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Abstract: The article deals with the possible application of the Solver optimization module to
solving the single-circuit transport problems. First, the article describes the single-circuit transport
problems and the optimization module Solver itself. Using the specific model example of beer
distribution, the author demonstrates the algorithm which may be applied to solving single-circuit
transport problems by means of Solver. The travel route designed by Solver is then compared with
the originally proposed route. The values being compared include the total length of travel routes
created and the associated variable costs spent on serving customers and also route design time.
Thus, using the practical example of beer distribution, the manuscript has demonstrated the
algorithm which is used for addressing the single-circuit transport problems. Nonetheless, possible
application of the Solver tool is not limited to seeking a solution to the travelling salesman problem
only. It can also be implemented even to discussing the multi-circuit transport problems with

various confinements.
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1. Introduction

Vehicle routing problems belong to the problems typically solved within the operational analysis.
They are designed to optimize transport services carried out by way of cyclical tours. In practice,
they can be encountered in the situations where it is necessary to ensure transport services for a
certain set of customers from one or a few initial points. The vehicle routing problems are solved

using a number of methods which can be divided into exact, heuristic and metaheuristic ones as per
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their computational complexity and quality of solution they offer. Exact methods allow us to find an
optimal solution to the problem. Their drawback is that they are highly compute-intensive,
especially in case of large problems. Hence, the other two groups of methods are frequently
employed in practice. These methods seek to find a suboptimal solution to the problem, which
merely gets closer to the optimal solution. The study by Linda and Volek [1] notes, these solutions
most likely deviate from the optimal solution by 2 to 3 % only. Unlike exact ones, the other two
methods provide even in case of more complex problems a good quality solution in an acceptable
time frame.

Vehicle routing problems encountered in practice are mostly more complex types of problems
which cannot be solved using manual methods which are very laborious, time consuming and prone
to numerical errors. The problems need to be solved using the various software types. To this end,
both simple cheap programs and more expensive professional products capable of solving the
problems involving thousands of variables and constraints are available [2]. This article is aimed to
introduce a time saving and effective possibility how to solve single-circuit transport problems
using the generally available spreadsheet MS Excel and its add-in called Solver and apply research

to specific case.

2. Characteristics of Single-circuit Transport Problem

Vehicle routing problems are a special type of distribution problems where the goods are distributed
or collected by means of one or a few circular tours of vehicles [2]. The goal is to determine such a
sequence in which individual points are to be visited and to sequence them in individual travel
routes so that the transport intensity is kept to a minimum and in most cases each customer is visited
exactly once. For example, the length of the travel route, time consumption or costs can be
minimized [2]. At the same time, all requirements of customers and technological limits of the fleet

deployed must be respected.

2.1 Single-circuit Transport Problem

A single-circuit transport problem, also known as the travelling salesman problem, represents a
basic type of the vehicle routing problem. The principle of this problem consists in that we have n
points which have to be cyclically served from a certain original point and then it is necessary to
return back to this original point [3]. In doing so, the goal is to find the shortest possible circuit
which begins and ends in the original point and includes all points which need to be served exactly
once [4]. Apart from the above requirements, the problem has no other limitations. This allows all
points to be served using a single circuit. The mathematical model of this problem is presented by
Pelikan [5]:
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Minimize

z=%, Z?=1 CijXij )
Subject to the constraints
Yimaxi; =1, i=12,..,n (2)
Yimxij=1 j=12,..,n (3)
w—u+nx;<n—-1, i=12,..,n j=12,..,n 4)
x;; €{0,1}, ,j=12,..,n (5)

where: n is a number of points (including the original point) which need to be visited; c;j is a
distance between the points i and j in measurement units of length or time; X;; is a binary variable
which amounts to 1 where the vehicle travels from the point i to the point j and amounts to 0 in the
opposite direction; u; is an unknown real number allocated to the point i and u; is an unknown real
number allocated to the point j.

