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1 Introduction
The modern communication networks are equipped with ultra-high speed switches to
meet the dynamically changing traffic demands. In backbone networks, connection re-
quests are launched dynamically from the upper layers, for which routing algorithms
are used to derive the corresponding bandwidth guaranteed tunnels that meet all the
Quality-of-Service requirements [1]. According to TeleChoice [2], offering a robust plat-
form with strong traffic engineering mechanisms and QoS functions leads the carrier (and
its customers) to a revenue-generating environment. The long-term telecom survivors
will be those who can find the balance between the technological innovation, improved
customer service, and the efficient allocation of network resources. Streaming video,
voice and other broadband services can be pushed to the edges by receiving priority
over the others for achieving better QoS services than that by less time-sensitive appli-
cations (including e-mail). Survivability has been one of the most important QoS issues,
and survivable routing is recognized as one of the best strategies to equip the networks
with service continuity by pre-planning link-disjoint or node-disjoint protection paths
for working capacity [3, 4, 5, 6, 7, 8, 9, 10]. With a diversely routed working-protection
path-pair, once the working path unexpectedly fails, the working traffic is switched to
the protection path and the corresponding service is restored.

Due to the numerous QoS constraints the routing problem is NP-hard; thus, most of
the papers presented approximation algorithms for solving the problem. Some of them
are published in the mathematical conferences and journals; with theoretical polynomial
time algorithms, which have some restrictions on topology and approximate the problem
within a factor. The others are published in telecommunication conferences and journals
based on effective heuristics, which solve the problem by assigning a sophisticated cost
function to the edges and use shortest path search to approximate the problem.

Since the optimization problem is really complex, even the corresponding sub-problems
are NP-hard, which has caused a huge gap in the research fields among different research
groups.

In the theoretical papers [11, 12, 13] the network topology has to be restricted to ring,
line or star to get polynomial time algorithms to solve the problem. These restrictions
make the results useless in the modern mesh telecommunication networks. Some other
papers investigate the approximation factors of the proposed algorithms. Due to the
high complexity getting a constant approximation factor (e.g., of 2) is considered to
be a significant theoretical result. Unfortunately, these methods do not perform well
in the simulations. On the other hand, the reported heuristics do not contain many
mathematical results, although they perform well in simulations [3, 4, 5, 6, 7, 8, 9, 10].

The objective of this PhD dissertation was to provide a compromise and fill up the gap
between the research fields. The problems are formulated using mathematical models;
with which some necessary properties of the problem can be deduced and the per-
formance of the heuristics can be improved. Exponential algorithms to evaluate the
performance of the heuristics are also introduced in the thesis. The results are classified
in three areas, which are based on each other.

The thesis will firstly investigate shared protection in mesh telecommunication net-
works. Linear algebra is used to subdivide the whole problem into sub-problems for
formulating a new heuristic. A similar topic was investigated in [14] using probabil-
ity theory, however they do not restrict to the single link failure case to optimize the
connection cost based on the edge costs given by Traffic Enginnering.

Shared Segment Protection (SSP) is the second topic investigated in the thesis. The
Integer Linear formulation for SSP used to be an open problem, and the thesis pro-
vides a solution that can derive the optimal answer. The formulation is extended to
respect several QoS properties. The impacts on the performance applying different QoS
constraints are also investigated.
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The thesis also focuses on the distributed routing algorithms. An new algebraic way
to investigate the performance of different distributed control architectures for shared
protection is introduced. Using this mathematical model a classification of these re-
sults is suggested. A performance evaluation with simulation is conducted to verify the
proposed distributed control architecture.
2 Research Objectives
The objective of this dissertation is to study the performance of routing algorithms in
survivable mesh telecommunication networks. The complexity and mathematical models
are analyzed and formulated to solve the arising open problems. Most of the algorithms
introduced in this thesis have exponential running time, and they help to understand the
effects of the individual QoS criteria that match the need by the modern communication
industry.

This dissertation focuses on path protection in circuit switched mesh backbone net-
works with single failure scenario. It is mainly applicable on single-layer circuit-switched
and virtual circuit-switched networks, like MPLS, ATM, SDH/SONET, Next Generation
SDH/SONET and ASON.

