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Abstract: We consider an asymmetric vehicle routing problem that arises when delivering on-line ordered
perishable goods to the multiple customers. The main goal is to minimize the total distance traveled while
visiting all customers with a limited number of homogeneous vehicles within the pre-specified time window.
Problem is formulated as mixed-integer linear program (MILP) with an assumption that the capacity of
vehicles as well as the specified time window allow to serve all customers. The developed MILP is used
within CPLEX commercial solver to examine its limits with respect to the size of instances that can be solved
to optimality.
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1. INTRODUCTION

Vehicle Routing Problem (VRP) is an important combinatorial optimization problem that arises in many
everyday situations related to the transportation of goods [7,19,20]. It was proposed in [4] as an abstraction
of vehicle scheduling problem. Since then formulation of VRP evolved in many directions based on imposed
constraints and different objective functions. In recent review paper [2] 277 articles dealing with various
VRPs have been analyzed and their classification with respect to different problem characteristics has been
proposed. In this paper we consider three types of constraints added to the classical VRP: asymmetry,
capacity and time window constraints.

Asymmetric capacitated VRPs are well-known in the literature and are explained in detail in several books
[7,20]. The books show the mathematical formulations, relaxations and recent exact methods for various
VRPs, including asymmetric capacitated VRP. VRP with time window was proposed by Russell [16] who
presented an effective heuristic for the M-tour traveling salesman problem. Generally, there are two types of
time windows that are extensively studied in the literature [13]: hard time windows and soft time windows.
Hard time windows imply that time of arrival to the customer's address must belong to the given time
window, early and late arrivals are not allowed. Soft time window implies that violation of the time window
constraint, with certain penalties, is tolerable.

Asymmetric capacitated VRPs with time windows can be tackled with exact, heuristic, metaheuristics or
hybrid methods. Baldacci et al. [1] provided a review of the recent developments on exact algorithms for
solving the vehicle routing problems under capacity and time window constraints. A review of the recent
heuristics and metaheuristics for various VRPs can be found in [6,10,11]. In addition, a recent article [17]
proposed a hybrid algorithm for a class of VRPs, including asymmetric capacitated VRP. Moreover,
different hybrid algorithms have been proposed in several papers and implemented for solving VRPs with
time windows [14,22].

Most of the previously mentioned papers, as well as some others [5,12,21], have the objective to minimize

total distances traveled. Decrease in total kilometers directly impacts money savings for the servicing

company and indirectly impacts minimization of CO, emissions for the community. In order to describe

environmental impacts more accurately, some of the researchers propose that the objective function should

contain some additional components, such as total load transported [8,9]. There is also a recent paper [15]
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that explains how minimization of total distances traveled by vehicles, as well as minimization of total load
transported, impact the decrease in environmental pollution. According to [18] significant savings in fuel
consumption can be achieved by delivering heavy items before light ones in a tour. In this paper we adapted
Mixed-Integer Linear Program (MILP) formulation from [15] to the considered asymmetric capacitated
vehicle routing problem with time window. However, we used different objective function and we applied
different solution approach.

The problem addressed in this paper is how to organize delivery of on-line ordered perishable goods to
multiple customers scattered within the city and on the periphery of the city from one distribution center with
homogenous fleet of vehicles. The problem can be labeled as a generalization of the well-known VRP. The
main assumptions are that it is static and deterministic basic version of the problem in which the demands are
known in advance and cannot be split, the vehicles are identical and are located at the single depot. We
consider real-life problem that imposes three important constraints during transportation of goods: capacity
of vehicles, one-way or temporarily closed directions within the city and predetermined time window for
delivery. The first constraint introduces the capacity restrictions, i.e., the vehicles cannot carry more goods
then it is defined by their capacity (prefix C to VRP). The second constraint introduces asymmetric weight
(cost, distance) matrix (prefix A to CVRP). The third constraint specifies hard time window for vehicles to
deliver the goods (suffix TW to ACVRP). Therefore, with previously defined constraints we extend the
classical VRP problem to Asymmetric Capacitated VRP with Time Window (ACVRPTW) problem.