The constraints 2 and 3 ensure that each point on the travel route will be visited exactly once.
The constraint 4 represents a system of Tucker conditions which prevents emergence of partial

cycles. The constraint 5 ensures that the value of binary variable x;; will be 0 or 1.

3. Method
In the article, there will be executed proposal of circular road using the Solver optimization module.
The Solver optimization module is a freely available MS Excel add-in, which is designed to solve
standard problems of mathematical programming and allows solving the problems containing up to
200 variables and 600 constraints [4]. The Solver principle is based on searching for an optimal
value of one cell with respect to the values of other cells. To this end, Solver works with a group of
cells marked as the variables. Values of variables are changing within the problem solution in such
a way that the required value of the target cell (optimization criterion) is achieved and the
constraints of the problem are met [6].

In solving the problems using Solver, it is first necessary to prepare the input data of a relevant
mathematical model on the spreadsheet. It is necessary to express:

e coefficients,

e variables,

e constraints,

e and the optimization criterion of the mathematical model.
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Optimization criterion must be written in form of a formula and located in one cell. The
formula must ensure consistency of the optimization criterion with the values of variables so that
their values directly affect the optimization criterion value.

After entering the input data, it is possible to run the dialogue box "Solver Parameters”. In the
Solver Parameters box all necessary parameters need to be entered. These parameters include:

e objective function,

e optimization type,

e module variables,

e constraints.

The reference to the cell containing the optimization criterion shall be entered as an objective
function. It is also necessary to determine whether a value of this cell is to be maximized or
minimized or if its specific value is to be searched for [7]. Relevant variables from the spreadsheet
will be entered in the field "Module Variables", while limitations of the mathematical model will be
entered in the dialogue box "Add Constraint”. In this dialogue box, It is needed to select the specific
type of constraint and the cells affected by this constraint.

After entering all necessary parameters, the solving method needs to be chosen, the simplex
method, the gradient method or the evolutionary algorithm. The simplex method can be employed
to solve linear problems only. The gradient method may also be used for solving smooth nonlinear
problems and the evolutionary algorithm may be used even for solving non-smooth nonlinear
problems. Once the solving method is chosen, the solution of the given problem may start by
pressing the button "Solve". Once the solution is finished, Solver will provide a user with a choice
of either maintaining the solution or restoring the original values. If the option to maintain the
solution is chosen, the optimization criterion and variables on the spreadsheet will be adjusted

according to the solution the optimization module has found.

4. Case Study

The possible application of Solver to solving single-circuit transport problems will be demonstrated
using the specific model example, i.e. beer distribution. The selection of the example was based on
requirement to optimize beer delivery routes, which was entered by an unnamed brewery. This
distribution is carried out every business day upon the purchase orders placed by customers by way
of circular tours. This means that an original travel route needs to be designed for every business
day. These routes are currently planned upon the dispatcher’s intuition only. It is therefore likely
that travel routes designed in this way would not be close to the optimal solution. In a model
example, the route of distribution will be designed for one specific distribution day using Solver and

the result obtained will be compared with the result of the intuitive method used so far.
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When the vehicle routing problem is solved by means of Solver, it is necessary to first input the
distance matrix into the MS Excel spreadsheet. This matrix displays distances among all points

included in the travel route (see Fig. 1).

