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Abstract
In IP over WDM networks, IP links are realized by subscribing to Iigbtpath
services from a WDM network. Survivability is a key issue in designing such networks.
There are two kinds of Iigbtpath services available: protected and unprotected. The
research in [3] mainly considers the cases in which the only constraint is that the IP
network remains connected after any single fiber-link failure.

The problem was

formulated into a mixed integer linear programming (MILP) problem.

This thesis

considers the additional requirement of a minimum survivable network bandwidth, and
incorporates this as a criterion into the network design.
First a new MILP formulation is proposed which satisfies the minimum
survivable network bandwidth requirements. In addition, the computational requirement
for the MILP is measured in simulations.

Simulations show that the MILP has

reasonable computation costs for small to moderate size networks. These costs increase
with the increase of survivable bandwidth requirements.
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CHAPTER!

Introduction
1.11P overWDM

Wavelength Division Multiplexing (WDM) is a type of multiplexing developed for
use on optical fibers. WDM uses different wavelengths of laser light to carry different
optical signals. WDM network cousists of optical cross connects (OXes) interconnected
by multi-wavelengtb fiber links. A survivable IP network is realized by subscribing to
Iightpatb services from a WDM network. A lightpath is a circuit switched optical end-toend connection in WDM network, and it may span one or more fibers, allocating one
wavelengtb in every fiber tbroughout tbe patb. To create an IP network, we need to
establish a Iightpatb for each link in tbe IP network topology. We will illustrate this by
an example. The WDM topology and IP topology are shown in Figure 1.1. We overlay
tbe IP network topology over tbe WDM network by rmding tbe routes of tbe Iightpatbs
tbat realize tbe IP links. A possible layout is shown in Figure 1.2. However, tbere are
different ways to route tbe traffic in tbe WDM network. As in tbe example in Figure 1.1,
to realize tbe IP link (0, 4), we can either choose to use tbe Jightpatb (0, 5,4) or use tbe
Iightpatb (0, I, 2, 3, 4).

IPronter

oxe

(a) WDM network

El
0

(b) IP network

Figure 1.1. WDM topology and IP topology.

IProuter

oxe
fiber link

El

o
-

Iightpath

Flgnre 1.2. IP over WDM.

Survivability is important in IP over WDM networks. It is the capability of the
network to maintain an acceptable level of service in the event of node or link failure.
We call a network layout survivable if the Iightpaths are routed in a way that the IP
network is still connected when the WDM network has failures. In this thesis. we only
2

consider single fiber link failures.

Even a single failure can seriously degrade the

performance of the network, since a single fiber may carry a large amount of traffic.
Survivability mechanisms can be built both on optical layer and higher layers.
One approach to protect the IP-Over-WDM network is by assigning different protection
grades to different links in the optical layer. In this thesis, we assume two types of
lightpath services are available: unprotected Iightpath service and protected lightpath
service. As shown in Figure 1.3, unprotected service has one working path. If there is a
fiber link failure on the path, then the Iightpath fails. On the other hand, protected service
has one working path and one protection path which are fiber link disjoint So a fiber
link failure will result in at most one path failing, and the Iightpath survives on the
remaining path.

working path
router

EJf---§
working path

router
router
protection path
(B)

(A)

Figure 1.3. Two types of Ughtpath services: (A) unprotected (B) protected.
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In this thesis, we consider dedicated protection such as I: I and I + I protection.

Then protected bandwidth is not shared among lightpaths.

For example, in 1+1

protection, for each protected lightpath, a copy of its data is transmitted on both working
and protection paths.
To illustrate survivability issues, consider the case in Figure 1.4.

Only

unprotected lightpath service is used in this network scenario. Both the WDM network
and IP network topologies are 2-connected. But 2-connected topologies cannot ensure
the survivability of the IP network under a fiber link failure. If there is a fiber cut
between node 0 and I, then IP links (0, I) and (I, 5) will fail at the same time. Thus,
node I is disconnected aDd the IP network is no longer survivable.

(B) IP network topology

(A) Overlay of the IP network on the
WDMnetwork

Figure 1.4. U nproteeted Ugbtpatb services nnder a single fiber failure.
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1.2 Motivation, Previous Work and Thesis Overview

In this thesis, we focus on the design of survivable IF over WDM network with a
required minimum survivable bandwidth. Previous research considers the survivable IP
over WDM network, but when the only guarantee upon a failure is that the IP network
remains connected, e.g., (I] [2] [3]. In [2] and [3], the design of an IF over WDM
network aims at minimizing the cost of the network while ensuring the IF network
remains connected after any failure. The cost of the lightpath service is evaluated in
terms of the total number of wavelengths used by all the lightpaths established in the
network.
In [2], the survivable routing problem is formulated into an Integer Linear
Programming (ILP) problem. The ILP is impractical for all but small networks because

the number of constraints grows exponentially with the number of nodes in the network.
As a result, the computation complexity grows quickly with the size of the network. The
problem formulation in [2] is NP complete.
An MILP formulation is proposed in [3] and is shown to have a huge saving in

run time compared to the ILP formulation in [2]. The number of constraints of the MILP

in [3] is polynomial compared to the exponential number of constraints in the ILP in [3].
In [I] and [2], only unprotected lightpath service is available.

