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ABSTRACT

Wavelength Division Multiplexing (WDM) technology's capacity of providing very wide

bandwidths in optical transport network makes it a good choice to meet the exponential

growth of Internet traffic. We consider the problem of routing the Internet Protocol (IP)

network over the WDM network in such a way that the IP network is still connected under

physical failures. We call such a routing survivable. We formulate the survivable routing

problem dealing with any single fiber cut as a Mixed Integer Linear Program (MILP),

which is a modified version of the Integer Linear Program (ILP) in [I]. We route various

IP networks over a number of WDM networks to show the dramatic run-time improvement

of this MILP compared to the ILP in [I]. We also consider the survivable routing problem

dealing with multiple link failures that are referred to as a shared risk link group. Finally,

we study a scenario where we design a IP network based on a traffic matrix, and then

overlay the IP network over the WDM network.
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Chapter 1

Introduction

Wavelength Division Multiplexing (WDM) is essentially frequency division mul­

tiplexing of optical signals onto fibers. With WDM technology, we are able to transmit

data simultaneously at multiple carrier wavelengths (which are the inverse of carrier fre­

quencies) over a fiber. WDM technology has dramatically increased the capacity of the

optical transport network by using existing fiber links. For example, as shown in Figure

1.1, the WDM multiplexer takes in N data streams, each of B bls, and then multiplexes

them into a single fiber with a total aggregate rate of N B b/s. Today, the WDM channels are

2.5 Gbps (OC-48), 10 Gbps (OC-192), or higher. IP (Internet Protocol) over WDM, where

IP packets are carried over WDM networks, is expected to meet the increasing bandwidth

demands ofInternet traffic.

Some important concepts are clarified in Figure 1.2. The WDM network is de­

fined by its physical topology, which is a set of optical cross-connects (OXCs) and the fiber

links connecting them. A lightpath is an optical connection that may span multiple fiber

links. We assume that wavelength converters are available in the WDM network so that a

lightpath can possibly use a different wavelength along each of the links in its path. An IF

network is defined by its logical topology, which in tum is a set of nodes (Le., IP routers)

and the IP links connecting them. The IP links are realized by the lightpaths of the WDM

network. In this thesis, we overlay the IP network over the WDM network by finding the

routes of the lightpaths that realize the IP links. We want the lightpaths to be routed in such

a way that the IP network is still connected when the WDM network has failures. We call
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such a routing survivable. The routing problem we consider is a static version, Le., we are

not considering a dynamic reconfiguration of the network following failures.

The example in Figure 1.2 shows a survivable routing of IP over WDM dealing

with a single fiber link cut. Here, the WDM network only provides unprotected lightpath

service where only one connection is set up for each lightpath. The logical topology is

2-connected, which means the topology remains connected under any single logical link

failure. The routes of the lightpaths, which can be referred to as a layout, are shown over

the physical topology. We can see that the lightpaths are routed such that, under any single

fiber link cut, the logical topology remains connected.

Alternatively, if we route the lightpath for logical link (C2, B2) on fiber link (CI,

01) and (01, BI) as shown in Figure 1.3, two logical links are routed on one fiber link. As

a result, fiber cut on (CI, 01) will disconnect the logical topology. This example illustrates

that the 2-connected property of the logical topology does not ensure survivability because

with WDM technology two or more lightpaths (as many as the wavelengths on the fiber

link) can share a fiber link. The failure of a single fiber link will result in the failure of

multiple links in the logical topology.

Many researchers have done work on the survivability of logical topologies in

[I], [2], and [3]. Most of the work is focused on the event of any single fiber link failure.

In [2], the problem oflaying out a survivable logical topology, which was referred to as the

"design protection" problem, was formulated as an optimization problem. This is difficult

to solve. Thus, in [2] a heuristic based on tabu search was proposed. In [3], other simple

layout heuristics that have lower time complexity were discussed. In [I], the survivable

routing problem was formulated as an integer linear programming (ILP) problem, which

is a variation of the linear programming problem. In an ILP, all the variables are restricted

to take integer values only. It was proven in [I] that the survivable routing problem is NP­

complete. Therefore, it is not scalable with the size of the network. It should be noted

that the objective of the problem is minimizing the total cost of the network. The cost

could be the total number of wavelengths required, fiber links used, or the total number of

connections set up, etc..

The major disadvantage of the ILP formulation in [I] is that the number of surviv­

ability constraints increases exponentially with the number of nodes of the logical topology.

3
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Figure 1.2: Survivable layout of an IP network over a WDM network
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Figure 1.3: An unprotected layout of IP over WDM
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Due to the large number of constraints, solving this ILP will consume much memory space

and processing time of the computer, and would be very difficult to get results for large

scale networks. To resolve this difficulty, two kinds of relaxations were explored in [I].

These relaxations have much less constraints than the original one, which improves the

run-time of the ILP. However,their solutions are not guaranteed to be survivable. The au­

thors of [I] also simplified the ILP formulation for ring logical topologies, which leads to

a good time-complexity. In this thesis, we propose a modified version of the ILP (with­

out any relaxation) in [I] that has a smaller number of constraints, which is not restrict

to ring logical topologies. The modified problem is a mixed integer linear programming

(MILP) where some variables are integer values but not necessarily all. This MILP differs

from the ILP in [I] because its total number of constraints that guarantee the survivable

routing grows as a polynomial with the number of nodes. Our simulations show that this

improvement reduces the actual computation time considerably.

In this thesis, we formulate survivable routing problems under different scenarios

as ILPs or MILPs. In Chapter 2, we first review the ILP formulation in [I], which only con­

sidered the unprotected lightpath. Then modifY the ILP to our new MILP formulation that

improves the run-times dramatically. Note that previous work of [1], [2], [3] only consid­

ered the cases when the unprotected lightpath service is available in the underlying WDM

network. In the rest of Chapter 2, we study another scenario that appears to be new in the

literature, where the WDM network provides unprotected and 1+I protected lightpath ser­

vices. As illustrated in Figure 1.4, in the 1+I protected lightpath service, two connections

between the source-destination pair called the working path and protection path are set up.

The source sends copies of the signal on both paths. The destination normally accepts the

signal from the working path, but if there is a failure on the working path, the destination

will accept the signal from the protection path. The protection path has no fiber link in

common with the working path, and is dedicated to back up the corresponding working

path. We formulate an ILP and then modifY it to a MILP. The MILP shows a significant

improvement in run-time, which is consistent with the first scenario. In this scenario, we

can always find a survivable layout of the logical topology.

As an extension of the work in Chapter 2, in Chapter 3, we study the survivable

routing problem dealing with the simultaneous failure of a set of fiber links, which is re-
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Figure 1.4: Path protection

ferred to as a shared risk link group (SRLG). An example ofa SRLG is the set offiber links

through a conduit. A single cut on the conduit will lead to a simultaneous failure ofall the

fiber links through it.

In Chapter 4, we study a realistic scenario where we start with a traffic matrix,

which is the traffic between the IP routers when there is no failure. We design the logical

topology based on this traffic matrix, and then overlay it over the physical topology in such

way that the logical topology can support a surviving traffic matrix under physical failures.

We investigate this problem by two methods. One is a two-stage design while the other

is a one-stage design. The two-stage design is proposed for the low time-complexity. We

design the logical topology in the first stage, and then determine the layout of the logical

topology in the second stage. The one-stage design is proposed for the optimal solution. In

the one-stage design, we can design the logical topology and overlay it over the physical

topology at the same time.

We conclude this thesis in Chapter 5.
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Chapter 2

Survivable Layout for A Single Fiber

Link Cut

In this chapter, we address the problem offinding a survivable layout of the log­

ical topology over the physical topology that survives any single fiber link cut. In Section

2.1, we state the problem assumptions. In Section 2.2, we study a scenario where the WDM

only provides the unprotected lightpath service. We call this scenario "Scenario I". We re­

view the ILP formulation in [I], and then modify the ILP to an MILP. The run-times of

the ILP in [I] and the proposed MILP are compared by solving some samples. In Section

2.3, we study a scenario where the WDM network can provide unprotected and 1+1 pro­

tected lightpath services, and then formulate the survivable routing problem as an ILP and

an MILP. We call this scenario "Scenario 2".

2.1 Problem assumptions

To describe the physical topology, we define a set N p = {I, 2, ... N - 1, N} to

represent the nodes (i.e., the aXes), and another set Ep to represent the fiber links of the

physical topology. If there is a link from node i to node j, (i,j) belongs to E p . Note that

(i, j) and (j, i) form a bi-directionallink between nodes i and j. We assume a single cut on

fiber link (i,j) will result in the failure of fiber link (i,j) and (j, i) at the same time.

The logical topology can be described in the same way as the physical topology.

The logical topology consists of a set of nodes N L . Each node in N L corresponds to an

8



IF router, and each router accesses the WDM network through an axe. To simplify the

discussion, we assume that there is one IP router connected to an axe. Thus, we have

Np=NL . That is, a router is denoted by k if its axe is denoted by k. Set EL consists of

all of the logical links in the IP topology. If sand t are in NL and there is a link between

them, then (s, t) represents a logical link in EL . We also take the logical topology as

bi-directional, where if (s, t) is in EL , then so is (t, s). In this chapter, we do not allow

multiple links between the same source-destination pair.

2.2 ILP and MILP formulations for unprotected lightpaths

In this section, given the physical and logical topologies, we would like to find

the survivable layout of the logical topology over the physical topology. Survivability in

this chapter means the logical topology is still connected after any single fiber link failure.

It is assumed that the WDM network only provides unprotected lightpath service.

