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ABSTRACT. We consider the problem of interconnecting a set of customer sites using
SONET rings of equal capacity, which can be defined as follows: Given an undirected
graph G = (V,E) with nonnegative edge weight d,,, (u,v) € E, and two integers k and
B, find a partition of the nodes of G into k subsets so that the total weight of the edges
connecting the nodes in different subsets of the partition is minimized and the total weight
of the edges incident to any subset of the partition is at most B. This problem, called the
k-SONET Ring Assignment Problem (k-SRAP), arises in the design of optical telecom-
munication networks when a ring-based topology is adopted. We show that this network
topology problem corresponds to a graph partitioning problem with capacity constraints
and it is NP-hard. In this paper we propose a novel and compact 0-1 integer linear pro-
gramming formulation for this problem. We report computational results comparing our
formulation with another formulation found in the literature. The results show that our
formulation outperforms the previous one.

1. INTRODUCTION

A telecommunications network is a complex web of links and nodes, and one cannot
speak of a single network but rather of a hierarchy of networks. For instance, in [10] the
authors present three levels of network: the tributary network, the local network and the
backbone network.

The planning of a network raises various combinatorial optimization problems related
to network design. Generally, these problems are solved independently for each network
level. In this paper, we study a network topology problem that arises in the planning of an
optical backbone network. This problem is called k-SONET Ring Assignment Problem, or
k-SRAP for short.

The current standard for optical networks is denoted as SONET (Synchronous Optical
NETwork) and uses a ring-based topology. Each customer is connected to one or more
rings and the entire network is made up of a collection of such rings.

The design of a based-ring topology network can have several variants. The simplest of
them occurs when the network has a single ring. Another variant is the one where there are
several rings. This class can be further subdivided into two subclasses: ring intersections
are allowed and ring intersections are not allowed. Finally, the third class of based-ring
topology network has a hierarchical structure. That is, the rings have no intersections and
there is a ring that connect all of the other rings. This top-level ring is called the federal
ring. The (optical) backbone network discussed in this paper is of this type.
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The k-SRAP is a special case of the SONET Ring Assignment Problem, or SRAP for
short, and has not been studied much. Goldschmidt et al. [3] show that the SRAP can
be solved by several resolutions of the k-SRAP. Due to the relevance of the SRAP in the
design of fiber-optic telecommunications using SONET technology, we are motivated to
study the solution of k-SRAP via integer programming. We propose a novel and compact
0-1 integer linear programming formulation for the k-SRAP.

We report computational experiments comparing our formulation with the one presented
in [3]. Empirical evidence indicates that the former formulation is substantially better than
the latter. It is worthwhile to note that the tested instances are the same ones tested by
Goldschmidt et al. [3].

The paper is organized as follows. In Section 2 we describe the k--SRAP as a graph
optimization problem, while the original formulation from [3] for this problem is discussed
in Section 3. In Section 4, the novel integer linear programming formulation is presented.
In Section 5, we describe the computational experiments and analyze the results. Finally,
in Section 6 we draw some conclusions and discuss future directions.

2. PROBLEM DESCRIPTION

In this section we formally describe the k-SONET Ring Assignment Problem. The k-
SRAP can be seen as a node-partitioning problem for a given graph G where one wants
to find a partition of the nodes of G satisfying certain properties. Before describing the
problem we briefly review some relevant aspects in the design of backbone network that
use SONET technology and describe the SONET Ring Assignment Problem.

2.1. The SONET ring assignment problem. Consider the following graph optimization
problem. We are given an undirected graph G = (V,E) and a positive integer B. Associated
with each edge (u,v) in E is a non-negative integer d,,,. A feasible solution of the problem
is a partition of the nodes in G into sets V1, V;,...,Vy such that:

i Z(u,v)EG[Vj]US(Vj) d,, < B, for all ] c {1, ... 7[} and,

ii: Z§:1 Z(Lt,v)EB(Vj) dw < B,
where G[V;] is the graph induced by V; in G and 8(V;) is the set of edges with exactly
one extremity in V;. The goal is to find a feasible solution that minimizes the size of the
partition, i.e., the value of £.

Notice that a trivial necessary condition for the feasibility of an instance of this problem
requires that )., )eg dw < B for each node u in V. Moreover, for any feasible instance,
there can be no optimal solution in which two subsets of the partition are composed of
singletons. This is because the two isolated nodes can be grouped together since, otherwise,
condition (i7) would not hold for any solution. Thus, a simple upper bound for the optimal
value is given by [5].

