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Abstract: The aim of the Traveling Salesman Problem (TSP) is to find the cheapest 
way of visiting all elements in a given set of cities and returning to the 
starting point. In solutions presented in the literature costs of travel 
between nodes (cities) are based on Euclidian distances, the problem is 
symmetric and the costs are constant. In this paper a novel construction and 
formulation of the TSP is presented in which the requirements and features 
of practical application in road transportation and supply chains are taken 
into consideration. In the paper numerical examples are presented as well. 
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1. Introduction 

The aim of the Traveling Salesman Problem (TSP) is to find the cheapest way of 
visiting all elements in a given set of cities where the cost of travel between each pair of 
them is given, including the return to the starting point. The TSP is a very good 
representative of a larger class of problems known as combinatorial optimization 
problems. Thus, if an efficient algorithm (i.e., an algorithm that will guarantee to find 
the optimal solution in polynomial number of steps) can be found for the traveling 
salesman problem, then efficient algorithms could be established for all other problems 
in the NP (nondeterministic polynomial time) class, that is why the TSP is probably the 
most studied of all NP-hard problems [5]. An algorithm can be considered as an 
effective (good) one if it has a polynomial function of the problem size n, that is, for 
large values of n, the algorithm runs in time at most Knc for some constant number K 
and c. The question whether or not there is a good algorithm for the TSP has not been 
settled. For its practical importance and wide range of application in practice [5] many 
approaches, heuristic searches and algorithms have been suggested [8, 10, 11, 12], while 
different extensions and variations of the original TSP have been investigated [6, 9, 13].  
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Solutions presented in the literature most frequently have the following features. Costs 
of travel between nodes (cities) are based on Euclidian distances, the problem is 
symmetric, meaning that the cost from nodei to nodej equals to the cost from nodej to 
nodei, and the costs are constant. In this paper a novel construction and formulation of 
the TSP is presented in which the requirements and features of practical application in 
road transportation and supply chains are taken into consideration. Since the original 
formulation of the problem states: the aim is to find the “cheapest” tour, thus the cost 
matrix that represents the distances between each pair must be determined by 
calculating the actual costs of transportation processes. The costs of transportation 
consist of two main elements: costs proportional to transit distances (km) and costs 
proportional to transit times. Obviously the physical distances can be considered as 
constant values in a given relation, but transit times are subject to external factors, such 
as weather conditions, traffic circumstances, etc., so they should be treated as a time-
dependent variable. On the other hand in real road networks the actual distance between 
two points often alter from the Euclidian distance, furthermore occasionally some extra 
costs (e.g., ferriage, tunnel fare) can modify the distance-related variable costs. 
Considering these characteristics the original TSP should be reconstructed, so that 
realistic solutions can be developed.  

For solving the above-mentioned road-transport TSP (RTTSP) in this paper we suggest 
the bacterial evolutionary algorithm (BEA) since that algorithm is suitable for global 
optimization of even non-linear, high-dimensional, multi-modal, and discontinuous 
problems. As numerical example a modified TSP (RTTSP) instance is considered, in 
which the elements of cost matrix are dependent on the steps they are selected to carry 
on with.  

2. Formulating and solutions for the classical TSP 

In the case of the traveling salesman problem, the mathematical description can be a 
graph where each city is denoted by a point (or node) and lines are drawn connecting 
every two nodes (called arcs or edges). A distance (or cost) is associated with every 
line. When the salesman can get from every city to every other city directly, then the 
graph is said to be complete. A round-trip of the cities corresponds to a special subset of 
the lines when each city is visited exactly once, and it is called a tour or a Hamiltonian 
cycle in graph theory. The length of a tour is the sum of the lengths of the lines in the 
round-trip. 

Asymmetric and symmetric TSPs can be distinguished depending on if any edge of the 
graph is directed or not. To formulate the symmetric case with n nodes cij  = cji, so a 
graph can be considered where there is only one arc (undirected) between every two 
nodes. Let xij = {0,1} be the decision variable (i= 1,2,…,n and j=1,2,…,n), and xij = 1, 
means that the arc connecting nodei to nodej is an element of the tour. 