If only unprotected Iightpaths are considered, we would like to emphasize that

both the physical topology and the logical topology must be 2-connected to help ensure

that a survivable layout is possible. If the logical topology or the physical topology is

not 2-connected, we can never find a survivable routing of IP over WDM. We illustrate

this by Figure 2.1. If the figure is a physical topology, the cut on fiber link (I, 6) will

disconnect node 6 from the rest of the network. If the figure is a logical topology, and we

implement link (1, 6) with an unprotected lightpath, any single fiber cut that disconnects the

lightpath for logical link (1, 6) disconnects node 6 from the logical topology. As mentioned

in Chapter I, the redundancy of the logical topology is a necessary but cannot ensure the

survivability of a logical topology. Since one fiber link can carry two or more lightpaths, a

single fiber link failure may result in the failure of all of the lightpaths routed over it.

The survivable routing problem dealing with single physical failures was formu­

lated as an ILP in [1]. We review their ILP first, then formulate the survivable routing

problem as an MILP. Experimental results based on these two formulations are analyzed

at the end of this section.

9



Figure 2.1: A non-redundant topology

2.2.1 Integer linear programming formulation

In this section, we review the ILP formulation for the survivable routing of a

logical topology on a physical topology in [1]. In order to find the layout of the logical

topology over the physical topology, we must set up a lightpath for every logical link (8, t)

in EL . This lightpath may traverse more than one fiber link connecting node 8 and t. To

find a route for the lightpath from 8 to t, we route a unit of "flow" from node 8 to t. Let

It] be a binary variable. If logical link (8, t) is routed on fiber link (i, j), then 1;'] = 1, else

It] = O. It is assumed that the route from 8 to t and the route from t to 8 will follow the

same physical links in the opposite direction because the lightpaths for the logical links are

bi-directional. That is, if the lightpath for logical link (8, t) traverses fiber link (i, j) then

the lightpath for (t, 8) traverses (j, i). We only need to route logical link (8, t) or (t, 8). By

imposing 8 < t to the connectivity constraints, we ensure one lightpath is routed for one

bi-directionallogicallink.

The flow-conservation property of the network says that the total net flow entering

a node other than the source or destination must equal the flow leaving that node. The

constraints for routing logical link (8, t) can be expressed as follows. For each (8, t) E EL

10



1 if s = i

-1 ift=i

o otherwise

such that s < t and i E Np :

L ft}- L m=J
j, (i,j)EEp j, (j,i)EEp 1

There are many feasible solutions from the above constraints. Any feasible so­

lution specifies a layout of all lightpaths over the physical topology. However, the layout

mayor may not be survivable. The layout is survivable if and only if it satisfies a surviv­

ability constraint, which is an immediate result from Theorem I in [1]. The theorem gives

a necessary and sufficient condition for a survivable routing of the logical topology. We

will restate it after preliminary definitions.

For a directed topology consisting ofa set of nodes N = {I, 2, ... , N - 1, N}

and a set oflinks E, a cut-set is defined as follows. For any nonempty proper subset S of

N:

OS(S, N \ S) = {is, t) E E : s E Sand tEN \ S, or t E Sand sEN \ S}

A cut-set consists of the links with one endnode in S and the other in N \ S. For

a bi-directional topology, we only include links (s, t) which satisfy s < t. The size of a

cut-set is the total numberoflinks in it, which is denoted by 10S(S, N\S) I. Notice that the

total number ofnonempty subsets of N is 2N
- 2, which grows exponentially with N. The

total number ofcut-sets is 2N - 1 -1, i.e., halfof2N - 2. We illustrate this by the example in

Figure 2.2. Here, S = {1,4} andN\S = {2,3,5}. ThenOS(S,N\ S) = {(I, 2)(4, 5)}

and 10S(S, N \ S)I = 2. When we consider S = {2, 3, 5}, we will get the same links in

the corresponding cut-set.

Theorem I [I]: A routing is survivable ifand only if for every cut-set OS(S, NL \

S) of the logical topology the following holds. Let E(s, t) be the set ofphysical links used

by logical link (s,t), Le., Let E(s,t) = {(i,j) E Ep for It} = I}. Then, for every cut-set

OS(S, NL \ S),

n E(s,t) = 0.
(S,t)EGS(S,NL \S)

The condition in this theorem requires that all the logical links belonging to a cut-set cannot

share the same fiber link.

11
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Using the above theorem, the survivability constraint can be expressed as follows.

For each (i,j)E Ep such that i < j and nonempty S C NL :

L (m+fJf) <I CS(S,NL \S) 1
(.,1) ECS(S,NL\S)

This survivability constraint states that for any cut-set of the logical topology, the

total number of links in a cut-set must be larger than the number of cut-set links routed

over any single bi-directional fiber link. In other words, not all the lightpaths for the logical

links in a cut-set can be carried on one fiber link.

The capacity constraint, which limits the total number of wavelengths on a bi­

directional fiber link to W can be expressed as follows. For each (i, j) E E p such that

i < j:

L WI + fIf) ::; W
(s.I)EEL'

.<1

For the rest of the thesis, we ignore this constraint to simplify the formulation. If

we want this constraint, it could be added easily. By ignoring this constraint we assume

that each fiber link has enough capacity to support alilightpaths on it.

Our objective is to minimize the total number of wavelengths occupied. We as­

sume that one wavelength occupies one optical channel. Thus, the total wavelengths are

12



also the total bandwidths occupied in the WDM network. The optimal survivable routing

problem in [I] is restated below as an integer linear program.

min L Lit,'
(i,j)EEp (s,t)EEL'

s<t

Subject to:

1. Integer flow constraints: for each (i, j) E Ep and each (s, t) in EL such that s < t:

It,' E {O, 1}

2. Connectivity constraints: for each (s, t) EEL such that s < t and i E N p:

1
1 ifs=i

L ft/- L IN= -1 ift=i
j, (i,j)EEp j, (j,i)EEp 0 th .

o erw~se

3. Survivability constraints: for each (i,j)E E p such that i < j and each nonempty

Se N L :

L Ut,' + 1m <I CS(S, NL \ S) I
(s,t)ECS{S,NL IS)

If we overlay a logical topology over a physical topology successfully by using

the above ILP, the solution obtained is the total number of wavelengths used. Meanwhile,

we can get the routing ofeach lightpath for the logical link from the values ofUt,' : (s, t) E

EL and (i,j) E E p }.

In [I], it was stated that the large number of constraints stemming from the sur­

vivability constraints lead to difficulty solving large networks. The following example

will illustrate that the survivability constraints dominate the total number of constraints in

above ILP.Suppos e the physical topology has 12 nodes and 15 bi-directionallinks and the

IP topology has 12 nodes and 12 bi-directionallinks (like a ring topology). We have

IELI = 2 x 12 = 24 IEpl = 2 x 15 = 30

13



The number of integer variable constraints is

IEpl x I~LI = 30 x 12 = 360.

The number of constraints stemming from connectivity constraints is

I~LI x INpl = 12 x 12 = 144.

The number of constraints stemming from survivability constraints is

IEpl x (2INLI-1 _ 1) = 15 X 2'2-
'

- 1 = 307052 .

The sum of all constraints is

IEpl x IELI + IELI x INpl + IEpl x (2 INLI - 1-1) = 360 + 144 + 30705 = 31209.
222

We can see that the number of survivability constraints dominates the total number of con­

straints, and it grows exponentially with INLI.
A simple relaxation was studied in [1) to reduce the total number of constraints.

In this relaxation, the survivability constraints are discarded except for those where 181 = 1,

i.e., 8 is a single node set. Thus, for a logical topology with INLI nodes, there will be

only INLI survivability constraints. This relaxation formulation speeds up the run-time

significantly and can be solved easily for large networks. However, since the relaxed ILP

only considers the subsets of NL including only a single node, the survivability constraints

only ensure that not all of the logical links to a certain node share the same fiber link.

Thus, the survivability constraints become necessary but not sufficient, and not all of the

solutions ensure survivability. We illustrate this by the example in Figure 2.3. After solving

the relaxed ILP, the layout of the logical topology over the physical topology is shown in

the figure. The thick lines and nodes represent the underlying physical topology, and the

thin lines are the lightpaths for the logical links. We can see that fiber link (3, 4) failure

will disconnect logical link (3, 4), (3, 5) and (0, 4). As a result, the logical topology will be

disconnected. In other words, this layout is not survivable.

2.2.2 Mixed integer linear program formulation

In this section, we will develop an MILP formulation which is a modified version

of the ILP in [1). As analyzed in Section 2.2.1, the disadvantage of the ILP in [1) is the

14



5 f-----------j 3,

Layout over the physical
topology

Logical topology

1

Figure 2.3: An unprotected solution by the relaxed ILP

exponential growth of the number of the survivability constraints. We want to modify the

ILP by replacing the survivability constraints. The new survivability constraints ensure

that, under any possible fiber link fault, the logical topology remains connected.

