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Abstract: This paper presents new modifications of Variable Neighborhood
Search approach for solving the file transfer scheduling problem. To obtain
better solutions in a small neighborhood of a current solution, we implement
two new local search procedures. As Gaussian Variable Neighborhood Search
showed promising results when solving continuous optimization problems, its
implementation in solving the discrete file transfer scheduling problem is also
presented. In order to apply this continuous optimization method to solve the
discrete problem, mapping of uncountable set of feasible solutions into a finite set
is performed.

Both local search modifications gave better results for the large size instances,
as well as better average performance for medium and large size instances. One
local search modification achieved significant acceleration of the algorithm. The
numerical experiments showed that the results obtained by Gaussian modifica-
tions are comparable with the results obtained by standard VNS based algorithms,
developed for combinatorial optimization. In some cases Gaussian modifications
gave even better results.
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1. INTRODUCTION

The standard form of the optimization problem is given with:
min{f(x) | x € X, X C S} 1)

where S is a solution space, X is a set of feasible solutions, x is a feasible solution,
and f is an objective function. In the case when S is a finite or countable infinite
set, this is a problem of combinatorial (discrete) optimization. On the other hand,
when S C IR", it is a problem of continuous optimization.

Variable Neighborhood Search (VNS) [11, 8] has shown to be a powerful tool
for solving both discrete and continuous optimization problems. The basic idea
of this method is to explore a set of predefined neighborhoods in search for
a better solution. Systematically changing these neighborhoods, the algorithm
tries to escape from the current local minimum. Shaking and local search steps
perform this exploration. In [3] authors presented a new VNS-based heuristic for
solving continuous optimization problems, so called Gauss-VNS. The main idea
of this approach is to replace the class of neighborhoods {Ni(x)}1<k<k,., centered
at point x by a class of probability distributions {Px(x)}1<k<t.,... For generating a
random point in the neighborhood of the incumbent solution in shaking step,
the Gaussian distribution was used. To the best of the authors knowledge, this
approach for solving continuous optimization problems has never been used for
any discrete problem. Since the results obtained by Gauss-VNS for continuous
optimization were comparable with other heuristics and some advantages of this
approach were shown, in this paper we considered the utilization of Gauss-VNS
for discrete File transfer scheduling problem.

File transfer scheduling problem (FTSP) was introduced and proved to be NP-
complete by E.G. Coffman et al. in [4]. In this problem, a number of large files
should be transferred between various nodes of a computer network. For each
file, the amount of time needed to perform its transfer is given. Each computer in
the network has limited number of communication ports, i.e. the upper limit of
number of file transfers it can handle at the same time. Forwarding is not allowed,
meaning that each file has to be transferred directly from its starting point to
its destination, without involving any other intermediary computer. Also, it is
assumed that when the file transfer starts, it continues without any interruption
until its completion. The objective of FTSP consists of finding a schedule of file
transfers so the total time for transfer process is minimal.

The instance of FTSP consists of an undirected multigraph G = (V, E), which
is called the file transfer graph. The set of vertices V of the graph G correspond
to the set of nodes of a computer network. Each vertex v € V is labeled by a
positive integer p(v), representing its port constraint, i.e. the sum of uploads and
downloads which that particular node (computer) can handle simultaneously.
The set of edges E correspond to the set of files that should be transferred. Each
edgee € Eislabeled by an integer L(e), representing the amount of time (expressed
in any of time units) needed for transferring that file, represented by the edge e.
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Fora given graph G, a schedule of file transfers can be represented as a function
s : E — [0, o0) which assigns a starting time s(e) to each edge e € E, such that for
each vertexv € V,and time t > 0

|{e :v is an end point of e and s(e) < f < s(e) + L(e)}| <p(v). 2)

The makespan length of a schedule s is defined as the largest finishing time
moment (the first time moment when all file transfers are completed), i.e. the
maximum of s(¢) + L(e) over all edges e € E. Given a file transfer graph G, the goal
is to find a schedule s with the minimum possible makespan.

The optimal schedule length OPT(G) for any graph G must satisfy the con-
straint

OPT(G) zmax) " /pi, ©

where }, = ¥, L(e) is the sum of times required for transferring all files from
E,, where E, is the set of files which should be sent or received by the vertex 1, and
pu denotes the port constraint for the vertex u. The right hand side of inequality
(3) is called the elementary lower bound for FTSP.

File transfer scheduling problem and its modifications have been studied ex-
tensively [10, 15, 1,9, 16]. A Variable Neighborhood Search algorithm for solving
FTSP was designed in [5]. The experimental results were carried out on instances
of up to 100 vertices and 500 files that should be transferred. Optimality of VNS
solutions on smaller size instances has been verified by total enumeration, and for
several larger instances optimality followed from reaching the elementary lower
bound of the problem.

In [6], an integer linear programming (ILP) formulation for solving FTSP was
introduced. Using CPLEX and Gurobi solvers, based on proposed ILP problem
formulation, authors obtained results on extended set of instances. Numerical
results showed that both solvers were able to produce optimal solutions on in-
stances up to 40 vertices and 50 edges in reasonable time. This ILP formulation
was improved in [7], so the CPLEX and/or Gurobi solvers were able to produce
optimal solutions for some larger instances.

