnal
time rate that is more or less constant. This ig due to the fact thet
the algorithm is basicelly a repetition of the Clarke and Wright
procedure. The suppression approach [21] establishes only & minimum
number of suppressiong, but the total number of-éuppreésions depends
on the structure of the problem. This is the reason for the curves'
fluctuations in the suppression approach. It should also be mentioned
that these conclusions are specified within the range of the problem
sizes solved, and the to extend this conclusion to larger problems
would involve substantisl speculaticn.

Randomly Generated Problems

A set of random cost problems were generated such that sizes

of 20, 40, 60 and 80 points were constructed. Problems with 1 and 3
types of trucks were tested. A summary of the results are presented
in Table 3.25. Similarly, Fgure 3.5 indicates rough time curves.
Consider the following summary:

l. As in the syﬁmetric case, execution time is affected by
problem-size and truck type.

2. TImprovement for the random non-symmetric case is more

encouraging than for the symmetric case. This observation wes also



Table 3.25.

Summary of Randomly Generated FProblens

Problem Size Suppression Proposed
and T 3 .
L" =5 Time IN' = 1C Time
Truck-Type
20
Equal Trucks 208 211 | 206" 1.66
20
3 Types of *
e Thl 8.36 739 8.71
4o
- +*
Equal Trucks 313 8.43 313 11.24
4o
3 Types of *
Trnoks 6Ll 37.k 689 30.6
60
Equal Trucks | 399 69.9 | 3% 33.32
60
3 Types of * *
Trucks 685 73.89 685 %7
80
Equal Trucks 486 61.98 486 88.5
80
3 Types of *
Traoks 700 121.35 | 698 172.56
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made by Holmes such that the entries of the entries of non-symmetric
cost matrix.are completely unrelated, hence the solutions should show
more varietion.

3. It would eppear that computationally, the non~symmetric

problems require no more effort than do the symmetric problems.
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CHAPTER IV

CONCLUSIONS AND EXTENSICNS

This research is concerned with the truck delivery and the
traveling salesman type problems. The first problem is one of deter-
mining the 'best" delivery routes, with respect to the distaice
traveled or other objectives, for a commodity where the system is
subject to a set of constraints. In this problem, the delivery
vehicles may have different capacities and all demands, which are
assumed known, must be satisfied. Clearly the delivery problem may
be considered a generalizetion of the classic traveling salesman
problem which is one of finding the shortest route for a salesman
starting from a given city, visiting each of a specified group of
cities, and then returning to the starting city.

The general routing problem is important because the same problem
structure may also be found in certain scheduling and sequencing pro-
blems other than that of routing vehicles. As an example, suppose
that many different jobs had to be performedlon a machine of a certain
type, and the department involved had more than one such machine. TFor
each job there is a set-up time which is dependent on the job Just
completed on the same machine. The problem then is to order the jobs
on the machines so that the total set-up time is minimized,

Of the methods available for solving the delivery problem as

well as traveling salesman problem (in fact most combinatorial
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problems), the heuristic approaches appear to be the only ones currently
feasible for sclving large problems in & reasonable amount of time.

With this in mind, two heuristic approaches were develcped. Fundamentally,
an glgorithm presented previcusly was the basis for both appreaches.

A heuristic approach for solving the delivery problem developed
by Holmes [21], was modified to treat the traveling salesman problem.
The structure of the latter problem implied the use of one of the given
cities as a depot. Consequently, the notion of using a set of points
near the centroid as candidates for a depot was developed. The
heuristic performed well on small problems (symmetric and non-symmetric)
such that optimal splutions to all such problems were obtained. For
large sized problems (n = 25), only Euclidena problems were used and
the solution quality was less than coptimal but still of good quality.
Hence, the results obtained from the application of the algorithm
would appear to indicate its competitiveness, both in quality of
soluftion as well as in computational effort. At any rate, a deeper
investigation in the selection of the city to be used as a terminal,
may lead to increased efficiency.

The algorithm presented to deal with the truck delivery problem
is an extension of the Clarke and Wright [6]'procedure. The modifications
are agpplicable to boﬁh symmetric and non-symmetric problems. The basis
for modification is that, as in the original method, using the link
having maximum savings as an initial joining, may not be at all wise
due to the truck capacity constraint. Consequently, different pairs

of points were considered as starting links and the original procedure
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was applied iteratively.

The algorithm allows the conslderation of different truck-sizes
(up to 5 types). In addition, the proposed algorithm performed well
relative to known, optimal sclution and also with reference to those
which posed only "best-known" solutions. Also, the proposed vehicle
delivery procedure was applied to multi-salesman traveling salesman
problem. Results were encouraging.

For the delivery problem for symmetric cases, solution improve-
ment was much more difficult to obtain. In general, the increase in
computation time did not Justify the solution improvement. In
addition, the suppressicn approach seemed to perform better than the
procedure suggested here in the equal capacity case. However, the
situation is reversed when different types of trucks are considered.

Finzlly, improvements obtained from large., non-symmetric problems
(random) were more encouraging than those from the symmetric case. 1In
terms of quality of solution, the suggested method produced slightly
better solutions than that in [217.

On the whole the results obtalned reflect the feasibility and
efficiency of the proposed work. However, there would seem to areas
for improvement and extensions. An analysis of greater discretion in
the selection of the initially Jjoined pair as well as in the number
of such initial joinings to be investigated may be a subject of further
studies. Criteria such as using elements in the row and column belong-
ing to the maximum saving link, links having a large saving to demand
ratio and joinings which after deletion of the respective row and

column leave maximum overall savings, should be Investigated.,
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The notion of finding an appropriated initial Joining to the
Clarke and Wright procedure, may suggest that uader certain conditions
of demand and truck capacity, the saving approach can be converted
in an exact technique. For example, the application of both suppression
and initial link techniques together, may result in a branch-and-
bound scheme. This would seem to be a worthy area on which to focus

additional work.
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Computer Progrem's Options Random
95&9“ . Give
& iven
Non-Symnetrlce Problems gﬁ'?‘
ch‘"'v! p"ead Random
&
© - Given
q,&
* ] Random
-Aéé Ir’e
7 )b"?a 1,00 Given
L7 55
C C'% ..e*;e
& =
With the Cpposite Pand Random

i . v Given

3
i @
\:_ Random
& o
‘T': egs"'o Given
® g\ﬁ?‘
i)
E & &Opaae Random
e d
L)
‘a’} “ Given
b
o 4, Randon
QE"*@
2, 00
. e,% egss»o Given
x 6‘0
-Poaed Random
R = Given
' Symetric Problems s‘*"“ Given
i &8

Without the Cpposite

With the Upposite
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Size

IXRD:

ISIMET

Supp

ICON

TREDEL

NUM TRUCK
DEMAND
COBT MATRIX

CAPACITY

DATA INPUT

No Random (Given)

Randeom

With the Opposite

Without the Opposite

Suppression

Proposed

Proposed (number of points in the Rank Vector)

Suppression

Truck Delivery

Traveling Salesman
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* Demand, Cost Matrix, and Capacity are generated in random problems.
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PRAGIAY “4RAINITNPIT,DUTPUTTAPESTINTULTATE BTUUTAU S