Before stating the new survivability condition, we give several definitions. We

assume that, without any physical failure, the capacity ofeach logical link is I. Let a binary

variable c% be the capacity oflogicallink (s, t) when fiber link (i,j) fails. Then we have

c:{ = 1 - Ut] + fm. The value ofUt] + fm is determined by the actual routing of (s, t)

over the physical topology. Notice that Ut] + fm must be less than or equal to I because

our objective of the MILP fonnulation is to minimize the total number of wavelengths

used, which implies a lightpath should not traverse a fiber link more than once. We have

(1;1 + fm = 1, if the lightpath forlogicallink (s, t) traverses fiber link (i,j). Then when

fiber link (i,j) is cut, c% = 1 - 1 = O,i.e., the capacity oflogicallink (s, t) is O. We have

(f;1 + fJIJ = 0, if the lightpath for logical link (s, t) is not routed on fiber link (i, j). Then

when fiberlink (i, j) is cut, c% = 1 - °= 1, i.e., the capacity oflogicallink (s, t) is 1. To

check if the logical topology is connected when a fiber link (i, j) fails, we check if the set

of links {(s, t) E EL : c% = I} leads to a connected logical topology. This can be done

15



by detennining if the link capacities allow a positive flow between all pairs of nodes. An

alternate and simpler condition is to detennine if there is a positive flow from all nodes to a

particular node, say node I. The survivability constraint we use is to detennine if each node

(other than node 1) can source a flow of IN;I-l to node 1. The new necessary and sufficient

condition for the survivable routing of the logical topology over the physical topology can

be stated as the following condition:

Given the capacity of each surviving logical link is 1, a routing is survivable if

and only if each node 8 (8 # 1) can source a flow of IN;H to node 1 in the surviving

logical topology. (Here, we assume that the flow of the logical topology only consists of

the flow from other nodes to node 1.)

In order to prove this condition, we must show it is both necessary and sufficient.

The condition is sufficient because if all nodes can reach node 1, then all nodes are con­

nected. We need to prove it is necessary. That is, if the logical topology is connected under

physical failures, we can always source a flow of IN;I-l from each node 8 (8 # 1) to node

1. If the logical topology is connected then it has a spanning tree. If all the flows of IN;I-l

follow the spanning tree, they will not exceed any link capacity. Necessity is proven.

To formulate the problem of survivable routing as an MILP, we define a real

valued variable r:t which represents the flow on logical link (8, t), from node 8 to node t,

when there is a cut on fiber link (i,j). We have 0 ~ r:{ ~ c~. Since c~ = 1 - WI + fif)
the capacity constraints can be simplified as follows. For each (8, t) E EL such that 8 < t

and (i, j) E Ep such that i < j:

o< rij < 1 - (fS! + fS!)_st_ 'J J'

o~ r:~ ~ 1 - U:1 + fif).

In the above constraints, since the cut on fiber link (i, j) will also result in a

simultaneous failure of fiber link (j, i), we only consider fiber link (i,j) failure which

satisfies i < j. The constraint 8 < t is still needed because we only route one lightpath for

a bi-directionallogicallink (8, t) on the physical topology.

Using the new necessary and sufficient condition of the survivable routing, the

survivability constraint can be expressed as: for each (i, j) E E p such that i < j and
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{

-I ifs=lL r~ - L r;! = 1
t, (s,t)EEL t, (t,s)EEL INLI-l otherwise

Any feasible solution from the above constraints ensures that each node s (s of 1)

has a flow of IN:I-l to node 1 and the total flow entering node I is 1.

The optimal survivable routing problem is formulated as the following mixed

integer linear program. Our objective is to minimize the total wavelength cost.

min L L ft}
{i,j)EEp (s,tlEEL,

s<t

Subject to:

1. Integer flow constraints: for each (s, t) E EL such that s < t and each (i, j) E E p :

f;'} E {D, I}

2. Survivable flow constraints: for each (s,t) inEL and each (i,j)E Epsuchthati <j:

r
ij > Dst _

3. Connectivity constraints: for each (s, t) in EL such that s < t and i E Np :

1
1 ifs=i

L m- L flit = -1 ift = i
j, (i,j)EEp j' (j,i)EEp D h .

ot erwtse

4. Survivable traffic flow capacity constraints: for each (s, t) EEL such that 8 < t and

(i, j) E Ep such that i < j:

rij < 1 - (fst + fst)st - 1,1 3t

rij < 1 - (f~t + fst)
ts - "'3 3'
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5. Survivability constraints: for each (i, j) E E p such that i < j and s E N L :

'" ij '" ij {~ Tst- L.J rts =
t, ("t)EEL t, (t,.)EEL

-1 if s = 1

INL11_1 otherwise

Our MILP formulation has much less number ofconstraints compared to the ILP

formulation in [I]. We illustrate this by using the same physical topology consisting of 12

nodes and IS bi-directionallinks and the IP topology consisting of 12 nodes and 12 bi­

directional links in Section 2.2.1. The total number of the integer and nonnegative variable

constraints is

The number of constraints stemming from connectivity constraints is

I~LI x INpl = 12 x 12 = 144.

The number ofconstraints stemming from capacity constraints is

2 x IELI x IEpl x 2 = 12 x 15 x 2 = 360
22'

The number of constraints stemming from the new survivability constraints is

IE;' x INLI = 15 x 12 = 180.

the total number of the variables and constraints is

(IEpl x IELI + IEpl x IELI) + IELI x INpl + IELI x IEpl x 2 + IEpl x INLI
2 2 2 2 2 2

= 360 + 144 + 720 + 180 = 1404.

The total number of the constraints is 1404, which is dramatically smaller compared to

the ILP formulation, which has 31209 constraints for the same example. Note that the

total number of survivability constraints grows as a polynomial with INL I for the MILP.

The difference in the total number of the constraints between the ILP and the MILP will

increase with the size of the network because the total number of survivability constraints

in the ILP grows exponentially.
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2.2.3 Implementation and experimental results

To compare the run-times of our MILP in Section 2.2.2 with the ILP and the

relaxed ILP in [I], we implemented them by the AMPL+CPLEX software package on a Sun

blade 100 computer. AMPL is a comprehensive, powerful algebraic modelling language for

formulating linear, integer linear, mixed integer and non-linear problems. CPLEX serves as

a solver using branch and bound techniques to solve ILPs and MILPs. The ILp, the relaxed

ILP and the MILP are defined in AMPL as different model files, while the parameter values

describing the physical topology and the logical topology are given in a separate data file.

An AMPL script selects the appropriate model and data files, then calls the solver (in our

case, CPLEX) and writes the resulting solution to an output file.

There are two kinds run-times that can be checked: the "elapsed run-time" and the

"CPU run-time". The "elapsed run-time" is the "wall-clock time" that measures the time

from the star! of the program until its termination. The "CPU run-time" is the system time

plus user time. The "elapsed run-time" may be affected by other processes on the machine,

the time for I/O swap, etc., while the "CPU time" is much less affected by unpredictable

things. When we were running the ILP or the MILP, we were the only user of the machine.

We check both the "elapsed run-time" and "CPU run-time" to compare the run-times of

different formulations.

We conducted simulations for networks of different size using the ILp, the MILP

and the relaxed ILP in [1]. We generated 9 physical topologies randomly. All random

topologies were generated as follows. Initially, we only have a collection of nodes without

links. Then links are added between randomly chosen pairs of nodes successively until the

topology is 2-connected. For each physical topology, we embedded a random logical topol­

ogy of similar size on it. The random logical topologies were generated in the same way

as the physical topologies. Note that sometimes it may be impossible to get the survivable

routing when we try to overlay a logical topology over a physical topology. In our experi­

ment, each logical topology was able to find its survivable routing over the corresponding

physical topology. The "elapsed run-times" and "CPU run-times" are summarized in Table

2.1. The label such as "7-node,1l-link" corresponds to the number of nodes and links of a

physical topology, and the label "Relax-I" corresponds to the relaxed ILP in 0]. As can be

19



seen from the table, the ILP formulation lead to relatively longer run-times than the other

two formulations. For "CPU run-times", the ILP took 5 minutes and 32 seconds to solve

the 15-node network, while the MILP only required 1.75 seconds and the relaxed ILP took

0.38 seconds.

Table 2.1: Run-times of embedding 9 random logical topologies on random physical
topologies for scenario 1

Elapsed run-times CPU run-times
ILP MILP Relax-I ILP MILP Relax-I

7-node, I I-link 0.31 see. 0.21 see. 0.15 see. 0.29 sec. 0.20 see. 0.12 see.
8-node,15-link 1.03see. 0.25 see. 0.17 see. 1.03 see. 0.22 see. 0.14 see.
9-node,14-link 1.78 see. 0.31 see. 0.20see. 1.63 sec. 0.29 see. 0.19 see.
lO-node,17-link 4.25 see. 0.37 see. 0.2Isee. 4.14 sec. 0.37 see. 0.21 see.
II-node,19-link 9.00 see. 0.47sec. 0.23 see. 8.89 see. 0.46 sec. 0.22 see.
12-node,26-link 24.82 sec. 0.51 see. 0.24 see. 24.77 see. 0.50 see. 0.24 see.
13-node,25-link 2 min. 5see. 0.64 see. 0.28 see. 64.00 see. 0.62 sec. 0.26 see.
14-node,21-link 13 min. Iisee. 0.87 see. 0.37 sec. 2 min. 29 sec. 0.80 sec. 0.36 sec.
15-node,27-link 80 min. 59sec 1.81 see. 0.41 sec. 5 min. 32 sec. 1.75 see. 0.38 sec.

