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Design of Broadband Virtual Private Networks:
Model and Heuristics for the B-WilN

Andreas Bley, Martin Grotschel, and Roland Wessaly

ABSTRACT. We investigate the problem of designing survivable broadband vir-
tual private networks that employ the Open Shortest Path First (OSPF) rout-
ing protocol to route the packages. The capacities available for the links of
the network are a minimal capacity plus multiples of a unit capacity. Given
the directed communication demands between all pairs of nodes, we wish to
select the capacities in a such way that even in case of a single node or a single
link failure a specified percentage of each demand can be satisfied and the
costs for these capacities are minimal. We present a mixed~integer linear pro-
gramiing formulation of this problem and several heuristics for its solution.
Furthermore, we report on computational results with real-world data.

1. Introduction

In this article we describe the network design and bandwidth allocation problem
we encountered in a cooperation with our partner DFN-Verein e.V. (Registered
Association for the Promotion of a German Research Network). DFN acts as the
internet provider for German universities and research institutions. The backbone
network of DFN, called B-WIN, is operated as a broadband virtual private network
(BVPN) on the ATM cross connect network of the Deutsche Telekom AG.

Currently, the network contains ten central service switches. It is possible to
rent a link at a certain capacity between each pair of switches. These links are
virtual paths in the ATM cross connect network, whose structure is transparent
to DFN. The capacities available for rented links are a certain minimum capac-
ity plus multiples of a unit capacity. See [11] for a description of the technical
implementation of the B-WiN.

In the network design problem considered here, we must employ the OSPF
(Open Shortest Path First, see [7] and [{23]) routing protocol to route the traffic
demands in the network. Using this routing policy, each package is sent to its
destination along a shortest path with respect to some given link weights. In
principle, the routing is performed in an embedded IP overlay network consisting
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of permanent. virtual circuits (PVCs), which are paths in the BVPN. However, since
DFN currently identifics virtual paths and virtual circuits, we do not distinguish
either.

Nowadays, a network provider must uot only offer large bandwidths and high
transimission rates, but also guarantee a specified quality of service. Hence, it is
important for the provider to limit the impact of network failures. In this article
we consider single failures of switches or links. Given the directed traflic demands
between all pairs of switches, the capacities must be sclected in such a way that
even in case of a single component failure at least a specified percentage of each
demand can be routed in the remaining network.

The design of survivable networks has been studied for various capacity and
survivability models. Grotschel, Monma, and Stoer considered uncapacitated net-
work design problems with connectivity constraints in [9, 10, 22]. The networks
synthesis problem which includes some variation of capacity, routing, and surviv-
ability decisions attracted many researchers. Gomory and Hu initiated the research
on non-simultaneous single-commodity flow problems in [8]. Minoux addressed in
[18] non-simultaneous multi-commodity flow problems, suggesting a sub-gracient
optimization procedure for its solution. More recently, link and path restoration
have been considered, for instance, in (2, 15, 19, 25]. The solution mcthods in-
clude combinatorial heuristics, LP-based rounding heuristics, and branch-and-cut
algorithms. The survivability concepts of diversification and reservation have heen
investigated in [1] and [4] for two different capacity models and cutting planc meth-
ods have been suggested as solution approach. Multi-layer models including surviv-
ability have been considered, for instance, in [13, 17]. Given a network topology
and link capacities, Lin and Wang addressed in [16] the problem of finding a set
of link weights that provide a feasible OSPF routing and proposed a dual solution
approach based upon Lagrangean rclaxation.

In this article we present a model that differs in one important aspect from the
models studied previously. We integrate survivability, capacity planning and the
OSPF routing protocol in one model. Survivability respecting the OSPF routing
protocol can be viewed as a variation of path restoration. The [ailing communica-
tion demands are rerouted end-to-end, but the way the routing paths may change
in a failure situation is defined by the routing protocol and each demand is routed
on a single path. Bifurcated routing is allowed neither in the non-failure nor in any
of the failure cases.

The remainder of this article is organized as follows: The next section contains
a detailed description of the problem, its input data, and its constraints. A mixed-
integer linear programming model for the TP network design and routing problem is
developed in Section 3. In Section 4 we briefly present several heuristics to solve this
problem. Computational results for real-world data provided by DFN are reported
in the last section.