THEIS MODILE TS NESIANMN AS A HFURTSTIC SOLUTTON TO THF

VEHICLE SOUPQUILTYS PRolli Y.  THF PORULE S0LVWTS NONSYHMETRIC

PRIILIHMS HAVIMC UF T) 45 »43NTS.  THD COST MATRIX IS
ALY SENERATCQ

THIS PROGRAM WAS DISIGNID NY TvaN J PEREZ DURING
THS FALL JUASTEFP OF 1975
JTMONSTOYN OISTIAS, 85,4) ,0FMAHNITAGY ,CAOCTY{S) ,NIMTRK(S)
OIMONSION ROUTE LN, 23,21 4RANK{L1GO 42421 X101}
INTZOER SYM,SUBR , SIZECRISTyNEMARKD.CAPCTY s RANK,RQUTE
* LClY5,95) ’
LOGICAL S5W,SHITCH
COHMON Z/SIZE«JPRONLOEMANC+ CAPCTY o SUPP,NUMTRK,, TXRO
SBLICKLI/DIST,NUTE KKy KeLyCySWITCH
SLOSK2 IS0 5 T+ JEOSTH MEUEST
ZAL0CKTI/ICIN,GWRANK s ICUAL » ICONT
ZBLOCKLA/JDING,JOING
FALOSKS/ITROFL
FRLOCKE/ISINET

*

L B I B B ]

CXPLANATION QF VARTAELES

- - - - R W A A AR g N

3IST = HATRIX TO STORT THE FOLLOWING
1 = DISTANZE CR COST MATRIX
24354 = SAVINGS MATRIX FO3 THT SQLUTION PROCEOURES
RJUTE = RQUTES GrRERATER NY THE PROGRAM
ISIMCT = SUPPFESSION NF SIMETRIC POINTS IS DESIRED IF THE
VALUE OF THIS VvARIAELE IS
ITROEL = GONIPOLS THE TRAVEOLING SALESMAN PROALEM OR THE
TPUCSK MCLIVORY S204LEM, IF THI VALUF OF THIS
VARILALE IS 1 4 TRPUCK NFELIVERY IS EXZCUTED
SI7€ = GIVFS THZ DTYMENSICK OF THE COST MATRIX
DEMANT = GIVES THE OOMAND 9F FACH MODE
CAFCTY = GIVES THE CAPACITY OF THF TRUCKS USED. FIVE TYPES
ART ALLNWED
HUMTRK = GIVES THE NUMAFR OF TRUCKS AVAILAGLE FOR EACH TYPE
ILOST - STORTS THE COST OF THE JEST SOLMTION
JCOST - STORTS THFE C3IST OF THE SFARFTNS SOLUTION
HEWC3T = 3TGAFS THFE COST OF THT SOLUTIIN OFING RENTRATED
SHAITCA = CONTRENLS THE GENERAVION OF THY RANIONM MATPIX
SA = CONTONLS THC FYICUTISN RY THD MIT40] OF MAXIMUM SAVINGS
TXPD = SPACITIES WHETHER A RANOOM MATRIX S TO 9F GENERATED
RANK = USFD TO STCRI TSD ORDE? TN WHILCH THE POINTS ARE SELECTED
KK = SPEICIFIFS WHKICH POUTE PATRIN IS NEING USED
K3 - SPECIFIES WHICH RANY HMATRIX TS SEING USED
L = SPECIFIES WHICH TRUCK TYPE IS OFING USED
LAXSAV = SPEIZIFIIS TYHE VALUT OF TED SAVINGS OF THI PQINT
SELERTSR FoR ISTROTUCTION IN THE ROYTE
JOTHR ~ RGW OF THT POINT SELECTED
JRING = S0LYMM OF T4S POTNT STLFCTED
SUPI — SPRECIFIES MHETHIR THFE METHOD 1F SUPPRESSIONS SHOULD
2L U3TO 0P KOT, USED IF IT HAS THE VALUE 1 .
I[CO%N - SPFCIFISS THE KUMAREP OF POINTS DESIREQ FOR CONSIDERPATION
WMFN VJSING THE MITHOD OF MAXTHUM SAVINGS
ICUAL - SPECTFICS WHICH MAXIMUM SAVINGS IS ACING TAKEN TO
GENERATE THT SGLUTICH
ICONT = SPECIFICS THE NUMZER OF MAXIMUM SAVINGS THAT HAVE BEFN
RTHERATED WITH THEZ FETHS OF HMAKIMUM SAVIKGS
JPROR = YSEN TO CGMTROL TRE POTATTON OF THE ISTANCE MATRIX
HHIGCH ALLOAS TO STUDY EVERY NODE AS THE TERMINAL
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C IPRON = PFRFAIYS THLC TANE FUNSTINN AS JPRQRD

c X « VEATAR USED 10 ST01° RANNAR AUMAZRS IFTHFEN 0 = |,

c K o= SPCOTFITS HHTCH SAVINGG MATHRIY TS NCTIMG USEO

[ £« MATARIA TR &F0P AR UNMIOTETSR ¢7RSI0ON OF Tur C@5T MATRIM

¢ TIME = VARTAMLE MSED TO PRINT SCUFRAL TIMES THIOUGHAUT THE

[»4 EXFZUTION

c TICAPCK = STORIS THY SUM OF THF CHURITNT USTD CAPANITY PLUS

C T4F DFMANJ OF THE POINTS TO DT JOTHED

c MARK = VARIABLF USCD TQ INCICATE HOW MANY LIKES OF THE

[ ROUFC MATRIL MAYE DOON USEN, S0 KOTHING IS WRITFEMN

c OVER THEM WHEN USING THE FAXIMUM SAVINGS METHOD

C COST = VFCTGR {)SFD TO CALCULATE THE SAVINGS 0F EACH POUTE

[ GENERATED, YHIS IS CONE WHEN THE PRQOGRAM PUNS WITH

c MDRC THAN DNE TYPC OF TRUCK

c

Coarrecc e caea - . - - - -
TIMZO=SECOND{{,)
TIMEST=TIMED ’

Cc

C TAKE THT CURPENT TIME AS OF THC START OF THE DROGRAM IN ORDER 1O

[ NETFRMINE THE EXFCUTION TIME

c
SHITCH=.FALSE. )
READ(54*VSIZF ’
READ(S+*)TXRDLISTMET

C

c REAN IN THE SIZF OF THF CDST MATRIX, WHETHER IT SHOULD

c IE PANII4LY GENEPATED O NOT, AND WHETHER SUPPRESSION OF

[ STHCTRIC CPOINTS IS DESIREDR

c

c THE FOLLOWING IS TME TIMITIALIZATION STAGE N

[ U P e —— e mere e, . ———————— P ——
XTRX =0
ieTRD=(] v ,
IPRII=SIZE - !
JerRnn=g

4617 CONTIHYF
CALL TVAMLRCTURINS{MGLA)
1Ccas3T=D
79 bL6EL T=1.410
D1 ELsS J=1,23
RUTE(T S 11 =D

. ROUTE(TI«de2Y =0

BUBS CONTINIC

B4Bs CONTIMNUE
20 7het I=1.100
09 7465 J=1,2 *
QANK{Igde23=0
RANKTTsds2)=D

TLbS CORTINUFE ’

7Lt COMTINUE

- - - —— - - -

c WRITE THE DATA TAKEN AS INPHT -

L cemmmessamesa—a= demmsssmecccmsscssmssacassass
HPITE(H,1119)
HRITE(A. 1720}
WRITE(51%21)SIZE
TRENUMTRICE2Y LEN. 0) 60 TO k242
WRITELG 1325} INUMTRKIJY s J=14+5)
GO T2 5352

heh2 ARITE(G,7576) NUMTRX{1}
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7ST4 FORMAT/771u,69% MACHINE SIODLEM™ ALL MACHIMES HAVE = CARACTFY )
53183 CONTTNUF

c-------------------------------------.---'.------------------------.-g-.

