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Abstract—Survivability is a critical requirement for reliable

services in any network. As the Internet moves towards a

three layer architecture consisting of Overlay on top of IP

on top of WDM-based networks incorporating the interaction

between and among network layers is crucial for efficient and

effective implementation of survivability. This paper highlights

the challenges of providing survivability in three-layer networks

and develops a novel approach crosslayer survivable mapping to

offer such survivability in an efficient way. We investigate the

impacts of overlay network dependency on lower layer network

layout in terms of the capacity allocated to overlay paths. The

results demonstrate the impact due to layer dependency that it is

more severe than initially anticipated making it clear that single

layer network design is inadequate to assure service guarantees

and efficient capacity allocation.

Index Terms—Crosslayer survivable mapping, Joint capacity

allocation, Multilayer networks, Survivability

I. INTRODUCTION

The phenomenal growth of the Internet is partly explained

by the proliferation of underlying optical WDM technolo-

gies and overlaying applications. Research along these three

directions may not yet be converged, but evidences justify

such emergence are leading us to consider a network of three

layers, Overlay-over-IP-over-WDM, as the future Internet,

which might otherwise not have been considered.

In this architecture, overlay nodes are attached to an IP

router. IP routers are associated with an optical WDM switch;

the switches are then interconnected by multi-wavelength

fibers capable of carrying a number of transmission channels.

Recognizing the lower two network layers, IP and WDM, each

IP route is established by one lightpath or more that spans

across fibers and occupies one wavelength in each fiber. These

two layers constitute the Internet backbone in the optical In-

ternet. Dependency of failures, routing, topology distribution,

and signaling protocols between the two layers are still major

concerns; however, thanks to the vertical integration of IP and

WDM technologies in the backbone network, these two-layer

networks can now be supported by GMPLS mechanisms acting

as a glue layer of the two technology environments.

Failures at the IP layer may occur for several reasons.

One of them is related to failures at the WDM optical layer

such as node or link failures; an optical-related failure can
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bring down many failures at the IP layer. This effect is called

failure propagation, the severity of which is partly because of

improper IP-to-WDM link mapping. Such a link mapping tells

us on which of the lightpaths an IP path is routed. Reference

[1] reveals that, in a highly-meshed operational IP network,

this ill-chosen mapping contributes to 12% of all unplanned

failures that affect the IP traffic. The figure is likely to be

higher in partial-meshed IP networks as it increases the chance

of network partitioning or reduces the number of rerouting

choices when a backup path is needed or failures happen.

More interestingly, the authors also discover that, on average,

8 WDM links and 7 nodes are shared by failed IP paths. In

such circumstances the need for good link mapping to mitigate

the worst consequences of failures is accepted.

At the WDM layer, survivability is normally achieved

through redundant paths – a number of backup paths and a

primary path. Dedicated protection, 1+1, allows one backup

path to protect the primary path by simultaneously sending

the same traffic on both paths. Alternatively, shared protection,

1:N, allows the backup path to be shared by N primary paths.

However, in this case, no more than one primary path can fail

at any given time as the only backup path has to be shared.

Shared-backup path protection (SBPP) allows capacity of each

backup path protecting a primary path to be shared; therefore,

the survivability can be achieved with the least spare capacity

requirement. These protection schemes can be applied either at

a lightpath level or line level. By protecting at a lightpath level

– optical channel section (OCh-S) – each failed lightpath can

be restored individually at a failure time. Alternatively, line

level protection – optical multiplex section (OMS) – restores

an entire group of the lightpaths that belong to a failed link

without allowing for individual recovery [2].

There has been a number of survivability strategies proposed

to recover from failures in a network of the two layers. These

strategies primarily lie in the choices of 1) in which layer

the strategy is implemented (top (IP), bottom (WDM), both,

none); 2) primary-backup paths disjointness (full, partial); 3)

coordination of the two layers (coordinated, uncoordinated);

4) resource of failed paths, whether it can be reassigned to a

newly calculated backup path (released, held); and, 5) when to

compute a backup path (preplanned, upon failures), etc. In the

case of implementing the survivability strategy at both layers,

two extended choices are also needed. First, which layer is to
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recover from failures first. It is called a bottom-up escalation

strategy if the WDM layer is to take responsibility for failure

recovery before the IP layer and a top-down strategy if they

are reversed in order. Second, when that layer is to transfer

its responsibility to the other. The decision can be based on

either a timeout value or a token; however, it is further required

that both layers are notified when failures happen. References

[3] – [9] provide discussions on the survivability strategies in

two-layer networks in more detail.