2. The Problem

Formally, the problem can be described as follows: We are given a supply
graph G = (V| E) consisting of the nodes V and the edges E. The node set V
corresponds to the set of IP router locations. The edge set £ corresponds to the
set of all potential links, which in our application is the set of all virtual paths (in
the underlying ATM-network) that may be rented from Deutsche Telekom.
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For every supply edge, the installed capacity must be either zero or the min-
imal capacity cmin € Z, plus a wmultiple of the unit capacity cy € Z,. For
no edge may the capacity exceed the maximal capacity ¢max € Z.. The capac-
ities are bidirectional, i.c., the capacity installed on an edge can be used in both
directions independently. An edge with non-zero capacity is called a chosen edge.

We wish to design a network that is still operational if a single node or a single
edge fails. Thercfore, we introduce the set of operating states S. The considered
operating states s € § are the normal operating state (s = (), which is the state
with all nodes and edges operational, and the failure states, which are the states
with a single cdge (s = e € E) or a single node (s = v € V) non-operational. Note
that in a node failure state s = v € V all edges incident to v are non-operational,
too.

For each ordered pair of nodes (u,v) € V x V the value dyy € Z; is the directed
communication demand from u to v. Clearly, in a node failure state s = v € V
the demands with origin or destination v cannot be satisfied and are therefore not
considered in this operating state.

Since network failures are considered to be non-permanent, we do not have to
salisfy the total demands in a failurc situation. For each operating state s € S,
we introduce a reservation parameter r® > 0 specifying how many percent of
each demand must be routable in this operating state. In contrast to telephone
networks, the traflic demands in IP networks are extremely bursty and the network
contains a higher percentage of sparc capacity to accommodate the traflic peaks.
Our model allows to oversize the installed capacities in the normal operating state
by setting the reservation parameter r to a value larger than one. In this case,
even if all demands increase simultaneously by a factor of | the capacities permit
a feasible routing as long as no network component fails.

In principle, the demands are routed in a second network layer, the so called
overlay network, which is embedded in the BVPN. The nodes of the overlay network
are the nodes of the supply graph. Its edges, which are permanent virtual circuits
(PVCs) in the BVPN, correspond to paths in the supply graph. For each PVC
a capacity is reserved on its edges. With this second network layer it is easier to
manage different traffic types, such as IP, X.25, etc., in the network. Usually, one
sets up a separate overlay network for each traffic type and routes the corresponding
demands within this overlay network. However, we assume here that there is only
one traffic type in the network, namely IP traffic. Furthermore, we restrict ourselves
to the case where, for each rented virtual path, there is exactly one direct permanent
virtual circuit set up at the full capacity of the virtual path, i.e., the IP overlay
network and the BVPN are equivalent. Hence, we can pretend that the demands
are routed directly in the supply graph and no second network layer exists.

The capacities chosen for the supply edges have to be large enough to allow a
feasible routing with respect to the OSPTF routing protocol in all operating states.
Assuming non-negative routing weights for all supply edges, the OSPF protocol
implies that each demand is sent from its origin to its destination along a shortest
path with respect to these weights. In each operating state only operational nodes
and edges are considered in the shortest path computation. In this article we
address only static OSPF routing where the link weights do not depend on nor
change with the traffic. Dynamic shortest path routing algorithms, which try to
adapt. to traffic changes, often cause oscillations that lead to significant performance
degradation, especially if the network is heavily loaded (see (3]).
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Although not required by the OSPF protocol, in our problem we have to guar-
antec the existence of a path between any pair of operational nodes in each operating
state. This implies that the subgraph of G induced by the chosen supply edges must
be 2-node-connected.

The routing weights must be chosen in such a way that, for all operating states
and all demands, the shortest path from the demand’s origin to its destination is
unique with respect to these weights. Otherwise, it is not determined which one of
the shortest paths will be selected by the implementation of the routing protocol
in the network and, therefore, it would be impossible to guarantee that the chosen
capacities permit. a feasible routing of the demands.

For each demand, the variation of its data package transmission times increases
significantly with the number of nodes in the routing path, especially if the network
is heavily loaded. For multi-media applications, for example, this might lead to
unacceptable differences in the transmission times. In order to avoid too large
variations, the number of edges in each routing path is bounded from above by
¢ € Z,. in the normal operating state.

Finally, let us explain the (complicated) cost structure of the problemn con-
sidered. Since the edges of the network correspond to virtual paths in the ATM-
provider’s network, we have network costs which do not depend on the physical
lengths of the edges but on the number of chosen edges. Hence, we cannot allow
an arbitrary number of edges in a solution. Due to the different tariffs for different
numbers of edges, we have a predefined number, say m, of supply edges that must
be chosen. All the following cost parameters depend on this number m. Router
costs are not considered. In our application each node is a central service switch
for its local area and, hence, must have routing equipment installed anyway.