In Figure 2.4 and Figure 2.5, we plot the "elapsed run-times" and the "CPU run­

times" of these three formulations based on the results in Table 2.1. In these figures, for

the convenience of observation, we use the dashed lines to mark 60 seconds (1 minute),

600 seconds (10 minutes), 3600 seconds (1 hour), and so on. As can be seen from both

figures and Table 2.1, with the increase of number of nodes, run-times of the ILP increase

dramatically, which is due to the exponential growth of the number of the survivability

constraints. For the "CPU run-time", the ILP only took 0.29 seconds to solve the 7-node

network while it took more than 5 minutes to solve the 15-node network. This confirms

the results in [I] that the ILP is not scalable to large networks. However, the run-times

of the MILP and the relaxed ILP increase much more slowly. For the "CPU run-time",

the MILP took 0.20 seconds to solve the 7-node network while it took about 2 seconds to

solve the 15-node network. The significant run-time improvement of the MILP is due to

its polynomial number of survivability constraints. The dramatic run-time improvement of

the relaxed ILP is because its survivability constraints only consider the subsets of N L with

only a single node.
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We can see that there is a difference between the "CPU run-times" and the "elapsed

run-times", especially for the ILP for networks with 13 nodes or larger. We speculate this

difference is due to the time consumed in va access when virtual memory was used. In

our SUN workstation, there is 288 MB of RAM for users' programs. As the programs

begin to have memory usage close to or exceeding this capacity, we expect virtual memory

to be used and the discrepancy between the "CPU run-time" and the "elapsed run-time"

to increase. To verify this, we have the memory usage for the experiments in Table 2.2.

As can be seen from Tables 2.1 and 2.2, when the ILP used 253 MB memory to solve the

13-node network, the difference between the "elapsed run-time" and the "CPU run-time" is

about I minute. For the 14-node and 15-node networks, the memory usage becomes larger

and the difference between the "CPU run-times" and the "elapsed run-times" also becomes

greater. The MILP and the relaxed ILP did not use virtual memory when the total number

of nodes is less than 16. Therefore, if there are no other processes on the machine, the

"CPU run-times" are close to the "elapsed run-times" for the MILP and the relaxed ILP.

Table 2.2: Memory usage of embedding 9 random logical topologies on random physical
topologies for Scenario 1

7-node 8-node 9-node to-node ll-node 12-node 13-node 14-node 15-node
ILP 1.6M 3.1 M 804M 20.8M 41.6M 79.8M 253M 523M 979M

MILP l.lM 104M 2.1 M 204M 2.5M 3.5M 3.9M 4.1 M 5.6M
Relax-I 786K 868K 1.13M 1.3 M 104M 1.9M 2.2M 2.3M 204M

The limitation of the virtual memory (1.5 GB) available in our machine makes

it impossible to solve the ILP for the network with more than 15 nodes. However, us­

ing the MILP and the relaxed ILP, it is possible to solve survivable routing problems for

large networks (between 20 and 100 nodes) with I GB memory. In Table 2.3 we compare

the run-times of the MILP and the relaxed ILP for networks with a wide range of sizes.

The physical topologies and logical topologies were generated randomly as before. The

"elapsed run-times" and "CPU run-times" of embedding a logical topology on a physical

topology are listed in Table 2.3. The "CPU run-time" of solving the MILP is 10 minutes

17 seconds for a lOa-node network, which is not too prohibilive. We plot the "elapsed run­

times" in Figure 2.6 and the "CPU run-times" in Figure 2.7. We can see that the relaxed
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ILP shows a better time-eomplexity than our MILP. However, the MILP ensures the routing

to be survivable while the relaxed ILP does not.

The memory usage while running the MILP and the relaxed ILP is summarized in

Table 2.4. We notice again that the difference between the "elapsed run-time" and the "CPU

run-time" becomes significant when the MILP and the relaxed ILP use virtual memory. For

the MILP, the memory usage approaches 288 MB for the 70-node network and it exceeds

288 MB for the networks with more than 70 nodes. For the relaxed ILP, memory usage is

373 MB for the network with 100 nodes, and the difference between the "elapsed run-time"

and the "CPU run-time" is about 3 minutes.

Table 2.3: Run-times of embedding 9 large random logical topologies on random physical
topologies for scenario 1

Elapsed run-times CPU run-times
MILP Relax-l MILP Relax-l

2D-node,65-link 2.02 sec. 0.51 sec. 2.01 sec. 0.47 sec.
30-node,83-link 10.91 sec. 2.54 sec. 10.91 sec. 2.39 sec.
4O-node,98-link 12.84 sec. 2.87 sec. 12.83 sec. 2.81 sec.

50-node, I 29-link 17.00 sec. 5.15 sec. 16.80 sec. 5 sec.
6O-node,175-link 2 min. I sec. 7.60 sec. 2 min. I sec. 7.50 sec.
70-node,199-link 4 min. 47 sec. 16.30 sec. 2 min. 51 sec. 16.10 sec.
80-node,243-link 13 min. 37 sec. 22.00 sec. 4 min. 57sec. 21.75 sec.
90-node,306-link 14 min. 12 sec. 27.30 sec. 6 min. 7 sec. 26.71 sec.
loo-node,320-link 67 min. 3 min 49 sec. 10 min. 17 sec. 64.80 sec.

Table 2.4: Memory usage of embedding 9 large random logical topologies on random
physical topologies for scenario 1

2D-node 3D-node 4D-node 5D-node 6D-node 70-node 80-node 90-node IOO-node
MILP 7.1M 33.6M 46.4M 82M 113M 231 M 275M 393M 807M

Relax-1 3.7M 16.3M 21.9M 41.8M 54.7M 112M 130.6M 164M 373M
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2.3 ILP and MILP formulations when the 1+1 protected

lightpath service is available

In (1), the ILP fonnu1ation only considers the unprotected lightpaths. In this

section, we discuss a more realistic scenario where the WDM network provides the 1+1

protected lightpath service in addition to the unprotected lightpath service. As mentioned

in Chapter 1, in the 1+1 protected lightpath service the working path and the protection

path must be link disjoint. We fonnu1ate the survivable routing problem as an ILP and an

MILP, and then compare their time-complexity.

2.3.1 ILP formulation

Given the physical and logical topologies, we need to find a survivable routing of

the logical topology over the physical topology while determining the route and the pro­

tection type of each lightpath for the logical link. To fonnulate this problem as an ILP, we

define a integer variable F.t , which is the number of connections set up between sand t. If

the lightpath for logical link (s, t) is unprotected, F.t = 1. If the lightpath for logical link

(s, t) is protected, Fd = 2, where one connection is the working path and the other is the

protection path. The connectivity constraints can be expressed as follows. For each (s, t)

in EL such that s < t and i E Np :

1
F.t ifs=i

L fif- L Iff = -F.t ift = i
j, (i,j)EEp j, (j,i)EEp 0 th .

o erWlse

In this ILP, we fonnulate the survivability constraints based on Theorem 1 in [1).

For each (i,j)E Ep such that i < j and each nonempty S C NL :

L W/ + 1m < L F.t
(.,t)EC8(8,NL \8) (.,t)EC8(8,NL\8)

The right hand side is the total number of working and protection paths for all the

logical links in the CS(S, NL \ S). The left hand side is the number of such connections

that cross fiber link (i, j). Then this constraint ensures that, under a fiber link failure, there
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exists at least one connection that goes between Sand N \ S. Notice that the number of

the survivability constraints increases exponentially with the total number of nodes.

The disjoint routing constraint for the protected lightpath can be expressed by the

following constraint. For each (8, t) in EL such that s < t and each (i,j) E Ep such that

i < j:

This constraint ensures that the working path and the protection path for logical

link (s, t) do not occupy the same fiber link. The objective of this ILP is to minimize the

total wavelengths used. The complete integer linear program is expressed as follows.

min L LIt}
(i,j)EEp (s,t)EEL'

,<t

Subject to:

1. Integer flow constraints: for each (s, t) in EL such that s < t and each (i, j) in Ep :

2. IP topology integer connection constraints: for each (s, t) in E L such that s < t:

Fst E {l,2}

3. Connectivity constraints: for each (s, t) in EL such that s < t and each i E N p:

I
Fst ifs =i

L Jt} - L iN = -Fst ift = i
j, (i,j)EEp j, (j,i)EEp 0 ath .

erWMe

4. Survivability constraints: for each (i, j) E Ep such that i < j and each nonempty

ScNL :

L Ut} +1m < L Fst
("t) EC8(8,NL \8) (s,t)EC8(8,NL\8)
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5. Disjoint routing constraints for the protected lightpaths: for each (s, t) in EL such

that s < t and each (i, j) E Ep such that i < j:

t"t + f~t < 1
J13 3'" -

Finally, the value of F,t will specify the protection type (protected or unpro­

tected) of the lightpath for logical link (s, t). We can always find survivable layout of the

logical topology over the physical topology as long as the physical topology is 2-connected.

In particular, one solution that guarantees this is having all logical links implemented by

protected lightpaths.

2.3.2 MILP formulation

It can be seen that the lLP formulation in Section 2.3.1 has an exponential number

of survivability constraints. In this section, we formulate the survivable routing problem

as a mixed integer linear program by replacing the survivability constraints of the lLP in

Section 2.3.1.

We still assume that the original capacity of the logical link (s, t) equals to 1

while there is no physical failure. Variable r:{ represents the flow on logical link (s, t),

from s to t, when fiber link (i, j) fails. Variable F,t has the same definition as described in

Section 2.3.1. The value of F,t - (fi1 + 1m is an upper bound of r:{. Therefore, the value

of r:{ is restricted by the following constraints. For each (i, j) in E p such that i < j and

each (s, t) in EL such that s < t:

r;! :5: F,t - WI +1m
0< r i

; < 1_ at_

We have the disjoint routing constraint for the working path and the protection

path to restrict the value of (fijt + 1m to be less than or equal to I. Clearly, if logical

link (s, t) is implemented on the physical topology with an unprotected lightpath, Fst = 1.