Unprotected

lightpath service is cheaper than protected lightpath service because there is no protection
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path, and the working path is not constrained to be fiber link disjoint with a protection
path. However. survivability can become more complicated to guarantee. Recall that a
single fiber link failure may cause multiple unprotected Iightpaths to fail simultaneously
as shown in Figure 104. In [3], both unprotected and protected Iightpath services are
provided. Thus we have more options in the IP over WDM network design.
Today the Internet is used for many important communication services. So we
assume that a user would require some minimum quality of communication service in the
case that link failures occur.

Our contribution is to quantifY this requirement.

In

particular, we quantifY this by a fraction h. When the network experiences a link failure,
we assume that a user requires a fraction h of its normal bandwidth to survive.
In Table 1.1, we compare the ILP in [2], MILP in [3] and MILPs in this thesis in
terms of the computationally tractable network size, types of survivable constraints and
available protection schemes. There are many other types of Iightpath services available
such as dual homing [5], survivable pairs [6] and disjoint triangle, disjoint triple [7].
Note that in those and other papers;the IP network topology and WDM network topology
are referred as the logical topology and physical topology, respectively.

6

Table 1.1. Comparison oflLP and MILPs.
Protection Scheme

ILP in [2]

Computationally Survivable Bandwidth
Tractable
Guarantee
Network Size
very small
connectivity only

MILP in [3]

large

connectivity only

MILP in this thesis

moderate

prescribed minimum
bandwidth b

unprotected and
protected
unprotected and
protected

unprotected only

In Chapter 2, we first look into the network scenario where only unprotected
lightpath service is provided. We provide an MILP formulation of the problem when the
minimum survivable bandwidth constraint is a fraction b.

We name our MILP

formulation MILP-U-BW. It is a variation of the MILP in [3]. We also propose a
variation ofMILP-U-BW to reduce the computation complexity.
In Chapter 3, we re-formulate the MILP problem in Chapter 2 so that both
unprotected and dedicated (e.g. I + I) protected Iightpath services are available. Cost
efficiency is compared with different values of survivable bandwidth. It is shown that the
network cost decreases as the survivable bandwidth decreases.
In Chapter 4, we will implement our MILP formulation over the three commonly
used WDM networks with 100 randomly generated 2-connected IP topologies. We will
study the performance of our MILP model by evaluating the bandwidth cost.
Concluding remarks as well as future research discussions are presented in
Chapter 5.
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CHAPTER 2
MILP Formulation with Unprotected Lightpath
Service

In this chapter, we will present the IP over WDM design problem that guarantees
minimum survivable bandwidth. To describe the survivability constraints, let T denote
the adjacent matrix for an IP network topology, i.e. 1',.1 = 1 if and only if i and j are
neighbors, and 0 otherwise. Let b denote the fraction of bandwidth of the IP network that
must survive a failure. Then the survivable bandwidth constraint is as follows. Suppose
each IP link has a unit of bandwidth. Then the IP network will support traffic matrix
b . T under a single fiber link failure.

8

2.1 Network and Traffic Model

For a WDM network topology, we have a set of nodes {I, 2 ... N}, where each
node represents an OXC. We denote the node set in the WDM network topology as N p •
Here, the subscript "p. denotes the "physical" topology, which is another reference to the
WDM network topology. We have a fiber link set Ep with links connecting the OXCs.
All the fiber links in Ep are bi-directional. A fiber link is denoted by its end node
Note that

(i,j)

(i,j).

is in Ep if and only if V,i) is in Ep. It is assumed that if a fiber-link

fails then it is unable to transport data in either direction.
For the IP network topology, we have a set of nodes N L , each node representing
an IP router. Here, the subscript"L" denotes the "logical" topology, which is a common
reference to the IP network topology.

We assume NL = N p

,

i.e., an IP router is

connected to and located at an OXC. We have a set of IP links connecting those IP
routers. It is assumed that the IP network links are bidirectional and are realized by
bidirectional Iightpaths. An IP network link is denoted by its end nodes
denote the set of links by EL. Note that

(s,t)

(s,t).

We

is in EL if and only if V,s} is in E L . In

this thesis, the IP and WDM network topologies are all 2-connected. For a 2-connected
topology, the topology remains connected after a single link failure.

In this chapter we formulate the problem of survivable IP over WDM with a
survivable bandwidth requirement as an MILP problem. The solution of the problem is

9

an overlay of the IP network over the WDM network, so that if a fiber link failure OCCW'S
and one or several IP links fail, the surviving IF topology is still able to support a fraction

b of the nonnal network bandwidth. In addition, only unprotected Iightpath service is
available. This is illustrated in Figure 2.1. Here. we have an IP network, which is a four
node ring, overlaid on a WDM network. When there is a fiber cut on the link (0, I), IF
link (0. 1) fails in the IF network. Thus the traffic needs to be re-routed.

(a) WDM topology

(b) IP topology

IProutsr

axe

B
0

llberUnlt IIghtpath -

(e) IP overWDM

Figure 2.1. MILP traffic modeL

After we reroute the traffic, IP links (0, 3), (1, 2) and (2, 3) need to share
bandwidth with the IP link (0, I) as shown in Figure 2.2. For this failure, the network can
support 50% of the nonnal traffic. Figure 2.3 illustrates the possible fiber link failures.
10

It can be verified that the network can support 50% of the normal traffic under any single

fiber link failure. Thus, the network has a minimum survivable bandwidth b =~

IP router

oxe

El

0

fiber link
IIghtpath -

Figure 2.2. Traffic reroute uuder single fiber cut.