The total cost of installing capacities on the supply edges is defined as follows.
For installing the minimal capacity ¢mqn, on m edges we have the fixed cost K, €
Z... Since we cannot influence these costs, they can be omitted in the optimization.

Each capacity unit ¢, that is installed in addition to the minimal capacity
on a single supply edge causes further costs. The set of feasible capacities above
the minimal capacity c,,;, is divided into consecutive capacity intervals (batches).
Each interval (except maybe the last interval) contains b € Z,. capacity units and,
thus, has a batch capacity Ceaten = b cy. The number of these intervals is

[Cmﬂc:—.imﬂ' For each interval i € I := {0,... ’ffm:ﬁixm.u'l — 1}, we denote the
cost for one capacity unit ¢, installed within {¢pin +1 - Coateh » Cmin + (84 1) - Coatcn]
by ki € Z,..

For one capacity unit installed simultaneously on all m chosen supply edges
in interval : € I, the sum of the unit costs of these m capacity units is reduced
by the discount K; € Z,. For notational convenience, we denote the minimum
of the capacities of the m chosen supply edges as network base capacity cpage.
Note that the cost discount applies exactly to those capacity units that are installed
below the network base capacity.

Let us illustrate the capacity and cost structure by means of the example shown
in Figure 1. There are six supply edges, five of which are chosen. The minimal
capacity ¢min and the unit capacity ¢, are 80,000 and 5,000 ATM-cells/s, respec-
tively. The batch capacity is equal to the minimal capacity, i.e., cparcn = 80,000
ATM-cells/s and b = 16. In this example we have a base capacity chase of 130,000
ATM-cells/s. The cost for installing the minimal capacity of 80,000 ATM-cells/s
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Figure 1. Example with six potential links

(dark gray) on all five chosen edges is the fixed cost K,in. For every capacity unit
installed above 80,000 ATM-cells/s we have costs that depend on the interval in
which the unit is installed. Up to 160,000 ATM-cells/s (mid gray) we have costs
of ky per unit and between 160,000 and 240,000 ATM-cells/s (light gray) we have
costs of k; per unit. For the 130,000 — 80,000 = 10 - 5,000 ATM-cells/s installed
additionally to the minimal capacity on all five chosen supply edges simultaneouslty
(hatched area) we get a discount of 10 - K.

Note that in the problem considered here the cost of a solution does not depend
on the physical lengths of the chosen edges.

The IP network design problem, called IP-ND, consists of two parts. In
the first part, we design the overall BVPN, i.e., we decide which capacities to install
on which edges. In the second part, we determine the routing weights and compute
the routings for each operating state. The objective is to minimize the total costs
of the network, which depend on the installed capacities.

3. The Model

In this section we present a mixed-integer linear programming model of
the IP-ND network dimensioning and routing problem.

3.1. The Supply Graph. To describe which edges are chosen at which ca-
pacities we have so-called global and local variables in our model. The global
variables are uscd to decide the network base capacity, whereas the local variables
are employed to decide whether a supply edge will be installed in a solution, and if
so, to choose the capacity installed on this particular edge. The global variables
are

e z; € {0,...,b}, for all i € I, determining the number of capacity units
installed in interval i as base capacity.

The local variables, for every supply edge e € E, are
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e z. € {0,1}, where z, = 1, if we install capacity on supply edge e,
e z;, € {0,1}, for all ¢ € I, where z;, = | if the capacity of edge ¢ is larger
than ¢, + 14 Chaeen, and
ez, € {0,...,b}, for all i € I, determining the number of capacity units
installed in interval 7 on edge e.
To represent feasible choices, the local variables associated with a supply edge
e € E must. satisfy

(1) Zie —2. <0 viel,
(2) Lie—b: 210 <0 Viel,and
(3) .’I?{‘g_-b'zi+||¢20 Viel.

Due to inequality (1) the variable z, . can only be positive if 2, = 1. Suppose we
wish to choose edge e in a solution, i.e., we have z, = 1. In this case it {ollows
from (2) and (3) that the variables z;,. can only be positive if z;. = 1 and that
Zip1,e = | implies 2; , = b. Hence, if capacity units arc installed in interval ¢ € 7,
then 25, = 1 and zj,. = b for all j < ¢, i.e., all b capacity units are installed in
the capacity intervals “below” i, and z;,. = 1. This determines a proper setting of
the local variables and the edge’s capacity. If we do not choose edge e, ie., z, = 0,
then the inequalities (1), (2), and (3) imply 2;, = 2; . = 0 for all i € 1.

Note that, if the eapacity of edge e equals ¢,,i, + 7+ Cpasen for some i € I, then
the variable z; . may be zero as well as one.