The main contribution of this paper is the development of mathematical formulation for the considered
ACVRPTW in the form of MILP. This model is used within CPLEX commercial solver to evaluate the
limits of the available hardware and software resources. The experimental evaluation is conducted on two
real-life examples (one of small-size and one of larger dimension). It shows that the considered ACVRPTW
is very complex optimization problem, as the larger example remained unsolved to optimality due to the
memory limits of the available hardware.

This paper is organized as follows. After the introduction and the review of relevant literature presented in
Section 1, the considered vehicle routing problem is described together with the Mixed-Integer Linear
Programming formulation in Section 2. Section 3 contains the experimental evaluation performed on two
case study instances using CPLEX commercial solver. Concluding remarks and directions for future work
are given in the last section.

2. PROBLEM FORMULATION

The considered asymmetric vehicle routing problem (ACVRPTW) is defined on a complete direct graph
G(N, A), where N={0,1,2,...,n,n+1} is the set of vertices (locations, customers) and A={(i,j) | i, je N, i #j}
denotes the set of arcs with weights d;; representing distances between customers i and j. Vertices 0 and n+1
refer to the single location (depot), the origin and destination of each route. This notation is adopted due to
the simplicity of formulation.

Each vehicle starts from location 0 (depot), serves a determined subset of customers and then it finishes at
location n+1 (depot). Each vehicle can perform maximum one tour, while each customer should be served
exactly once by only one vehicle. The demands of customers are denoted with c;, i=1,2,...,n and they
represent the weight of goods to be delivered to each particular customer. The set V of vy, homogeneous
vehicles (with same capacity Q and same speed s) is provided to serve all the customers' demands. Based on
the vehicle speed, the travel time (Tt;;) between customers i and j can be calculated. The time to serve a
customer j (to unload goods, deliver them to a customer and collect money) is considered as parameter St;
whose value is given in advance. In order to make the distribution of customers among vehicles more even,
the parameter Climit (representing the maximum number of customers per vehicle) is introduced. Finally, the
distribution of goods must be completed during the working hours, and therefore, Tlimit denotes the
maximum allowed time for servicing customers (the pre-specified time window).

An example of the considered problem related to the delivery service in the city of Novi Sad is presented in
Fig. 1.
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Figure 1: An example of the considered ACVRPTW
In order to provide the mathematical programming formulation of the considered problem, we need two sets
of decision variables, binary variables x and real valued variables g defined as:

= {1, if the customer j is visited immediately after i by vehicle k,
bhv 10, otherwise;

qij» = load (quantity of goods)of vehicle v travelling from customer i directly to customer j.

The MILP formulation of our ACVRPTW can be described as follows:

n n+1lVmax

minzz Z dijXijyv €Y

i=0 j=1 v=1

s.t.

n VYmax

szi'j”’:l’ 1<j<n i#j, 1< < Vpan 2
i=0 v=1

n n+1

in.j,v= xj,i,v , 1S]Sn, L:,t], 1SUS'Umax, (3)
i=0 i=1

n+1

Z Xo0,j,v <1 1 <v < vpax 4)
j=1

n n+1 n
Z Gijv — Z Qijv = Cjzxj,i,v o 1<jsn i#), 1SV Uy, (5)
i=0 i=1 i=0
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n n+1 n
Zqi'j'v_zchxi'j'vchzxj'i’v , 1S]Sn, l#—'], h#—'], 1SUSUmax1 (6)
i=0 h=1 i=0
Qijo < (@ —cXijp, 0<i<sn 1=<j<n 1<v=<vpg, (7)
din+1v = 0, 1<i<n, 1<v<vpu (8)
n n+1
Z Z Xijp < Climit, 1= < Uy ©)
i=0 j=1
n n+l
Z Z Xi (Tt +St) S Tlimit, 1< v < Uy (10)
i=0 j=1
x; v €{0,1}, 0<is<n 1<j<n+1, 1<v < Va0 11
Qijv =0, 0<i<n 1<j<n+1, 1<v<vyuqn (12)