Networks with Multi-Protocol Label Switching (MPLS) and Asynchronous Transfer
Mode (ATM) are virtually circuit-switched. ATM has been largely adopted by legacy
networks developed in the late 1980s and early 1990s and the MPLS architecture can
been seen as an extension of ATM, and it has be used to introduce QoS schemes in
the IP networks. Networks with Synchronous Optical Network/Synchronous Digital
Hierarchy (SONET/SDH), Next Generation SDH/SONET and Dense Wavelength Di-
vision Multiplexing (DWDM) are circuit-switched, where SONET/SDH is one of the
main underlying transport technologies supporting telephone systems, while DWDM is
also a circuit-switched technology with optical circuit-switched connections known as
lightpaths. Generalized Multi-Protocol Label Switching (GMPLS) defined by Internet
Engineering Task Force (IETF) aims to cope with the extremely complex multilayer
architecture that has been cobbled together to carry IP services over networks designed
to support voice and fixed circuits. GMPLS can be deployed in the following two ways:
either the overlay model or the peer model. In the overlay model, User-Network In-
terface (UNI) is defined, where the router is a client to the optical domain and in-
teracts only with the directly adjacent optical nodes. The actual physical lightpaths
are routed/initiated by the carrier of the optical core instead of by the users. Since
the routing algorithms introduced in the dissertation are mainly designed to work in
a single domain, they are more suitable to the network environments with the over-
lay model rather than that adopting the peer model. The International Telecommu-
nications Union-Telecommunications (ITU-T) has introduced two protocol-independent
framework models: the general Automatic Switched Transport Network (ASTN) and
the Automatic Switched Optical Network (ASON). Since GMPLS can be mapped to
ASTN/ ASON models, it may well become the adopted standard for such implemen-
tations. The ASTN/ASON model focuses on providing the optical transport network
with an intelligent optical control plane, incorporating dynamic network provisioning
combined with network survivability, protection, and restoration.

To study diverse routing, the concepts of Shared Risk Groups (SRGs) [4] are intro-
duced. SRG is defined as a group of network elements (i.e., links, nodes, physical devices,
software/protocol identities, etc) subject to the same risk of single failure. In the single
link failure scenario the task is to establish connections in the network such that there is
a restoration strategy to survive one SRG failure in the network. The SRG-disjointness
for both dedicated protection and shared protection is defined [4].

In summary, the main objectives of this dissertation are as follows:
• The survivable routing algorithms developed should increase the total throughput of

the networks by establishing dynamic connections requests with fairness. (The target
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function of routing each connection request is based on the edge costs given by the
Traffic Engineering [15])

• The survivable routing algorithms should be developed for shared protection with
single link failure scenario. The restoration time is a focus in the design.

• The network model should be extended to be able to deal with different cross-connect
types.

• The routing algorithms developed should reduce the signaling overhead of the network.
• Test methods should be investigated for performance evaluation.
• Effective and fast approximate methods should be developed to solve the arisen sub-

problems.
3 Research Methodology
The networks are modeled by graphs. Several graph algorithms (Minimum Cost Network
Flow, Suurballe’s algorithm [16], Dijkstra’s algorithm [17, 18], Multi-commodity Network
flow [19], algorithm to calculate Gomori-Hu tree [20], etc) are implemented and used in
the simulations. Flows and cuts in the graphs play an important role of the design
strategy of the routing algorithms.

Integer Linear Programming (ILP) [21] is used to formulate the NP-hard problems
and commercial softwares e.g. CPLEX [22] and LP-Solve [23] for solving instances of
ILP formulations.

In Claim 3 algorithms of linear algebra (i.e., matrix transformations like SVD [24])
are used to clarify the background of routing heuristics.

For performance evaluation I developed a simulator tool. All results of the PhD
thesis have a strong motivation from the telecommunication industry, however I took
the approach of complexity theory also into consideration.
4 New Results
The results are classified in three areas.
Claim 1 : Shared Path Protection (SPP) in Mesh Communication Networks
with Bandwidth Guaranteed Tunnels
The key idea of shared protection is that the protection path of different working paths
can reserve the same spare channels if their working paths are not involved in a common
SRG. The task is to calculate the least-cost working (W ) and shared protection (P )
path-pair between node s and t with bandwidth b(W ) such that the capacity allocation
is minimal weighted by given edge costs (ce). Complete routing information scenario is
applied, in other words full per-flow information (the route of working and protection
path) is provided to each network node.

In shared path protection given a network G(N, E) with N and E being the set of
nodes and bidirectional links, respectively. The capacity along link j is categorized into
the following three types as shown in Fig. 1:
1. Free capacity (denoted as fj), which is the link capacity that can be taken as either

working or spare capacity.
2. Working capacity (denoted as qj), which is the capacity taken by some working paths

and cannot be taken for any use until the corresponding working paths are torn down.
3. Spare capacity (denoted as vj), which is the link capacity taken by some other pro-

tection paths. With the presence of W , the spare capacity along link j can be further
categorized into the following two types
(a) Sharable spare capacity (denoted as hW

j ), which is the link capacity that has been
taken by some other backup paths, and is sharable to P .