IF{IXPTNT.1.0.SHITCHIGO TD A7X6

c

c THIS IS5 THT CASE WHCN ETTHEQ NG PANOOM MAFRIX IS DESIRFO
c IR IT HAS ALRCADY PECN GTNERAILD

c

[+ GENERATION OF THE RANDDM COST MATRIX. DEMAND, AND

[ Telck CapACITY

e srrrer e e st e e N e e R S P P R P T PR AP P P PR S SRR m - -

READIG*)TU
00 59 T=1,STZIF
CALL RANI(IN,STZIE XD
00 %R J=1.SIZE

58 DIST(T,J.3)=X(3)%100,
DISTEI,I,1)=0

S COMNMTINUDE
TALL RANDCE,SIZF o %)

2002 FORMAT(2514}Y

IFCIPTRI,EQ.1) 68 TO 3735

THIS PORTION PERTURBS THE COST MATRIX SUCH THAT POSITIVE SAVINGS
RES'JLY, FOR YHE TRAVFLING SALESMAN PRIOLEN

[t ErEr Nyl

Do w22 I=4,S51ZE
N3 3422 J=1.5JZE
Iu22 S{I«J¥=0IST(I4d)1)
no 6?2 1=1,8IZ% .
62 HPILTELA«Z0023{3ISTII.Je1)4J=14SIZED
IFCIT?O5L.EY. 1000 TO 8735
no 4772 J=2,51ZE
DIST(ledu1)=0ISTI1sJs1)¢500
8732 COMTINIF
7 AYIS Is2.S512F
DIST(T+241)30IST (414134500
8733 SONTIRGP

c
4T35 CONTINUE

nn

1cosr=0
CALL RAND{TU,STZIE X}
RHD=D
NTZ11=S[ZF~t
Do 7879 I=1,NIZ211
DEHANIII+NI=X{i1°30.0+20,0
IFLITAN L NI 1D ANDITI#) )Y
7ETS RHD=RHNIGIHAND(I+L)
o0 TN TLX=2,5
[FEHUATRR(ILX) LENDL0)G0 TO 3D20
3010 CONTINUE C
ILX=6
IG20 ILA=TLY-1
03 3030 ILi=1.ILX
I0ID X TRC=XTICHMPYTREIILL)
a0 33L) Tit=1,ILX
3040 CAPATYITLII=SIRHOYNMUMTRKIILX-ILL #2) /XTRX) /2,
TFENBMTOK(2) JHELGIC0 TO S050
ITHNYZRHY 2 XTI
CAPCTY{1)=THYMN+ INKN*D, 30
3050 WRITE(H.1T22)
6320 FORMAT(/F10.1//77)



WOETC (A, 130 (OFANDLI 2 D=1, 5178

20 FORMATIZ/Z7u50 THE DAL MACHINE LOLNING 1S LISTED NELOW }
HRITFL6.3420}
HRTIC 1328}
HOTTETDWLI22V (CATETY LIY » )% %)
SHITCH=. TRy,
50 TO t0D

8736 CIONTINYE

¢

[ T T T L T L - T YU ———
C INITIALIZW £ THE SAVINGS 7O ONE TRUCK FOR EACH NOOF

ARTTE [Bs1022)
1422 FORMAT(® THE OFEMAND AT CACH OF THF POINTSy N=2y.s4eNy [S%®)
HRITE(S 1403 {OLMANDLJ) +J=1,5]ZF}
1408 FORMAT(ZST3)
HPITF{6,10425)
1423 FORMATU(/7* THC SIZTC AND KUMOFR OF TRUCKS AVAILAALF ARE%*)
HRTITZ IS 1424 {OAPCTY(U) 4.0=1+5)
1624 FORMAT{® TRUCK SI?E ®,7X,515}
100 70 110 T=7.S5I7E
ICOST=ICOST+OISTIT41+«1)+0IST 11,1}
70 110 xX$32,4%
DEST{T,1.KS)=~1
110 QISTIl.T4KS) ==L
JCOST=ICOST

[ CALNULATE ALL SAVINMNCS AND STOOF TMEM IN THREE SEPERATE
[+ MATRICES 0NNE FnR THFE THITIAL SOLUTIOGN. ONFE FOR THE
[+ WO AEA, AND GHNE FOR THE CUPRENT OEST SQLUTIAN,

o 120 1=2,SI1Z2E 4
DO 120 J=7,31Z¢5
IFCILEN.JIGA T9 120
DISTIILJe2I =015 T el 10 #0ISTI1,Ud,13=0ISTCL Jell
DISTII . PI=HALIINIST T, J42)40)
NISTILI+Je73=DI5TET S 2)
120 DISTIIL I, 43=2ISTIT,0,2)

c. WITTE THE SAVIKGS MATQIX AS HAS BEEN GENFRATED
Crermerceerrresrrccesm e s e ————m e sE—e s Secesere e .-——-— eem—am——— -
RRITELH,1727)
DA 1193 I=1,SI1ZF .
1199 WRITE(S5,1205H{NISTEI a2} J=1,SIZE)
JEDSTZ2=JC05T
IEETIPNTL NS .1} JCNET223C0ST~((51Z2F=10%1000)
WIITELH.1328)JC05T2

U mmemeemeemeem—eecemeem——————— mecesmcees—cm——te.

THE PROGRAM STARTS ASSIGNING ROUTES
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c
ccccceoccconccofecccenccioccLccoceecceccccocecgcceccceccccococccceccecceccceceeccoen

126 CTALL MARIL,PEZTURHN3(141,2100)

[ INITIALIZE VARTAYLIZS FAR THE FIRST RUN
c -------------- - —— - g —— - P P T T T e L T
Ia=t
K=3
KK=1
X3=1
L=1
127  NEWGST=JCOST


http://WRITEl6.lt.22l

86

Cessmsrianacetnettarcunmemcerr i arn sl e IR as A s S e Fe e RS s Rantssan

1a1 90 131 1IP=1,40
131 ROUTEZ(IIP.22+KKY=ZCAPCTY (L)
IFCITONWNCLIMRD TR 1840
C DCTraMINT THE CURPFAT CPU TIME AND FRINF IT
TIMNT=320000{0,)~-TIHED
TINFO=SECONTI(D,.) -
HRITE(H, 133W)ITIMNE
TIrr=t -
128 JOINR=0
JOING=]
MAXSAV=D
122
c NETERMINEG THE MAXIMUM FEASIDLE SAVINGS (MAXSAY)
c----- ---------------------- P S w s ---—---- P LRI YL L T YT
129 J=1
TFIDTISTEL JyX)LEQ.IGOD TO 160 :
1310 PENLS] :
IFIDISTIL,J,K)LEN.0MG0 TO 150
IFIDISTIT, 1, K EN.0160 TO 160
IFIDISTIT +Je K)o LEL.MAXSAVIGO TO 150
140 JOINR=T
: JOING=E)
HAXSAVENTSTIT o+ dyK)
150 IF(J.LT.SIZEIGO TN 130
160 IF(1.€0.STZF1G0 TO 140
170 I=1+}
50 TQ 129

c CHFECK ROUTES FOP FEASIATLITY AND JODIN .
L Y L T Ty T YN Y Y P YR LSRRy Y YY)
1%0 IF{MALSAV.EN.LRSD TO 2000
IF{NASAV.LT.0)G0 TO 1900
1131 I=JaINR
NEND ) 41104
c SEF IF °nTH POINTS YHAVE ALRFADY AFFN ASSIGNFD TO A ROUTE
IFINIST(JelsKIECLD.ANDLCISTI(L4I,K).€%.0VG0 TO 500