The objective function (1) to be minimized represents the total distance traveled by all vehicles. Constraints
(2) ensure that each customer is served exactly ones. The tours of each vehicle are defined by constraints (3)
with the condition that each vehicle can make at most one tour (constraints (4)). Subtour elimination
constraints are based on controlling the current load of vehicles [3]. Namely, when leaving the location of
customer j, the load of a vehicle must decrease exactly for the demand of that customer (constraints (5)). In
addition, when arriving to location of customer j the vehicle must contain enough goods to satisfy the
demand of that customer (constraints (6)). Constraints (7) are related to the capacity constraints while
constraints (7) impose that all customers must be served, i.e., each vehicle must be empty upon returning to
the depot. Uniform distribution of customers among vehicles is ensured by constraints (9), while constraints
(20) control the time limit for serving customers. Finally, constraints (11) and (12) control the nature of the
decision variables. As can be seen from the proposed model, mathematical formulation of the considered
ACVRPTW contains n?vps binary variables, n?vy real valued variables and n-1+(n’+4n)vya constraints.

3. EXPERIMENTAL EVALUATION

We consider the following case study to evaluate the limits of the proposed model and the available
hardware and software resources. Distribution company in the city of Novi Sad has a fleet of three vehicles
and delivers goods to customers situated in the city and on the periphery of the city. Each customer has the
opportunity to order different goods (including perishable goods) during one day and to expect delivery of
ordered goods the next day.

Each vehicle in the fleet has a capacity of 3,5 tones and that is more than enough to deliver all ordered goods.
Therefore, the main assumption is that all customers’ demands can be served. There are two shifts during a
day for delivering goods to customers. The first shift starts at 10 am and finishes at 3 pm. The second shift
starts at 4 pm and finishes at 8 pm. The orders to be delivered during the first shifts are served by three
vehicles, while for the second shift only two vehicles are used. The maximum number of customers in first
shift is 55, while in the second shift 45 customers can be served per day.

The experiments are performed on Intel Core i7-2600 processor on 3.40GHz with 12GB RAM memory

under Linux operating system. CPLEX 12.6.2 commercial solver is used as an exact solution method. The
obtained solutions are presented in Table 1.
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Table 1: CPLEX results for the two tested examples

Example Obj. value(% gap) CPU time [s]
EX1 (first shift) 60.99(18.77) 129600.00
EX2 (second shift) 50.69(00.00) 1102.19

For the larger example (first shift), CPLEX was not able to provide the optimal solution due to the memory
limit. Therefore, in the second column of Table 1 we present the upper bound obtained after 36 hours of
execution and the corresponding gap in the parentheses. The smaller example (second shift) is solved to
optimality for little more than 18 minutes. The main conclusion from these results is that real-life examples
are too large to be solved optimally by the currently available hardware and software resources. It implies
that the application of alternative (heuristic, metaheuristic, approximation) methods is necessary and
indicates directions for future research related to the considered ACVRPTW.

4. CONCLUSION

We considered the asymmetric capacitated vehicle routing problem with pre-specified time interval for
serving the customers. This variant of the vehicle routing problem arises from the real-life application of
delivering on-line ordered perishable goods to multiple customers with homogenous fleet of vehicles. The
mathematical formulation of the considered problem is proposed in this paper in the form of Mixed-Integer
Linear Program. The proposed formulation is used within the CPLEX commercial solver to examine the
limits of the available hardware and software resources. Experiments performed on two real-life case study
examples shows that the instance with 55 customers to be served by 3 vehicles already exceeds the memory
limits of the available computing platform. Therefore, the obvious direction of future research is the
application of metaheuristic methods. In addition, one could consider more general cases involving dynamic
and/or stochastic variants of the problem, i.e., the cases when some of the parameters are not given in
advance or some of the customers are not at home to collect the ordered goods.
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