With the following constraints we guarantee that the capacity of each chosen
supply edge exceeds the base capacity:
(4) a2y L ape +0(1 - 2,) Viel e€E.
To understand (4) consider the following. If supply edge e is chosen in the network,
then z, = 1. In this casc inequality (4) reduces to z; < ., which means that the
number of capacity units installed in interval i on edge e is at least the number of
units installed for the nctwork base capacity. In the other case z, = 0 and (4) is
satisfied anyway.

For notational convenience, we introduce auxiliary variables

(5) Ye '= Cinin * Ze + Cy in,e Yee E;
i€l
representing the capacities installed on the supply edges.
It is easy to see that, if K; > 0 for all ¢ € I, in any optimal solution of our

mixed-integer linear programming model the term >, , 2, is the network base
capacity. The upper bounds for these capacities are enforced by

(6) Ye < Caz Vee€ k.
To ensure that the number of chosen supply edges is exactly m we have the equality
(7 Z 2. =M.

ec

The objective is to minimize the total cost of installing the necessary capacities
on the edges of the supply graph. This is formulated as

(8) min - Ko + Z Z kixi’g - Z Kz, .

ecliel i€l
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The term Koin +3 ., ¢ ey kitti, o« describes the total cost of the installed capacity l
units and 3., Ay ds the discount for those capacity units that are installed for :
the network base capacity.

3.2. The OSPF-Routing. In the fullowing we present a moclel of the OSPI?
routing protocol, which is used to route the IP traffic in the network.

Let G* = (V¥ E*) be the supply graph in operating state s € S, i.c., the
subgraph of & consisting of all nodes and edges that are still operational. Since the
IP traffic is dirccted, we associate with each G* the directed graph D* = (V*, A%)
with

4= | {2, w ),
eEf
where @ and € denote the two orientations of edge e. By D = (V, 4) = (V°, AY)
we denote the digraph associated with G.
Using the OSPT routing protocol, each package is routed to its destination on
a shortest path with respect to a common edge weight function. All packages ema-
nating from a node with the same destination must use the same route, bifurcation
is not allowed. In our model we use the path variables

o 17, . €{0,1}, forall s € §, u,u € V*, and a € A%, which are choseu to be

one if arc a is contained in the routing path from u to v in operating state
s.

To guarantce that, for every operating state s € S and every pair u,v € V* of nodes,
the arcs corresponding to the non-zero path variables formm a path we introduce the
equalities and inequalities

(9) S = Y th.=1,

agbh. (u) ach, (v)
(10) Z tova = Z tiye =0 Vwée V*\ {u,v}, and
ﬂéﬁx,(w) aghp, (w)
(11) Y Ll <IW-1  VOFEWCVY
ag As(W)

where A*(W) denotes the set of arcs in the subgraph of D* induced by W and 61 (u)
and 65 (u) denote the sets of arcs in D with tail and head u, respectively. Equality
(9) ensures that there is exactly one arc leaving the source node u and one arc
entering the destination node v. For every other node we ensure that the number
of incoming arcs equals the number of leaving arcs by (10), while (11) eliminates
additional cycles.

To guarantee that no routing path contains more than ¢ arcs in the normal
operating state we need the inequalitics
(12) Yo t,.<t YuveV.

a€ A0

For each operating state s € S, the installed capacities must permit a feasible
routing of the specified reservation percentage r* of each demand. This condition
yields the capacity constraints

(13) Y .t <y VSES e€ B ac{F, T}
u,vEV
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Up to here, we have modeled a survivable single path routing schemne, ie., a
scheme where in each operating state there is exactly one routing path between any
pair of nodes. To model the OSPF routing protocol completely, we also have to
ensure that all routing paths are shortest paths with respect to a common weight
function w : £ — Ry. We introduce the {ollowing variables:

e w, € R,, for each ¢ € E, which is the routing weight of edge ¢, and
e . € Ry, for each s € § and each pair v,v € V7, the potential variables

denoting a feasible potential of node v with respect to the edge weights w
and the root node u in D*.

The node potentials are used to decide which arcs are on shortest paths and can
be used in routing paths and which are not. They correspond to the dual variables
in the embedded shortest path problems (see (6, 12]).

The feasibility of the potentials is guaranteed by the following metric inequal-
ities:

(14) =0 Yue VY

u,u

(15) Toyw — Ty FWe 20 Vuuv,weV® vw=ee E".

W

It follows from (14) and (15) that in each solution of this mixed-integer prograin
the variable m} , is at most the distance from v to v in G* with respect to w. Note
that the perturbation technique that will be introduced below to ensure uniqueness
of all shortest paths imiplies that all routing weight variables arc strictly positive.