C D E F G H I J K L M N [e] P Q R S T u \
2 Vo V1 V2 V3 V4 V5 V6 V7 V8 Vo vio | via | vi2 | vaz | via | vis | vie | vi7 | vas
3 Vo 0 71 79 87 79 87 100 93 78 67 53 | 399 [ 331 | 291 | 379 | 335 | 366 | 134 | 135
s 1 71 0 82 | 163 | 167 | 211 | 334 | 421 | 277 | 232 | 202 | 321 | 56 68 69 84 | 366 60 57
s W2 79 3,2 0 34 91 | 134 | 258 | 273 26 | 216 | 37 | 399 [ 3 75 75 90 | 445 68 65
6| V3 87 163 | 84 0 17 89 | 212 | 276 3a | 206 | 45 | 484 [ 71 83 83 o8 53 76 74
7| va 79 167 | 91 17 0 99 | 223 | 239 17 125 | 279 | 405 [ 53 65 66 81 | 451 68 66
8 \s 87 211 | 134 | 89 99 0 123 | 187 | 248 | 204 | 358 | 484 | &1 73 74 38 53 76 74
9 V6 100 | 334 | 258 [ 212 | 223 [ 123 0 73 | 226 | 262 | 414 | 55 65 77 78 92 59 82 20
0 V7 03 | 421 | 273 | 276 | 239 | 187 | 73 0 153 | 189 | 341 | 473 | s8 70 71 85 52 75 72
11 V8 78 27,7 26 34 17 248 | 226 | 153 0 44 | 197 | 329 [ 433 | 55 56 70 | 374 61 58
12 \9 67 232 | 216 | 296 | 125 | 204 | 262 | 189 | a4 0 158 | 284 | 414 | 53 54 69 33 56 54
13 Vo 53 29,2 37 45 279 | 358 | 414 | 341 | 197 | 158 0 146 | 269 | 389 | 398 54 192 | 425 | 398
14 vi1 | 3099 | 321 | 399 | 484 | 405 | 484 55 473 | 329 | 284 | 146 0 208 | 366 | 415 52 5.7 20 | 263
15 vi2 | 331 56 63 71 53 61 65 s5g | 433 | 414 | 269 | 298 0 106 | 131 | 257 | 334 | 371 | 258
16 Vi3 | 201 68 75 83 65 73 77 70 55 53 | 389 | 366 | 106 0 9 151 | 397 | 395 | 295
17 via | 379 69 75 83 66 74 78 71 56 s5a | 398 [ 415 | 131 9 0 147 | 451 | 488 | 384
18 VI5 | 335 84 90 o8 81 88 92 85 70 69 54 52 | 257 | 151 | 147 0 55 | 447 | 421
19 V16 | 366 | 366 | 445 53 | 451 53 59 52 374 | 33 192 | 57 | 334 | 397 | 451 55 0 25,7 23
0 V17 | 134 60 68 76 68 76 82 75 61 56 | 425 | 20 | 371 | 395 | 488 | 447 | 257 0 15,1
21 vig | 135 57 65 74 66 74 80 72 58 sa | 398 | 263 | 258 | 205 | 384 | 421 23 15,1 0

Fig. 1 Distance matrix. Source: authors

Figure 1 shows that the model example includes a total of 19 vertices. These are marked as
vertices VO — V18; VO represents an original point from where the remaining vertices are served. It
means that the proposed travel route must start and end in this vertex.

Another step of the solution is to prepare input data that will be entered directly into the
optimization module as a optimization criterion and as variables. These data need to be interlinked
using appropriate functions so that the optimization module could sequence vertices within a travel
route on the basis of minimizing the optimization criterion value. For the purpose of preparing input
data, the table which can be seen in Figure 2 has been created on the MS Excel spreadsheet. The
table shows all formulas used to interlink necessary data.

Figure 2 shows that the table includes a total of 3 columns. The column Z with the name
"Sequence" contains variable cells. Variables in these cells represent individual vertices taken from
the distance matrix. The whole column shows the sequence of visits to individual vertices. Vertices
are marked by numbers according to their sequence in the distance matrix, i.e. the vertex from the
1st line in the distance matrix is marked with 1, the vertex on the 2nd line with 2, etc.