In contrast to the IP-over-WDM architecture, an overlay

network is normally formed without a knowledge of the

underlying two layers. This can be a problem when failures

happen. While high survivability is usually achieved by a

number of redundant paths that are disjoint at the overlay

layer, they may not also be necessarily disjoint at the physical

WDM layer. Reference [10] proposes two survivability models

for an overlay network. One permits node disjointness at the

WDM layer in all redundant paths whereas the other permits

only a guaranteed number of the paths that are node disjoint.

Unfortunately, they both are NP-complete. Furthermore, this

proposal requires an overlay network to have topology knowl-

edge of the underlying networks. One other direction is for the

overlay to take complete responsibility for failures at the lower

layers. Resilient overlay networks [11] (RONs) architecture,

a well-known solution in this direction, aims at recovering

from failures by forming a complete graph at the overlay layer

over the IP layer; these networks can provide customized path

selections specific to each application; however, they still need

to be aware of the underlying IP/WDM networks, as duplicate

transmissions in the physical link may occur due to improper

mapping. Although overlay nodes are often referred to end

hosts, this paper considers more long-lived nodes, which are

commonly called supernodes, gateways, or computer servers,

that tend to be more stable as our interest is core backbone

networks. For all these reasons, survivability by crosslayer

mapping is a major concern for layered networks.

There are some current planning approaches that mention

networks with three layers, for example, ATM-over-SDH-

over-WDM [4], [12] or IP/MPLS-over-WDM [13]; however,

they either consider each pair of the two sublayers at a time

or view them as a single super layer. In this paper, we

explicitly consider an Overlay-over-IP-over-WDM network as

an instance of three-layer networks and address survivability

from the viewpoint of the mapping in the core backbone

network.

The rest of the paper is organized as follows: Section II

presents the routing problem in a network of three layers.

Section III defines the problem and proposes a mathematical

model to provide minimum joint primary-backup capacity

allocation for survivability of the traffic that originates at each

and every network layer. Evaluation results and analysis are

provided in Section IV. Finally, our conclusions are given in

Section V.

Fig. 1. Backhaul routing in a three-layer network

II. BACKHAUL ROUTING IN THREE-LAYER NETWORKS

Existing survivable mapping, which is also known as sur-

vivable routing or logical topology planning either explicitly

considers two-layer topology such as IP-over-WDM or deals

with a logical topology constrained within a physical network

such as WDM lightpaths in an optical fiber cable [14].

However, overlay networks are receiving more attention

not only because they can offer new services but also for

the reason that they can overcome functionality limitations

of the Internet without the need for modifications of the

underlying network layers; therefore, it is important that this

overlay network layer also be included in the network design

to complete the whole picture.

In order to understand how layers interact, in the following

paragraph, we systematically present one property which is

critical in designing highly survivable overlay networks and

services on top of the two-layer network, IP-over-WDM.

Consider the sample network illustrated in Fig. 1. Here, the

overlay, IP, and WDM networks consist of 3 nodes, 3 links, 4

nodes, 6 links, and 5 nodes, 7 links, respectively. The numbers

on each link indicate the link index. In order to achieve routing

that is survivable to any underlying single link failure in both

two-layer networks, we need to ensure that each mapping is

at least two-connected [14]. Let H
j

i : L(j) �→ L(i) be a link

mapping of Layer j onto Layer i where each j-th layer link

is assigned to a subset of i-th layer links. When put in a

matrix form, the mapping has rows corresponding to layer

j links whereas columns corresponding to layer i links. Such

mappings according to the figure can be given as

H3
2 =

⎡
⎣

1 2 3 4 5 6

1 0 0 0 1 0 0
2 0 1 1 0 0 0
3 0 0 0 0 0 1

⎤
⎦

for the Overlay-over-IP, i.e., Layer 3 to Layer 2, network and
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H2
1 =