1f, for some feasible potentials, inequality (15) holds with equality for all edges
of a path with destination u, then this path is a shortest path {rom its origin to =
in G* (see [6, 5]). Furthermore, there exist feasible potentials, such that edge e is
contained in a shortest path with destination « in G* if and only if inequality (15)
is tight. Hence, we can ensure that all routing paths are shortest paths from their
origins to their destinations, by introducing for each operating state s € S and each
pair of operational nodes u,),us € V* the inequalities

(16) Ty s — Moy + We + M ( -1)<0 Y(v,w)=a€ A" e=w,

s
w,uy v, u2 tu.ug,a

where M is a large constant. It is sufficient to choose M to be two times the
maximum of the routing weights.

Finally, we have to ensure that all routing paths are unique shortest paths with
respect to w. We apply a perturbation technique that guarantees the uniqueness of
the lengths of all paths in G. Let ¢ : E — {1,...,]|E|} be an arbitrary permutation
of the edges of G. We define the perturbation of the routing weights as

(17) € E Ry, ¢ :=2007IE-1

It is easy to see that ZeeE €e < 1. Furthermore, for all subsets E;,Ey C E we

have 3° g € # D .ep, € if and only if By # E».
Let w, : E — Z4 be integer weights on the edges of G. Then with

(18) w:E SRy, wei=w +e

different paths have different lengths and, thus, every shortest path is unique. This
follows directly from 3 . p €. < 1 for all paths P C E, ZH€P1 €e F 2o p, € for all
distinct paths P;, Py C E, and the integrality of w’. Note that the integer weights
w’ are the variables in this mixed—integer programming model. The perturbed
weights w are “only” artifical variables.
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We wish to stress at this point the indispensability of all shortest paths being
unique. Only if this condition is satisfied, the routing paths chosen by the router in
practice are guaranteed to be those computed in the planning. Otherwise, the ca-
pacities are potentially insufficient for the paths chosen in practice. As an example,
consider the network in Figure 2 with communication demands dg, 0, = daya, = 1,
Ayja, = oy = 1fori=12and j=1,...,4, and dyy, = 0 for i,j = 1,... 4,
that is a; and @, have a demand of one from and to any other node. Suppose in a
solution we have a capacity y. = 2 for all supply edges e. It is easy to verify that
these capacities are feasible with respect to the routing weights w, = 1 + 2°(€)-8
for any permutation o : E — {1,...,7} of the supply edges with a(a,a2) = 7. For
routing weights @, = 1, for all supply edges e, all shortest paths with respect to w
remain shortest paths with respect to @ in this example. However, these paths are
no longer unzque shortest paths, and, even worse, for all non-zero demands there is
another w-shortest routing path containing supply edge ayay. Thus, if the router
chooses these latter paths the required capacity on edge ajas would be three.

Given the perturbed routing weights for the edges of the supply graph, we can
easily determine whether, for these weights, there exists a feasible solution satisfying
all side constraints. From inequalities (9)-(11), (14), and (15) we obtain the routing
paths and with (13) a lower bound for the capacity of each supply edge. We have
to validate three constraints: The routing paths in the normal operating state must
not contain more that £ edges (12), the number of chosen supply edges must be
exactly m (7), and, finally, the lower bound for the capacity of each supply edge
may not exceed cpar (6). If these constraints are satisfied there exists a solution
with these routing weights. The capacities of a cheapest such solution can be easily
computed from the routing paths.

4. Algorithmic Approach

In this section we describe several starting and improvement heuristics that
utilize the observation made at the end of the previous section. Given (perturbed)
routing weights for the supply edges, it is easy to decide whether these weights,
together with the induced routing paths and capacities, define a feasible solution.
In the starting heuristics we try to assign such weights to the supply edges from
scratch, while in the improvement heuristics we iteratively exchange or modify these
weights to reduce the induced cost.

4.1. Starting Heuristics. We employ a two step approach to compute an
initial feasible solution. First we choose exactly m supply edges that induce a
2-node-connected subgraph containing all nodes of the supply graph. Thereafter,
in the second step, we assign weights to the supply edges in such a way, that
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only these m edges are used Lo route the demands. If the induced routing paths
and capacities satisfy all constraints we have found a feasible solution. Otherwise,
the starting heuristic fails. To compute an initial topology, we implemented three
methods, one randomized and two deterministic ones.