The column AA with the name "Distance” sets the distance between the vertices indicated in
the column Z. To this end, the INDEX function was used to find the distance between relevant
vertices in the distance matrix. Using this function, the cells AA8:AA25 show the distance between
vertices Z(N) and Z(N+1) in column Z. The cell AA8, for instance, shows the distance between
vertices in cells Z7 and Z8. In the cell AA7, the INDEX function shows the distance between

vertices present in cells Z25 and Z7, whereby the round trip is closed.
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Z AA AB

6 Sequence Distance (km) Outcome
7 1 =INDEX($F$7:5X$25,725;77) =INDEX(SE$7:$E525;77)
g 2 =INDEX(SF$7:5X5$25:77:78) =INDEX(SES$7:SES25;78)
9 [3 =INDEX($F$7:$X525:78,79) =INDEX(SES$7:SE$25;79)
10 |4 =INDEX(SF$7:5X$25;79;710) =INDEX(SES$7:SE$25;Z10)
115 =INDEX($F$7:5X$25,710;711) =INDEX($ES7:$ES25;711)
12 (6 =INDEX($FS$7:5X$25,711;712) =INDEX($ES7:$ES25;712)
13 |7 =INDEX($FS$7:$X$25,212;713) =INDEX($ES7:$ES25;713)
14 |8 =INDEX{$F$7:5X$25,713;714) =INDEX(SES$7:5E525;714)
15 |9 =INDEX(SF$7:5X5$25:714;715) =INDEX(SES7:SE$25;715)
16 |10 =INDEX(SF$7:$X5$25;715;716) =INDEX(SES7:SE$25;716)
17 [11 =INDEX(SF$7:5X5$25;716;717) =INDEX(SES$7:SES25;217)
18 12 =INDEX($FS$7:5X$25,717;718) =INDEX($ES7:$ES25;718)
19 (13 =INDEX($FS$7:$X$25,718;719) =INDEX($ES7:$ES25;719)
20 14 =INDEX($FS$7:$X$25,219;720) =INDEX($ES7:$ES25;720)
2115 =INDEX{SF$7:$X5$25;720;721) =INDEX(SES$7:SES25;721)
22 16 =INDEX(SF$7:5X5$25:721;722) =INDEX(SES7:SE$25;722)
23 (17 =INDEX(SF$7:$X5$25;722;723) =INDEX(SES7:SE$25;723)
24 18 =INDEX(SF$7:5X5$25;723;724) =INDEX(SES7:SES25;724)
25 19 =INDEX($FS$7:5X$25,724,725) =INDEX($ES7:$ES25;725)
26 Total length =SUMA(AA7:AA25)

Fig. 2 Solving table. Source: authors

The column AB "Outcome™ summarizes the travel route created. This column will contain the
names of vertices taken from the distance matrix according to the sequence they are visited within
the travel route designed. To this end, the INDEX function has been used in the cells AB7:AB25 to
select the designation of a relevant vertex from the distance matrix.

The cell AB26 contains the SUM function which sums the values from the cells AA7:AA25.
This cell shows the total length of a travel route and, therefore, represents an optimization criterion
whose value needs to be minimized.

Now it is possible to enter the parameters in dialogue box "Solver Parameters”. The cell AB26,
i.e. the cell containing the optimization criterion, will be chosen as an objective function. Then it is
necessary to search for the objective function minimum. Then, the variables of the optimization
module (i.e. the cells Z7:Z225) need to be entered. In the end, the constraints must be entered as
well. The constraints have to ensure that the variable cells obtain various values in a range of
integers given by the number of vertices being served, i.e. numbers 1 to 19. This will make sure that
each vertex will be visited only once and variables will obtain only the values which have been
chosen for designating individual vertices. To enter the constraints, we will display the dialogue box
"Add Constraint”. We will enter the cells containing the variables and choose the option "various"
to make sure that each cell will obtain various values from the interval set by the number of cells
selected for variables.