1.1. VNS for the file transfer scheduling problem

Variable Neighborhood Search has already been successfully used for solving
various combinatorial optimization problems [12, 13, 14]. VNS proposed in [5],
designed for solving the file transfer scheduling problem, was implemented as
follows. The solution of FTSP was denoted as a n-dimensional vector x = (x1, ..., X,)
with integer values 0 < x; < n—1where 1 is the number of edges in FTSP. Elements
Xy of this vector represent the priorities assigned to each edge e, in the graph.

The objective function value. For a given solution x, the objective function
value was calculated in the following way. In the first step, the edges were sorted
according to their priority. Using this sorted array, the unique schedule s was
formed by starting from the time f = 0 and trying to find the first feasible edge
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to which the starting time t will be assigned. The same procedure was repeated
for the remaining unscheduled edges. If no edge could be started at time ¢, t was
increased by 1, and the whole procedure was repeated until all edges ¢ got their
starting times #;. For the obtained schedule, the value of the objective function
f(x) was defined as f(x) = maxy<k<u(fx + L(ex)).

Building an initial solution. An initial feasible solution x was taken as a
random permutation of integer values 0,1, ...,n — 1.

Neighborhood structures and shaking procedure. For given k, the neigh-
borhood Ni(x) contains all priority vectors which may differ from the current
solution x in most k index positions. In the shaking step, a new solution x” € N(x)
is generated by forming a vector (iy, ..., ix) of k distinct random integers from the
set {0,1,...,n — 1}, which represent the indices of elements in the solution vector
that will be changed. The random permutation of elements from the vector x at
those positions is created by forming the vector (p, ..., px). Finally, the vector x’ is
created from x by modifying its k elements as x'(i;) = p;,j = 1,2, ..., k.

Local search procedure. The neighborhood of the solution x’, which was ex-
plored for potentially better solution x”’, consists of all vectors obtained from x’ by
swapping two of its elements. For this exploration, the first improvement search
strategy was used. The local search terminates when the entire neighborhood of
the current solution is searched, and no further improvement is possible.

After the local search, if the obtained solution x” is better than x (f(x") < f(x)),
the algorithm moves to this new solution x := x”” and the search continues with
the same neighborhood size Ni(x). If f(x”) > f(x), the search is repeated with
the same x and the next neighborhood Ni.1(x). In the case when f(x”) = f(x),
with some predefined probability p, the algorithm moves to this new solution and
continues the search from it, and with probability 1 — p it repeats the search with
the same x and the next neighborhood.

2. IMPROVED VNS FOR FILE TRANSFER SCHEDULING PROBLEM

In order to improve the local search procedure for VNS proposed in [5], two
new local search implementations are presented in this paper.

2.1. Variable Neighborhood Descent

The idea for this local search modification is to explore first the solutions which
are “close” to the solution x’. This strategy is based on the assumption that, in
VNS representation of the solution of FTSP, “close” elements of the priority vector
have greater correlation than the elements which are on a “larger” distance.

In order to implement this kind of exploration within the local search proce-
dure, the set of smaller neighborhoods will be used instead of only one neighbor-
hood. In this way, a General Variable Neighborhood Search (GVNS) is designed
for FTSP. GVNS is a variant of VNS, where the deterministic Variable Neighbor-
hood Descent (VND) is used as the local search.

The neighborhood which is explored in local search for a better solution start-
ing from x’ is divided into several smaller neighborhoods as follows:
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e The neighborhood N;(x") consists of all vectors obtained from the solution
x’ by swapping two of its consecutive elements.

e The neighborhood N, (x") consists of all vectors obtained from the solution x’
by swapping two of its elements, which have exactly one element between
them, i.e. by swapping each x'(i) and x’(i +2),i =0, ...,n - 3.

e The neighborhood N(x"), [ = 1, ...,n—1, consists of all vectors obtained from
the solution x” by swapping two of its elements with exactly / — 1 elements
between them.

The exploration of each neighborhood N(x’), I = 1,...,n — 1 is faster than the
exploration of the neighborhood for local search described in [5]. On the other
hand, the union of all the neighborhoods N, ..., ;-1 is equal to the neighborhood
where each two of the elements are swapped, so no local minimum will be missed
by this modification. Note that the neighborhood structures used in local search
are different from the neighborhoods in the shaking procedure.

In this VND implementation, the local search procedure explores n — 1 neigh-
borhoods systematically as follows:

e Procedure starts searching for better solution by exploring the neighborhood

N1(x').

o If better solution is not found in the neighborhood N (x"), k < n — 2, the
search continues in the next neighborhood N1 (x’).

e If better solution is found in any neighborhood, it becomes new incumbent
solution and the local search procedure starts over from the neighborhood
N1 of this new solution.

o If better solution is not found in the last neighborhood N;_;(x"), the local
search stops, and the best found solution is denoted as x”.