Then 0 :5: r:{ :5: 1 - (1;1 + 1;1)· If the unprotected lightpath is routed over fiber link
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(i,j), f;'/ + Ilf = 1. Then r:{ will be 0 after fiber link (i,j) cut, which means (s, t) will

be disconnected after (i,j) fails. If logical link (8, t) is implemented by a 1+1 protected

Iightpath, F.t = 2. This upper bound becomes 2 - Utf + liD. The single fiber link cut

cannot be on the working path and the protection path at the same time. Then the upper

bound is at least one, and r:{ can have value from 0 to 1.

The survivability constraint based on the necessary and sufficient condition in

Section 2.2.2 can be expressed as follows. For each (i,j) in E p such that i < j and s

E N L :

{

-I ifs=1
L r~ - L r;: = _1_

t, (.,t)EEL t, (t,.)EEL INL I-1 otherwise

Notice that the total number of the survivability constraints is a polynomial of the number

of nodes.

Our objective is to minimize the total wavelength cost and the complete MILP

formulation is as follows.

min L L f;'f
(i,j)EEp (.,t}EEL'

.<t

Subject to:

I. Integer flow constraints: for each (s, t) in EL such that s < t and each (i, j) E Ep :

mE {O, I}

2. Survivable flow constraints: for each (s, t) in EL and each (i, j)E Ep such that i < j:

0< rij < 1- at-

3. IP topology integer connection constraints: for each (s, t) in EL such that s < t:

F.t E {I, 2}
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4. Connectivity constraints: for each (s, t) in EL such that s < t and each i E Np:

!
F,t if s = i

E f;'f - E IN = -F,t ift = i
j: (i,j)EEp j: (j,i)EEp 0 th .

o erw~se

5. Disjoint routing constraints for the protected Iightpaths: for each (s, t) in EL such

that s < t and each pair (i, j) E E p such thati < j:

6. Survivable traffic flow capacity constraints: for each (i, j) in E p such that i < j and

each (s, t) in EL such that s < t:

7. Survivability constraints: for each (i, j) in Ep such that i < j and s E NL :

if s = 1

otherwise

In this MILP formulation, by replacing the exponential number of survivability

constraints of the ILP in Section 2.3.1, the total number of constraints is reduced signifi­

cantly, which contributes to a lower time-complexity than the ILP formulation. The run­

times of the ILP and the MILP will be compared in the next section.

2.3.3 Experimental results

To compare the run-times of the ILP and the MILp, we used the same network

topologies as those in Table 2.1 except the IS-node network, because it takes up too much

memory. We also check the run-times of the relaxed ILP that only considers the subsets of

NL including only a single node. We plot the "elapsed run-times" and the "CPU run-times"

in Figure 2.8 and Figure 2.9 based on the results in Table 2.5. As expected, the run-times
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of the ILP increases dramatically with the number of nodes. Our MILP shows a dramatic

improvement in run-times, especially for larger networks with more than 12 nodes. For

the "CPU run-times", the MILP only took only about I second while the ILP took more

4 minutes to solve a 14-node network problem. The difference between the "elapsed run­

times" and the "CPU run-times" is mainly due to the IJO swap delay as explained in Section

2.2.3. We summarized the memory usage of the three formulations in Table 2.6. It can be

seen from Table 2.5, the difference between the "elapsed run-time" and "CPU run-time"

becomes significant when the ILP solve networks with 13 node or larger.

Table 2.5: Run-times of embedding 8 random logical topologies on random physical
topologies for scenario 2

Elapsed run-times CPU run-times
ILP MILP Relax-I ILP MILP Relax-I

7-node,I1-link 0.37 sec. 0.23 sec. 0.I9sec. 0.36 sec. 0.21 sec. 0.16 sec.
8-node,15-link 1.44 sec. 0.33 sec. 0.21 sec. 1.41 sec. 0.28 sec. 0.18 sec.
9-node,14-link 2.98 sec. 0.37 sec. 0.25 sec. 2.92 sec. 0.34 sec. 0.23 sec.
lO-node,17-link 7.89 sec. 0.44 sec. 0.29 sec. 7.81 sec. 0.44 sec. 0.26 sec.
II-node,19-link 20.49 sec. 0.66 sec. 0.31 sec. 20.35 sec. 0.57 sec. 0.27 sec.
12-node,26-link 45.08 sec. 0.74 sec. 0.37 sec. 42.75 sec. 0.73 sec. 0.34 sec.
13-node,25-link 5 min. 6 sec. 0.82 sec. 0.42 sec. 2 min 26 sec. 0.81 sec. 0.39 sec.
14-node,21-link 47 min. 1.03 sec. 0.51 sec. 4 min. 28 sec. 0.96 sec. 0.44 sec.

Table 2.6: Memory usage of embedding 8 random logical topologies on random physical
topologies for scenario 2

7-node 8-node 9-node lO-node ll-node 12-node 13-node 14-node
ILP 2.0M 4.1 M 11.8M 36.1 M 58.1 M 172.3 M 357.0M 750.8M

MILP l.3M 1.5 M 204M 2.8M 2.9M 4.2M 4.6M 4.8M
Relax-I 885 K 983K 1.5M 1.7M 1.8 M 2.3M 2.6M 2.8M

The MILP and the relaxed ILP were implemented using the same large network

topologies in Table 2.3. The run-times are summarized in Table 2.7. It can be seen from the

table, for the "CPU run-time", the MILP was able to solve the lOO-node network problem

within 16 minutes. We plot the "elapsed run-times" and the "CPU run-times" listed in

Table 2.7 in Figures 2.10 and 2.11. As can be seen from these figures, the relaxed ILP
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shows a better time-complexity than the MILP. However, the MILP ensures the routing

to be survivable while the relaxed ILP does not. We summarized the memory usage of

the MILP and the relaxed ILP in Table 2.8. As analyzed in Section 2.2.3, the difference

between the "elapsed run-times" and the "CPU run-times" becomes great when the MILP

began to use virtual memory to solve networks with 70 nodes or more. For the relaxed ILP,

the memory usage is close to or more than 288 MB for the network with 80 nodes or larger,

and the difference between the "elapsed run-time" and "CPU run·time" is significant.

Table 2.7: Run-times of embedding 9 large random logical topologies on random physical
topologies for Scenario 2

If Elapsed run-times CPU run-times
II MILP Relax-I MILP Relax-I

20-node,65-link 2.15 sec. 0.78 sec. 2.08 sec. 0.73 sec.
30-node,83-link 14.85 sec. 3.70 sec. 14.71 sec. 3.62 sec.
40-node,98-link 17.36 sec. 4.87 sec. 16.82 sec. 4.78 sec.
50-node,129-link 20.80 sec. 7.93 sec. 20.56 sec. 7.83 sec.
60-node,175-link 2 min. 15 sec. 11.78 sec. 2 min. 12 sec. 11.61 sec.
70-node,199-link 6 min. 51 sec. 26.50 sec. 3 min. 3 sec. 26.23 sec.
80-node,243-link 25 min. 25 sec. 48.26 sec. 8 min.1 sec. 35.90 sec.
90-node,306-link 27 min. 46 sec. I min. 34 sec. 9 min. 56 sec. 44.81 sec.
IOO-node,320-link I h. 40 m.20 sec. 10 min 52 sec. 15 min. 40 sec. 2 min. 9 sec.

Table 2.8: Memory usage of embedding 9 large random logical topologies on random
physical topologies for Scenario 2

20-node 30-node 40-node 50-node 60-node 70-node 80-node 90-node IOO-node
MILP 8.5 M 35.5 M 53.6M 86.6M 131.4 M 271.8 M 369M 449M 963M

Relax-I 4.7M 21.2 M 29.6M 54.5M 68.3 M 141.3 M 213 M 236M 486M

We have discussed two survivable routing scenarios so far. Scenario I where

the WDM network only provides unprotected Iightpath service was studied in Section 2.2.

Scenario 2 where the WDM network can provide unprotected and I+I protected lightpath

services was addressed in this section. In Scenario I, it may be impossible to find a sur­

vivable layout, while in Scenario 2, we can always find a survivable layout of the logical

topology over the physical topology. We show this fact by solving some samples using
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the MILP fonnulations for different scenarios. For the underlying physical topologies, we

choose the 12-node ring, the 3Cycle topology in Figure 2.12 and the 14-node NSFNET in

Figure 2.13. For each physical topology, we routed 100 random logical topologies over it.

In Table 2.9, the label "MILP-U" represents the MILP for Scenario 1 and the label "MILP­

U+P" corresponds to the MILP fonnulation for Scenario 2. We can see that, using "MILP­

U", some logical topologies did not lead to survivable layouts while using "MILP-U+P",

we obtained a survivable layout for every logical topology. By allocating some lightpaths

as protected lightpaths, all the infeasible cases in Scenario 1 had survivable routings using

"MILP-U+P".

3

16

12

Figure 2.12: 3Cycle physical topology

Table 2.9: Embedding topologies on three physical topologies

Ring 12 3Cycle 14-node NSFNET
Infeasible Feasible Infeasible Feasible Infeasible Feasible

cases cases cases cases cases cases

MILP-U 21 79 8 92 1 99
MILP-U+P 0 100 0 100 0 100
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Figure 2.13: The 14-node 21-Iink NSFNET
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In Figure 2.14 and 2.15, we plot the "elapsed run-times" and "CPU run-times"

of"MILP-U" and "MILP-U+P" based on various network topologies. "MILP-U+P" takes

longer time than MILP-U to solve a problem. It is because in Scenario 2, we need to decide

the protection type as well as the routing ofeach lightpath.
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Chapter 3

Survivable Layout for the Shared Risk

Link Group

In the previous chapter,we discussed survivable routing problem for single fiber

link failures because they are the most common failures in the WDM network. However,

there are other failures in the WDM network, such as OXC failures and conduit cuts, which

result in multiple fiber link failures at the same time. Multiple fiber link failures due to a

failure event (such as a conduit failure) is known as a shared risk link group (SRLG). A

shared risk link group (SRLG) defines the group of links that share a component whose

failure causes the failure of all links of the group. A typical SRLG is all the fiber links in

a conduit, as shown in Figure 3.1. If this conduit fails, the fiber links (OXCI, OXC2) and

(OXC3, OXC4) will fail together.