This graph problem is also known as the SONET Ring Assignment Problem. The SRAP
was investigated recently by Goldschmidt et al. [3]. In their paper the authors motivated
the study of the problem by showing its relevance to the design of fiber-optic telecommu-
nication networks using the SONET (Synchronous Optical NETwork) or SDH (Synchro-
nous Digital Hierarchy) technology. In this context, the nodes of graph G are associated
with client sites while the edges are associated with existing traffic demand between pairs
of clients. The edge weights d,,, measure the actual demand for communication among
clients. Given a feasible solution to the graph problem stated above, the nodes in each sub-
set of the partition form a local ring or simply a ring. Due to physical limitations imposed
on the equipment used in building the network, the total demand in each local ring must
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not exceed a constant B'. Moreover, the total demand between clients in different rings is
handled by an additional ring called the federal ring.

The traffic routing between clients in a ring requires a special type of device, installed
at each client, that is able to aggregate and disaggregate the traffic. This device is called
an Add-Drop Multiplexer (ADM). The ADMs are specified according to their capacities as
follows:

o ADM-1: capacity concentrator STM-1 (155Mbs),
o ADM-4: capacity concentrator STM-4 (622Mbs),
o ADM-16: capacity concentrator STM-16 (2.5Gbs).

The connection of a local ring to the federal ring is made possible through a device
known as a Digital Cross-Connect System (DCS). Since the capacity of the federal ring
is also bounded by B, the sum of the weights of the edges in the multicut corresponding
any feasible solution cannot exceed that amount. Finally, because the DCSs are by far the
most expensive equipment needed to implement a network, a basic problem in the design
of low-cost SONET optical networks asks for a solution that minimizes the number of
local rings. One can easily check that the graph problem discussed at the beginning of this
section correctly models the latter problem.

We refer to [3] for a more detailed discussion of the architecture of SONET networks
and a review of the literature on the SRAP. In their paper, the authors prove that SRAP is
NP-hard.

2.2. The k-SONET ring assignment problem. The k-SRAP can be described formally
as a graph optimization problem: Given an undirected graph G = (V,E), with positive
weights d,,,, associated with the edges in E, and two integer values k and B, our goal is to
find a partition of the nodes in G into at most k < |V| sets V;,V5,...,V; so that the sum
of the weights of the edges connecting different sets is minimized and such that the total
weight of the edges incident to any given set in the partition is less than or equal to B.

The k-SRAP has been recently investigated by Goldschmidt et al. [3] and it was shown
to be NP-hard. The authors in [3] also introduced an integer programming formulation for
k-SRAP. In the next section we discuss this formulation.

In terms of the network design application, k.-SRAP has the same input data as SRAP
with the additional parameter k. As in SRAP, we are still assigning each node to exactly
one SONET local ring and connecting the rings with a federal ring. Another aspect in
common is the local ring capacity. The total demand on a local ring, for both problems, is
limited to the bandwidth B.

However, there are two important differences between the problems. First, k-SRAP
does not constrain the capacity of the federal ring to be B. Instead, the objective is to
minimize the amount of traffic that would put on the federal ring. The second difference is
that we can use at most k rings in a k-SRAP solution whereas we could use up to |V| rings
in a SRAP solution. We refer to [3] for a more detailed discussion of how SRAP is solved
by solving k-SRAP.

3. PREVIOUS WORK

In this section we present an integer linear programming formulation proposed by Gold-
schmidt et al. [3] for k-SRAP. Experiments with this formulation are reported in the forth-
coming sections. Hereafter, the parameters n and m are used to denote the number of nodes
and edges in G, respectively, while the set {1,...,n} is represented by N.

1Any ring satisfying this property is said to be a feasible ring.
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This formulation consists of four groups of binary variables, namely x, y, p, and z. In the
first one, there are n? variables x,; for u € V and i € N. The value of x,; is one if and only
if node u is assigned to ring i. In the second group, there are n variables each representing
a possible local ring to be opened? in a feasible solution. Thus, the variable y; is one if and
only if the i-th ring is opened.