Performing the local search procedure in this way, N is the the most explored
neighborhood since every time when a better solutionis foundin N, [ = 2,...,n-1,
the search continues from the neighborhood N;. In this way, “closer” solutions
will be found more quickly. On the other hand, the search in the neighborhood N,
will be performed only when no improvement was found in all neighborhoods
N1, ..., Ni-1, which may not happen so often.

The details of the GVNS for the FTSP are given in a pseudo-code in Figure 1.

Example 2.1. Consider the simple example of the local search procedure execution. Let
the vector x’, obtained from the shaking procedure, contain 5 elements: x' = (1,2,3,4,5).
Let the vectors p1 = (1,2,4,3,5) and p2 = (1,4, 2, 3,5) be the only solutions with smaller
objective function value, such that f(x') > f(p1) > f(p2). The local search procedure, de-
fined in [5], consists of the next swap moves: x' = (1,2,3,4,5), (2,1,3,4,5),(3,2,1,4,5),
4,2,3,1,5),(5,2,3,4,1),(1,3,2,4,5),(1,4,3,2,5),(1,5,3,4,2), p1 = (1, 2,4, 3,5). Af-
ter obtaining the first better solution pl, the search continues in the neighborhood of the
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/* Initialization */
Select a set of neighborhood structures Nk, k = kmin, - - . , kmax
that will be used in the search;
Select a set of neighborhood structures N, [ =1,...,n -1
that will be used in the local search procedure;
Randomly choose an arbitrary initial point x € X and set
X e x, fe f(x);
repeat the following steps until the stopping criterion is met
Setk « kmin;
1: repeat the following steps until k > kpax
[* Shaking */
Generate at random a point x” € Ni(x*) ;
/* Local search (VND) */
Setl « 1;
repeat the following steps until / > n -1
[* Explore the current neighborhood */
Find the local minimum x” in the neighborhood N;(x’);
/* Move or not? */
i f(x") < () then
Setx’ « x”" and [ « 1;
else
Setl —I1+1;

end
/¥ Move or not? */
if f(x") < f' then
Set x* « x”, f* « f(x”) and goto 1;
elseif f(x”) > f* then
Setk « k+1;

else
With probability p set x* « x”, f* « f(x”’) and goto 1,
and with probability p — 1 setk < k +1; o
end
end

Stop. Point x* is an approximative solution of the problem.

Figure 1: The GVND method for FTSP.
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/* Local search */
Setl « 1;
repeat the following steps until / > 1
[* Explore the neighborhood Ny */
Find the local minimum x” in the neighborhood N;(x’);
/* Move or not? */
if f(x") < f(¥) then
Setx’ « x” and [ « 1;
else
Setl «—I1+1;

end

Figure 2: The local search procedure for VNS-LS1 method for FTSP.

solution p1: (2,1,4,3,5),(4,2,1,3,5), (3,2,4,1,5), (5,2,4,3,1), p2 = (1,4,2,3,5). The
total number of iterations is 13.

On the other hand, the VND described above consists of the following swap moves:
x'=(1,2,3,4,5),(2,1,3,4,5),(1,3,2,4,5),p1 =(1,2,4,3,5), (2,1,4,3,5),
P2 =(1,4,2,3,5). The number of iterations is 5. As it can be seen, in this case VND
algorithm reaches the local minimum much faster. In both cases, after obtaining the
solution p2 = (1,4,2,3,5), the same number of iterations will be performed until the local
search procedure in (unsuccessful) search for possible better solution ends.

2.2. Acceleration of the local search

The local search procedures, described in [5] and in Subsection 2.1, are pro-
found since both explore the neighborhood of the solution x’, which consists of
swapping each of its two elements, just in a different order. The main drawback
of these approaches is the long execution time. One possible way to speed up
significantly the local search procedure is to reduce the neighborhood of x’ that
will be explored. In this way, less time will be spent in swapping the elements
of vector x” and calculating the objective function value for each newly obtained
vector.

Let the only neighborhood to be used in the local search procedure be the
N1 neighborhood, described in Subsection 2.1. In this modification, the only
neighborhood Ni(x") that will be explored in the local search procedure consists
of all solutions that could be reached from x’ by swapping two of its consecutive
elements. If the better solution x” is found, it becomes the new incumbent solution
x’ := x”, and the whole local search procedure starts again from the neighborhood
Ni(x") of the new solution. If no improvement can be made, the local search is
over.

The modification of VNS with local search procedure described above is de-
noted as VNS-LS1, and the details of corresponding local search are given in
pseudo-code in Figure 2.
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In this way, the neighborhood which will be explored in the local search
is reduced, and VNS algorithm is significantly accelerated. On the other hand,
relying only on the fact that the local minima are “close” to each other, it is possible
to omit some better solutions at “larger” distance. Despite this potential flaw, it
is possible to reach a better solution which, despite the thorough exploration,
was not reachable by the local search procedures from [5]. The following simple
example illustrates this observation.