In this chapter, we develop a survivable layout problem that requires the logical

topology remains connected after an SRLG failure occurs. In Section 3.1, we provide an

MILP formulation to route logical links over the physical topology in order to survive any

SRLG failure.

3.1 Problem formulation

We assume that the WDM network can provide unprotected and 1+1 protected

lightpath services. The physical topology, the logical topology and the SRLGs are given.
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OXC1

Conduit

OXC2

OXC3

/
I

"

Fiber Links OXC4

Figure 3.1: An example of a conduit

The problem is to determine the protection type and route of each lightpath so that the log­

ical topology remains connected under any SRLG failure. Using the proposed survivable

routing condition, we are able to formulate the survivable routing problem for the SRLG

failure as an MILP by modifying the MILP in Section 2.3.2.

Let m denote the total number of SRLGs. SRLG[k] represents the kth SRLG

where k = 1,2, ... , m. Since fiber link (i, j) and (j, i) fail simultaneously, the SRLGs

only include fiber links (i,j) that satisfies i < j.

The lightpath for logical link (s, t) always has a working path. The route of the

working path will be found by routing one unit of flow from s to t. Variable 1;1 has the

same definition as Section 2.2.1 and the route of the working path for logical link (s, t) is

determined by the following constraints. For each (s, t) in EL such that s < t and each i

ENp :

i
1 if s = i

L: m- L: JJf = -1 ift = i
j: (i,j)EEp j: (j,i)EEp 0 th .

o erw~se

We define a binary variable P,t as follows. Let P,t = 1, if the lightpath for

logical link (s, t) has a protection path, and P,t = 0 otherwise. That means, if the lightpath

is protected, one unit of flow from s to t is routed for the working path, and another unit

of flow from s to t is routed for the protection path. Let pi} be a binary variable such that

pi} = 1, if the protection path from s to t is routed over fiber link (i,j), and pi} = 0
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otherwise. The protection path connectivity constraints can be expressed as follows. For

each (s, t) in EL such that s < t and each i E Np :

'" ,t '" s' _jL" Pij - L" Pji -
j' (i.j)EEp j, (j,i)EEp

P,t ifs=i

-Pst ift=i

o otherwise

The working path and the protection path for logical link (s, t) must be link dis­

joint. The following constraint ensures this. For each (s, t) in EL such that s < t and each

(i,j) inEp suchthati < j:

The survivability constraints are based on our new necessary and sufficient con­

dition: The routing is survivable if and only if each node s (s of 1) can source a flow

of INL'I_' to node 1 in the logical topology. We define two binary variables, h~, and g~"

which reflect the capacities of the working and protection paths, respectively, of logical

link (s, t) when the kth SRLG fails. The value 1 - (m + fm is the upper bound of h~t.

For k = 1,2, ... ,m and (s, t) in EL such that s < t, we have the following constraint. For

all (i, j) in SRLG[k]:

hk < 1 - (f" + f")st- 1))1

This constraint states that if the working path for logical link (s, t) goes through any fiber

link (i, j) in SRLG[k], then h~, equals O.

The value of Pst - (p;; + pjD is the upper bound of g~t. For k = 1,2, ... , m and

(s, t) in EL such that s < t, we have the following constraints. For all (i,j) in SRLG[k]:

Since logical link (s, t) may be realized by an unprotected or 1+1 protected lightpath,

this upper bound of g~t is meaningful only when the lightpath of logical link (s, t) has

a protection path. After SRLG[k] fails, if the protection path forlogicallink (s, t) is routed

on any fiber link (i, j) belonging to the failed SRLG, then g:t equals O.
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Variable r~t is denoted as a nonnegative variable to represent the flow on logical

link (s, t) from s to t after SRLG[k] fails. h~t + g~t is the upper bound ofr~t. That is, for

each k = 1,2, ... , m and (s, t) in EL such that s < t:

k < k hkrst - 9st + st

k < k hkTt8 _ 9st+ st

We assume that the capacity ofa logical link is I when there is no physical failure.

Therefore, 0 :::; r~t :::; 1. These constraints relating to r~t say that if SRLG[k] failure

disables both the working and the protection paths for logical link (s, t), r~t must equal 0,

which means the logical link is disconnected. Otherwise, the flow on logical link (s, t) is

between 0 and I.

The constraints ensuring the connectivity ofthe logical topology under any SRLG

failure can be expressed as follows. For each k = 1,2, ... , m and s in N L :

{

-1 if s = 1L r~t- L r~s=
t, (s,t)EEL t, (t,s)EEL INL11-l otherwise

Our objective is to minimize the total wavelength links occupied by the working

and protection paths. The MILP formulation for the survivable routing dealing with the

SRLG failure can be expressed as follows.

min L L U/f +pi})
(i,j)EEp (s,t)EEL;

s<t

Subject to:

I. Integer flow constraints: for each (s, t) in EL such that s < t and each (i, j) in Ep :

f/fE{D,l} pi} E {D, I}

2. IP topology integer connection constraints: for each (s, t) in EL such that s < t:

PstE{O,l}
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3. IP topology nonnegative flow constraints: for each (8, t) in EL and k = 1,2, ... , m:

4. Integer variable constraints: for each (8, t) in EL such that 8 < t and k = 1,2, ... , m:

9~t E {O, I}

1
1 if8=i

L Ii/ - L t;f = -1 ift = i
j' (i,j)EEp j, (j,i)EEp 0 th .

o erWt8e

5. Working path connectivity constraints: for each (8, t) in E L such that 8 < t and each

iE N p :

6. Protection connectivity constraints: for each (8, t) in EL such that 8 < t and each

i E Np :

1
P,t if8=i

~ st ~ st P'f'L.J Pij - L.J Pji = - ,t 1 t = t
j: (i,j)EEp j, (j,i)EEp 0 th .

o erWt8e

7. Disjoint routing constraints for the protected lightpaths: for each (8, t) in EL such

that s < t and each (i,j) in Ep such that i < j:

f 't + fst +pst +pst < 1
'3 3' "3 J" -

8. Survivable traffic flow capacity constraints: for k = 1,2, ... , m, (i,j) in SRLG[k]

and (8, t) in EL such that 8 < t:

h:t ~ 1 - U// + fff)

9:t ~ Pst - (p~J + pjn

9. Survivable flow constraints: for k = 1,2, ... , m and (8, t)in EL such that 8 < t:

k < k hkrst _ 9st + st

k < k hkrt, _ 9,t + ,t
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10. Survivability constraints: for k = 1,2, ... , m and s in NL :

-1 ifs=l

IN;I-l otherwise

The solution obtained from the above MILP gives us the survivable routing of

the logical topology over the physical topology while withstanding any SRLG failure. The

values of {f;1 : (s, t) E EL and (i, j) E E p } specify the routes of the working paths for

logical links and the values of {pfj : (s, t) E E L and (i, j) E Ep } specify the routes of the

protection paths for logical links.
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Chapter 4

Logical Topology Design and Survivable

Routing

In previous chapters, we discussed the survivable routing problems, which starts

with a logical topology. Then this logical topology is overlaid over a given physical topol­

ogy so that it is survivable. In practice, we may need to design the logical topology too.

In this chapter, we study a realistic scenario where we start with a traffic matrix T, which

specifies the traffic rates between all pairs of IP routers when there are no failures. We

are given another traffic matrix R, which represents the traffic rates between all pairs of IP

routers that the network must support even under physical failures. We assume the traffic

is full duplex, so the traffic matrices are symmetric about their diagonal. In addition, it is

assumed that for each node pair (s, t), R[s, t] :s; T[s, t].

We design a logical topology that can support traffic matrix T, and then overlay

the logical topology over a given physical topology in such a way that the logical topology

can support traffic matrix R under physical failures. Note that now we require the IP

network to support the traffic matrix R even under physical failures. This is a stronger

requirement than simply requiring the "connectivity" of the logical topology under physical

failure. However, this may occur in practice since the IP network will support many users.

To solve the logical design and survivable routing problems, we can follow two

different approaches. One is a two-stage design while the other is a one-stage design. The

two-stage design has a lower time-complexity than the one-stage design. However, the two­

stage design may only obtain a sub-optimal solution while the one-stage design can obtain a
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optimal solution. In Section 4.1, we describe the two-stage procedure to solve the problem.

In the first stage, we design a logical topology that supports traffic matrix T, and in the

second stage, we determine its survivable layout over a physical topology. In Section 4.2,

we discuss the one-stage design approach. Finally, after solving some sample problems,

we compare the results of these two design approaches in Section 4.3. From the results,

we can see that the two-stage approach may only obtain a sub-optimal solution while the

one-stage approach obtains an optimal solution. However, the two-stage approach has a

lower time-complexity than the one-stage approach.