(b) Non-sharable spare capacity (denoted as sW
j ), which is the link capacity that has

been taken by some other protection paths, and is not sharable to P due to the
SRG constraints.
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link j link j

spare capacity vj

sharable spare capacity hwj

non-sharable spare capacity swj

free capacity fj

working capacity qj

free capacity fj

working capacity qj

with W

Figure 1: An illustration of categories of capacity along link j.

The spare provision matrix (denoted as S) was introduced in [4]; it carries all pre-flow
information for the dependency of working and spare capacity between each pair of links.
S is an |E| × |E| matrix, where the entry sl,j stands for the amount of spare capacity
along link j required by the working capacity along the link l. S can be derived off-line
(i.e., before the connection request is launched); and sW

j can also be derived by finding
the maximum of the spare capacity along all the links l ∈ W , i.e.,

sW
j = max

l∈W
{sj,l} (1)

I provide a compact mathematical formulation for shared protection with the most
general definition of the SRG, that can consider both link- and node-protection as well.
A unified expression of the cost functions for both working and protection paths is also
derived. Using the formulation I proposed the following two new methods:
Claim 1.1 Two Step Approach with Asymmetrically Weighted Disjoint Path-
Pair
The most widely used shared protection heuristic is a two step approach called "2D"
(Two Dijkstra’s) [3, 6, 8, 25]. In the first step the shortest path is routed as the working
path. In the second step, an SRG-disjoint protection route is selected to permit sharing
of the protection capacity on links of the protection route, if the working paths belonging
to them have no SRGs in common. This scheme is currently favored in IETF delibera-
tions for MPLS-layer protection and MPLS-controlled optical path protection [25]. It is
advantageous in distributed implementation, and the protocol is less complex [3]. One
of the big disadvantages of the two step approach is the existence of trap topology. In
trap topology the working path may block all the possible SRG-disjoint protection paths
even though the network topology is two connected. In other words the second step may
fail after choosing a bad working path, since no other SRG-disjoint path is available in
the network (see also simulation results in [26],[25]). The main purpose of this section
to solve this dilemma.

For easier understanding in this claim we will assume to have an MPLS network model
and the SRGs will be the links of the network. In other words the network is protected
against link failure.

One possible solution is to use Suurballe’s algorithm [16], which derives a disjoint
path pair with a minimum total bandwidth allocation. Choosing the shorter route as
a working path, the protection path is guaranteed. In our experience to have a short
working path is more crucial than the length of the protection path, since the working
path has to be allocated for the full bandwidth of the demand in the network, while
the protection route may be shared with other protection routes. In [C13, 27, 28] a
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problem called the asymmetrically weighted disjoint path-pair problem was defined in
the following way:

minimize: {α · cost(W ) + cost(P )}
where the cost of the working path is denoted by cost(W ), the cost of the protection
path is denoted by cost(P ) and alpha is a given parameter.

In the claim a new two-step-approach called the "alpha method" [C12] is introduced,
where in the first step an asymetrically weighted path-pair is calculated with a pre-
defined α parameter. The sorter path is chosen as a working path. According to the
cost function defined in the introduction, the estimated 1

α
parameter will be the average

of max
{

1 − vj−hj,l

b(W )
, 0

}
.

0

0,1

0,2

0,3

0,4

0,5

0,6

Capacities on edges

N
e
tw

o
rk

 l
o

a
d

OSPF 0,33 0,359 0,387 0,424

Alpha 0,328 0,355 0,391 0,435

ILP-opt 0,355 0,398 0,445 0,526

500 400 300 200

0

5

10

15

20

25

30

Capacities on edges

A
v

e
ra

d
g

e
 w

a
it

in
g

 t
im

e
 

[t
im

e
 u

n
it

s
]

OSPF 7,61389237 10,5932416 16,5118899 28,1339174

Alpha 6,51001252 10,0694618 14,4724656 27,1301627

ILP-opt 0,0563204 0,20588235 0,76720901 2,34418023

500 400 300 200

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

Capacities on edges

W
o

rk
 l

o
a

d
OSPF 0,207 0,228 0,246 0,267

Alpha 0,206 0,224 0,249 0,278

ILP-opt 0,217 0,246 0,271 0,319

500 400 300 200

0,001

0,01

0,1

1

10

Capacities on edges

A
v
e
ra

g
e
 r

u
n

ti
m

e
 [

s
]