II

.

IP router

oxe

E:J
0

ftberllnk IIghtpath -

Figure 2.3. IP over WDM network overlay with b

= 112 nnder single fiber eut.

2.2 MILP Formulation with Minimum Survivable Bandwidth

Given both the WDM and IP network topologies, we want to fmd a survivable
layout of the IP over WDM with a minimum survivable bandwidth, which is denoted by a
fraction h.
The objective of our MLIP formulation is to minimize the total number of
wavelengths used, which is the cost of the network. We have the network flow variable
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J;:: ' which indicates that a Iightpath for IP link (s,t) is routed on fiber link (i,j). It is a
binary variable: if the IP link (s,t) is routed on fiber link (i,j), J;:j' equals I; otherwise,
it equals O. The Iightpaths are bidirectional, so we only want one set of flow variables

J;:: per IP link (s,t).

Hence. we assumes<t, i.e. there are no flow variables

J;:j' if

s<t.
We assume that the WDM network only provides unprotected Iightpath services.
When a single fiber failure occurs, the traffic on the IP network needs to be re-routed.
Here we define a set of survivable flow variables
traffic will flow when fiber link

(i,j) fails.

gg:;r'.') , which correspond to how IP

We assume that normally each IP link

(u, v)

carries one unit of traffic from u to v, and another unit of traffic from v to u. When fiber
link

(i,j) fails,

that traffic must be rerouted. The variable

traffic that is normally carried on IP link

(s,t)

because of the failure of fiber link

gi!:W··'l

is the amount of

(u, v) from u to v, but is now carried on IP link

(i,j).

The MILP objective is to minimize the total number of wavelengths used:

min

L LJ;'j
(/.)}eEp (a,l)eEL
.<)
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The MILP constraints are presented below. After each constraint, we give a motivation
for it.
1.

Integer flow constraints:

f/f e {O,I}
for each (i,j) e Ep and each (S,/) eEL such that s<1 .
2.

Connectivity constraints:

~

1',.'-

L...JI.J
t(/.J)aEp

~f'"
L...
jJ
J~J.I)aEp

--

if i=s

I

I
-1
0

lif i=1
olherwise.

for each (s, I) eEL such that s < I , and for each node i e N p. This insures that there is a
single lightpath routed from node s to node t.
3.

Lower capacity constraints:
(/.J).(U.V)
g is)~

for each (i,j)

E

~

0

Ep such that i <j, each (S,/) eEL and each (u, v) e E L .

When fiber link (i,J"
is the amount of traffic from source u to
J fails' (g(/.JMU.v)
8)
destination v routed on 1P link

(s,/)

in the direction from s to I. Note that 1P link

(s,t)

is

realized by a lightpath.
When fiber link (i,j) fails, correspondingly, fiber link V,l) fails too. Therefore
we require only one set of variables

gi!1t(u.V) for fiber link (i,j).

the constraint i < j .
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This is why we have

4.

Survivable bandwidth constraints:

~g(l.}M"') ~g(/,}1("') =j~b

~ ($.1)
t:(:r,t)aE1.

_

~

(I.s)

t:(t,s)eEL

ifs=u
ifs=v
if s¢u,S¢V

0

for each node SE NL , each (i,j) E Ep that i<j and each (u, v) E EL •
Here b is the fraction of survivable network bandwidth when a single fiber link

(i,j) fails.
The constraint insures that for each IP link

(u, v)

(resp.,

(v.u)), the surviving IP

network can carry a fraction b of its bandwidth from node u to node v (resp.• node v to
node

u). If s is the source node of IP link (u. v). there is b amount of the bandwidth

coming out of s; if s is the destination node of IP link

(u, v). there is b amount of the

bandwidth going into the node s. If s is neither u nor v. then the net flow of the
bandwidth is zero.

S. Upper capacity constraints:
~g(/.JX"') ~ l-U;'.I
~

($,1)

I,J

+ J.,,/)
J,J

(t1.v)eEL

~g(l,}x•.V) ~I_( ,,'J
(I...)
J I,}

L.

+ J"'J)
},I

(II.V)eEt

for each (i.j)

E

Ep such that i<j and each (s.t) E EL such that s<t .

The left hand side of the constraints is the sum of the IP traffic that is routed on IP
link

(s,t).

The right hand side is the capacity ofIP link (s.t) if fiber link (t,j) fails. In

particular. the capacity is

I-U;:: + f;n. which can either be 0 or 1.

It is zero if and

only if U;:: + f;i) equals I. which is true if and only if the lightpath for IP link (s.t) is

IS

routed on fiber link (i,j). Since fiber link (i,j) has failed, the capacity of IP link

(s,t)

is zero if and only if its lightpaths had been routed on the failed fiber link (i, j) .
Otherwise, the capacity ofIP link (i,j) is I.

2.3 Run time Comparisons of MILPs with Survivability Constraints

An MILP formulation with survivability constraints is proposed [3].