⎡
⎢⎢⎢⎢⎢⎢⎣

1 2 3 4 5 6 7

1 1 0 0 0 0 0 1
2 0 1 0 1 0 0 0
3 0 1 0 0 0 0 0
4 0 0 1 0 0 0 1
5 0 0 0 1 0 0 0
6 0 0 0 0 0 1 0

⎤
⎥⎥⎥⎥⎥⎥⎦

for the IP-over-WDM network, i.e., Layer 2 to Layer 1,

network.

While this routing is survivable, it may not also be resource-

efficient or loop-free. Consider link 2 at the overlay layer.

This link is routed on links 2 and 3 at the IP layer. However,

because these IP links 2 and 3 use links 2 and 4, and 2 at

the WDM layer, respectively, the WDM link 2 is used twice;

thus, the solution ref. [14] proposes to ensure survivability as

well as other solutions in the current literature can be resource

inefficient. In this paper, we consider survivable mapping such

that no such backhaul occurs.

III. PROBLEM STATEMENT

In this work, we consider the survivability problem in three-

layer networks such that no backhaul occurs and survivability

is defined by SBPP under single-link failures.

A. Notation Used

The notation used in this paper can be summarized as

follows:

l Network layer l, where l = 1, 2, 3 refers to

WDM, IP, and Overlay layer, respectively

N (l) l-th layer node set

L(l) l-th layer link set

F (l) l-th layer flow vector

M (l) Diagonal matrix of bandwidth of l-th layer

flow f (l) with dimension |F (l)| × |F (l)|
B(l) l-th layer incidence matrix

with dimension |N (l)| × |L(l)|
D(l) l-th layer flow-node incidence matrix

with dimension |F (l)| × |N (l)|
P (l) l-th layer primary path matrix

with dimension |F (l)| × |L(l)|
Q(l) l-th layer backup path matrix

with dimension |F (l)| × |L(l)|
W (l) l-th layer primary-path link capacity vector

with dimension |L(l)| × 1
G(l) l-th layer spare capacity matrix

with dimension |L(l)| × |L(l)|
S(l) l-th layer backup-path link capacity vector

with dimension |L(l)| × 1
I Identity matrix

H
j

i Survivable mapping matrix between

Layers j and i (H1
0 = I)

e The column vector of all 1s in R
n

In addition, we consider the following mapping notation

specific to the IP-over-WDM networks in our considered three-

layer networks.

B(2′) = B(2) (1)

D(2′) = [D(2)|0] (2)

P (2′) = P (2)H2
1 (3)

M (2′) = M (2) (4)

Because the incidence matrix is topology dependent, a Layer

2 incidence matrix, when mapped to Layer 1, is equivalent to

that of Layer 1. This is shown in eq. (1) by the prime (′)
notation. Since a Layer 2 network may not have the same

number of nodes as the Layer 1, the flow-node incidence

matrix in (2) is mapped to Layer 1 by padding columns of

zeros as necessary to D(2). Equation (3) computes the primary

paths of Layer 2 from the perspective of Layer 1 given as

P (2′) using the link-mapping information in H2
1 . In (4), the

bandwidth of the mapped 2-nd layer flow still holds the same

value as that of the 2-nd layer flow as it depends on flows

– in terms of both bandwidths and connections – only. The

motivation behind these equations will be briefly discussed in

the next section; its details are given in [15].

B. Problem Formulation

The l-th layer topology of an uncapacitated network consists

of a set of nodes N (l) and a set of bidirectional links L(l).

Each link is equivalent to two unidirectional links with an

equal number of wavelengths and the same failure state, i.e.,

available or failed, in each link. Then the incidence matrix

B(l) [16] can be obtained.