Once the constraints are submitted, it is necessary to select the solving method in the dialogue
box "Solver Parameters”. Whereas the solving algorithm works with a nonlinear model, we will

select the evolutionary algorithm to solve the problem.
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Once all necessary parameters are set, the optimization module can be run by pressing the

button "Solve". Solver will then start to search for the minimum value of the optimization criterion

gradually in individual iterations. After the search is finished, the option "Maintain the Solver’s

Solution™ needs to be selected from the submitted options. The optimization criterion and the

variables on the spreadsheet will be then adjusted accordingly. The outcomes obtained are shown in

Figure 3.
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6 |Sequence| Distance (km) Outcome
12 5,7 Vi1l
2 32,1 V1
5 16,7 V4
3 9,1 V2
4 84 V3
6 8,9 Vs
7 12,3 V6
8 73 V7
9 15,3 V8
10 44 Vo
11 15,8 V10
13 26,9 Viz2
14 10,6 V13
15 9 Via
16 14,7 V15
1 335 VO
18 13,4 V17
19 15,1 V18
17 23 Vie
Total length 232,2
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Fig. 3 Final design of the travel route. Source: authors

The column AB in the table in Figure 3 shows the final sequence in which individual vertices

within the designed travel route will be visited. The cell AB26 shows the entire calculated length of

a travel route, i.e. 282.2 km.

5. Results and Discussion

Now we can compare the travel route designed by Solver and the travel route proposed using the

originally employed intuitive method. A comparison of the results achieved using both methods is

shown in Table 1.

Table 1 Method Comparison. Source: authors

Solution time

Method Route Route length
[km] [s]
VOVINV2-V3VAV5V6-VTV8-VIVI0-VIL-VI2-VI3-V14-
Intuitive V15-V16-V17-V18-VO 357.6 3,600
VO0-V17-VI8-V16-V11-V1-VA-V2-V3-V5V6-V7-V8-VI-V10-
Solver V12-V13-V14-V15-V0 282.2 28
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Table 1 shows proposals of the travel routes obtained using both methods. Based on these
proposals, it was found that a 357.6 km route was designed using the originally employed intuitive
method. A route of 282.2 km was designed using the Solver. Based on the results achieved, we can
conclude that by applying the Solver optimization module to designing the travel route for beer
distribution, a total saving of 75.4 kilometers that have to be travelled will be achieved as compared
to the original design. Considering that the number of kilometers travelled is directly proportional to
the costs of one kilometer travelled, the solution found by Solver will save 21 % of costs spent on
serving the customers as opposed to the original proposal. Table 1 also shows that the use of the
Solver has significantly reduced the time needed to design travel route. While using the intuitive
method, the design time was 1 hour, the design time using the Solver was 28 s. In doing so, the time
required for entering data in the "Solver Parameters” dialog box and the solution time itself, which

was 1.5 s, are included in total time of the route designed using the Solver.

6. Conclusion

Using the practical example of beer distribution, the article has demonstrated the algorithm which is
used by the Solver optimization module for solving the single-circuit transport problems. This
algorithm makes it possible to solve the problems with up to 200 vertices among which the round
trip needs to be created. The algorithm is, hence, suitable for solving more simple types of vehicle
routing problems only. Within the Solver, the evolutionary algorithm, which belongs to the
metaheuristic methods for solving optimization problems, has been chosen to solve the problem.
This algorithm allows finding the suboptimal solution only. The quality of this suboptimal solution
depends on the computation duration. In the Solver’s basic setup, the evolutionary algorithm is set
to search for a solution that is better than the currently found solution in each iteration exactly for
30 seconds. In case of more complex problems, it is useful to extend this time-limit to find the
solution which will converge as far as possible with the optimal one. As to the model example, the
basic setup was sufficient for finding a better solution than the original one. The benefit of the
Solver application can be seen not only in the quality of the solution found, but also in the speed of
finding the solution that is much more faster than in case of employing manual procedures, as
demonstrated by the model example.

Possible application of Solver is not limited to finding a solution to the travelling salesman
problem only. It can also be applied to solving the multi-circuit transport problems with various
constraints. Solving these problems requires making more complex algorithms whose solutions are
very compute-intensive. Designing and applicability of these algorithms will be subject to further

examination. In this context, it can be noted that also the Premium Solver optimization module may
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be employed. It is a more powerful version of Solver, allowing solving the problems containing a

bigger amount of variables.
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