For each edge (u,v) € E, where u < v, and every i € N, the variable p,,; has value one
if and only if both nodes u and v are assigned to ring i. This third group of variables has mn
elements. Finally, in the fourth group, we have 2mn z variables. Each z variable is indexed
by three elements, the first two taken from V x V' \ {(u,u) |u € V} and the last one from
N. The variable z,,; is then defined to be one if and only if « is in ring i while v is not. A
possible formulation for k-SRAP with these variables is given below.

n—1 n n
M (6M) minY Y Y duwzu,

u=1v=u+1li=1
2 S.L. Z Ay Puvi + Z duyzuwi < B, VieN,
(u,v)€E|u<v (u,v)€E
3) Y vi<k,
ieEN
n
“) Y xi=1, Vuev,
i=1
(5 xui — i <0, YucV,VieN,
(6) Xyi +Xyi — Puvi < 1, Y(u,v) €E, Vi €N,
) Xui — Xi — Zuvi < 0, VMGV,V(M,V) €E,VieN,
(8) xLlie{071}7 VuGV, VIEN,
&) in{Oal}, ViGN,
(10) Puwi €1{0,1}, V(u,v) €E,ViEN,
(1D zwi € {0,1}, Yu e V,¥(u,v) €E, Vi€ N.

The objective (1) is to minimize the amount of traffic that would put on the federal ring.
Now, let us briefly examine the constraints in formulation (GM) . Constraints (2) state the
maximum local ring capacity. Constraints (3) force the number of SONET rings to be at
most k. Constraints (4) say that each node must belong to only one ring. Constraints (5)
state that a local ring is open if at least one node is assigned to that ring. For each tuple
(u,v,i), constraints (6) say that variable p,,; equals one if both nodes u and v belong to ring
i, whereas constraints (7) state that variable z,,; has value one if node u belongs to ring i
and node v does not belong to ring i. Constraints (8) through (11) force the integrality of
the variables x, y ,p, and z, respectively.

The above formulation requires n” + 3mn + 2n + 1 constraints and n” + 3mn + n binary
variables.

4. NOVEL 0-1 ILP FORMULATION

In this section we present a novel integer linear programming formulation for k-SRAP.
The purpose is to reduce the number of variables using ®(n?) constraints. Our objective is
produce a model which is easier to solve.

ZA ring is said to be open if there is at least one node assigned to it.
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To facilitate the presentation, consider a feasible solution for the k-SRAP, where the
node set V is partitioned into the sets V1, Va,..., Vi for 1 <k <n. Forevery j € {1,...,k},
the internal and external demands of ring j are, respectively, D ; and W;, where

(12) Dj = Z Zduw
u€V; vev;
u<vy

(13) wi = Y Y da
u€V;j vev;

Now assume that D represents the total demand and d; is the total demand for the ring
Jj, that is,

D = Z duw

dj = D;+W,.

Using the definitions above for D, W;, D, and d;, for j € {1,...,k}, the demand that passes
through a federal ring can be expressed as

™-

(14) D=D-) D;j,
j=1
and hence
k
(15) 2xD=Y W,

1

J
Finally, using the capacity of a federal ring and equations (14) and (15) we obtain

D<B=—=D+D<D+B—

k
Y D+D+Y. D, <D+B—
j=1

k k
(16) QZWJ+ZDj§D+B.
j=1 j=1

Note that inequality (16) gives another way to express the constraint for the capacity of a
federal ring, and consequently an alternative objective function can be expressed by

n—1 n n
(17) min Y Y Y dfuwi—D.

u=1v=u+1li=1
By carefully observing inequality (16) we can define new binary variables for the edges in
the instance graph G = (V,E). For each edge (u,v) € E, with u < v, and eachnode i € N, a
variable f,,; is set to zero if neither node u nor node v is assigned to ring i. In other words,
for a fixed ring i, the edges with f,,,; = 1 are those which are internal to ring i or link nodes
of ring i to nodes at some other ring.

As in SRAP, the model (GM) present a high level of symmetry. It is well-known that

the presence of symmetry in the model spoils the performance of enumeration algorithms
available for integer linear programming (for more details, see [1]). Other studies about
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symmetry in integer linear programming models for combinatorial optimization problems
can be found in [4] and [9].

A possible way to reduce the symmetry of the solutions searched in the branch-and-
bound tree is using linear inequalities. A simple way to reduce the symmetry in model
(GM) is to add the constraints (see e.g., [5]):

(18) Yi<yi-1,  VieN.

The foregoing inequality states that a ring i is opened only if ring i - 1 is opened.

Obviously, these inequalities are not enough to completely eliminate symmetry. Never-
theless, as we shall see in Section 5, they are very helpful in practice. Other inequalities
that we have tried, like those that force the number of nodes to decrease as ring indexes
increase, did not work as well in practice as the inequalities in (18). A possible explana-
tion for the success of those inequalities is that they do not increase the density of the LP
constraint matrix, which is known to harm the efficiency of the solvers that compute the
linear relaxations.