4.1 Two-stage design

In this section, we discuss the two-stage design procedure. In Section 4.1.1, we

discuss the first stage design. Given the traffic matrix T and the nodes in the IP network,

we try to design a logical topology by specifYing the logical links. There are no constraints

imposed by the underlying physical topology. In Section 4.1.2, we discuss the second stage

design. We overlay the logical topology obtained from the first stage over the physical

topology while determining the routing and the protection type of each lightpath. We want

the logical topology to support a surviving traffic R under physical failures. We state the

MILP formulations for single fiber link failures and SRLG failures as well.

4.1.1 Logical topology design

In this section, we will study the problem ofdesigning a logical topology that sup­

ports the traffic matrix T. We assume that alllightpaths to be established are bi-directional.

Before addressing the mathematical formulation, we give some definitions. At

this stage, we are given a set N L = {I, 2, 3...N} including all of the nodes in the logical

topology. We are also given traffic matrix T, which is an INLI x INLI matrix and is sym­

metric about the diagonal. T[s, t] is the traffic rate from node s to t. Under normal working

conditions, that is, when there are no failures, the network must support this traffic rate.

We refer to it as the "nominal traffic". Each entry of T is between 0 and I. The diagonal

entries ofT are zeros, which indicates the traffic from a node to itself is O.
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Let ttj be a nonnegative real valued variable which represents the traffic from s

to t that goes through logical link (i, j) (if it exists). Let bij be a binary variable, where

bij = 1, if there is a logical link between node i and j, and b;j = 0 otherwise.

We assume that it is possible to set up a logical link between any pair of nodes,

and we can arbitrarily split the traffic between each source-destination pair over differ­

ent paths through the logical topology. The connectivity constraints can be expressed as

follows. For each s, t, i in NL such that s < t:

T[s,t]

-T[s, t]

o

if s = i

ift = i

otherwise

The left hand side of the connectivity constraint is the difference between the

total outgoing flow from node i and the total incoming flow to node i for the traffic from s

to t. Since the traffic matrix is symmetric about the diagonal, we only need to consider the

upper diagonal traffic matrix where s < t. When we find the route from s to t, it is implicit

in that the traffic from t to s will follow the same logical links in the opposite direction.

We assume that the capacity of a logical link (i, j) is I if there exists a logical

link between i and j. We have the following capacity constraint to restrict the total amount

of traffic on a logical link. for each i, j in NL such that i < j:

L (t;j + tjD ~ b;j
s,tENL :

,<t

Our objective is to minimize the total cost. We assume that each possible logical

link between each pair of nodes has the same cost. Therefore, our objective is to minimize

the total number of links in the logical topology. The MILP is expressed as follows.

min L bij
iENLjENL:

i<j

Subject to:

1. Nonnegative variable constraints: for each i, j, s, t in NL such that s < t:

t'! > 0'1 -
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2. Integer variable constraints: for each i, j in NL such that i < j:

bti E {O, I}

3. Connectivity constraints: for each s, t, i in NL such that s < t:

TIs, t]

-TIs, t]

o

if s = i

ift = i

otherwise

4. Capacity constraints: for each i, j in NL such that i < j:

:L (tij + tjD ::; bij
S,tENL:

s<t

The result of this mixed integer linear program will give us a logical topology,

which can support the traffic matrix T. Note that this MILP does not allow multiple

links between the same pair of nodes. What we get is a logical topology consisting of

bi-directionallinks.

As an example, we solved the above MILP for a 6-node network. The traffic ma­

trix T for 6-node network was generated randomly by Matlab from a uniform distribution

in (0,1).

0.00 0.53 0.52 0.71 0.80 0.79

0.53 0.00 0.42 0.23 0.85 0.14

0.52 0.42 0.00 0.64 0.33 0.51
T=

0.71 0.23 0.64 0.00 0.61 0.68

0.80 0.85 0.33 0.61 0.00 0.25

0.79 0.14 0.51 0.68 0.25 0.00

The resulted logical network is shown in Figure 4.1.

4.1.2 Survivable routing

In this section, we overlay the logical topology we got from the first stage over the

physical topology in a survivable manner, and we require the logical topology to support
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Figure 4.1: Designed logical topology

a surviving traffic matrix under physical failures. We assume that the WDM network can

provide unprotected and I+I protected lightpath services.

First, we discuss the survivable routing problem dealing with a single fiber link

cut. We modify the MlLP in Section 2.3.2 by replacing its survivability constraints. We are

given the logical topology obtained from the first stage, the physical topology and another

INLI x INLI traffic matrix R. R represents the traffic matrix that must be supported when

there is a single fiber link cut, and we refer to it as the "surviving traffic n. It is symmetric

about the diagonal and its diagonal entries are zeros. Obviously, each entry of R should

be less than or equal to the corresponding entry of matrix T. That is, for each node pair

(s, t), R[s, t] :5 T[s, tl. Let r;~,j)p·q be a nonnegative real valued variable which represents

the traffic from node p to q going through logical link (s, t) when fiber link (i, j) fails. Let

variables Fst and ItI be defined as in Section 2.3. We assume that the capacity of a logical

link is 1. Then Fst - UtI + Ijf} is an upper bound of the flow on logical link (s, t) when

fiber link (i, j) fails.

We assume that we can split the traffic from p to q arbitrarily over different paths

through the logical topology. The survivability constraint can be expressed as, for each

(i, j) in E p such that i < j and each s, p, q in NL such that p < q:

I
R[p, q] if s = p

L: r;~,j)pq - L: ri:,j)p·q = - R[p, q] if s = q

',(s,tlEEL t,(t,s)EEL 0 otherwise
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The solution satisfying the above survivability constraints will give us the routes

from node p to node q in the logical topology after fiber link (i, j) is cut, which supports

traffic rate Rfp, q].

We assume that the capacity of each surviving logical link equals 1. Thus, for

each (i, j) in Ep such that i < j and (s, t) in EL such that s < t:

~ (r;~,j)v.q + rl:,j)p·q) $ I
p,qENL:

v<q

Our objective is to minimize the total wavelength cost. The complete MILP for-

mulation can be expressed as follows.

min ~ ~ I;'}
(i,j)EEp (a,t)EEL'

s<t

Subject to:

1. Integer flow constraints: for each (s, t) in EL such that s < t and each (i, j) in E p :

I;'; E {D, I}

2. Survivable traffic flow capacity constraints: for each (i, j) in Ep such that i < j,

each p, q in NL such thatp < q, and each (s, t) in EL :

r(i,j)p.q > D
at _

3. IP topology integer connection constraints: for each (s, t) in EL such that s < t:

Fst E {I, 2}

4. Connectivity constraints: for each (s, t) in EL such that s < t and each i in N p :

Fst ifs=i

-Fst ift = i

o otherwise
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5. Disjoint routing constraints for the protected lightpaths: for each (s, t) in EL such

that s < t and each (i,j) in E p such that i < j:

f" +fst < 1hJ 1'-

6. Survivable IP link capacity constraints: for each (i, j) in E p such that i < j, each p,

q in NL such that p < q and each (s, t) in EL such that s < t :

r(i,;)P.q < F _ (f st + fst)
at - st JtJ Ja

r(i,j)P.q < F _ (f st + f~t)
ts _st h3)'I.

7. Survivability traffic flow conservation constraints: for each (i, j) in E p such that

i < j and each s, p, q in NL such that p < q:

" r (i,j)p.q - " r (i,j)p,q -IL.J 8t LJ ts -
t:(s,t)EEL t:(t,s)EEL

R[p, q]

-R[p, q]

o

ifs =p

if s = q

otherwise

8. IP topology link original capacity constraints: for each (i, j) in E p such that i < j

and each (s, t) in EL such that s < t:

" (r(i,;)P,q + r(i,;)P,q) < 1
'-' st ts _

p,QENL:
p<q

Since we are not given any information about the physical topology at the first

stage, we have to assume that the costs of all the possible logical links are the same. In fact,

logical links may have different cost since their lightpaths may have different fiber hops.

Thus, we can see this two-stage design may not give us the final optimal solution (total

wavelength cost).

As an example, we embedded the 6-node logical topology in Section 4.1.1 on a

random 6-node physical topology shown in Figure 4.2. The following matrix is the traffic

matrix R that the 6-node network needs to support after any single fiber link failure. Note
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thatR = ~T.

0.00 0.27 0.26 0.35 0.40 0.40

0.27 0.00 0.21 0.12 0.42 0.07

0.26 0.21 0.00 0.32 0.17 0.26
R=

0.35 0.12 0.32 0.00 0.30 0.34

0.40 0.42 0.17 0.30 0.00 0.13

0.40 0.07 0.26 0.34 0.13 0.00

~5~ ?

4

6 2

Figure 4.2: A 6-node physical topology

In Table 4.1, we summarize results ofsome examples. For each example, we first

design a logical topology based on a randomly generated matrix T. Then route it over a

random physical topology. The physical topologies are shown in Figure 4.3. The logical

topology must support traffic matrix R under any singlelfiber nk cut. For simplicity, we

take R = ~T. The 6-node network is labelled as 6-node, and so forth. The run-times have

always been our concern when we formulate MILPs. As expected, this problem becomes

computationally difficult for larger networks. In each stage design, the run-times increased

dramatically with the size of the network. For the physical topology with nodes less than

10, we could get the final result after the second stage within 8 minutes.