Traffic originating at Layer l can be formulated as follows:

Let D(l) denote a flow-node incidence matrix at Layer l in

which each row represents a source-sink pair of a flow f (l)

where 1 ≤ f (l) ≤ |F (l)| and F (l) is a vector of flow at Layer

l. The matrix D(l) has +1 in the row corresponding to a traffic

source and −1 in the row corresponding to a traffic sink. Flow

bandwidth is integral and is represented by m(l)(f (l)) for each

flow f (l). The bandwidth matrix M (l) puts m(l)(f (l)) on the

main diagonal; therefore, this matrix is a diagonal matrix with

dimension |F (l)| × |F (l)|. Identical source-sink pairs are here

regarded as a single flow of all bandwidths combined.

Using the network information given previously, survivabil-

ity using SBPP scheme at Layer l can be found as follows: Let

P (l) be the primary path matrix with dimension |F (l)|×|L(l)|.

For the element p
(l)
fe of P (l), p

(l)
fe = 1 if link e is in the primary

path of flow f (l), and 0 otherwise. Likewise, the backup path

matrix Q(l) with the same dimension as the primary path can

be found in a similar manner.

In order to route a link in Layer l+1 on Layer l properly,

a good link mapping such that the (l+1)-th layer topology

remains connected even after a single link failure in Layer l is

required. Such a mapping is given in [14] and is formulated

as a mathematical model in [17]; however, an additional

requirement is needed in networks consisting of three layers
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or more to prevent backhaul. This requirement is given as

follows:

Definition 1. The condition CL of the link mapping in three-

layer networks such that no backhaul routing occurs is defined

by: H3
2H2

1 � 1, where the � symbol denotes element-wise

comparison.

The following Lemma is motivated by the condition CL.

Lemma 1 (Crosslayer Mapping). No backhaul routing occurs

in a three-layer network if and only if a link mapping satisfies

the condition CL.

Proof: Given two survivable mappings, H3
2 and H2

1 , in a

three-layer network, it can be followed that an element (i, j)
of the matrix product H3

2H2
1 is nonzero if and only if a Layer

1 link j is used by a Layer 3 link i. This element determines

the number of times Layer 1 link j is used by Layer 3 link i.

Because in no backhaul routing there should be exactly one

such use by any path in Layer 3; therefore, the condition CL :
H3

2H2
1 � 1 is required in routing with no backhaul.

Clearly, the proof of Lemma 1 constructs efficient routing

in three-layer networks. Next, we show that the situation is

much more favorable when survivability is also considered.

Theorem 1 (Crosslayer Survivable Mapping). A routing is

survivable and produces no backhaul if and only if its cor-

responding link mapping is two-connected and satisfies the

condition CL.

Proof: Necessity and Sufficiency are a direct result of

[14, Theorem 1] and Lemma 1 previously given.

In addition, it can also be seen that the mapping can

withstand multiple link failures if proper survivable mapping

( [18], [19]) is employed.

The formulation of the Overlay-over-IP-over-WDM net-

works can be summarized in a mathematical model as follows:

Denote l = 1, 2, 3 as the WDM, IP, and Overlay layer,

respectively; this alpha numeric notation may be used inter-

changeably in this section as well as throughout the paper.

The joint capacity allocation (JCA) problem in three-layer

networks (JCA3L) can be formulated as follows:

Objective:

min
P (l),Q(l)

∑
l={1,2,3}

(W (l)T
l∏

k=1

Hk
k−1)e +

∑
l={1,2′,3}

S(l)T
e,

(5)

s.t.

Primary Paths:

P (l)B(l)T
= D(l), l ∈ {1, 2, 3} (6)

W (l) = (M (l)P (l))
T
e, l ∈ {1, 2, 3} (7)

W (l) ∈ R
|L(l)|, l ∈ {1, 2, 3} (8)

P (l) : binary matrix, l ∈ {1, 2, 3} (9)

Backup Paths:

Q(l)B(l)T
= D(l), l ∈ {1, 2′, 3} (10)

Q(l) : binary matrix, l ∈ {1, 2′, 3} (11)

Spare Capacity Requirements:

G(3) = Q(3)T
M (3)(P (3)H3

2H2
1 ) (12)

G(l) = Q(l)T
M (l)P (l), l ∈ {1, 2′} (13)