Let  xii = 0 ( i= 1,2,…,n) , (1) 

meaning that no tour element is allowed from a node to itself. Furthermore  
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that is the number of decision variables where xij = 1 is equal to n, and  
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meaning that each column and row of the decision matrix has a single element with a 
value 1 (i.e., each city is visited once). For assuring the close circuit, an additional 
constrain must be set. A permutation of nodes (p1,p2,….pn) has to be constructed so that 
the total cost C(p) is minimal: 
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For a symmetrical network there are 1/2 (n-1)! possible tours (because the degree of 
freedom is (n-1) and tours describing the same sequence but opposite directions are not 
considered as different tours) and for asymmetric networks where 

jiij cc ≠  the number of 

possible tours is (n-1)!. Some reduction can be done [14], a guarantee that is 
proportional to n22n can be given, however it is clear that an exhaustive search is not 
possible for large n in practice. Rather than enumerating all possibilities, successful 
algorithms for solving the TSP problem have been capable of eliminating most of the 
roundtrips without ever actually considering them. The main groups of engines are [5-
12]: 

• Mixed-integer programming 

• Branch-and-bound method 

• Heuristic searches (local search algorithms, simulated annealing, neural networks, 
genetic algorithms, particle swarm optimization, ant colony optimization, etc.) 

In this paper a bacterial evolutionary algorithm is proposed as a novel heuristic search 
for TSP.  

3. Variable costs and consequences of their nature 

3.1. Costs in real road networks 

Considering real road transport networks, especially in city logistics, the actual 
circumstances and condition of the transit process are subject to not only the topography 
of the given network but to timing as well. Referring to the phenomenon of cyclic peak-
hours and also to the weekly (monthly, yearly) periodicity of traffic on road, it can be 
stated that the unit cost of traveling is also a variable, and it can be described as a time 
series rather than a constant value. The main reasons of that are the following:  

• The actual cost of 1 km depends on the current fuel consumption, which is partly 
affected by the speed, but the speed is externally determined by the current traffic. 
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• A relatively large proportion of transportation cost is the cost of labor (i.e., wages 
of drivers), which is calculated on driving time. In Europe distance-based payment 
for commercial drivers are not allowed according to the European Agreement 
Concerning the Work of Crews of Vehicles Engaged in International Road 
Transport (AETR). 

• The return on equity capital is a vital issue for haulage companies, since the 
transportation sector of the economy is a capital intensive one, meaning that 
utilization of vehicle in time is a crucial problem. 

In addition, during long-distance shipments the drivers occasionally must stop for a rest 
(according to AETR) at a minimum 11 hour period (often overnight), and very often 
week-end traffic restrictions for heavy vehicles are introduced.  

Concerning the above-mentioned facts, it can be seen that the circumstances and 
conditions are significantly changing in time that is the actual value of cost matrix 
element cij  should be subject to timing of transit between nodei and nodej. In this sense 
geographical optimization alone is not appropriate, and the road transport operation has 
to be scheduled in time as well. 

3.2. The modified TSP, the Road Transport Traveling Salesman Problem (RTTSP) 

For fulfilling the requirements of realistic road transport processes, we propose the 
following modification to the classical TSP.  

Since the overall target is to achieve the cheapest tour (in monetary terms), the 
constraint that each node (city) is visited once is skipped. Calculating with time-
dependent cost coefficients that are not necessarily proportional to distances, a longer 
route can be a cheaper one. In some cases, when graph mapping the real road network, 
there are some nodes that have only one connection to the rest, so when visiting that 
particular city one must return to a point that had been visited before. Thus in the 
RTTSP we eliminate restrictions (2), (3) and (4).  

If a significant improvement in traffic conditions can be expected, that is a future value 
of a cost cij  will be less then its present value, it is worth waiting (suspending the tour 
for a while) and continuing in the next step. In this case obviously the cost of staying at 
a point must be calculated. In this sense we eliminate restriction (1) as well. Very often 
in the solutions restriction (1) is fulfilled by selecting cij = ∞. In our case cij is the cost 
of staying at nodei in a given step.  

The permutation of nodes (p1,p2,….pn) is being modified as well. As a city may be 
visited several times, objective function (5) must be rewritten: 
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where m=1,2,… is the multiplier factor (see paragraph 5.1). Objective function (6) is a 
generalized form of TSP, the multiplier factor equals to 1 in the classical cases. 
However applying m>1 for classical TSP in a bacterial evolutionary algorithm (BEA) 
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does not generate any problem, since BEA will eliminate that kind of bad bacteria 
efficiently. 

4. Bacterial evolutionary algorithms 

Nature inspired some evolutionary optimization algorithms suitable for global 
optimization of even non-linear, high-dimensional, multi-modal, and discontinuous 
problems. The original genetic algorithm was developed by Holland [1] and was based 
on the process of evolution of biological organisms. It uses three operators: 
reproduction, crossover and mutation. Later, new kind of evolutionary based techniques 
were proposed, which are imitating phenomena that can be found in nature.  

Bacterial Evolutionary Algorithm (BEA) [2] is one of these techniques. BEA uses two 
operators; the bacterial mutation and the gene transfer operation. These new operators 
are based on the microbial evolution phenomenon. Bacteria share chunks of their genes 
rather than perform a neat crossover in chromosomes. The bacterial mutation operation 
optimizes the chromosome of one bacterium; the gene transfer operation allows the 
transfer of information between the bacteria in the population. Each bacterium 
represents a solution for the original problem. BEA has been applied for wide range of 
problems, for instance optimizing the fuzzy rule bases [2, 3] or feature selection [4]. 