Given the variables x, y, and f defined above, we get the following novel integer linear
programming formulation for the k—SRAP:

n—1 n n
(19) (CM) Il’llIlZ Z Zduvfuvi_Da

u=1v=u+1i=1

(20) S.L. Z duy fuvi < B, VieN,
(u,v)€E
1) Y vi<k,
i€N
n
(22) Y xi=1, Vuev,
i=1
(23) Xui —yi <0, YucV,ieN,
(24) Suvi —Xui 20, V(u,v) EE,Vi€N,
(25) Suwvi —xvi 20, V(M,V) €E VieN,
(26) Suvi = xui — % <0, V(u,v) €E,ViEN,
(27) yi—yi-1 <0, Vi EN,
(28) xui € {0, 1}, YueV,VieN,
(29) yi €{0,1}, VieN,
(30) fuvi6{0;1}7 V(M,V) ek, Vi e N.

Let us briefly comment on model (CM). The objective is the same as that for the (GM)
model, as discussed earlier. Constraints (20) refer to the capacity limitation of local rings.
Constraints (24)—(26) ensure the correct relationship between f and x variables. Finally,
constraints (18) are added to the model since the reduction of symmetry is beneficial for
computational purposes. This formulation has n? + 3mn + 3n + 1 constraints and n> + mn
+ n binary variables.

To conclude this section, we summarize in Table 1 the total number of variables and
constraints in the models presented so far. Clearly, both models have a number of variables
that is polynomial in the size of the input graph.
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TABLE 1. Model sizes.

Model | # variables # constraints
(GM) | n* +3mn+n | n> +3mn+2n+ 1
(CM) | R +mn+n | n>+3mn+3n+1

5. COMPUTATIONAL RESULTS

In this section, we report computational results using the formulations (GM) and (CM)
discussed in Sections 3 and 4. Our experiments were performed on a 450MHz AMD K6
PC with 256 MB of RAM under Windows XP.

In order to compare the practical performance of the novel and the original formulation,
we use instances proposed by Goldschmidt et al. [3] for the SRAP. To solve the models we
used XPress 12.05 [2]. As stopping criteria for the Xpress, we set to 300,000 and 3,600 the
number of nodes in the branch-and-bound tree and the CPU time (in seconds), respectively.
For both formulations, we did not activate the separation of the standard cuts neither the
pre-processing techniques of XPress.

5.1. Instances. The experiments use two groups of instances, namely, geometric and ran-
domly generated. Within each group, instances are divided into those having low and high
ring capacities, respectively, 155Mbs and 622Mbs.

In the following tables, the characteristics of an instance can be inferred from its name.
Instance names always start with two letters. The first letter is either “g” or “r” meaning
that the instance belongs to the geometric or the random subdivision, respectively. The
second letter is either “1” or “h”, depending on the ring capacity is B = 155Mbs or B =
622Mbs, respectively. For more detail on how those instances were generated as well as
their properties, we refer the interested reader to [3] where they were introduced.

We test instances with n = |V| =15, m = |E| < n(n— 1) /2 and the values k are taken

from {2,3,...,7},1.e., k < |n/2]. In total, there are 119 instances.

5.2. Analysis of the experiments. Tables 2 through 6 summarize the computational re-
sults. The columns in these tables have the following meaning: name is the instance name,
Z* indicates the optimal integer solution value, z gives the best lower bound found, #Nodes
is the number of nodes explored in the branch-and-bound tree, A% is the percentage gap
between the optimal integer solution value (z*) and the best lower bound found (z):

LTt 100,

31) A% =

Finally, a column for CPU times is presented. The column indicates the time in seconds
necessary to solve the model or to halt the execution after one hour of computation.

From Tables 2 through 6 we conclude that our formulation (CM) was able to prove the
optimality for all 119 tested instances, while formulation (GM) proved optimality of only
38 instances.

The poor performance of the branch-and-bound algorithm when using the formulation
(GM) is the result of the symmetry in the feasible solutions for the <SSRAP. This symmetry
is avoided in the feasible solutions for the formulation (CM). This is due to the constraints
(18) that satisfactorially lead to the excellent performance of the branch-and-bound algo-
rithm.
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We also note that the CPU times of the formulation (CM) is substantially smaller that
those for the formulation (GM). One can see from the results that (CM ) solved all instances
in less than an hour, whereas the (GM) model solved just 47 out of 119 instances tested.
Among the 47 instances solved by both models, the model (CM) solved 39 instances in
less than a minute, whereas the (GM) model did not solve any of them that fast.