S(l) = row-max G(l), l ∈ {1, 2′, 3} (14)

S(l) ∈ R
|L(l)|, l ∈ {1, 2′, 3} (15)

Path Disjointness:

P (1) + Q(1) � 1 (16)

P (2′) + Q(2′) � 1 (17)

(P (3) + Q(3))H3
2H2

1 � 1 (18)

The JCA3L problem has the objective to jointly minimize

the total capacity requirement at the WDM layer due to flows

at this and the other two layers. This is given in (5). Then

there are four blocks of constraints. The first block deals with

the basic requirements of the primary paths in each of the

three layers. Constraint (6) is a flow conservation constraint,

guaranteeing no traffic lost between two end-points. Constraint

(7) calculates working capacity requirements from a perspec-

tive of the l-th layer. Constraints (8)-(9) define variables with

respect to the primary paths.

The second block of constraints deals with backup paths.

Constraint (10) defines the flow conservation constraint for the

backup paths in Layer l, where l = 2′ refers to Layer 2 traffic

from the perspective of Layer 1. In other words, this Layer

2 traffic is mapped onto Layer 1. For example, in this case,

Q(2′) is a backup path of Layer 2 traffic provided at Layer 1
which is denoted as 2′. Constraint (11) defines variables with

respect to this second block of constraints.

The third block of constraints considers the spare capacity

requirements of the backup paths. Constraint (12) determines

the amount of capacity units needed at the WDM layer in order

to protect the primary overlay paths P (3) upon their failures.

The last component in this constraint translates the capacity

requirement to the view of the WDM layer using crosslayer

mappings (Hs) that conform with Theorem 1. At the IP layer,

the situation is a little different. This is because while primary

paths are calculated at this layer, the backup paths are provided

at the WDM layer. We chose this survivability strategy for

IP traffic by means of the best strategy as studied in [15].

Since traffic at the WDM layer is also provided backup paths

at the WDM layer, this requires no translation. Therefore,

whether traffic originates at the IP or the WDM layer, the

amount of capacity units can be determined by constraint (13).

The row-max (.) operation in (14) determines the maximum

element in each row of the matrix G(l). These elements reflect

the amount of capacity needed by their corresponding link

in order to protect against a single link failure at the WDM

layer. Like previously given, constraint (15) defines a variable

2009 7th International Workshop on the Design of Reliable Communication Networks 171

Authorized licensed use limited to: Carnegie Mellon Libraries. Downloaded on February 14,2010 at 18:09:59 EST from IEEE Xplore.  Restrictions apply. 



3

1
4

2

11

5

6

10

8

7

12
9

14

13

CA 1

CA 2

WA

UT

CO

TX GA

MD

PA

IL

NE

NJ

NY
MI

Fig. 2. The 14-node, 21-link NSFNet

with respect to spare capacity of the backup paths. These

spare capacity matrices are not allowed to share across layers;

however, the capacity can be shared within layer.

The relationship between the primary and backup paths

are provided in the fourth block of constraints. Constraint

(16) guarantees that, at Layer 1, each backup path matrix is

disjoint from the primary paths. Constraint (17) guarantees

paths disjointness of Layer 2 traffic at Layer 1. As the backup

path to Layer 2 traffic flows is provided at Layer 1, this

constraint guarantees such disjointness between this backup

path and the mapped primary path. At Layer 3, both primary

and backup paths are computed at this layer; however, because

the overlay network has no knowledge of the underlying

layers, they are not necessarily disjoint from the perspective

of Layer 1. Constraint (18) guarantees such disjointness at

Layer 1. The JCA3L problem is NP-hard as it can be reduced

from some known NP-hard problems [14], [20].