Example 2.2. Let the vector x’, obtained from the shaking procedure, contain 5 ele-
ments: x' = (1,2,3,4,5). Let the vectors p1 = (1,2,4,3,5), p2 = (4,2,1,3,5) and
p3 = (1,4,2,3,5) be the only solutions with smaller objective function values, such that
f&x) > f(pl) > f(p2) > f(p3). The local search procedure, defined in [5], consists
of the following swap moves: x’ = (1,2,3,4,5), (2,1,3,4,5), (3,2,1,4,5), (4,2,3,1,5),
5,2,3,4,1), (1,3,2,4,5), (1,4,3,2,5), (1,5,3,4,2), p1=(1,2,4,3,5). After obtain-
ing the solution pl, the search continues in the first neighborhood of the solution pl:
(2,1,4,3,5), p2=(4,2,1,3,5). Vectorsp2 = (4,2,1,3,5) and p3 = (1,4, 2,3, 5) differ at
tree positions, and it is clear that by swapping either two of them in p2, it is not possible
to reach the solution p3 with smaller objective function value.

On the other hand, the local search from VINS-LS1 algorithm consists of the fol-
lowing swap moves: x" =(1,2,3,4,5), (2,1,3,4,5), (1,3,2,4,5), p1=(1,2,4,3,5),
(2,1,4,3,5), p3 = (1,4,2,3,5). In this way, the local search procedure from VNS-LS1
procedure reached the solution p3, which was not reachable with the local search from
GVNS.

Comparing the local search procedures from GVNS and VNS-LS1, it is clear
that VND can reach some better solutions by thorough exploration trough the
neighborhoods N;,...,N,-1, which are not reachable within the local search from
VNS-LS1. But, on the other hand, local search from VNS-LS1 is much faster.

3. GAUSS-VNS FOR FILE TRANSFER SCHEDULING PROBLEM

In the classic VINS-based heuristics the number of different neighborhoods
of some incumbent solution is finite. As a consequence, one can reach only the
points from these bounded neighborhoods, but not an arbitrary point from the
solution space. In this way, one may not reach the region of attraction of the true
global optimum. In order to be able to reach arbitrary point from the solution
space, one may chose a very large number kn,« and the largest neighborhood,
but this approach is not efficient enough. In [3] authors presented a new variant
of VNS, Gauss-VNS, which avoids this limitation. In Gauss-VNS, instead of
defining a sequence of neighborhoods Ni(x),..., Nk, (x), a sequence of random
point distributions for shaking step P1(x), ..., Pk, (%), are defined. For simplicity,
they assumed that each Px(x) is an n-variate Gaussian distribution centered at x.
With such an approach, one can jump from an incumbent x to any trial point in
the solution space.
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In Gauss-VNS approach, since Pi(x) is a multivariate Gaussian distribution
with mean x and covariance matrix X, a random values following this distribu-
tion can be easily obtained from n independent values z, ..., z, of a univariate
Gaussian distribution with mean 0 and variance 1. Let Xy = [+L; be the Cholesky
decomposition of the symmetric positive definite matrix Z;. The random vector
x + Lyz, with z = (z1,. .., z,) is distributed as P(x). If the covariance matrices X
are chosen to be multiples of the identity matrix I, Xy = oil,k =1,2,..., knax, the
Cholesky decomposition is simply Ty = (ox]) (ox]) .

In order to adapt Gauss-VNS for solving the discrete FTSP, the neighborhoods
Ni(x) will no longer exist. The only neighborhood used in the search process will
be equal to the entire solution space. In the shaking step, a solution x’, repre-
senting the priorities assigned to edges e, should be chosen using the Gaussian
distribution (instead of previously used uniform distribution).

In continuous global optimization, the set of feasible solutions is uncountable,
while in the case of the discrete FTSP this set is finite, so it is necessary to make
a mapping from the uncountable to this finite set. For solving FTSP, the integer
numbers were used in solution representation, which would be modified to accept
real numbers in order to apply continuous Gauss-VNS. For creating the unique
schedule of the file transfers, the priorities of the edges were compared, thus it is
necessary to adapt the new solution representation. The vector with integer edge
priorities will be replaced by the vector with continuous edge weights. Using this
weight representation, the principle for creating the unique file transfer schedule
remains the same: the edge with the larger weight have the priority over the edges
with smaller weight. After obtaining the transfer schedule, all other calculations
over this schedule do not use the weights, so no other adaptation is necessary.

Using this weight representation of the solution, it is clear that an uncount-
able number of solutions can be assigned to the same schedule. For example,
weight vectors x; = (2.8,3.4,1.1) and x, = (2.8,3.3,1.1) have the same transfer
schedule: the file represented by edge e, will start its transfer first, followed by
files represented by edges e; and e3, respectively.

The realization of mapping uncountable set of feasible solutions into a finite set
makes this application of Gauss-VNS interesting. Although Gauss-VNS showed
promising results for solving the problems of continuous optimization, itis natural
to ask if after realization of this kind of mapping, its efficiency will be preserved.
In other words, the possible outcome may be that, through iterations, weight
vectors will change, but none of these changes would result in changing the
transfer schedule.

Taking previous considerations and changes of VNS into account, Gauss-VNS
algorithm for solving FTSP can be described as follows. The solution of FTSP is
represented by a n-dimensional vector x = (xy, ..., x,) with real values, where 7 is
the number of edges in FTSP. Vector elements represent the weights assigned to
each edge ¢; in the graph.