These results show that our model is superior to (GM). Moreover, it is worth mentioning
that our preliminary results showed that the superiority of (CM) over (GM) becomes even
more evident when no tight upper bound on the optimal value is provided a priori to the
models.

TABLE 2. Results for k = 3.

Name z* Formulation (GM) Formulation (CM)
z  #Nodes A% CPU time z #Nodes A% CPU time
gl-15-1 9750 9750 50441 0 669 9750 224 0 1
gl-15-4 10350 10350 43774 0 628 10350 278 0 2
gl-15-7 12750 12750 96038 0 1989 12750 209 0 1
gl-15-9 7650 7650 25740 0 315 7650 317 0 1
gh-15-1 33900 33900 22671 0 503 33900 262 0 2
gh-15-2 39600 30087.93 64400 24.02 3600 39600 1345 0 40
gh-15-8 58650 36750 37100 37.34 3600 58650 2347 0 70
¢h-15-9 40500 37767.43 109000 6.75 3600 40500 576 0 4
rl-15-1 11250 11250 146353 0 1245 11250 981 0 4
rl-15-4 13200 13200 143306 0 2550 13200 391 0 2
rl-15-6 9300 9300 73602 0 1114 9300 617 0 3
rl-15-8 11250 9962.50 209900 11.44 3600 11250 722 0 4
rl-15-9 9600 9600 98441 0 1040 9600 790 0 3
rh-15-1 46800 38486.75 97000 17.76 3600 46800 1210 0 10
rh-15-5 42000 30450 83200 27.5 3600 42000 2072 0 13
rh-15-6 42750 30748.13 86400 28.07 3600 42750 4051 0 23
rh-15-9 39900 39900 94686 0 2267 39900 1367 0 8

TABLE 3. Results for k = 4.

Name 4 Formulation (GM) Formulation (CM)
z  #Nodes A% CPU time z #Nodes A% CPU time
gl-15-1 9750 9750 59188 0 1062 9750 637 0 6
gl-15-4 10350 10350 45318 0 716 10350 642 0 6
gl-15-7 12750 12750 125214 0 2393 12750 1015 0 11
gl-15-9 7650 7650 27870 0 407 7650 684 0 4
gh-15-1 33900 33900 22059 0 429 33900 819 0 6
gh-15-2 39600 28650 61300 27.65 3600 39600 3855 0 99
gh-15-8 58650 33150 38500 43.48 3600 58650 9801 0 248
¢h-15-9 40500 35100 75200 13.33 3600 40500 1586 0 13
rl-15-1 11250 11250 173268 0 1630 11250 2553 0 10
rl-15-4 13200 11550 110800 12.5 3600 13200 992 0 7
rl-15-6 9300 9300 73000 0 1239 9300 1478 0 8
rl-15-8 11250 9450 160900 16 3600 11250 3040 0 16
rl-15-9 9600 9600 96290 0 1053 9600 1971 0 8
rh-15-1 46800 33546.20 70100 28.32 3600 46800 4574 0 38
rh-15-5 42000 30366.84 66200 27.69 3600 42000 6223 0 47
rh-15-6 42750 30577.02 70200 28.47 3600 42750 11758 0 74
rh-15-9 39900 39900 94179 0 2386 39900 4260 0 27
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TABLE 4. Results for k = 5.

Name z* Formulation (GM) Formulation (CM)
z  #Nodes A% CPU time z #Nodes A% CPU time
gl-15-1 9750 9750 46798 0 666 9750 1337 0 15
gl-15-4 10350 10350 46316 0 704 10350 1645 0 15
gl-15-7 12750 12750 120042 0 2344 12750 2459 0 28
gl-15-9 7650 7650 31257 0 407 7650 1324 0 8
gh-15-1 33900 33900 26327 0 580 33900 1434 0 11
gh-15-2 39600 28852.62 61600 27.14 3600 39600 8867 0 189
gh-15-8 58650 37200 40300 36.57 3600 58650 25509 0 541
gh-15-9 40500 33788.67 71200 16.57 3600 40500 3858 0 32
rl-15-1 11250 11250 152289 0 1559 11250 7105 0 31
rl-15-4 13200 11446.51 97000 13.28 3600 13200 2304 0 17
rl-15-6 9300 9300 70420 0 1412 9300 3711 0 20
-15-8 11250 9450 129800 16 3600 11250 6301 0 34
f-159 9600 9600 96918 0 1273 9600 4707 0 23
th-15-1 46800 3530498 71600 24.56 3600 46800 9581 0 88
rh-15-5 42000 2934351 62200 30.13 3600 42000 13970 0O 110
th-15-6 42750 30455.62 69800 28.76 3600 42750 25772 O 175
th-15-9 39900 39900 95418 0 2317 39900 8108 0 55

TABLE 5. Results for k = 6.