It only

considers the survivability of the network under a single fiber link failure. It shows a
considerable saving in run time compared to the ILP formulation in [2]. In this thesis we
compare our MILP formulation with the MILP formulation in [3]. We name the MILP in
[3] and our MILP formulations as MILP-U and MILP-U-BW, respectively. Both MILPs
only provide unprotected lightpath services. evaluated in terms of the CPU time and
elapsed time. The CPU time is the system time and the user time. The elapsed time is
the time measurement from the beginning to the termination of a program.
In our simulations, AMPL is used to model the problem and CPLEX is used as
the solver [10]. AMPL is a modeling language used for mathematical programming. We
implement the AMPL+CPLEX package on a Sun blade 100 computer. For each IP over
WDM network, we have a model file which dermes all the variables, objective function
and constraints in the problem. We also have a data file for each instance of the problem.
Each data file has the parameter values that describe the links and nodes in the WDM and
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IP network topologies. We use an AMPL script to designate the model for our simulation
and the data file for each topology. Then we call CPLEX to solve the problem.
For the IP and WDM network topologies, we used are 2-connected meshes. We
restrict topologies to be 2-connected because a topology that is less than 2-connected will
never lead to a survivable layout.
A topology is genemted by first having the designated number of nodes, and then

randomly establishing links between those nodes until the topology is 2~onnected. The
topologies are ordinary gmphs mther than multi-gmphs, i.e., they have at most one link
between any pair of nodes.
I
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Figure 2.3. Run time comparisons with the MILP-U in [3).

We plot the CPU and elapsed times for the simulations in Figure 2.3 for b = 113.
The times are measured in seconds. Each data point corresponds to an IP and WDM
network topology pair. Note that the times are plotted against the number of nodes of the
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topologies that range from 7 to 23 nodes. We can see that as the size of the network
increases, both the CPU and elapsed times increase.
From Figure 2.3 we can see that MILP-U-BW model has a longer run time than
the MILP-U.

This is due to more constraints to insure the survivable fraction of

bandwidth h. This will be illustrated by a study of computation complexity in Section 2.3.
The run times of the MILP-U-BW are smaller than the ILP formulation in [2].
For example, for the same 15 node IP and WDM mesh network topologies pair, ILP took
more than 5 minutes for the CPU time and 80 minutes for the elapsed time [3]. However,
our MILP-U-BW only took about 55 seconds both for the CPU time and elapsed time.
Our MILP-U-BW is able to solve a network problem up to 23 nodes within an hour.
Therefore, MILP-U-BW is practical for small to moderate size networks.

In Figure 2.3, as the network size gets larger, especially for networks with 17
nodes or larger, we can see a gap between the CPU time and the elapsed time. This is
mainly due to time consumed in 110 access when virtual memory was used.
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18 node IP over WDM network
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Figure 2.4. Run time for an 18 node topology with different survivable bandwidth
requirements.

Figure 2.4 shows the run times over different levels of minimum survivable
bandwidth b for a single IS-node IP over WDM network example. Both the WDM and
lP network topologies were randomly generated 2-connected mesh topologies, as
described earlier in this section. All the links are bi-directional.
Notice that as the survivable bandwidth becomes smaller, both the CPU time and
elapsed time decrease. This could be due to the constraints becoming less restricted as b
becomes smaller. Therefore the CPLEX solver does not need to go through all the
bandwidth constraints, and the run time decreases. The difference in run time can be
significant. For example, when b = 113. the CPU time is 248.72s and the elapsed time is
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400.9Is. But when b = 11100, the times are significantly smaller where the CPU time is
76.2s and the elapsed time is 233.47s.
Figure 2.5 illustrates the experimental results over a 20 node WDM and IP
network topologies pair. It shows the same trend in run time as demonstrated in the 18
node pair of topologies.

20-node IP over WDM network
700,---------------------------------------,

.

600
500

t=

::~:::::::::::::::::::::::::
• • • •

200
100
O+---~--~--~--_r--

__

•

--~--

•

•

____--__

~

..,

..,~...'1:1 ~#'
minimum survivable bandwidth b

7C

sec
'1.........
'-----C-pu-tIm-e-(C--c.)--·
, --II- elapsed

IIme(sec.)

Figure 2.S. Run time for a 20 node topology with different snrvivable bandwidth
reqnirements.
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2.4 Computation Complexity Comparison

The MILP-U-BW fonnation with a minimum survivable bandwidth guarantee b
has more constraints than MILP-U, which only ensures connectivity. We will show this
by comparing the computation complexity between the two MILPs.
In the MILP-U and MILP-U-BW, we have the same number of nodes in the IP

2·IE I

L
and WDM network topologies. Let N denote the number of nodes. Let d L = - and

N

2·IE I

d p = -,;-. Note that d l• and d p are the average number of neighboring nodes in the IP
and WDM network topologies, respectively. Tables 2.1 and 2.2 show the number of
constraints in MILP-U [3] and MILP-U-BW, respectively.

Assuming d L and d p are

constants with N, the number of constraints of the MILP-U grows quadratic with N, while
the number of constraints in MILP-U-BW grows as a cubic with N.
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Table 2.1. Compntation eomplexity for MILP-U [3).