The objective function value. For a given solution x, the objective function
value is calculated in the similar way as in previous VNS implementation. All
edges are sorted according to their weights. In the case of equal weight values,
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the edge with larger length has priority, and in the case of equal length, the edge
with smaller index has priority. Using this sorted array, the unique schedule s
and the objective function value are obtained in the same way as previously.

The shaking procedure. In the shaking procedure, the new vector of edge
weights x” will be chosen using the Gaussian distribution with mean x (where x
is the incumbent solution), and a variance oy. It is necessary to define in advance
these variances that will be used in this step. Parameter k, kmin < k < kpax in
this modification represents the index of the element from the set of predefined
variances 0k, ..., Ok, tO be used in current iteration. Since the parameter k is
representing the index, kmin = 1 is an obvious choice.

For the given k, in the shaking procedure Gauss-VNS generates a new solution
x’ according to the following steps:

max

e Form n independent values zi, . .., z, using the Gaussian distribution with
mean 0 and variance 1.

e Form the vectorx’ asx’ = x + z - 0.

For generating univariate Gaussian variables z;, the well known Ahrens-Dieter
algorithm [2] was used.

Local search procedure. After obtaining the solution x’ in the shaking step,
any of three previously defined local search algorithms can be applied. In that
way, three new modifications of VNS can be defined:

e Gauss-VNS - The neighborhood to be explored for potentially better solution
x" consists of all vectors obtained from x’ by swapping two of its elements.

e Gauss-GVNS - Using VND as the local search trough the neighborhoods
Ni(x), 1 =2,...,n —1 described in the Subsection 2.1.

e Gauss-VNS-LS1 - Using the only one neighborhood Ni(x") for exploration
in the local search procedure, as described in Subsection 2.2.

In all three modifications, the first improvement strategy was used. Making
the decision whether the algorithm should move to a solution obtained by local
search x” or not is the same as before. The steps of VNS modifications using the
Gaussian distribution are given on the pseudo-code on Figure 3.

In general, it is not easy to perform the discretization of the Gauss-VNS ap-
proach. The solution representation of FTSP from [5] was a good base since it
was possible to change the values from the solution vector from integer to real
numbers without changing other aspects of the algorithm. For the other problems
of discrete optimization, for which a discrete VNS approach is already developed,
it is not obvious if it can be adapted to the Gauss-VNS approach.

4. EXPERIMENTAL RESULTS

This section contains the experimental results obtained by all new VNS modi-
fications for solving FTSP, presented in this paper. All computations were carried
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/* Initialization */
Select the set of covariance matrices L, k = 1,. .., kmax;
Randomly choose an arbitrary initial point x € X and set
X x, f e f(x);
repeat the following steps until the stopping criterion is met
Setk « 1;
1: repeat the following steps until k > kpax
[* Shaking */
Generate x’ from a Gaussian distribution with
mean x* and covariance matrix Ly;
/* Local search */
Apply some local search method with x” as initial solution
to obtain a local minimum x” of the problem;
/* Move or not? */
if f(x"’) < f* then
Setx* « x”, f* « f(x"’) and goto 1;
elseif f(x"’) > f* then
Setk — k+1;
else

With probability p set x* « x”, f* « f(x”) and goto 1,
and with probability p — 1 setk « k+1; T
end
end
Stop. Point x* is an approximative solution of the problem.

Figure 3: The Gauss-VNS method for FTSP.

out on a single core of the Intel Core 2 Duo 2.67 GHz PC with 4 GB RAM under
Windows XP operating system. The algorithm was coded in C programming
language.

For experimental testing, the instances from [5] were used. The stopping
criterion for all the algorithms was the maximal number of iterations itermax = 100
for small size (number of vertices Umax = 5,10 and number of edges emax = 10) and
medium size (Umax = 10,30 and emax = 50,100) instances. For large size instances
(Umax = 30,50,100 and emax = 200,500), 100 iterations resulted in large CPU
times, so for these instances the stopping criterion was set to CPU time limited
to tr = 1000s. For GVNS and VNS_LS1 algorithms, the other parameter values
were: kmin = 2, kmax = 20, p = 0.4. These are the same values used for testing VNS
in [5]. The results are summarised in Table 1. On the other hand, for Gauss-VNS,
Gauss-GVNS and Gauss-VNS-LS1 algorithms, the following parameter values
were used: kmin = 1 (since the parameter k represents the index of the element
from the set of predefined variances), kmax = 10 and the set of variances 0 =
0.01, 0.05, 0.10, 0.20, 0.50, 1.00, 2.00, 5.00, 10.00, 50.00. The results of these three
modifications are presented in Table 2. Because of the stochastic nature of the
VNS algorithm, each VNS modification was run 20 times for each instance.