Name z* Formulation (GM) Formulation (CM)
z  #Nodes A%  CPU time z #Nodes A% CPU time
gl-15-1 9750 9750 45345 0 638 9750 2945 0 30
gl-15-4 10350 10350 44037 0 691 10350 3400 0 26
gl-15-7 12750 12750 127133 0 2669 12750 5689 0 74
gl-15-9 7650 7650 27733 0 355 7650 2384 0 16
gh-15-1 33900 33900 24363 0 565 33900 2068 0 17
gh-15-2 39600 29250 66700 26.14 3600 39600 18818 0 351
gh-15-8 58650 37200 44000 36.57 3600 58650 55354 0 1163
¢h-15-9 40500 34143.65 71500  15.69 3600 40500 8662 0 70
rl-15-1 11250 11250 178344 0 1841 11250 12313 0 56
rl-15-4 13200 11316.67 94400 14.27 3600 13200 4365 0 34
rl-15-6 9300 9300 71467 0 1362 9300 6689 0 38
rl-15-8 11250 9284.85 133000 17.47 3600 11250 13368 0 75
rl-15-9 9600 9600 99208 0 1291 9600 9087 0 47
rh-15-1 46800 35321.13 70100 24.53 3600 46800 17944 0 186
rh-15-5 42000 29680.33 66100 29.33 3600 42000 25422 0 209
rh-15-6 42750 30138.18 71000 29.5 3600 42750 52924 0 385
rh-15-9 39900 39900 90517 0 2267 39900 14198 0 98

6. CONCLUDING REMARKS

In this paper we have presented a novel and compact 0-1 integer linear programming for-
mulation for the K SONET Ring Assignment Problem. Computational experiments com-
paring our formulation and one proposed by Goldschmidt et al. [3] are reported. These
results showed a clear superiority of our formulation and it turns out that small instances
are solved significantly faster with the novel model than with the original formulation from
[3].

Further computational experiments on more and larger benchmark instances, for exam-
ple 25, 30 and 50 nodes and B=2.5Gbs, are necessary to confirm the efficiency of the model
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TABLE 6. Results for k =7.

Name 4 Formulation (GM) Formulation (CM)
z  #Nodes A% CPU time z #Nodes A% CPU time
gl-15-1 9750 9750 46207 0 641 9750 6385 0 42
gl-15-4 10350 10350 44994 0 672 10350 7337 0 45
gl-15-7 12750 12750 136853 0 2714 12750 9717 0 128
gl-15-9 7650 7650 31295 0 417 7650 3166 0 26
gh-15-1 33900 33900 24200 0 541 33900 3121 0 27
gh-15-2 39600 28763.62 64700 27.36 3600 39600 33332 0 592
gh-15-8 58650 36018.77 40000 38.59 3600 58650 105025 0 2040
gh-15-9 40500 35588.31 75200 12.13 3600 40500 15480 0 127
rl-15-1 11250 11250 177438 0 1759 11250 24237 0 114
rl-15-4 13200 11940 108900  9.55 3600 13200 7902 0 66
rl-15-6 9300 9300 61612 0 1265 9300 12204 0 68
rl-15-8 11250 9103.77 129800 19.08 3600 11250 23836 0 140
rl-15-9 9600 9600 104853 0 1336 9600 16419 0 87
rh-15-1 46800 36150 71900 22.76 3600 46800 31401 0 367
rh-15-5 42000 29250 64400 30.36 3600 42000 43499 0 411
rh-15-6 42750 30600 69000 28.42 3600 42750 91308 0 706
rh-15-9 39900 39900 89300 0 2466 39900 22331 0 175

(CM). Besides, we also want to combine branch-and-price algorithm with (meta)-heuristic
approaches for the resolution of the k-SRAP. This will be done in the classical sense, that
is, by heuristically determining a good starting solution for an exact algorithm [6, 7, 8].
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