Random topology: In the first mmethod we iteratively select m supply edges
at random until we obtain a 2-node-counected subgraph containing all nodes
of G. To test for biconnectivity we use a simple depth-first-search based
algorithm due to Tarjan [24]. Applying the random topology method several
times, we compute in very short running time many diflerent topologies to
continue with.

Tour based topology: The idea, here, is to compute heuristically a Hamil-
tonian cycle with a double tree heuristic or with Christofides’ hecuristic
(see [20]) and to add further edges until the induced subgraph contains
m edges. Since we start with a Hamiltonian cycle, the final subgraph is
2-node-connected and contains all supply nodes. To increase the probability
that an edge e € E is chosen if there is a high demand between its end-
nodes u and v we define artificial edge costs ¢, 1= 1/ max{d,,, + dy, 1) for
the Hamiltonian cycle computation. In the second step we add the cheapest.
m. — |V| remaining edges with respect to these costs.

Delete heuristic topology: In the third method to compute an initial topol-
ogy we start with the entirc supply graph and iteratively delete edges until
there are exactly m edges left. In every iteration we try to delete one of
the remaining edges. If, after deletion, the edges left over do not induce
a 2-node-connected subgraph containing all nodes, we put this edge back
and label it as un-reinovable. Whenever we cannot remove any further edge
we start a backtracking procedure that re-inserts the edge deleted last and
reverts all labels set after its deletion.

The final topology depends on the order the edges are considered for
deletion. In the beginning and after each successful deletion we (re-)compute
the capacities that are induced by (non-perturbed) unit routing weights on
the remaining edges (and “infinite” weights on the deleted edges). In each
iteration we try to delete the edge with the smallest of these capacities.

Given a feasible network topology, we initially assign a perturbation of the unit
weights to its edges. This approach has the advantage that every demand is always
routed on a shortest path with respect to the number of edges, a property, which
is appreciated by network operators.

With the perturbation technique described in Section 3, such routing weights
only depend on the permutation of the supply edges (see (17) and (18)). Given a set
F C E of m supply edges that induce a 2-node-connected subgraph of G containing
all nodes, we first choose a permutation ¢ : F — {1,... ,m} of these edges. Then
we extend this permutation canonically to a permutation ¢’ : F — {1,...,|E|} of
all supply edges, with o(e) = o’(e) for all e € F, and set the routing weights as
follows:

14 2”’(3)_|E|_l e e F’
T lm + 27 @-IEI=L Gtherwise.

Since w, > m 4 2m-1El > Secrwe forall e’ € E\ F and (V,F) is a 2-node-
connected spanning subgraph of G, no edge in E'\ F is contained in any routing
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path in any operating state. Hence, the subgraph of ¢ induced by the routing paths
with respect to these weights is indeed (V, I7). Although in practice ouly the edges
in £ are considered in the routing path computations, we set. the routing weights
for the other edges here according to the model we developed in Section 3. i

In owr implementation we use the following three methods to choose a permu-
tation of the edges in I and to define the routing weights.

Random permutation: In the first method we choose a permutation of the
edges in F at random. If the induced capacities do not cxceed the capacity
bound ¢y, we have found a feasible solution. We repeat this method
several times and choose the cheapest solution found.

Demand based permutation: To reduce the probability that the capacities
induced by the initial routing weights are larger than cp,.., we order the
edges in F in increasing order of the demands between their end-nodes.
Using this permutation, edges with higher demands between their end-nodes
get larger routing weights than those with smaller demands. Henee, if there
is more than one path with the same minimal number of edges between the
end-nodes of a demand, we select the path, for whose edges the largest of
these demands is minimal.

Capacity based permutation: Similar to the previous perturbation method,
we again try to balance the flow on the chosen edges. First, we choose for
each operating state and for each demand one of the shortest paths with
respect to the number of edges in (V, F). Using these paths to route the de-
mands, we obtain capacities, by which we order the edges in F increasingly.

4.2. Improvement Heuristics. In this subsection we present several im-
provement heuristics devised to solve the IP-ND problem, which are based on local
search techniques. Given a feasible initial solution, we iteratively exchange or mod-
ify the routing weights to reduce the costs caused by the induced capacities.

In principle, a local search algorithm is given by a neighborhood and a rating
function. The neighborhood function assigns to each solution a set of solutions,
that, usually, can be obtained from this solution by a simple modification. The
rating function, which assigns some (maybe artificial) costs to each solution, is
used as a measure of quality of the solutions. Given a neighborhood and a rating
function, a generic local search algorithm works as follows: Starting with the initial
solution, in each iteration the algorithm scans the neighborhood of the current
solution for a neighboring solution with the best rating, which becomes the current
solution in the next iteration. This process is repeated until there is no solution
with a better rating than the current solution in the neighborhood.