Table 1 is organized as follows. In the first column, labeled as “Inst.” , the
test instance name is given. It contains the information about the number of
vertices, the number of edges and the ordinal number of the instance of that type,
respectively. In the second column, labeled as “"LB”, the elementary lower bound
for that instance is given, calculated as described by (3). The third column, labeled
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as "opt”, contains the optimal solution value found by CPLEX and/or Gurobi on
proposed ILP problem formulations from [6] and [7]. If CPLEX or Gurobi did
not produce an optimal result, the symbol ”-” is written. The next five columns
contain the results and data obtained by VNS algorithm presented in [5]: the
column labeled as "VNSy,;” contains the best objective function value found by
VNS algorithm in 20 runs; next two columns, t and t,, contain average execution
time used to reach the final VNS solution and average total execution time given
in seconds; column labeled as “err” contains an average relative percentage error
of objective function solution values, defined as err = % Y2, err; where err; =

100 = %ﬁﬂsm’ ,and VNS, represents the VNS result obtained in the i-th run, i =

1,...,20; column ”sd” is standard deviation of erri,i = 1,...,20 obtained by formula

sd = \/ > Y2 (err; — err)2. The next five columns contain the data obtained by the

GVNS algorithm presented in the same way as for the VNS algorithm. In the last
five columns the results obtained by VNS-LS1 algorithm are presented.

Table 2 is organized in the similar way as Table 1, containing the results
obtained by Gauss-VNS, Gauss-GVNS and Gauss-VNS-LS1 algorithms.

In the columns containing the best objective function value, if the obtained
result is equal to the proved optimal result from the third column, it is marked
as "opt”. If the the optimal result of the problem is not known and the obtained
result is equal to LB, it has to be the optimal result of FTSP. In this case, the
obtained result is marked as "LB opt”.

As it can be seen from Tables 1 and 2, for small size instances, all six modifi-
cations reached all optimal solutions in each of 20 runs (err = 0 and sd = 0) very
fast.

For medium size instances, all six modifications also reached all optimal so-
lutions, but the best average performance had GVNS and Gauss-GVNS. GVNS
and Gauss-GVNS gave the best average results since both algorithms reached all
optimal solutions in all 20 runs for all instances. In total, VNS performed as the
worst algorithm, obtaining the same result in 20 runs for 17 out of 20 instances.
Gauss-VNS, VNS-LS1 and Gauss-VNS-LS1 had better average results than VNS
since they reached all optimal solutions in all runs for 19 out of 20 instances.
Comparing the total execution times, GVNS and Gauss-GVNS are insignificantly
slower than VNS and Gauss-VNS, and VNS-LS1 and Gauss-VNS-LS1 are the
fastest.

For large size instances, all five new modifications performed better than VNS.
VNS reached 7 optimal solutions, from which the optimality for three instances
follows from its equality to the elementary lower bound. On the other hand, all
five other modifications reached 9 optimal solutions: four of them are equal to the
proved optimal solution from the third column, and other five have values equal
to LB. For other six instances, for which the optimal solutions are not known, all
five modifications reached better solutions than VNS in two cases (ftsp-30_-500_3
and ftsp_100_500_2). For the instance ftsp_30_500_3, Gauss-VNS obtained better
solution (Gauss — VNS = 128) than VNS (VNSys; = 135), but the smallest
value was obtained by other four modifications (GVNSpy = VNS — LS1pps =
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Table 2: Gauss-VNS, Gauss-GVNS and Gauss-VNS-LS1 results