The algorithm consists of three steps. First, an initial population has to be created 
randomly. Then, bacterial mutation and gene transfer are applied, until a stopping 
criterion is fulfilled. The evolution cycle is summarized as follows: 

                 create initial population 

                 do { 

                    apply bacterial mutation for each individual 

                    apply gene transfer in the population 

                 } while stopping condition not fulfilled 

                 return best bacterium 

First, the initial (random) bacteria population is created. The population consists of Nind 
bacteria (chromosomes). It is followed by the evolutionary cycle, which contains two 
operators. The bacterial mutation is applied to each chromosome one by one. First, 
Nclones copies (clones) of the bacterium are generated, then a certain segment of the 
chromosome is randomly selected and the parameters of this selected segment are 
randomly changed in each clone (mutation).  

Next all the clones and the original bacterium are evaluated and the best individual is 
selected. This individual transfers the mutated segment into the other individuals. This 
process continues until all of the segments of the chromosome have been mutated and 
tested. At the end of this process the clones are eliminated.  

In the next step the other operation, the gene transfer is applied, which allows the 
recombination of genetic information between two bacteria. First, the population must 
be divided into two halves. The better bacteria are called the superior half, the other 
bacteria are called the inferior half. One bacterium is randomly chosen from the superior 
half, this will be the source bacterium and another is randomly chosen from the inferior 
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half, this will be the destination bacterium. A segment from the source bacterium is 
chosen randomly and this segment will overwrite a segment of the destination bacterium 
or it will be added to the destination bacterium. This process is repeated for Ninf times. 
The stopping condition is usually given by a predefined maximum generation number 
(Ngen). When Ngen is achieved then the algorithm ends otherwise it continues with the 
bacterial mutation step. 

The basic algorithm has four parameters: the number of generations (Ngen), the number 
of bacteria in the population (Nind), the number of clones in the bacterial mutation 
(Nclones), and the number of infections (Ninf) in the gene transfer operation.  

5. BEA for the modified traveling salesman problem 

When applying evolutionary type algorithms first of all the encoding method must be 
defined. The evaluation of the individuals has to be discussed, too. The operations of the 
algorithm have to be adapted to the given problem. 

5.1. Encoding method and evaluation of the individuals 

In the modified traveling salesman problem one city may be visited more than once. 
Because each city must be visited at least once, one solution of the problem does not 
need to be a permutation of the cities. The evident encoding of the problem into a 
bacterium is simply the enumeration of the cities in the order they should be visited. 
Therefore, a length of the bacterium may be greater than the number of cities (Ncities), 
but an upper bound for the bacterium length has to be defined too, we allow bacteria not 
longer than m ⋅ Ncities, where m is the multiplier factor, which is a parameter of the 
algorithm. The initial city is not represented in the bacterium.  

The length of the bacteria can be changeable. It can be changing during the evolutionary 
process and the individuals can have different lengths. In the initial population 
generation, the length of the bacteria is a random number greater than or equal to Ncities 
and less than or equal to 2 ⋅ Ncities. (m=2). 

The evaluation of a bacterium is based on the time dependent distance matrix. The 
distance between the first element of the bacterium and the initial city is taken from the 
distance matrix at the zeroth time step, the distance between the second element of the 
bacterium and the first element of the bacterium is taken from the distance matrix at the 
first time step, and so on, these distances are summed up, and the total distance is 
obtained in this way.  

5.2. Bacterial mutation 

In the bacterial mutation there is an additional parameter, the length of the segment to 
be mutated in the clones. First, the segments of the bacterium are determined, and a 
random segment order is created. In the clones, the mutation of the given segment is 
executed. For example in Figure 1, the length of the segment is 3, and there are 4 
clones. The random segment order is e.g., {3rd segment, 1st segment, 4th segment, 2nd 
segment}. This means that in the first sub-cycle of bacterial mutation, the 3rd segment is 
mutated in the clones. After the mutation of the clones, the best one is being chosen, and 
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this clone (or the un-mutated original bacterium) transfers the mutated segment to the 
other individuals.  

 

 

Figure 1. Bacterial mutation 

 

The segments of the bacterium do not need to consist of consecutive elements. The 
elements of the segments can come from different parts of the bacterium as it can be 
seen in figure 2. 