To solve the IP-ND problem, we implemented two classes of neighborhood funec-
tions and three different rating functions.

Switching neighborhoods: Given a solution, we define its k-switching neigh-
borhood as the set of all feasible solutions that can be obtained by exchang-
ing the routing weights of at most k supply edges. Note that exchanging the
weights assigned to chosen and non-chosen edges may change the topology
of the induced solution. Since a small number of changes to the routing
weights causes only few routing paths to change and these changes are easy
to compute (see [21]), the switching neighborhoods can be implemented
efficiently.
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If the routing weights of the initial solution are perturbed unit weights,
which implies that all routing paths are minimal with respect to the number
of edges in the current topology, so are the weights of the solutions considered
by these neighborhoods.

Maodification neighborhoods: In contrast to the switching neighborhood,
we modify, here, the edge weights depending on the routing paths and the
capacities of the current solution.

The [, k-modification neighborhood of a given solution is defined as fol-
lows: In the first step, we compute [ assignments of routing weights by
modifying the weights of the current solutions. Thereafter, in the second
step, for each of these [ assignments we consider all weight exchanges de-
fined by the k-switching neighborhood. The [, k-modification neighborhood
consists of all feasible solutions induced by the weights obtained this way.
Practical experiments revealed that the performance of our algorithms im-
proved significantly when the weight modification methods were combined
with the weight switching neighborhoods.

In our implementation we use three different kinds of weight. modification methods:

Load: Reduces the routing weight on edges with small load (average flow over
all operating states / capacity) to use free capacities.

Capacity: Reduces the routing weight on edges with small capacity to increase
the usage of low-capacity edges and decrease the usage of high-capacity
edges.

Violation: Increases the routing weight on edges whose current capacity is
larger than the capacity in a given reference network.

In contrast to the switching neighborhoods, it may happen that in the solutions
computed with these neighborhoods the routing paths are not shortest paths with
respect to the number of edges if we have perturbed unit routing weights in the
initial solution.

To decide which of the solutions in the current neighborhood is chosen for the
next iteration in the local search heuristic, the following three rating functions have
been implemented:

Cost: Cost(solution), i.e., the solutions are rated by their cost.

Capacity: ) ,.p Ve, i-€., the solutions are rated by their total capacity.

Violation: . max{y. — ce,0} for given capacities c. € Ry, i.¢., the solu-
tions are rated by their total violation of the capacities of a given reference
network.

The first two rating functions can be applied to reduce the cost of the solution—they
evaluate the solutions directly by their cost or indirectly via the total capacity. The
last rating function, together with a violation based modification neighborhood, is
used in routing heuristics, which try to find routing weights that allow a feasible
routing in a given network.

5. Computational results

In this section we report on first computational experiments with real-world
data provided by our partner DFN. The current backbone network of DFN contains
ten central service switches defining the node set of the complete supply graph. We
wish to select either 12 or 13 of its 45 supply edges as cheap as possible for different
parameter settings. The directed demands between the central service switches are
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Topology  Weights Come 12 T Ty I
Cost Time (see)  Cost Time
Randows  Randam LLa2 049,39 13.64 0547
(50x) Demand 1136 08.57 1270 05.50
Capacity 13.31 12,54 12,00 09.24
Tour Random 16.58 00.34 13.50  00.32
Denand 1-1.00 00.34 1435 00.33
Clapacity 13.47 00.42 13.27  00.41
Delcte Random 12.47 02.96 11.69 02.84
Demand 12.50 02.98 11.44 02.86
Capacity 12.50 03.01 11.55 02.88

CFABLE 1. Starting henristies (month 3.+ <10 Vs e §\ {0},
V= 2.0), titmes in seconds, best three solutions in bold face.

peak demands obtained from [ accounting over three conseeutive months. Over
these months, the demands' nnges arve {110, 56, 000], (160,59, 000], aud [L70, G4, 000]
ATM-cells/s, respectively, The eapaeities available for the supply edges are 80, 000
ATM-cells/s plus a multiple of the unit capacity 5,000 ATM-cells/s, the upper
capacity bound is 350, 000 ATM-cells/s. In the reported computations the length
restriction for the routing paths in the normal operating state is set to € = 4.

The algorithms deseribed i the previous section have been implemented in
C+-+ using the library LEDA [14]. The computations were performed on o S
Ultra Iinterprise 3000 (Ultra-SPARC processor at. 168 MHz), the peak memory
usage was 15 M.