185 I1=1
JJ=1 :
[ NETERMINE WHERT THE POINT IS TO AS JOIMNED

c_... ............. g - — - - - - - e e A -
190 JBINEDS2INTE NI« J14XK)
IFLJITNTILEN.OYG0 TO 200
IFtJITNCDLEN.JOINE)RO TO 210
IF{JOTENLETLJOIHNCIGD TO 314

JI=da+l
IF{JJ.EN.18)060 TO 205
GO T0 130
Comm==== emsmeseamemccscmasmea- armmmmeman B L LT T T T P RSPy
c THE PNINT GEMERATES A NEW ROUTE
L L erermacan - cmeremscccenen—ee -
200 IF(JJ.EN.1360 TO 300
205 JJ=1 -
IT=TI¢l
IF(II.GT,a0)GO TO 1900
60 T3 179 '

e THE PATRT IS TO Ne ADCED AT THE ENO OF AN EXISTING ROUTE
conga00000na0I0CONaN0NDNONN0RODN000T20000209030C000AJ0000000000000000000
210 ICAPCK=POUTFIIT,21,KK)+0OEMAND(J)D
IF(ICAPCKSLESROUTE{ILI22+KK1}GO FO 230
0 TO rul
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300 TFUOFHANDETI #DCHARDLD) oGT,ROUTELLT . 22,K¢3)160 TO 740
FOUTZIITo§ oK) TINTNT
ROUTE(IL, 7, <X =JOINC
DISTET lex)=0
NISTL14).Xh=1
ROUTE(IT,21,XK)=AFMANDEI) +0CHANGIJD
DISTET v ek =]
DISTIJuT4KI =D
50 To 219
cOo00D0ANDODIDDINGO0ADONEDD0000DII0090CO00TAT0A0000G0NIAC0000000000G0DQ0]

(eevememescescccecaannne emmmmscmaaa ammaan S S SR

c IF THT ROW IS ALRCADY FULL GENERATE A CONTINUATION LINF
T emeememccemarem—————— P E e T T P
230 IF(JJ.CN.LAIG0 TO 240
235 ROUTELIT, JUrE KKI =Y
234 ROUTFCIT.?1.KK)=TCAPCK
IFIIOUTFITI, 19, 4K} EQ, 0160 T 237
TI=20UTTEIL, 18.KX}

50 TO 234,
236 ROUTE(TT.21,XK)=TCAPCK
[ ASSIGN THE POINT

copooooOCEaNDONACONDDONONDOCECO00DD000000000000000060G00000000000000000000
2% DISTiL.t.r)=0

DISTU1+JsX)=0
NISTITJ Kbz ag
JISTLLI.¥K)=0

238 IF(L.MZ,1,09.ICOM.HE.0IGO TO 239
RANKITIIT w1430 =1
RAHNKIIIT 2.%X332J
ITI=TIII*1
IFIITI.GT.1000G0 YO 1300

237 HFEACSTE2HIHCST=DIST I+ Je 2}
50 FO 1723

coa600020070M70C00000N00000C0DIR00GO00OC00CN00D0000DA000000C0000000000000

240 IROW=]11

250 II=71I+1
IF{TL.57.40150 T 1200
IF{ADUTI {11,1.KKYJHE.D)G0 TG 250
ROUTZ(IZON, 20,k =1]
FOUTEAII.19,<K)=IROH
ROUTELIL,ct,XK)=ICAPCK
Jdz0

c --------------------------------------------------------- -

310 IF{RIAUTCUTT 24 KK +DEHARI(TYLGTLROUTE(TITL22,KK1IGO TO 74l
TE(R0UTSLITW204KKIWHNELDXG0 TO 329
J30 IF(ROUTFIIILAR,KK) «NELDIGO TO 340
JJu=1
360 TFU(ROUTEAIILLJIKKYLEN.DIGO YO 350
Ju=Jddey
GO T3 36D .
320 IT=PROITSZLIT.20.KKY
30 ¥Q 310
3ul ITEYS<II
341 IT=II+41 o
IF{ITI.GT.401G0 TO 190D
IFE?OUTSIIT4 KK} NELOIGO TO T4l
ROUTC{IT+19.KK)=TTEMP
ROUTELTITCMP, 20, KX) =TT
Go T3 370



c MOVE BLL THE PNINTS T3 ALLOW THE HTW POINT FQ ENTER
c ------------ - - == - - B L L LT L L L L L T Ty
350 [CUTMITILIIL19,%K).£7,0)G0 t0 352
TREROUVFTINGIT LTI+ 430K 18, KK) LENLT99991)60 TO 400
IF(ROMTERDITE(TT 120K <1 v 1AKXILENLNIGO T 400
353 QOUTEITJIeKK) 2ROUTE(LL, Jd=14KK)
NNENNESS
IFLJ4.NT 160 TO 53
I70 TF{ROUTNIII.19,KKYLEN.0)1GD TO 380
ROUTT I ,14KK) SROUTECROUTECTIT 4L G4%%) 518, KK}
00 TI=ROIUTE(II.194KK)
JJ=14
GO TO 350
380 ROUTELTIT,1,¥K}=T
IZACCK=N " MAMNIIN 4R0UTE{ I 421 +XX)
390 RAYUTELTIL?1.KK)=ICAPCK
II=R0UTE(II+204%XK)
IFEIIL.EN.MIGD TD 237
GO TO 319
Is2 JJ=1e
GO TO 353

Ceeemecre e e e ———— o P R

¢ ATTFM>T TO JOIM THO EXISTING ROUTES
Cemmmmm——— e emm——— e e e —— e, —————————————— e —————
600 II=t
620 IF{POUIS(II 19,%K}.EN.0150 TO 610
630 TI=II+i
IF(LI.GF.401G0 YO 1500
GO TO &71 '
510 IF{IUTZ(II.1.KKY.ETJOINCIGO TO 640
G0 TO &30 i
640 TSAVSIT :
645 IF{RNITI(IL,20.KX)+NEDIGO TO 650
Ja=1
660 IFIRAYTECIT,JJ KKIEQLJOINRIGO TQ P40
NNLNNTS
IFCJS.E7.19150 TO 68D
IF(ROUTE(II.JJnKKILEN,DIGO TO 680
30 TO 650
. B50 II=ROUFFIIT,20,KK}
G0 TO 6LS
690 IKEZO=IT
Ir=t
700 TF(ROUTZITIL20,KK}.EN.0IGO TO 6906
710 TI=TIe4
IFFII.GT.40160 TO 1980
50 1O 730
690 IF{II.ET.IKEEPIGO TO 719
JI=1
720 IF{3DUTEAII,JJ-KK}LENLJOINRIGO TO 732
RRENNEST
IFLJJ.EN. 19150 YO 710
IFLRYITE(TT,JJWKKYLEQLCIGO TO P10
G0 T0 720
730 JsAv=Ir ;
ICAPCK=20UTE (TSAV21,KK) tPOUTE (JSAV,.21.XK)
IF(ICAPCK,GT  AMAY O [ROUTEIISAY,22,KK) JROUTE(JSAV,
L 22,K€33150 TO 74D
ROUTE{JSAY.22.KK] ZAMAXD (ROUTE (ISAV.22,KK) JROUTE(JSAV 224 KK
ROUTETISAV22 /KK ZROUTE (JSAV 22 4KK)