Number of Constraints
Integer and Non-negative Variables
Constraints

IEpix I~LI +

Conneetivity Constraints

INplxlE;1

Capacity Constraints

2)ELI)Epl
2
2

Survivability Constraints

IE;lxINLI

Total Constraints

IE;I xlEd

N 2 ·dp ·dL
4
N 2 ·dL
2
2
N .dp .dL
8
N 2 .dp
2

(d p ;dL + 3.d;.dL}N 2

Table 2.2. Compntation eompIexity for MILP-U-BW.
Number of Constraints
Integer Flow Constraints

IEplxl~LI

Conneetivity Constraints

INplxl~LI

Lower Capacity Constraints
Survivable Bandwidth Constraints

IE I)Ed)ELI
P
2
2

IN IxlEplxlEd
L

Upper Capacity Constraints

2

2

2)ELI)Epl
2
2

Total Constraints

(dp.dt'
32

22

N 2 .dp .dL
8
2
N .dL
2
N'.dp .dL2
32
N'.dp ·dL
16
2
N ·dp ·dt
8

+dp16·dLIN' +(dp·d4 L +d2L}N

2

Figure 2.6 illustrates the difference. We plot the number of total constraints with
network topologies from 5 to 30 nodes and set dp =dL =2.5. The large difference
between the two can explain why the MILP problem with minimum survivable
bandwidth has longer CPU and elapsed times.

Computation Complexity Comparison

""

i

a:I

30000
25000

•

Cl

U 20000

....

OS

---------------~------

•

------ --- - -~!-- - - - -----

15000

,Q

a1:1

Z

~

Eo<

-

5000

.,..-.

.-------.

10000

- - - - - -

•

---

--- - - -- - ._---

..,--

--------E~~------------------------~

~~...------

0
5

7

9

11 13 15 17 19 21 23 25 27 29

NumherofNodes

--!!ILP-U in [3]
-0- - !!ILP-U-Bi

Figore 2.6. Computation complexity comparisons.

2.5 Another MILP Formulation for Unprotected Lightpaths

We provide an alternative formulation to MILP-U-BW of Section 2.2 which
reduces the number of variables and constraints. We refer to this as MILP-U-N.
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For MILP-U-BW, each IP link (u, v) has a corresponding collection of variables
gg~r"") and survivable bandwidth constraints. For MILP-U-N, there is a collection of

variables 1(~1,~d and constraints for each node rather than each IP link. In particular, for
each node de N L , let E; be the incoming IP links to d Now, let S; be the set of end
nodes of the IP links in

E;.

some Ie, then we have S;

={c"c 2 ,c" ...,c.}.

For example, if

E; = {(c"d}(c2 ,d}(c"d}...,(c.,d)}

for

In MILP-U-N, for each node d, there are

survivable bandwidth constraints such that b amount of IP traffic flow is pushed from
each node c E S; to d So node d will sink b

·IE;I amount of flow.

The new MILP will

typically have a reduction in survivable bandwidth constraints than the MILP-U-BW
because for a 2-connected topology,

INLI s IELI.

Therefore, the run time of MILP-U-N

should be shorter.
We now present the MILP-U-N. Similar to MILP-U-BW in Section 2.2, the
objective is to minimize the total number of wavelengths that are used. We use the same
binary variable

t.:f to indicate ifIP link (s,/) is routed on the fiber link (i,j).

When a fiber link failure occurs, the traffic must be rerouted. We use the set of
survivable flow variables 1(~.~~d , which correspond to the flow of IP traffic that is
destined for node d.

In particular, the variables 1(~:~w is the amount of traffic that

normally goes to node d. but is now carried on IP link
link

(i,j).
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(s,/) because of failure of fiber

The objective ofMILP-U-N is:
min LJ
~

~ J,'J
~

I,J

(i,j)eEp (.r,l)eEL
,<I

The constraints ofMILP-U-N are presented below:
I.

Integer flow constraints:
J,~j e {O,I}

foreach(i,j)eEp and each (s,t)eEL such that s<t.

2.

Connectivity constraints:

-1

if s=i
if I=i

0

otherwise.

j
l

LJ,~j
t{IJ.,E,

-

L~:~

=

JVJ}s.Ep

for each (s,/) eEL such that s<t,andforeachnode ieEp.
3.

Lower capacity constraints:

for each destination node d, each (i,j) e Ep such that i < j, and each

s<l.
4.

Survivable bandwidth constraints:

for each node seNL and for each destination deNL

~ r.(/.J~d ~ =l~b"

" " (3,1>
t:(a,JlaEL

-

r,(I.JV

£.J (t,s)
t:(t,s)eEt

0

E"d

if seS;
if s=d

I

otherwise.

for each (i,j) e Ep such that i < j.

2S

(S,/) e EL

such that

Here b is the fraction of the original traffic the networl< can still support when the
fiber link

s.

(i,j) is down.

It is the guaranteed minimum survivable bandwidth.

Upper capacity constraints:
~ 7:(I.)).d

£.J

(s,t)

S I_I I"'J + !'J)
V I.J

1.1

dQEL

~

~
deEL

for each

7:(I.)).d
(',3)

S 1_(J~'.'
+ !'J)
i,J
jJ

(i,j) E Ep such that i < j and each (S,I) E EL such that s < t.

The run times of MILP-U-N and MILP-U-BW are shown in Figure 2.7 over the
same mesh network topologies as in Section 2.3. The run time of MILP-U-N is smaller
than the run time of MILP-U-BW. The run time of MILP-U-N is approximately 213 of
the run time of MILP-U-BW for the same IP and WDM network topology pairs.

MILP-U-BWvs. MILP-U-N
10000,-------------------,
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1
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10n 11n 12n 13n 14n 15n 16n 17n 18n

Nodes In tbe network

_e1ll1ped_MILP-U-BW(w:.)

qlU_MILP-U-N(aec.)