IV. SIMULATION RESULTS AND ANALYSIS

In this section, we evaluate the efficiency and effectiveness

of the crosslayer survivable mapping (CSM) in three-layer

networks, we consider the NSFNet consisting of 14 nodes, 21

links, depicted in Fig. 2, as a Layer 1 (WDM) network. In the

case of Layer 2 (IP) network, links are added to the NSFNet

such that the network is fully connected. Layer 3 (overlay) net-

work is constructed as a partial, i.e., half, mesh of the full mesh

Layer 2 topology, as shown in Fig. 3. In here, the maximum

number of overlay traffic flows in where each flow request is

represented by an overlay link is 46. These particular links

are employed as a means to overcome crosslayer survivable

mapping limitation in this topology that not all disjoint paths

in the overlay layer are also disjoint at the WDM layer. It

should be noted here that the considered single-link flows can

easily be extended into the case when the flows require two or

more overlay links by concatenating the links. In addition, we

consider a number of demand flows at the overlay layer and a

fixed number of demand flows at the IP and WDM layer; the

numbers of IP and WDM traffic flows do not affect capacity

requirements of the overlay since sharing spare capacity across

layers is not allowed. Following the setting of a three-layer

network, we present some results, provide discussions, and

evaluate the performance of crosslayer survivable mapping

against three other mappings in terms of capacity overbuilding,
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Fig. 3. The 14-node, 46-link overlay network

flow overrouting, and link overusing due to both primary and

backup paths.

These three mappings are obtained by an alteration in one or

both matrices of CSM: (H2
1 , H3

2 ) which conform to Theorem

1. The first mapping, M1: (H̃2
1 , H3

2 ), makes a change only

in H2
1 while the second mapping, M2: (H2

1 , H̃3
2 ), makes a

change in H3
2 but not H2

1 . Finally, the third mapping, M3:

(H̃2
1 , H̃3

2 ), makes a change in both of the matrices. In all

cases, change is done in a way that only the corresponding

two layers are involved in the design, i.e., backhaul routing is

not being considered but each of the two-layer mappings is

still survivable under single-link failures.

A. Capacity Overbuilding

Capacity overbuilding (CO), the percentage of the excess

capacity requirement of the overlay traffic due to backhaul

routing, is here used to evaluate the efficiency of CSM. The

excess capacity occurs at the WDM layer whenever WDM

links are unnecessarily used by overlay primary and/or backup

paths. It should also be noted that CO is not the same as

resource overbuild (RO) [21], which refers to a capacity ratio

of backup paths to primary paths.

Figure 4 shows CO under various network loads that our

proposed CSM can effectively eliminate the redundant capac-

ity reservation. This is because it takes into account all three

layers together by addressing the problem of backhaul routing.

In here, the CSM has best CO partly because the designs of

the two mappings – Layers 3 and 2, and Layers 2 and 1 – in

all M1, M2, and M3 are carried out independently.

In addition, both M1 and M2 have better CO than M3 is

because the alteration, discussed previously, has shown little

change from the original mappings. This is partly due to

the two-layer topology that has a limit on the number of

mapping choices that a top-layer network has to be survivable

under a single link failure at the lower layer. This limitation

also happens in any two-layer network, but in the case of

M1 versus M2 the situation is different. Their COs are

dependent on topology, mapping, and order of flows. In this

particular network M2 is outperformed by M1, in part for the

two mapping matrices of the three-layer network and partly

because full-mesh characteristics in Layer 2 (IP) network is

said to provide much deviation in H̃3
2 from H3

2 in terms of

element-wise comparison of the two matrices. The COs of the
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Fig. 4. CO of the overlay network

four schemes become more obviously different under a high

number of overlay traffic flows because backhaul routes occur

more.

B. Flow Overrouting

Defined as the ratio of the number of overlay traffic flows

that are routed on one backhaul link or more at the WDM

layer to the total number of the overlay flows, flow overrouting

(FO) is used to show the number of overlay flows that are

affected by backhaul routing. In a similar manner to CO, Fig.

5 shows that CSM can solve the problem while some flows

in M1, M2, or M3 still suffer from it. In all M’s, the flat FO

at the beginning is understood to coincident with the flows

ordering in our studied network; however, an average number

of the affected flows is steady as the number of overlay traffic

flows is increasing. In particular when the number of flows is

11 or fewer, M1 has no flow over routed, i.e., 0% FO. This

corresponds to its CO in Fig. 4 that M1 also has no capacity

overbuilt when there are 11 flows or fewer. In contrary to

M1, M2 has a 100% FO when there are 15 flows or fewer.