-

88


http://II.GT.lt0

89

NNLENIY]
IFL{4J.GF, 106D TO 738
3 T35 1%:40,18
735 QOUTTIJ50V,IP,4K)=3999%
736 ROUTTLISAV,?N.KK) =ISAY
WUTELISAV.LI,KK) 2J58V
TEO I1=20UrT (JSAV,19,KK)
IF{II.ET. 01530 TO 7590
JSAVEIL
GO TO 760
TS0 II=JSAY ’
751 ROUTE(IT,21,KKI=ICAPCK
IFIROVTELIL, 20,KK) . EN.D1GO YO 236
IT=R0UTTITI+20,KK)

6o to 751
e
c THE POINT IS INFEASIDLE, ELININATE THE POINT
c r
Tl DISTII.J,K}=0
GO FO 178
c

S U PR U U S PP U ——

LA AR A R N A A T A R L A T R R R R Y A E R R S L R N YR IS T Y]

c IF THE RONTF MATRIY TS5 TOO SMALL FQR THE PRORBLEM AN ERROR
c MESSLGT IS WRIFTENCENLARGING THE SIZE OF THIS MATRIX SHOUNLO
[+ COR?TET 1T, MOWEVER ALL THE PROPER STATCMENTS SHOULOD BE
c HOJIFIFD TGO,
1960 WRITE(S«1T0LIT+JaKoIloJJs KKK, HAXSAY, ICOST ICAPCK
c

GO0 TO 210N
2000 CALL PERTZ.RCTUINS({128.11A8%10
[ SCAN TD MODIFY PANK TN SUCH & FORM THAT ONLY PQINTS
o4 THAT APS QU THE POUTE N5 CONSINEPCH FOR SUPPRESSIIN
o THIS IS5 PUS TA THE METHIG 557 WHEN FUNNING THE PROGRAM
[ WITH DIFFFRENT TYPES OF TRUCKS N
c

TFENUNTRE 2) ,ET.D,0R.JCON JWELDIGO T 2019
r=t .

1803 II=RANKIIL1,4K3)
JUSRANKLIT L 24K D)
IFIIILET.0)50 TO 2010
Iv=1

. Jv=1

1806 IFERDUTECIV,JV,KKY.EN,0)G0 TO 1430
(F{OBTF LIV, JV, KXY, EN,.299931G0 TO 1810
TFERAUTIOIVLJVeKKILENLITIGO TO 1420
JVTJyel
IFtUYOTI8IGO TO 1410
50 TO 1405

1830 IF{JV.EN, 1160 TD 1831

1810 IV=sivel
Jy=1
GO TO 180%

1820 Jv=Jvel
IF{IV.GT.18I06D YO 1925 : -
IE(RIUIT LIV SV, KK LET4D.0R, ROUTE IV, JV. KK} .EQ.99993160 TO 1825
IF(ROUTEL IV, IV, KKY 2 E3.JJ3 G0 TO 1RG0

1831 RAHNK{TIL.¥3Y=0
RANKII,2,%3) =0
DO 1435,1P=1,99
IFIRAUIIP+E,1,K3).EN.0)3G60 TO 14808
RANK(IP, 1,31 =RANC(IP4+1,1,K3)
RANK{IP, 2 K1) ZRANK[IP+1,42,K3)


http://��wuteosav.19.kk
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1865 CONTINYFM

1A0H RANSELY, L ,x32 0D
RANLITI?,2,K7) 50
GO TO 1ap?®

160 I=1s1
IFIT.GT.ATCIG0 TO 1900
GO To 13n3

1825 IF(23UTELIV.20,KKYLENDIGO TO LAalt
IF(IOUTI(ROUTE LIV20+KK} 2 12 XK) L EQ.JJ1 0BG TO 18460
GO TO 1831

O m et e E st s A e r e m . s = = 8 =
LT Wl e e el el o ol el et e et e ol T ol el ol el ol et Y o o el T et eE el T T of ol elel el et e ol ed d el L et L L 1

[ HETHOND NF SUPPRESSIONS
c....'ll'llllt‘!!‘l“l""‘.l'.l'."‘l!!"!l'l 2 E R RS RS RA S IR TR AR R EY YY)
2010 IFCICODYN.NFLOYGO TO 126
IF(SUPa,£0.0)6) 10 2100

IFIKNT 3 Ih=Tht]
IP4=]h=~]

v

ORTAIN THE NEXT ZLEMENT OF THE ORCEREOD JOINEG PAIRS IRANK)

IF INITIAL SOLUTION RE-INITIALIZE VALUES AND RETURN

aa0Oan

NERAHKIT4y1p1)
Wi=RAHCIIL,2,4,1)
IFILMELTIGY TO P60
TF{ITRIFL WNT IV MFHCSTENFHEST-1000
HPITL(6Be1372R) HEWCST,
70 2334 I17P=1,S51ZC
10 2354 J/P=1L.S5IZF
23564 DISTI1Z9,277,3V=DISTIIZR,JZ2,2)
DISTCH,ML.3r =D
IFEISIHTTLED.DIDISTINL, N, 3} =0 ; \
DISTIHNL, L) =0 ) :
IFLISIMNITLEN.DIDISTINL N, 4} 2D
K=4
XK=2
K¥=2
1COST=IE ACST
50 TO 127

SEE IF THE NEW SOLUTICON IS 9ETTER THAN [HE CURQFNT REST
IN EITHE?R CASE SAVE THE BEST SOLUTICN, QE-INITIALIZE THE
PROPER VALUES AKD PTTURK FOP THE HWEXT ITERATION

OO0

2350 IFLITONCL,ME 1) NEUEST=NERCST=1000
IFLICOHSTAT.NCHGCSTIAG T 23A0
ARITZ (Aa1329) I1PL 4 NEHCST

377 COMTINYE
TFI2ANKTTL.1.1)ENLDYGO TO 2100
IF(I4.F?,A)}50 T 2100 ’ )
NG 2370 Mi=1,S12F
N0 237D MP=1,SIZE . -
CISTUIM],M2,41=0ISTIMLM2,2}

2370 TSTHEML, 42,V =NTIST(M1,M2,2)
GISTL A NL b} =1 o
TFIISTU T ENLBINISTINL N, k220
DISTUH,NL,3) =D
IFCTISIMETLEN,DIDTIST{NLsNs 3} 2D
o0 2378 I=i,40
DO 237R Jz1,25