-*- eI8IIpcd_MILP-U.N(.ec.)

Figure 2.7. MILP-U-BW and MILP-U-N run time comparisoos.
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CHAPTER 3
MILP Formulation When Protected Lightpath
Service is Available

In this chapter, we present an MILP where it is assumed that both unprotected and
protected Iightpath services are available.

In addition, we assume that the protection is

dedicated protection and for simplicity we will further assume it is I+ I. We refer to this
new MILP as MILP-P-BW. By also considering protected Iightpath service, a survivable
layout of the IP over WDM network is always possible if the IP and WDM network
topologies are 2-connected. In Chapter 2, there is no such guarantee.
MILP-P-BW has the same variables as MILP-U-BW. It also has a new variable

F", which is the number of optical end to end connections (e.g. working and protection
paths) between a source and destination pair

(s, t) .

Variable F" is I when there is only

unprotected Iightpath service; and F.. is 2 when there is both working and protection
paths, which means that the Iightpath is protected. The MILP-P-BW has the same
objective function as MILP-U-BW:

min

L Lf.:i'

...

(i.)eE,. (SJ)eEL
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The following are the constraints ofMILP-P-BW:
1.

Integer flow constraints:

for each (i,j)e Ep and each (s,t) e EL such that s<t. This is the same as MILP-U-BW.
2.

Protection type constraints:

F,t e {1,2}
for each (s,t) in EL such that s < t .
3.

Connectivity constraints:

F..t

~J.'"

~/'"

-

~ 1,)~ iJ'""""
j;(1.j)taEp
j:(j./)e.Ep

j
-

0

F8,t

if i=s
if i=t
otherwise.

for each (s,t)eEL such that s<t, and for each node ieNp.

4.

Disjoint routing constraints:
~'I
It.)

+/'"
J,I

~

1

for each (t,j)eEp and each (s,t)eEL such that s<t.
This constraint insures that the working and protection paths cannot share the same

fiber link

(i, j).

The two links are therefore link disjoint and can never fail at the same

time.
5.

Lower capacity constraints:
(.,)),(u.,)
g (JJ)

~

0

for each (t,j) E Ep such that i <j, each (s,t) e EL and each (u, v) E EL such that u < v.
This is the same as MILP-U-BW.
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6.

Survivable bandwidth constraints:

~g(I.I~("') L..~g(I.I1(",) =j:b

L.,

(8.1)

r.(SJ)eEl.

-

(106)

r.(t,s)eEL

ifs=u
ifs=v
otherwise.

0

for each node se N L , each (i,j) e Ep that i <j and each (u,v)e EL . This is the same as
MILP-U-BW.
7.

Link availability constraints:
~g(IJX"')

~ (.J,t)
(U,v)eEL

SF$,t -(f,')
+1")
IJ
j,J

~g(IJX"') sF - (f," + I")
£.J
(1,8)
8.1
IJ
).1
(U.v)eEL

for each (f,j)eEp such that i<j and each (s,t)eEL such that s<t. The right hand
side of the constraints are greater than or equal to I if the IP link (s,t) is available when
fiber link (f,j) fails.
8.

Upper capacity constraints:

oS

~g(l.IX"') S
L., (8,1)

I

(u,v)aEl,

for each (i,j)e Epsuch that i<j and each (s,t) eEL' This insures that the traffic load
across link (s,t) is at most 1.
Figure 3.1 compares the run times of our MILP-P-BW with an MILP in [3],
where both protected and unprotected lightpath services are available. The MILP in [3] is
referred as MILP-U+P.

MILP-U+P only guarantees that the IP network remains

connected after a fiber link failure, whereas MILP-P-BW guarantees a fraction of the
normal network bandwidth. We used the same 7 to 23 node mesh network topologies as
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in Chapter 2. Notice that the run times increase as the network size becomes larger, as in
Figure 2.3 in Chapter 2.
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Figure 3.1. R,un time comparisons with the MILP-U+P In [3].

From Figure 3.1 we can see that MILP-P-BW has longer run times than the MILP
in [3]. This is due the constraints to insure the survivable fraction of traffic h. The
simulations show that reasonable computation time for MILP-P-BW can be expected for
smaU to moderate size networks. To compare the computation times ofMILP-P-BW and
the ILP of [3], note that the ILP of [3] on a 14 node network pairs took more than 4
minutes of CPU time and more than 47 minutes of elapsed time. Our MILP-P-BW took
less than 32 seconds of both CPU time and elapsed time for the same network. Note that
in [3], it was shown by simulations that the computation time for the ILP increased
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dramatically with network size. Practical computation times for ILP in [3] are only
computationally tractable for small size networks.
Our MILP-P-BW is practical for moderate size networks. It is able to solve a 23
node network problem in approximately an hour and ten minutes.

Notice that the

difference between the CPU time and elapsed time is mainly due to the 110 swap delay,
especially for larger networks with more than 18 nodes.
Next, we implement our MILP-P-BW on 20 node mesh topology from Figure 2.5.
Figure 3.2 demonstrates the relationship between run time and bandwidth. As the
minimum survivable bandwidth becomes smaller, the CPU time and elapsed time both
tend to decrease.