For the survivable routing problem for SRLGs, we can use a modification of

the MILP in Chapter 3. The modification replaces the survivability constraint with the

following one. We let r:;<p,q) be a nonnegative real valued variable between 0 and I which

represents the traffic from node p to q routed on logical link (s, t) when SRLG[k] fails. The

survivability constraints are given below.
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Table 4.1: Results of the two-stage design
Stage one Stage two

Elapsed run-times CPU run-times Logical links Elapsed run-times CPUmn-times Total A links

4-node 0.53 sec. 0.36 sec. 4 0.61 sec. 0.50 sec. 9
5-node 0.54 sec. 0.38 sec. 8 1,49 sec. 1,34 sec. 12
6-node O.5S sec. 0.45 sec. 10 8.86 sec. 8.77 sec. 20
7-node 11.76 sec. 11.4S sec. S 22.50 sec. 22.37 sec. 21
8-node 40.23 sec. 4O.0S sec. 12 37.50 sec. 37.37 sec. IS
9-node 2 min. 42 sec. 2 min. 42 sec. 15 1 min. 56 sec. 1 min. 55 sec. 23
IO-node 4 min. 23 sec. 4 min. 22 sec. IS 9 min. 44 sec, 9 min. 45 sec. 29
II-node 5 min. 13 sec. S min. 12 sec. 21 29 min. 29 sec. 29 min. 14 sec. 41

For k = 1,2, ... , m and each sENL

~
I' (s,llEEL

k.(p,q) '" k(P.q) -1Tst - L- rts -
I, (l,s)EEL

R[p,q]

-R[p,q]

o

if s =p

if s = q

otherwise

The total flow on logical link (s, t) is restricted by the following constraint. For k ­

1,2, ... , m and each (s, t) in EL such that s < t:

~ (r;~,j)P.q + rl;,j)P.q) ::; 1

p,qENL ;
p<q

All the other variables and constraints are similar to Section 3.2. Each feasible solution

resulted from the modified MILP gives us a layout that can support traffic matrix R when

a SRLG fails. From the value of r:i(P,q), we will know the traffic route from p to q in the

logical topology after the kth SRLG fails.

4.2 One-stage design

We now consider a one-stage design procedure. Given the underlying physical

topology, the nominal traffic T and surviving traffic R between each pair of logical nodes,

we can design the logical topology and find its survivable routing at the same time. This

one-stage design leads to an optimal solution. However, it leads to a much larger time­

complexity compared to the two-stage design. We assume that the WDM network provides

unprotected and protected Iightpath services. We formulate the logical topology design and
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survivable routing problem as an MILP. The MILP fonnulation discussed in this section is

fOT a single fiber link cut.

4.2.1 Problem formulation

The nominal traffic matrix T, the surviving traffic matrix R, and the physical

topology are given. To give the MILP fonnuJation, we would like to redefine some vari­

ables in Section 4.1. Let F,t be the number of connections set up between 8 and t. If there

does not exist a logical link between sand t, Fat = O. Iflogicallink (s, t) is realized by

an unprotected lightpath, Fat = 1, and if logical link (s, t) is realized by I+I protected

lightpath, F,t = 2. We can see that the value of Fat is related to the logical topology. The

logical topology is unknown, and will be specified by variables {bi;}. The variable bi; is

binary valued such that bi; = 1, if there is a logical link between i and j, and bi; = 0

otherwise. The following constraint states the relationship between Fat and bij . FOT each s,

tinNL andi,j inNL such that s < t,i <j,i = sandj = t:

This constraint ensures that if there is no logical link between s and t, Fat = 0

and if there exists a logical link between s and t, F,t could be I OT 2. Variable r;~';)P.q is

the traffic flow from node p to q going through logical link (s, t) (if it exists) afteT fiber link

(i, j) fails.

Our objective is to minimize the total wavelength cost. The MILP fonnuJation

fOT the logical topology design and its survivable layout can be expressed as follows.

min:L :L It;'
(i,j}EEp s,tENL:

a<t

Subject to:

I. Nonnegative variable constraints: for all i, j, s, t in N L such that 8 < t:

t~t > 0
'J -
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2. Integer variable constraints: for each i, j in NL such that i < j:

bij E {O, I}

3. Integer connection constraints: for each 5, t in NL such that 5 < t:

F,t E {O, I, 2}

4. Integer flow constraints: for each 5, t in N L such that 5 < t and each (i, j) E E p :

f;'fE{O,I}

5. IP topology flow constraints: for each (i,j) in Ep such that i < j, and each 5, t, p, q

in NL such that p < q:

r(i,j)p.q > 0
,t _

6. Logical topology connectivity constraints: for each 5, t, i in N L such that 5 < t:

T[s, t]

-T[s, t]

o

if 5 = i

ift = i

otherwise

7. Link capacity constraints: for each i, j in N L such that i < j:

:E (t1; + tjD :<::; bij
lJjtENL:

_<t

8. IP topology integer connection constraints: for each 5, t in NLand i, j in NL such

that 5 < t, i < j, i = 5 and j = t:

9. Connectivity constraints: for each 5, t in NL such that 5 < t and each i in Np:

:E Jt/ - :E iji = f
j, (i,j)EEp j, (j,i)EEp 1

F,t if 5 = i

-F,t ift = i

o otherwise
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10. Disjoint routing constraints for the protected lightpath: for each s in N L, t in NL

such that s < t and each (i, j) in E p such that i < j:

II. Survivable traffic constraints: for each (i, j) in E p such that i < j and each s, t, p, q

in NL such that s < t andp < q:

r(i,j)p,q < F. _ (fst + fst)
st - st ".1 J't

r (i,j)p.q < F. - (f,~.t + f~t)
t8 _st '.1 31

12. Survivability constraints: for each (i, j) in Ep such that i < j and each s, p, q in NL

such that p < q:

" (i,j)p.q _" (i,j)p.q _ !L. Tst ~ Tts -
tENt tENL

R[p, qJ
-R[p,q]

o

if s =p

if s = q

otherwise

13. IP topology link original capacity constraints: for each (i,j) in E p and each s, t in

NL such that s < t:

" r(i,j)p.q + r(i,j)p.q < 1
L.,.st ts-

p,qENL:
p<q

The solution of this MILP gives us a logical topology and its survivable layout

over the physical topology. The values of {bij : for each i, j in Nd will specify the

designed logical topology, and the value of Fst will specify the protection type of the light­

path for logical link (s, t). The resulting r;~,j)p,q determines the flow on logical link (s, t)

carrying the traffic from node p to node q after fiber link (i, j) fails.

The MILP for the SRLG could be formulated easily based on the same idea of

the MILP for the single fiber link cut.
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4.2.2 Experimental results

We solved the MILP in Section 4.2.1 for the 4-node, 5-node and 6-node networks.

FOT each of them, we used the same traffic matrices T, R and physical topologies as the

examples in Table 4.1. We tabulate the results in Table 4.2. We can see that, for the to­

tal wavelength link cost, the two-stage design got a sub-optimal solution while one-stage

design obtained an optimal solution. The run-times are also compared. As expected, the

one-stage approach consumed much more time than the two-stage approach. As can be

seen from Table 4.2, for the 6-node network, the one-stage procedure took about 20 min­

utes while the two-stage procedure only took about 9 second. In practice, since one-stage

approach takes much more time than the two-stage approach, we may choose the two-stage

design approach although the solution is sub-optimal.

Table 4.2: One-stage vs. two-stage
4-node 5-node 6-node

Total Total Total A Total Total Total A Total Total Total A
CPU times IP links links CPU times IP links links CPU times IP links links

1Wo~stage 0.86 sec. 4 9 1.72 sec. 8 12 9.22 sec. 10 20
One-stage 2.05 sec. 5 5 58.70 sec. 8 II 20 min. 23 sec. II 15
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Chapter 5

Conclusion

In this thesis, we considered the problem of overlaying the IP network over the

WDM network so that the IP network is still connected under physical failures. In Chapter

2, we reviewed the ILP formulation in [I] dealing with any single fiber link failure. Due

to the exponential growth of the number of the survivability constraints, to solve this ILP

becomes very difficult for larger networks. We modified this ILP to an MILP based on a

new necessary and sufficient condition for the survivability of the IP network. The proposed

MILP has a polynomial number of survivability constraints. We conducted many network

examples to illustrate that our MILP improves the run-time dramatically compared to the

ILP in [I] and it could be solved for large networks. We also formulated an ILP and an

MILP for a scenario where the WDM network can provide unprotected and 1+1 protected

lightpath services. In this scenario, we can always find the survivable routing of the IP

network over the WDM network.

The proposed survivable routing condition is not restricted to dealing with any

single fiber link failure, so we formulated an MILP to embed the logical topology on the

physical topology while withstanding the shared risk link group failure in Chapter 3.

In Chapter 4, we addressed a realistic scenario where we design the logical topol­

ogy based upon a nominal traffic mabix, and then find its survivable routing over a physical

topology. The logical topology must support a surviving traffic mabix under physical fail­

ures. We proposed two different approaches to solve this problem. One is the two-stage

design while the other is the one-stage design. The one-stage design results in an optimal
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solution while the two-stage design may only get a sub-optimal final solution. However,

the two-stage design has a lower time-complexity than the one-stage design.

Many extensions are possible for this work. In Chapter 3, while we focused on

the share risk link group consisting of the fiber links in a conduit, all the fiber links to an

axc is another kind of SRLG that can be considered. For the problem in Chapter 4, one­

stage design leads to a large time-complexity even for a 7-node network. Some new ideas

may come up to solve this difficulty by formulating the MILP in a different way. The fiber

link capacity constraints and wavelength continuity constraints may be incorporated to the

problem formulations. While our final objective of the ILPIMILP is to minimize the total

number of wavelength links occupied by the lightpaths, some other kinds of costs such as

the total number of physical links used, the total number of connections set up, etc., can be

minimized for different application interests.
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