2378 ROUTE(T+J423=0



G0 to 12?7
23al CONTINIE
MRITF(Rhei330) 10N
WRITF IR, LISV INFWCST
98 2§90 MiE1,S1ZE
20 2319 M=y, STZF
2390 AISTIML, 2. 31 =DIST{MLI, M2 k)
[CIST=NEWEST
DI 2400 4231,40
DD 2400 4u=1,23
2400 ROUTE (MT 4 M4 4 1) SROUTE (M3 4 Mk 42)
RUUTE (M, My, 282D
HIRANCTTG=1,1,1)
NLZ2ANC TL=1,2,1)
DISTIH,NL.2) =0
TFIISTYIT.F1.0)0DISTENL N,2)=0
Is=1
00 2410 MuL=t,?2 ‘
D0 2410 N3=1,80 :
RANK {43,444 1) SRANK (MY, My, 2)
2LiD RANK{MILFU.2)=D
NZRANK{IG141)
H1=3aMK{The2,1)
G0 TO 377
c

c.'..'.l...'ll.l.ll.l."l"""-l'..I'."..l..‘."...I‘...'."‘.l.!'.'.‘

[ WRIIT THE RFSULTS FOUND AND TFRMINATE IF APAROPTATE
cl.'.lll"."’l'."l#lI'.ll!'.fl!"ld"I"ll'l"l.l!..‘.‘..'!’."'l‘!‘..
2100 HOITEL6.1332)FCOST
HRITE(5,133%)
0D 2507 T=1.40 .
2500 WRIFELRWIITINIROUTE (Tsdel) e d=1,22)
1304 FORMATIIS)
ARITCIR1Z07) ENUMTRELI) I=1,45)
1307 FGPYATISIR)
1301 FORMATI10510)
1303 FORMAT{14T4,L115)
1708 FORMATLE?505)
1310 FOR~ATIFLI0,.5)
1308 FORMATI2ATG/ 2014 /2004720107 2010/T4)
1392 FOPHATI?0T4)
1306 FORYATIAIS)
1319 FORMATIIHN1,14X,"=-=DUTFUT FOR A KON-SYMNETRIC VYEHICLE SCHEOULING P
%ROBLEM--=")
1320 FORMATELYOL."THE DATA INFUT FOR THIS PROOLEM CONSISTS OF THE FOLLOW

YING )
1321  TARMAT{™ THFE PRACLEM CONTAINS ",I7," OFMAND SOINTS INCLUDING TME T
YTOHMINAIL™Y .

1322 FORMAT(™ THZ DEMAND AT EACH OF THE POTNTSy N=2,..2eNy IS )

1323 FORMATI//™ THE STZF AND NJUMAECK oF TRUSKS AVAILABLE ARE )

1324 FORMATI"™ TRUCK SIZE *,7X,515)

1325 FORYMAT(™ NUMAFR AVAILABLE ™,515)

1327 FORYMATII41,"FROM THE BPOVE COST MATRIY THE FOLLOWING SAVIANGS MATRT
%X HAS BIom CELCHNLATED )

413238 FORMATH141,"THI £a5T OF THF FIRST SOLUTION IS “,I7)

1329 FORMATII40,"SUPPRESSION NUMRER “,I2." OF THIS SOLUTION GIVES A COS
AT OF ", 17}

1330 FORMAT(IHN,"SUPPPESSICN NUMDCR “,IZ2,*™ HAS IMPROVEDY,
4™ THI SOLNTION™)

1331 FORMAT(IHO,"THE MHEW CUPITNT PEST SOLUTION™,
%" HAS A COST CF ".I7)

£332 FORMAT(IYL,"THE FTHAL SOLUTICON MAS & COST QF ", IT.s7/"™ THE ROUTES
AUSED IN THIS SOLUTION ARE AS SHOWM TELOW™)

91



1

i

11

334

3619

4099

aaaaoaaQon

[ 2]

[rNs N>Ry Xy]

[y]

o 00

g2

FORMATLLNN,,MROUTES o TRG,"FRON, 1101 (" TO",
AELLa " I MANY T1Z0, "CAPASTIY")

FORMAT(1'N," THE YOTAL CPU FIME USSO THUS FAR IS ",F9.5)
FLLOAENLLH LN

1F(JPRINLEG.IFROM) GO TD %518

GO TO 3617

CONTINJE

EXTIMT=3CR0N0(0 .} ~TINESYT

WRITE(5,4097 EXTIME

FORMATI™ TYZ FOTAL EXECUTION TIMF IS™, F15.4)
5700

END

c“i.‘l.l.‘.l‘.l'l.'l.I-.‘ﬂ-"F"."..‘.."'.'.."."l""'.."..'.’....

SUBROUTINE IVAN,RETURNS{AL)

. THIS SUPRNYUTINT RFADS IN THE OATA, AND MOOIFIFS IT IF
RTCESSARY. IW THE CASE OF THD TRAVELING SALOSMAN PROBLEM
IT ALS2 SHIFTS ©AWS AND DOLIMNS WHEN PUKNING THE
TRAVELING SALFS™AN PROZLEN IN SUCH A WAY THAT A SOLUTION
1% PRIMNTED FOR TACH NGDE

INTEGFR C{85,85)4SIZE.R .
IHTEZG:2 DIMAND(9S)Y +CAPCTY(5) +SUPPNIUNTREES)
* GRANK(1004+2,2)
* JDISTIAS,85,4) ¢RDUTFEL4LD,23,2)
LOGICAL SHySWITCH .
CIOMMIN S/SI1Z0.,JPRIA, DEMANG, CAPCTY . SUPP, NUNTRK,, LXROD
® /BLOCKL/PISTROUTE 4 XK, KWl Ly SHITEN
* /3LOGKI/ILON,SHRANK,y ICUAL, ICONT
® /BLODCKS/ITROCIL .
SW=.FALSE,
IcuaL=1
iconT=t : N
'K=3 [}
K=}
IF{JPROT.GT,016GN YO 555
SIZE IS THE tIIMAFR OF CITIFS
READ(S,*)}SUPPR,ICOM
READ(S.*) IT?DFL
SUPP INDICATES WHETHER THE SUCRFESSIONS ARE EXECUTED OR NOT
SUFR = 1 HAS SUSIESSIONS
s5iee =z g NO SURIESSIANS
ITROSL IF 0% SFECIFIZZ A T2UAK DELIVERY DROILEM
I 2ER°0 SOZCIFI®S A TRAVELING SALESMAN PROBLEM
REFATIS,, ™) {KIMTRILAT) 4 I5145)
IF(IX?N.NTL 1360 TO 555
READI(S, *) {OTMANDKTY ,151,STZE)
DTMANDY IS THE DFMANTD FOR EACH CLTY
REANIS«* ({201, JY 3051 ,STZEY «TS1,STZY
C IS THD CTSTANCE PMATRTX
NJ¥TRK IS THE NUMIER OF TRUCKS FOR TYPE I TRUCKS
REANDIS,,*Y (CAPCTY (I}, I=21,5)
CAPCTY T3 TWE CARPACITY FOR THE TRIUYCKS OF TYPE I
IFCLNIT . SWITCHLAKDLIXRDLNE1IRETURN
Do 5556 T=1,3IZE
D0 555 JT1.SI2E
DIST{T.Js10=C{TLJ}
IFLJIPR0D.END. TGO TO 55
IF(ITRITLLEY. I RETURNAYL
00 10 J=1,5117E
N=DISTIL.ded)
0ISTI14Je1)2DI5T{IPROB4Lsd,1)



OAOOa00Oa0O0N00NN0

10

40
55

7o
B0

i1
i1

1501

93

DISTIJR=0eL i) 28

ny ul I=1.502%

RIpISTiT 141

OISTEL.1.1)=0IST{I,JPROT¢1,1)

QISTUI.J7POT+L, 110

CONTINYS ’

WRITE(G.+111}

03 % I=1,812E

HRITE(Le 110 (DTSTAT a1 4 d21,512E)

IFIITROFL.L)41)RF TURN

0o 70 I=2,5I7E

NIST{Is+1+112DIST{T4+1+1)+300

Do A0 J=2,S51ZF

DIST{L+Js 1)ZDIST{, J.llosnu

FORMAT{1{41,* THE FOLLOWING £OST MNATRIX IS BEING USEQZ®)
FORMATIE2SIS)