In Table 1 we compare the solution values and running times for the starting
heuristics applied to the last demand set (month). We report the vesults only for
one setting of the reservation parmneters, In the normal operating state we oversize
the network capacities hy a factor of two (7 = 2.0) and in the [ailure states we
wish to route at least 100 pereent of each demand (7 =10 for all s € S\ {0}). The
experiments revealed that the delete methad to compute an initial topology clearly
outperforms the others, no matter which routing weight assignment we employ in
the second phase of the starting henristics. This result was obtained for all other
tested settings of the reservation parameters and all other demand sets, too.

We run several local search heuristics to improve the best solution found by
each of the starting heuristics in order to find the best combination. Results for
different neighborhoods and demaud sets are shown in Table 2 In contrast to the
results obtained for the starting heuristics, no combination clearly outperformed
the others. As one might expeet, it is more difficult to obtain good solutions when
starting with a random topology, probably because these do not take advantage of
the demand structure.

The running times of our heuristics are fairly good, considering the size of
the problems. The starting heuristics compute feasible solutions within a couple
of seconds. Keeping in mind that the network is re-designed every 2-3 months
only, the running times reported for the combinations of starting and improvement
heuristics are also satisfactory, even for the larger neighborhoods .

{
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Heuristic Month 1 Month 2 Mouth'3
Cost, Time Cost Time Jost ___ Time
Random (50%)
+ 2-switch 10.69 32 11.22 48 11.69 42
+ 2,10-mod. (load) 9.95 13:29 11.22 22:38 11.07 20:41
+ 2,10-mod. (cap) 9.96 10:22 11.22 21:43 10.88 13:28
4+ 3-switch 10.20 21:50 11.00 12:08 11.57 17:09
+ 3,10-mod. (load) 10.20  2:16:25 10.35 6:35:27 11.05  6:24:04
4 3,10-mod. (cap) 9.88  3:54:17 10.57  2:12:34 11.18  3:55:02
Tour
+ 2-switch 10.47 57 10.74 42 11.67 42
+ 2,10-mod. (load) 9.85 23:19 10.74 13:02 11.08 19:36
+ 2,10-mod. (cap) 10.47 5:22 10.71 6:42 10.88 13:28
+ 3-switch 9.95 19:28 10.64 13:45 10.84 21:40
+ 3,10-mod. (load) 9.90 2:10:44 10.57  3:48:52 10.77 2:58:27
+ 3,10-mod. (cap) 9.95 4:48:12 10.64 2:07:11 10.61 6:38:29
Delete
+ 2-switch 10.10 37 11.00 47 11.37 48

+ 2,10-mod. (load) 9.78 22:36 10.35 25:58 10.86 13:37
+ 2,10-mod. (cap) 9.90 18:28 10.81 06:03 11.01 09:32

+ 3-switch 10.15 14:03 10.56 13:15 11.37 12:30
+ 3,10-mod. (load) 9.88 4:49:08 10.35 4:33:49 10.83  6:21:17
+ 3,10-mod. (cap) 9.95  3:24:09 10.56  1:59:05 10.73 5:53:42

TABLE 2. Starting + improvement heuristics (m = 13, + = 2.0,
r* =1.0Vs e S\ {0}), times in h:min:sec, best three solutions in

bold face.
e Best solution costs
pert. unit weights arb. weights
2.0 1.0 11.53 11.31
20 0.8 10.94 10.79
2.0 0.0 10.33 9.72
1.0 1.0 10.74 10.66
1.0 08 9.17 9.17
1.0 0.0 8.14 8.07
TABLE 3. Impact of the reservation parameter setting (month 3,
m = 12).

Finally, to evaluate the impact of the reservation parameter on the best solution
value we run further test series. We see from Table 3 that there is a clear trade-
off between the cost and the quality of the resulting solution. Whether we allow
arbitrary or only perturbed unit routing weights does not make a considerable
difference. It is up to the network designer to compare the different scenarios and
to choose a solution that fits additional design requirements best.
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6. Conclusions

In this article we introduced a mixed-integer linear programming formulation
for a survivable capacitated network design problem. To our knowledge this is the
first time that survivability, capacity planning, and the OSPF routing protocol have
been integrated and solved within one model.

We have shown that our heuristics produce solutions that satisfy all constraints
in reasonable running times. However, in order to evaluate the quality of the
solutions, we still need a method to compute good lower bounds to the optimal
solution value.

From a practical point of view, there are at least two interesting extensions to
our model. First, a virtual circuit layer that does not necessarily identify virtual
paths and virtual circuits and, second, the incorporation of different traffic types
or IP- service classes in this model.
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