Inst [ B [ opt [ Gauss- VNSp,o; t tot err sd | Gauss-GVNS}, t trot err sd | Gauss-VNS-LS1}, t tot err sd
Small size instances
ftsp-5-10-0 14 14 opt 0.015 0.017 0.000 0.000 opt 0.016 0.017 0.000 0.000 opt 0.006 0.007 0.000 0.000
ftsp-5-10-1 10 15 opt 0.015 0.015 0.000 0.000 opt 0.016 0.017 0.000 0.000 opt 0.007 0.007 0.000 0.000
ftsp-5.10-2 12 12 opt 0.011 0.014 0.000 0.000 opt 0.014 0.015 0.000 0.000 opt 0.002 0.006 0.000 0.000
ftsp-5.10_3 14 14 opt 0.015 0.016 0.000 0.000 opt 0.015 0.017 0.000 0.000 opt 0.007 0.007 0.000 0.000
ftsp-5.10_4 10 10 opt 0.011 0.012 0.000 0.000 opt 0.012 0.012 0.000 0.000 opt 0.007 0.009 0.000 0.000
ftsp.5.10.5 6 13 opt 0.014 0.015 0.000 0.000 opt 0.014 0.014 0.000 0.000 opt 0.002 0.007 0.000 0.000
ftsp.5.10.6 12 13 opt 0.014 0.015 0.000 0.000 opt 0.013 0.017 0.000 0.000 opt 0.005 0.007 0.000 0.000
ftsp_5.10.7 8 8 opt 0.010 0.012 0.000 0.000 opt 0.009 0.012 0.000 0.000 opt 0.002 0.004 0.000 0.000
ftsp_5.10_8 11 11 opt 0.013 0.014 0.000 0.000 opt 0.012 0.014 0.000 0.000 opt 0.004 0.006 0.000 0.000
ftsp_5.10.9 26 26 opt 0.021 0.021 0.000 0.000 opt 0.017 0.021 0.000 0.000 opt 0.006 0.007 0.000 0.000
ftsp-10-10-0 12 15 opt 0.007 0.008 0.000 0.000 opt 0.008 0.009 0.000 0.000 opt 0.004 0.004 0.000 0.000
ftsp-10-10_1 12 12 opt 0.009 0.009 0.000 0.000 opt 0.007 0.008 0.000 0.000 opt 0.003 0.004 0.000 0.000
ftsp-10.102 5 14 opt 0.006 0.009 0.000 0.000 opt 0.007 0.007 0.000 0.000 opt 0.004 0.004 0.000 0.000
ftsp-10.10_3 19 19 opt 0.009 0.015 0.000 0.000 opt 0.014 0.015 0.000 0.000 opt 0.005 0.006 0.000 0.000
ftsp-10.10_4 17 17 opt 0.012 0.013 0.000 0.000 opt 0.012 0.013 0.000 0.000 opt 0.004 0.007 0.000 0.000
ftsp-10.10_5 10 15 opt 0.009 0.011 0.000 0.000 opt 0.010 0.012 0.000 0.000 opt 0.003 0.005 0.000 0.000
ftsp-10.10_6 3 15 opt 0.007 0.008 0.000 0.000 opt 0.008 0.008 0.000 0.000 opt 0.004 0.005 0.000 0.000
ftsp-10-10-7 11 14 opt 0.012 0.013 0.000 0.000 opt 0.010 0.012 0.000 0.000 opt 0.004 0.007 0.000 0.000
ftsp-10-10-8 11 14 opt 0.011 0.013 0.000 0.000 opt 0.009 0.011 0.000 0.000 opt 0.005 0.005 0.000 0.000
ftsp-10-10-9 2 14 opt 0.008 0.009 0.000 0.000 opt 0.008 0.009 0.000 0.000 opt 0.004 0.004 0.000 0.000
Medium size instances
ftsp-10-50-0 26 92 opt 5.896 5.975 0.000 0.000 opt 5.619 5.697 0.000 0.000 opt 0.227 0.230 0.000 0.000
ftsp-10-50-1 17 81 opt 4.831 4.899 0.000 0.000 opt 4.626 4.687 0.000 0.000 opt 0.201 0.205 0.000 0.000
ftsp-10.502 40 42 opt 3.428 3.760 0.000 0.000 opt 3.342 3.550 0.000 0.000 opt 0.152 0.185 0.000 0.000
ftsp-10.50_3 31 57 opt 4.257 4.314 0.000 0.000 opt 4.078 4.136 0.000 0.000 opt 0.181 0.184 0.000 0.000
ftsp-10.50_4 17 20 opt 2.107 2.182 0.000 0.000 opt 2.024 2.072 0.000 0.000 opt 0.098 0.106 0.000 0.000
ftsp-10.50.5 32 32 opt 2213 3.113 0.313 1.358 opt 2.773 2.842 0.000 0.000 opt 0.096 0.194 1.875 1.503
ftsp-10_50_6 36 36 opt 3.486 3.582 0.000 0.000 opt 3.229 3.404 0.000 0.000 opt 0.155 0.182 0.000 0.000
ftsp-10.50_7 85 85 opt 6.236 6.321 0.000 0.000 opt 6.021 6.103 0.000 0.000 opt 0.264 0.268 0.000 0.000
ftsp-10.50_8 85 85 opt 5.060 5.132 0.000 0.000 opt 4.896 4.965 0.000 0.000 opt 0.203 0.207 0.000 0.000
ftsp-10.50_9 44 44 opt 3.600 3.684 0.000 0.000 opt 3.361 3.447 0.000 0.000 opt 0.150 0.181 0.000 0.000
ftsp-30-100.0 199 199 opt 78.051 79.682 0.000 0.000 opt 73.495 75.041 0.000 0.000 opt 1525 1.562 0.000 0.000
ftsp-30-100-1 45 68 opt 29.585 30.211 0.000 0.000 opt 27.237 27.820 0.000 0.000 opt 0.583 0.603 0.000 0.000
ftsp30-1002 29 108 opt 55.522 56.661 0.000 0.000 opt 43.768 44.649 0.000 0.000 opt 1.208 1.250 0.000 0.000
ftsp-30.1003 108 108 opt 50.053 54.346 0.000 0.000 opt 46.230 52.853 0.000 0.000 opt 1.278 1.348 0.000 0.000
ftsp-30.1004 31 67 opt 29.157 29.809 0.000 0.000 opt 28.703 29.344 0.000 0.000 opt 0.656 0.695 0.000 0.000
ftsp-30.100.5 163 163 opt 64.701 66.052 0.000 0.000 opt 62.379 63.645 0.000 0.000 opt 1.301 1.329 0.000 0.000
ftsp-30.100.6 30 50 opt 8.739 8.919 0.000 0.000 opt 8.331 8.501 0.000 0.000 opt 0.172 0.173 0.000 0.000
ftsp_30.100.7 177 177 opt 76.274 77.841 0.000 0.000 opt 70.811 72.246 0.000 0.000 opt 1.488 1522 0.000 0.000
ftsp-30-100-8 45 96 opt 47.032 48.008 0.000 0.000 opt 40.986 41.850 0.000 0.000 opt 0.836 0.914 0.000 0.000
ftsp-30-100-9 270 270 opt 98.661 100.680 0.000 0.000 opt 92.165 94.019 0.000 0.000 opt 1.939 1.978 0.000 0.000
Large size instances
ftsp-30-500-0 167 - LBopt 942.840 1000 1.198 1.183 LBopt 999.650 1000 1.078 1.409 LBopt 646.215 1000 0.000 0.000
ftsp-30-500-1 718 - LBopt 821.341 1000 0.000 0.000 LBopt 678.870 1000 0.000 0.000 LBopt 999.022 1000 0.000 0.000
ftsp-30-500-2 269 - LBopt 912.350 1000 0.372 0.483 LBopt 937.986 1000 0.446 0.904 LBopt 995.326 1000 0.000 0.000
ftsp-30.500.3 117 - 128 864.230 1000 2.500 2723 127 999.649 1000 1.969 1.629 127 398.197 1000 0.236 0.360
ftsp-30.5004 528 - LBopt 767.504 1000 0.000 0.000 LBopt 999.205 1000 0.000 0.000 LBopt 999.607 1000 0.000 0.000
ftsp_50.200.0 73 - 567 999.601 1000 0.000 0.000 567 998.030 1000 0.000 0.000 567 999.866 1000 0.000 0.000
ftsp_50.200.1 89 116 opt 995.756 1000 0.000 0.000 opt 997.844 1000 0.000 0.000 opt 999.978 1000 0.000 0.000
ftsp-50-200-2 423 423 opt 990.523 1000 0.000 0.000 opt 995.582 1000 0.000 0.000 opt 999.873 1000 0.000 0.000
ftsp-50-200-3 102 109 opt 999.270 1000 0.000 0.000 opt 996.374 1000 0.000 0.000 opt 820.537 1000 0.000 0.000
ftsp-50-200-4 59 344 opt 994.847 1000 0.000 0.000 opt 988.919 1000 0.000 0.000 opt 999.872 1000 0.000 0.000
ftsp-100-500.0 208 - 578 982.725 1000 0.000 0.000 578 942.355 1000 0.000 0.000 578 999.449 1000 0.000 0.000
ftsp-100.500-1 197 - 224 999.619 1000 2.946 2424 224 970.648 1000 4.107 2.954 224 908.768 1000 0.000 0.000
ftsp-100.500_2 300 - LBopt 890.219 1000 0.350 0.267 LBopt 920.023 1000 0.283 0.217 LBopt 605.165 1000 0.000 0.000
ftsp-100.500.3 794 - 830 871.945 1000 0.000 0.000 830 734.119 1000 0.000 0.000 830 998.601 1000 0.000 0.000
ftsp-100-500-4 154 - 224 962.870 1000 0.000 0.000 224 927.883 1000 0.000 0.000 224 999.343 1000 0.000 0.000
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Gauss — GVNSpet = Gauss — VNS — LSl = 127). Comparing the quality of
obtained results, Gauss-VNS was better than VNS with values err and sd equal to
zero for 10 out of 15 instances, while for VNS this was obtained for 8 out of 15
instances. GVNS reached the same solution in 20 runs for 11 out of 15 instances,
and Gauss-GVNS for 10 out of 15 instances. VNS-LS1 and Gauss-VNS-LS1 were
the best, obtaining the same solution in 20 runs for 14 out of 15 instances.