RETURY

END

SHBIOUTINT BEREZLRETURNS{AL,A2)

THIS SUIROUTINE TAKES CARL OF THE MULTIPLE TRUCK PROBLFM
THE McTHJD USED TS5 THE FOLLGHING
INFINITE TR'ICKS OF THE CASACTTY NTING USED ARF ASSUMED. AND AS
MANY ROUTFT AS NECPESARY ARE F)RMc0, THEN THE P2Q59A4H
CALLS PERFZ wWHICH FINDS THE SAVINGS THAT E4CH 2QUTE HAS
AND KEZIPS AS MINY ROUTES A4S TYSRID ARE TRUCKS OF THAT TYOF
PRIVIOCY TH® FOLLCWING CONAOITTONS ARE M T
1 = THE PQUTE NLOTESSERILY PEQUIRRS THIS TYPE OF TRUCKy IeEe
IT CBNNGT TF ASSTIRATT TO A SMALLER TRUCK
2 = IT HLS SAVINES LARSER THAM OTHFR RIUTES.AND THUS SEENMS
TQ ME A DETTYER CANOICATE FOR THAT TRUCK

THE SUPPOUTINE RBCCS KOT FOOL &APJUHD ATTH QNE TRUCK TYSPE
PRQ5GLEM AND IF THIS IS THD CAaSE IT RETFURANS WITHOUT
MAODTFYING ARYTHTNUG,. )

COMMAY //73177,42000, 00 MAND, CAPCTY +SUPOLNUHTRK, IXRE/ALACKLY
L DISTHRIUTE KK KoL oCaSWITEY

* /ALOCKP/ICOST,JCOST, NTREST

$ /3LOCKIZICT,SH,RANC, ICUAL, TCONT

THTEGE? NISTI95, 8%,4) yRSUTE{LN,23,2) ,0EMANDIAS) ,NUMTRE(S)
1 LCAPCTYI5) ,CO5TI40) 4RIWNIGN) 4STZE
2 GPaMw(100.2,2)
k 4 +0{85,85)

LOGICAL GHeSHITCH

TATA ACOSTIIN.T151,60)£60%07 MARK/LY
IFtL-_Q.a.Dl.HUHTFh(Ltlb.EQ 0160 TO 15040

30 1501 I=f1,60

cOSTLLE=0 ’

IR=1

IT=4ARY

IF(ROUTIATIILI9KKYWNFLOIGD TO 2

IFI{2OUTT (1T ,1.KX}.ER.01G0 TO 3

ROH(IPI=TT

Ie=T3+1

II=1I+1

én 101

IR=IR~-1

IFLIR.LE.NUMTPRILYIIGO TO 1500

on 5 INUM=1.IR .

IT=R0W { INUM)

nnor J=1.17

TF{ROITEIIT U1 4KK} dENaTeORROITELIT+Je1 KK} .EN.999959)G0 TO A
COSTLINUMY=COSTLINUMI +DISTIROUTEITI L JoKK) 4RIUTE (I o J#L,KKY 42)
CONT INUE



3

12

1n
i1

‘20

16
15
17
13

145

140

LB
L8

49
W0
30
15

1780

[FEA0TEITT.20:XXY,C0.0060 10 6

COSTUII=CO3TIID #DISTAROUTEAI L+ Jy KRNI yROUTEAROUTLIIT 4204 XK o1 XK1 s
120

ITAIDUTFLIL,20,K%)

GD TO 3

CONTINYT

TNUMTREZNIIMTRY (L)

DY 11 IPX=1, INUMTRK

MAY =0

TLINE=]

D3 12 IPXX=1,1IR

IFAROUTCAROAIIOXNNY 4214 KK} LLELCAPCTY(L+12)0GO TO 12

IF(COST{IPXX) JLE.HAXIGD TO 12
MAX=CDST(IPYX)

ILINE=TPXX

CONTINYF

IFIILINTLFO. 000 TO 114
COSTLILINTI==-99009

CONTINIE

00 13 IP¢=1,]IR

IF(CASTIIAX) .L0.-99979)G0 T0 1%
[1=R0OW{IPX}

00 14 J=i419

ROUTELIIJWKX) =0

IFteDUTI LI1,20,K%) ,EQ,0)G0 TO 15
TI=2DUTELTI20,KK)

70 15 S=1%.23
ROUTE(INUTFIIIL19,KX) o J, XK} =0
ROUTEIRIUTE(II ¢ 19,KKY 31 yKX) 21
GO o 29

09 17 J=19,23

ROUTCHTII,J.XK) =0 :
ROUTENIT 14K ==1 '
CONTINYS

c=1

19 30 I=vEPL,4f

IFE23UTFIL 1 4K%) ,EQ.01GD TO 35

IFE20UTE {141 eKK) 4NEL=1360 TO 30

07 LY IPX=I,.460

IF(EOUTEIIPX+TCe 1 «KK) JE2.0160 TO 3§
IF{3UTE{IPL+I%,1,KK) . EQ.~1360 TO 140

G0 TO 46

[C=IC+1

GO 3 145

0N w3 J=1.22

ROUTELIPX 4 J,KKI=PAUTCHIPX +ICy .0, KD

IFEAIMTCOIPK 1Ay KY) Q.0 AND.ROUTELIPY 20.KK) JER. 0260 TO 40
37 63 TV=1,40

TFIROUTALIVLL+XXYLENLOVGD TO &40
IFERAUTT(IVy19e KK oL J IPX+TCIROUTECTV 413 4KK) TIPYR

IFIPITO IV 204 KK EQuIPX4ICIROUTELLIV,20 4KK) STPX

CONTINYF

CONFINUZ

CONTINYE

MARV ST OX )

THO=IPL+IC ‘ -
N0 1700 IsHARK,INO ‘

bo 17200 J=1,23

ROUTZAHT,JoKK) =0

1y=2

IFEX.FA.G) IU=3

IF(1T0ONLKE D) TU=2

NENCST=JC0ST

D0 50 IT%1,SIZE

gl



53

56

-3

66

60

62

1000

1600

1601

1500

ohooOooOooanoOOOon00

95

no 50 et .S
NISTIITwJJeX)=NISYUIT o dd, IUY
IKEFD=2)
I1=1
IFITOUTZ(TT 1%, KKY,NEL.MIGO TO A2
IF(2MTF {1141, KILEQ.D0159 TO 4000
IF{I1.7. TKEEPYGO TO &0
IKEER=TT ’
D0 6% J=1l.17
T=ROIUTT T I +J XK}
IJ=20UTE(ITeJ#l KK}
IFETJ.EN.0.9R.1J+F2.99999)G0 TO 66
DISTITI.+1.X)=0
NISTI1,IJ.KY=D
DISTII,TJyKt==1
DISTIIJal+K}=D
NEHCST=NLWEST-NIST(L,TJ42)
CONT [N
J=1A
IFIRMITELTIW20KK)LENLO}GO TO 60O
F=OUTE{TIJeKKD
II=RTITELIT,20 KK}
TV=ROITC{IT+ 19 KK) '
OISTII.1.K0=0
DISTIL.IJs%E=0
BISTIIWTJeX) ==
DISTETJ ) =0
HENCSTENEHGST=0ISTIINIJ,2)
GO TD 56
II=IKEE?#]1
GD 7O 53
II=11I+1
GO TO 5%
L=L#+Y
IF{L.GT.S¥GO TO 1500 4
IFENUMT2Y (L) .TN.0IG0 TP 1500
02 1590 I=MARK,&0
ROUTE(L 22, KK}=CAFCTY (L}
IFCICONHND WD AHNDITSTIRANSITCULAL -2, 1 41) ,RANK(ICUAL=1¢2¢1) ¢ K) o NE =L
1 1G9 T0 1601
RETUNAL
JOTHMI=RANKITCHAL~1,1,1)
JOINC=RANK{ICUAL=1,241)
RETIRNA2
L=1 :
MARK=
RCTURN .
END .
SUBROUTINE MARIA,CETIHRNSIAL A2)