This is because neither of the primary nor backup paths are

overrouted. This observation of the FO again corresponds to

the CO in Fig. 4 but with a different degree when the number

of flows varies between 1 to 15.

C. Link Overusing

Link overusing (LO) is used to show unnecessary use of the

WDM links. LO is defined as the ratio of backhaul routing

happens at the WDM layer that affect overlay traffic flows to

the total number of WDM links that are used by the overlay.

This can be regarded as FO from the viewpoint of the WDM

layer, instead of the overlay. In the cases of M2 and M3, it

is shown in Fig. 5 that at the beginning, e.g., fewer than 10

flows, every overlay flow is affected by backhaul routing; but

when we look at LO, Fig. 6 shows that only some of the WDM

links are unnecessarily used more than once. This is the same

problem discussed earlier and shown in Fig. 1 that capacity,

or wavelength, saving in WDM links can be accomplished by
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Fig. 5. FO of the overlay network
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Fig. 6. LO of the overlay network

letting an overlay flow use only some WDM links rather than

these links and some other links more than once. A similar

argument can also be applied to M1 with an interesting case

at the beginning when the number of flows is 11 or fewer: We

witness a unanimous correspondence among the LO, FO, and

CO here in the sample network that backhaul routing does not

occur for the first 11 flows in the case of M1; therefore, no

capacity is overbuilt.

V. CONCLUSIONS

We are moving into a new era of three-layer networks.

Survivability network designing in the planning phase is so-

phisticated but from this paper, it is clear that each layer should

not be designed separately. We show that a complete picture of

the network is essential for efficient capacity allocation and the

survivability of services in all three network layers. Ironically

enough, the dependency of layers, which until now has largely

been considered as an insignificant issue, is shown to be

extremely important, even when a backup path is provided.

The concept of crosslayer survivable mapping, which con-

sider link mapping across all layers, introduced in this paper
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is applicable to all multilayer networks and is highly useful

and particularly necessary for a network of two layers or

more. Simulation results confirm that our design approach

can overcome the inefficiency of capacity allocation and at

the same time can also guarantee an overlay that it be

survivable under any single-link failure at the two layers below

compared to existing approaches of designing two mappings

independently.

This work advances our understanding of the structure of

multilayer networks and can be extended for a number of

promising directions for further research including multilayer

routing and differentiated service guarantees, when some map-

ping choices are more robust than the others.

REFERENCES

[1] A. Markopoulou, G. Iannaccone, S. Bhattacharyya, C.-N. Chuah,
Y. Ganjali, and C. Diot, “Characterization of failures in an operational
IP backbone network,” IEEE/ACM Trans. Netw., vol. 16, no. 4, pp. 749–
762, 2008.

[2] R. Ramaswami and K. Sivarajan, Optical Networks: A Practical Perspec-

tive (Second Edition) (The Morgan Kaufmann Series in Networking),
2nd ed. Morgan Kaufmann, 10 2001.

[3] D. Medhi and D. Tipper, “Multi-layered network survivability-models,
analysis, architecture,framework and implementation: an overview,” in
DARPA Information Survivability Conference and Exposition, 2000.

DISCEX ’00. Proceedings, vol. 1, Hilton Head, SC, USA, 2000, pp.
173–186.

[4] M. Pickavet, P. Demeester, D. Colle, D. Staessens, B. Puype, L. Depre,
and I. Lievens, “Recovery in multilayer optical networks,” Journal of

Lightwave Technology, vol. 24, no. 1, pp. 122–134, Jan. 2006.
[5] B. Puype, J. P. Vasseur, A. Groebbens, S. De Maesschalck, D. Colle,

I. Lievens, M. Pickavet, and P. Demeester, “Benefits of GMPLS for
multilayer recovery,” IEEE Communications Magazine, vol. 43, no. 7,
pp. 51–59, Jul. 2005.