20 node IP over WDM network
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Figure 3.2. Run time for a 10 node topology with different snrvivable bandwidtb
requirements.
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CHAPTER 4
Simulation Results

In this chapter, we study two issues through simulations. The ftrst is to maximize
the minimum survivable fraction of bandwidth b for a collection of WDM network
topologies, when only unprotected lightpath service is available. The simulation results
for this issue are presented in Section 4.1. To determine the maximum value for b, the
MILP-U-BW in Section 2.2 must be modified. This will be explained in Section 4.1.
The second issue is to determine the cost as a function of guaranteed survivable
fraction of bandwidth b for a collection of WDM network topologies. Here cost is the
total number of wavelengths used by the overlay, i.e., the sum of the wavelengths used in
the ftber links over all ftber links. It is assumed both protected and unprotected lightpath
services are available. The simulation result of this issue is presented in Section 4.2.
The topologies we use are the 12 node ring WDM topology, 3-Cycle topology and
a mesh topology, the 14 node NSFNET topology shown in Figures 4.1, 4.2 and 4.3
respectively. These are the same topologies used in [3]. The ring and mesh are common
topologies used in the telecommunication industry.
characteristics between the ring and mesh.
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The 3-Cycle topology has

Figure 4.1. Ring WDM topology.

Figure 4.2. 3-Cye1e WDM topology.
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Figure 4.3. NSFNET WDM topology.

As mentioned earlier, we implemented our mathematical programming models
using AMPL + CPLEX on a Sun blade 100 computer. For the simulations reported in the
next subsections, for each WDM network topology, we considered 100 randomly
generated IP network topologies. They are generated by fIrSt having the same number of
nodes as in the WDM network topology, and then randomly establishing links between
those nodes until the topology is 2-connected.
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4.1 Maximum of the Minimum Survivable Bandwidth

We ran simulations to maximize the minimum survivable bandwidth of a network
when only unprotected Iightpath service is provided. To compute the maximum, we
modify the MILP-U-BW in Section 2.2 by changing the objective function and introduce
a variable b. We refer to the new MILP as MILP-MB. The new objective function is:
min (-b+O.OOOOOI.

L Lf/f).

(/,J';aEp (.tJ)eEL
$<1

The first term b denotes the minimum survivable fraction of bandwidth, and the
second term

L Lf.:: denotes
(f.J)eEp (s,t)aEt.
'<1

the cost in total wavelengths used.

We use a

•

weighted linear combination of the two terms.

By having a very small coefficient

associated with the cost, MILP-BW primarily maximizes the survivable bandwidth of the
network b, and then secondarily minimizes the cost.
The simulation results for MILP-BW are shown in Figures 4.4, 4.5 and 4.6 for the
ring, 3-Cycle and NSFNET WDM topologies, respectively.

The figures show the

accumulated statistics of 100 IP topologies with different b values. For example, in
Figure 4.4, 79% of the network topologies have a minimum survivable fraction of
bandwidth b of at least 0.1667. Some of the topologies may have higher values of b, but
none have b lower than 0.1667. Since the total number of topologies is 100,79"10 is
exactly 79 topologies.

3S

First we look at the simulation results on the 12 node WDM ring network
topology in Figure 4.4. Note that b = 0 implies there is no overlay of the IP network that
leads to a survivable IP network. Since the Iightpath service is unprotected service.
certain 2-connected IP network topologies will not lead to a survivable overlay. There
are 21 (21%) such cases.
Among the survivable IP network overlays (79%), i.e., b > 0, at least a survivable
fraction of bandwidth of 1/6 can be provided. The largest possible survivable fraction of
bandwidth is 112.

Almost two-thirds (62%) of the IP network topologies lead to a

survivable fraction of bandwidth of 1/3. which is fairly high.
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Figure 4.4. Unprotected WDM ring network simulation resnlts.

Figures 4.5 and 4.6 show the simulation results for 3-Cyc1e and NSFNET WDM
network topologies. respectively.

The results are qualitatively similar to Figure 4.4.

Notice that the mesh topology NSFNET leads to the highest survivable bandwidth, while
the ring network leads to the lowest For example, NSFNET has only 3% of the IP
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network topologies with no survivable bandwidth, whi le the ri ng network has 21 % of the
lP netwo rk topologies. T his is not surprising since NSF ET has more paths between
pairs of nodes than the ring. The 3-Cycle topo logy leads to performance between the ring
and NSFNET.
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Figure 4.6. Unp rotected WDM NSFNET network simulation results.
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4.2 Cost as a Function of Minimum Survivable Bandwidtb

We implemented MILP-P-BW in Chapter 3 over the ring, 3-Cycle and NSFNET
WDM network topologies, respectively. Since protected lightpath service is available, a
survivable layout always exists.
Here we want to determine the cost of the network as a function of survivable
fraction of bandwidths b. We use the same 100 IP network topologies as in the
simulations in Section 4.1. For each WDM network topology, we calculate the average
costs of 100 IP randomly generated network topologies.
The simulation results of WDM ring topology are presented in Figure 4.7. Note
that b = I leads to a very high cost because all IP links are protected with 1+1 protection.
Also note that b

=

0 is the case when there are no survivability requirements, thus the

Jightpaths are unprotected and routed along shortest paths. This is the minimum possible
cost of the network as survivability is not required. As expected, the cost decreases as b
decreases.
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12 ring WDM topology
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Figure 4.7. Protected WDM ring network simulation results.