THIS SUIROUTINF IS USEFO TO EXECUTE THE HETHGU of
HaAaxInMUMY S &6vINGS

THF METHON PROCEFDS AS FOLLOHSH
UaaM tHE FIRST CALL THE SOTNT OF EACH COLUMN AND RON.STQQTI”G
WITH COL'IMN 2 POW 2, WHICH PRFSINTS THE MAXIMUM SAVINGS

IS SAVED IN THE MATRIX 2a4¥, PROVICED SUCH A POINT IS

NOT ALIEADY IN THE MATRIX, QR IF 50 CHISEN, ITS GPPOSITE
ALSOD.
TYE POINTS IN THE MATRIX ARE THFN CRCERED S0 THAT THF

ONE HAVIMNG THE HIGHEST SA4YTHGS 5085 FIXST, THE ONE HAVING THE
SELOHT HIGHEST SAVINGS RIS SFCOND, AND 50 ON

IN THIS MANYER AS MANY PJIINTS A5 DESIRED ARE ORDERED.



oo

11

15

60

50

96

WHEN Tuar sURQOYTTRE 15 $URSTRUCKNTLY CALLED THC POINTP
COMING NEXT IN THM HMATRIX RANY IS GIVOH RACK TO THE
MATN PROGFAY YO NP LDSFD A% THS EIPST 23THT ASSIGNCO ON
BAUTE, HIWFYL R THE SAYIAGS MATRTIY @r4AINS UNTO'IEHED.,
COMMON /Z/7ST7F,J™enn, OFMANE, CACCTY ,SUPI,NUNTRK,, IXRO
PRI /NINT G RIUTE y KK X s Ly Co SHIFCH
* FRLOCKTIZICOST L JCIGT W RCHECST
® /BLOCKT/ TCOM,SH.RANK.ICUAL, ICONT
PFALQCKL A IDTNR,, JOIRE
* /BLOCKS/ITRNATL
¥ /ALOSKS/ISIMFT
INTEGTR STZC.DEMANDIASY+CAPCTY(S),SUPP
* GNIUMTRM{D) ,RANK(100+2.2)
* aDISTIO5 .85, 4 ,POUTE(LD.23,2)
* SC(A%,5)
LORICAL SW,SHITCM
IF(TICON,FN.0)RETURN .
IF{SHIGD TO 7
I=2
HAX=DIST(I,I)
DO 2 J={,5I7E
IFIDISTIT+Js2)YLE.MAX)GO TO 2
MAX=OIST{T+Je2)
I120%=]
iroL=Jd
CONTINUE
J=1
Y 1 II=2,S572€
IFEDISTIIT,Js2) JLF . MAXIGD TO 1
MAX=DIST{IIsSs2)
IROW=I]
IcoL=J
CONTIHIT
TF{42X.27.0160 70 &
IFENE LT (IR0OH) *DCMAND(ICOLY.GY ,,CAPCTY ({11160 TO 3 §
TF{IISTIIPOY, ICOL 1) .EN.=116G0 TO & '
NIST{I204,I20L41)2=1
TFCISIMI T ENDIDISTUICOL, IROW, L) =y
RANCUICOIT 1410100
RAMKCICANT 42410 =1COL
ICONT=IRONT#]
G T3 &
DISTLIRNN, ICOL,2Y=0
GD TO &
ICOMT=I6AKT~1
INUMSICONT =1
INUM=AMING TIHUM, TCON)
DN 5N I=1,IY4
HAXZNTISTURANK LT e 0} yRANKIT 241742}
11=T#1
Loc=1
N0 A0 IT=I1+ICONT
IFtIISTIRANYETIIL1,1) yRANKIIT,2,13,2).LE.HAXIGO YO GO
LoC=11
HAX=DISTI(RANK (IT4141)+RANKIITo241)42) " -
COMTINUE
IPL=RAMX (Iy1 1)
IP2ZRANGC [T 2410 -
RAHZIT, 1,1 =RANMILOC 1 41)
RANL ATy 2 1) SRAMKCLOC, 29 1)
RANCILNC+ 3410 2TPY
RANY(LDC,2,1) =102
CONT INUE
SH2,TRUE.,
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73
92
L]

ns

75

76

3]
192

101

115

103
110

108
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IFCICHAL.NT,ICONT . OR.ICUALLGT . ICONGO TO 102
JOIY=2ANKLICUAL o143}

JOINCERANR (TCUAL S T4 1)

IF(ICUAL.TA.11G0 TO 75

IFLICUAL.TN, 2150 TO 76
IFCITRITL.NI LI NFHCST=NINCST=-1000
IF(NEWSSTLLTLICOST)G0 TO 3
WRTTE(S, 79 ICIAL=1, NFWECST

FORMATI™ THT MAXIMUM SAVINGS™.T3,™ HAS A COST OF™,.I10)
DY 80 M1=41,SI7F

no "0 47=1,SI1ZE

DISTIM{ H2Z4XI=DIST{ML4N2:2)

N0 RS M1z1.40

0o BS 47=1,22

ROUTE (M1,M2.KK)} =0

NITW2ST=JC05T

ICUAL=ICUALML .
RETURNAL

¥K=3

KK=1

L=1

1CUaL=INIALe]

NEW2ST=JC0ST

RETIINAL

K=

IFLITRDSL.NE L) NEWESTINERCIT~-1800
HRITE(G6.79)ICUAL~14NEWCST

KK=2

L=1

ICOST=NTULST

ISUAL=TCUAL¥L

NEWCST=JCOST

RETIRMAL

HIZITE(5,190) ICUAL =14 NFUEST

FORMAT{™ POINF",IT3,™ IMPROVED THME SOLUTION.THE NEW COST IS™,I10)
IO T=HFWCST

IF(X.E7.4160 TO 108

K=l

XxK=2

L=t

GG TO §2

=3

KK=1

L=1

Go T2 92
IFCITPOAL NS LI KEWCST=RIWAST=1000
TFINCRESTLLTLICASTIGO TO 105
IFIK.FN%)G0 10 113

=2

N0 103 TI=1edd

a0 10% Ji=1,22
QOUTEITIZJJe L) SROUTELTT N JJ, 2}
WPETZ i/.7TCUAL=-1,NENCST
RETYRIA?

ICOSTSNEHEST

IFIK.ET.4)60 TO 115

GO T3 110 :

Iz1+1

IFIT.GCT.STIZEIGD YO &

Ghd T3 11

END T

SUBSOUTINE RAMD(ISEEDLIMITX)

THIS SUIROUYINE GENERATES & SIZE *SIZE' VECTOR OF HNIFORHLY

DISTRINUTER PANNAM NUMBERSs GIVEN A STARTING SEEN.

NTHENSION X(L0L)

70 1 I=1.LTMIT
ISERD=ISEFD*16T777219 .
IF(ISCEN.LT.D) ISEED==]SEEN
X{IV=ISEED (2.7 %4 4,)
CONTINUE

RETUIN

END
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