Since the algorithm pairs VNS and Gauss-VNS, GVNS and Gauss-GVNS, VNS-
LS1 and Gauss-VNS-LS1 have the same local search procedure, it is interesting to
compare the results obtained by each pair. Asitcanbe seen from discussion above,
Gauss-VNS performed better than VNS, obtaining better results for the large size
instances, and better average performance for medium and large size instances.
On the other hand, GVNS, Gauss-GVNS, VNS-LS1 and Gauss-VNS-LS1 obtained
the same or similar results, all better than VNS and Gauss-VNS.

5. CONCLUSION

In this paper new modifications of VNS approach for solving the discrete File
transfer scheduling problem were presented. In order to obtain better solutions
in a small neighborhood of a current solution, we implemented two new local
search procedures: Variable Neighborhood Descent, and swapping two adjacent
elements. In order to apply the continuous optimization method (Gaussian Vari-
able Neighborhood Search) to solve FTSP, mapping of continuous set of feasible
solutions into a finite set is performed, and the weight solution representation
is developed. Such representation enables the continuous optimization methods
to be used, which do not require the differentiability of objective function. Since
Gauss-VNS method is proved to be successful in continuous optimization prob-
lems, it was applied to discrete FTSP. Previously described local search procedures
could also be used with weight solution representation. Numerical experiments
showed that the results obtained by the Gaussian modifications are comparable
with the results obtained by standard VNS based heuristics developed for combi-
natorial optimization. In some cases the Gaussian modifications gave even better
results.

Future research may contain automatic estimation of range of parameter o for
Gauss-VNS, as well as the usage of Gaussian distribution for some other discrete
optimization problems.
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