 
 

 

Figure 2. Segment in the bacterial mutation 

 

Because in the modified TSP the number of visited cities is not predefined, bacteria 
with different length can occur in the population. Although in the initial population 
generation bacteria with different length can arise we would like to allow the changes in 
the length within the bacterial operations, too. Therefore before a clone is mutated a 
random value is used for determining that after the mutation the length of the clone will 
increase, decrease or remain the same. Increasing is allowed only in the case, when the 
maximum bacterium length (2 ⋅ Ncities) is not exceeded, similarly, decreasing is allowed 
only in the case, when the minimum bacterium length (Ncities) is guaranteed. If the length 
will increase, then besides changing the positions of the cities in the selected segment of 
the clone, new cities are added to this clone randomly. If it will decrease, then some 
cities are deleted from the clone taking care that only those cities are allowed to be 
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deleted, which have at least one other occurrence in the clone. If the length remains the 
same, then only the positions of the cities in the selected segment are changed. 

5.3. Gene transfer 

In the gene transfer operation there is also an additional parameter, the length of the 
segment to be transferred from the source bacterium to the destination bacterium. In 
contrast with the bacterial mutation, in the gene transfer, the segment can contain only 
consecutive elements within the bacterium. The reason for that is the segment 
containing consecutive elements representing sub-tours in the bacterium, and 
transferring good sub-tours is the main goal of the gene transfer operation.  

Figure 3 shows the gene transfer in the case of time independent distance matrix. In the 
case of time dependent distance matrix, the position where the transferred segment goes 
to in the destination bacterium must be the same as the position of the segment in the 
source bacterium. 

 

 

Figure 3. Gene transfer 

 

The different individual lengths are allowed also in the gene transfer operation. After 
the segment was transferred to the destination bacterium, the elements that occur in the 
transferred segment and are already in the destination bacterium can be deleted from the 
destination bacterium. If the same number of elements is deleted from the destination 
bacterium as the length of the segment, then the length of the destination bacterium 
remains the same. If less elements are deleted, then its length will be increasing. If more 
elements are deleted (taking care that each city must have at least one occurrence in the 
bacterium), then the length will be decreasing. We must also take care that the length of 
the destination bacterium must be at least Ncities and at most 2 ⋅ Ncities (multiplier factor 
m=2). 
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6. Computational results 

In the evaluation process a symmetric and an asymmetric, time dependent version of the 
same graph is compared. The topography of the graph is presented in Fig. 4. 

 

 

Figure 4. The topography of the graph 

 

Solution for the symmetric case is shown in Fig.5./a and 5./b. 

 

Figure 5./a The best tour 
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Figure 5./b Graphical representation of the best tour 

 

The RTTSP version is modified in the following points.  

Node16 has only one connection to node6.  

Node6 has two connections, to node16 and to node9. 

C10,23 (t)= C10,23 +0.05t 

C23,10 (t)= C23,10 +0.05t 

C20,0 (t)= C20,0 +0.01t 

C13,0 (t)= C13,0 +0.02t 

where t is the step in which the tour visits the node. This is a very simple representation 
of the time dependency of the graph. The results are shown in Fig.6/a and 6/b. 

 

 

Figure 6./a The best tour for RTTSP 
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Figure 6./b Graphical representation of the best tour in RTTSP 

 

The required number of generations can be different subject to the size and topology of 
the network. One of the reasons is that the number of possible tours in RTTSP increases 
because of the time dependency of cost matrix. Since the running time of BEA is about 
proportional to the number of generations it is a crucial task to select the most efficient 
parameters:  

• number of bacteria in the population (Nind) 

• number of clones in the bacterial mutation (Nclones) 

• number of infections (Ninf) in the gene transfer operation 

• length of the segment to be mutated 

• length of the segment to be transferred.  

Furthermore the parameters of BEA solver of the classical TSP cannot be used without 
modification, since in RTTSP the length of a bacterium can be m times longer than in 
TSP (twice in our example).  

7. Conclusions 

The special features of road networks and road transportation processes encourage the 
modification of the classical TSP, eliminating most of the original constrains. Solutions 
in the literature are devoted to the classical problem, so after redefining the TSP and 
transforming it to RTTSP a novel approach is proposed. The bacterial evolutionary 
algorithm can efficiently handle the modified problem, which can be considered as a 
generalized version of TSP.  
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Scope of future research is twofold. First general rules must be set that can give 
instructions in order to find the most efficient parameters of BEA according to the size 
and other (e.g. topographical) features of a given RTTSP since running time is 
significantly affected by those parameters.  

Another question is the interpretation of uncertainty concerning the variance of cost 
coefficients and the errors in prediction. In the RTTSP the cost coefficients are not 
considered as constants, because in the practice traffic conditions change in time. For 
forecasting the values time-series analysis could be used, however the random variables 
sometimes are not able to describe the real-life processes in road transportation. Thus 
consideration of fuzzy cost coefficients seems to be applicable [15]. 
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