To compare the efficiency of this protection approach, we consider a variation of
standard protection in ring networks. In particular, we consider a variation of standard
shared protection, such as SONET Bi-directional Line Switched Ring (BLSR) as shown in
Figure 4.8. The network has a "loop back" protection mechanism. In the figure, a link
fails, and traffic that ordinarily traverses the link takes a detour around the ring to get to
the other side of the link.
In BLSR, haIf the bandwidth in the ring is for working traffic and the other half is
for protection. So if there is one unit of bandwidth assigned to working traffic in a link,
there is one unit of bandwidth for protection as well. This is sufficient to protect the ring
under all link failures.
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source

destination

Working Path
Protection Path

EJ

oxe

X

Fiber Failure

Figure 4.8. SONET bidirectional link switched ring arehitecture.

Suppose we will set up an IP link overlaid on the SONET ring network that
traverses k SONET links and use

p amount of working bandwidth on each link.

It is

reasonable to assign a cost of 2P per SONET link because for evety unit of working
bandwidth there is one unit of protection bandwidth. So the cost of the IP link is 2p·k.
Now we consider a modified approach of standard BLSR where each link has one
unit of bandwidth for working traffic and b units of bandwidth for protection. Then the
same loop back mechanism of BLSR can protect a fraction b of the working traffic on
any link.

Suppose we will overlay an IP link on this ring network that traverses k

SONET links and uses

p

amount of working bandwidth on each link. It is reasonable to
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assign a cost of (I + b). fJ per SONET link because for evety unit of working bandwidth,
there are bunits of protection bandwidth. So the cost of the IP link is (I +b). fJ·k.
Table 4.1 shows the cost comparison between our protection approach MILP-PBW and the modified shared protection on a ring.

For b =I, the network needs to

support its original traffic in case of a single fiber link failure. Our protection approach
has a higher cost than shared protection because it has dedicated I + I protection.
For b < I, our MILP-P-BW can have a significant savings in cost. A reason why
shared protection is not as efficient is that its working bandwidth can only carry working
traffic. Our approach allows all surviving bandwidth to be available for protection.

Table 4.1. Cost comparison between modified sbared protection and MILP-P-BW.

Cost (total number of wavelentnhs used)

b-I
Shared
154
Protection
MILP
282

b-I~

b-I~

b-I~

b-I~

b-IM

b-InO

116

103

96

93

90

85

112

90

87

86

86

85

The simulation results for 3-Cycle and NSFNET WDM network topologies are
shown in Figures 4.9 and 4.10, respectively. The results are qualitatively similar to
Figure 4.8. Notice that the mesh topology NSFNET leads to the lowest cost, while the
ring network leads to the highest. For example, only 6% more cost is needed support half
of its original traffic for NSFNET, while for ring WDM network, 45% more cost is need.
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This is because NSFNET has more paths between pairs of nodes than the ring, which the
traffic can route on shorter paths that traverse fewer wavelengths. The 3-Cycle topology
leads to performance between the ring and NSFNET.

3-Cycle WDM topology
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Figure 4.10. Protected WDM NSFNET network simulation results.
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CHAPTERS
Conclusion
5.1 Discussions
The survivable routing of the IF over WDM network has become important in IF
over WDM network design. In previous work, the survivability constraint is for the IF
network to remain connected. Our contribution in this thesis is to require the IP network

to retain a minimum fraction of its normal bandwidth in case of a single fiber link failure.
In Cbapter 2. we formulate the problem into an MILP. We compare our MILPU-BW with the ILP in [2] and the MILP in [3].

Another variation. MILP-U-N. is

proposed to reduce the computational complexity in Chapter 2. We find the MILP-U-N·
uses approximately 113 less run time than MILP-U-BW through simulations.

In Chapter 3 we formulated the MILP-P-BW where the I + I protection is
available. Run time comparisons are made through simulations.
Our MILP-U-BW and MILP-P-BW consumes more run time than the MILP-U
and MILP-U+P in [3]. respectively. The additional run time is caused by the additional
survivable bandwidth constraints.

But our MILP-U-BW and MILP-P-BW are still

computationally tractable up to a moderate number of nodes, which may be sufficient for
many and perhaps most applications. Compared to the ILP of [3]. our MILPs still show a
considerable savings in run time.
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In Chapter 4, we simulated our MILPs over a set ofWDM networks. The results
show that among the three WDM topologies, the mesh topologies lead to higher
survivable bandwidth than rings. The results also show that the IP overlaid over WDM
network approach that protects only a fraction of the normal bandwidth leads to
reasonable cost. For example, in the case of a ring network, it leads to lower cost than
the modified shared protection. This may be appropriate for certain network applications
that are price sensitive but require a minimum quality of communication service.

5.2 Future Work

In this thesis, we only consider two types of Iightpath services:
Iightpath service and unprotected Iightpath service.

protected

There are many other types of

Iightpath services available. Another protection approach which is called dual homing is
proposed in [6]. We can formulate the problem with dual homing Iightpaths services
available and compare the cost efficiency of different network scenarios.
In this thesis, we only consider single fiber cm.

We can also formulate the

problem under mUltiple fiber link failures: shared risk link group failure in a conduit or
with an OXC.
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In this thesis, the objective of the MILP formulation is to minimize the cost,
which is the total number of wavelengths used in the network. We can also generalize
the cost on each fiber link, i.e., C/.} as the cost of wavelengths on fiber link
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(i,j).
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