[6] M. Vigoureux, B. Berde, L. Andersson, T. Cinkler, L. Levrau, M. On-
data, D. Colle, J. Fernandez-Palacios, and M. Jager, “Multilayer traf-
fic engineering for GMPLS-enabled networks,” IEEE Communications

Magazine, vol. 43, no. 7, pp. 44–50, Jul. 2005.
[7] F. Touvet and D. Harle, “Network resilience in multilayer networks: A

critical review and open issues,” in ICN ’01: Proceedings of the First

International Conference on Networking-Part 1. London, UK: Springer-
Verlag, 2001, pp. 829–838.

[8] B. Rajagopalan, J. Luciani, and D. Awduche, “IP over Optical Networks:
A Framework,” RFC 3717 (Informational), Mar. 2004.

[9] J.-P. Vasseur, M. Pickavet, and P. Demeester, Network Recovery: Pro-

tection and Restoration of Optical, SONET-SDH, IP, and MPLS (The

Morgan Kaufmann Series in Networking). Morgan Kaufmann, 7 2004.
[10] S. D. Madhu Kumar and U. Bellur, “Availability models for underlay

aware overlay networks,” in DEBS ’08: Proceedings of the second

international conference on Distributed event-based systems. New
York, NY, USA: ACM, 2008, pp. 169–180.

[11] D. Andersen, H. Balakrishnan, F. Kaashoek, and R. Morris, “Resilient
overlay networks,” in SOSP ’01: Proceedings of the eighteenth ACM

symposium on Operating systems principles. New York, NY, USA:
ACM, 2001, pp. 131–145.

[12] P. Demeester, M. Gryseels, A. Autenrieth, C. Brianza, L. Castagna,
G. Signorelli, R. Clemenfe, M. Ravera, A. Jajszczyk, D. Janukowicz,
K. Van Doorselaere, and Y. Harada, “Resilience in multilayer networks,”
IEEE Communications Magazine, vol. 37, no. 8, pp. 70–76, Aug. 1999.

[13] A. Urra, E. Calle, and J. L. Marzo, “Multi-layer network recovery:
Avoiding traffic disruptions against fiber failures,” in Computational

Science ICCS 2006, ser. LNCS, vol. 3994. Springer-Verlag Berlin
/ Heidelberg, 2006, pp. 136–143.

[14] E. Modiano and A. Narula-Tam, “Survivable routing of logical topolo-
gies in WDM networks,” in Proc. IEEE INFOCOM 2001., vol. 1,
Anchorage, AK, Apr. 2001, pp. 348–357.

[15] P. Pacharintanakul and D. Tipper, “The effects of Multi-Layer traffic on
the survivability of IP-over-WDM networks,” in Proc. IEEE ICC 2009.,
Dresden, Germany, Jun 2009.

[16] R. K. Ahuja, T. L. Magnanti, and J. B. Orlin, Network Flows: Theory,

Algorithms, and Applications. Prentice Hall, 1993.
[17] Y. Liu, D. Tipper, and K. Vajanapoom, “Spare capacity allocation in

two-layer networks,” IEEE JSAC, vol. 25, pp. 974–986, Jun. 2007.
[18] K. Lee and E. Modiano, “Cross-layer survivability in WDM networks

with multiple failures,” in OFC/NFOEC 2008. Conference on, San
Diego, CA, Feb. 2008, pp. 1–3.

[19] ——, “Cross-layer survivability in WDM-based networks,” in Proc.
IEEE INFOCOM 2009., vol. 1, Rio de Janeiro, Brazil., Apr. 2009., pp.
1017 – 1025.

[20] M. R. Garey and D. S. Johnson, Computers and Intractability: A Guide

to the Theory of NP-Completeness. New York, NY, USA: W. H.
Freeman & Co., 1979.

[21] L. Song and B. Mukherjee, “New approaches for dynamic routing
with availability guarantee for differentiated services in survivable
mesh networks: The roles of primary-backup link sharing and multiple
backup paths,” in Proc. IEEE GLOBECOM 2006., San Francisco, CA,,
Nov./Dec. 2006, pp. 1–5.

174 2009 7th International Workshop on the Design of Reliable Communication Networks

Authorized licensed use limited to: Carnegie Mellon Libraries. Downloaded on February 14,2010 at 18:09:59 EST from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