OSPF 0,00657384 0,00855069 0,01128098 0,01801752

Alpha 0,27603442 0,39431977 0,53297997 0,96443554

ILP-opt 0,61220839 0,70105882 0,89782854 1,41502378

500 400 300 200

(a)

(c) (d)

(b)

Figure 2: Simulation results of different two-step approach schemes of shared protection

Fig. 2. shows the performance comparison of the different schemes. In the simulations
if a connection request cannot be established immediately, it has to wait until some other
connections are taken down and the required spare capacity is available. Note that it
does not necessarily mean that other connections are not established during this waiting
period. As an overall performance metric the average and the maximal waiting time of
establishing connections was evaluated.
Claim 1.2 Two-Step-Approach with Maximum Likelihood Relaxation (MLR)
MLR scheme is a two-step-approach, which selects the working path with a modified
Dijkstra’s algorithm carrying/handling some additional information during Dijkstra’s
relaxation process. The main idea for MLR is to select the working path such that
the number of links without enough sharable spare capacity and the working link cost
are jointly considered.The links in the network with enough sharable spare capacity for
being the protection path of a working path are called “Easy Links”.
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During Dijkstra’s relaxation process, when node n is labeled through link (x, n) by
node x, a new working path segment is formed from source node s to node n passing
through node x (denoted as π(s, x) ∪ (x, n)). We have the following relationship:

s
π(s,x)∪(x,n)
j ≥ s

π(s,x)
j ∀j ∈ A and ∀n ∈ V is not on the path segment π(s, x) (2)

for the definition of s
π(s,x)∪(x,n)
j and s

π(s,x)
j see Eq. (1). Eq. (2) holds since when node x

gives a temporary label to node n and the resultant path segment π(s, x) ∪ (x, n), the
working paths passing through link (x, n) are newly included into the SRG, which yields
a fact that some sharable spare capacity in the network may become non-sharable along
some Easy Links for π(s, x).

Based on the above discussion, it is clear that during the relaxation process, the
amount of sharable spare capacity less and the number of Easy Links decrease. There-
fore, one of the objectives in the proposed Dijkstra’s relaxation process is to find a
working path, which maximizes the number of Easy Links. In addition, we need to
consider the cost of each link, ca,b , for (a, b) ∈ E, such that having a long working path
is discouraged. The label (denoted as l(n) for node n) given by node x in the Dijkstra’s
relaxation process is defined as the link cost cx,n divided by the logarithm of the number
of Easy Links for π(s, n). The label replacement at node n by node x will be performed
in such a way that l(n) is the minimal; i.e.,

l(n) = min{(l(n), l(x) +
cx,n

log(offset(x, n) + 1)
}, (3)

where offset(x, n) is the reduction on the number of Easy Links for π(s, x) ∪ (x, n). We
have an expression for offset(x,n) as follows:

offset(x, n) = {∑
j∈A

stp(ϕW ′
j )

∣∣∣∣ϕW ′
j ← vj − max

l∈W ′
sl,j − b(W ), where W ′ = π(s, x)}−

{∑
j∈A

stp(ϕW ′
j )

∣∣∣∣ϕW ′
j ← vj − max

l∈W ′
sl,j − b(W ), where W ′ = π(s, x) ∪ (x, n)}

where the function stp(x) returns 1 if x ≥ 0, and 0 otherwise. Both vj and sl,j were
introduced in the introduction of Claim 1.

The algorithm proceeds as follows: at the beginning, l(n) = 0 for n = s and l(n) = ∞
otherwise. The extra information other than the ordinary Dijkstra’s relaxation process
required to be recorded is an |E| times |π(s, x)| size array storing sl,j, where l ∈ π(s, x)
and j ∈ E. When the relaxation process attempts to replace the label of node n from
node x, the “MAX” operation for the array storing sl,j will have to be performed for
l ∈ π(s, x) and l ∈ π(s, x) ∪ (x, n) so that Eq. (3) remain valid. In addition, when a
node is relaxed, the array storing sl,j is also updated.

The time complexity in implementing the MLR algorithm is O(|E|·|N |2 ·log |N |)in the
worst case. The MLR method cannot guarantee the derivation of the best working and
shared protection path-pair. However, the computation efficiency can be tremendously
improved compared to the other two schemes proposed in [J1].
Claim 2 : Shared Segment Protection (SSP) in Mesh Communication Net-
works with Bandwidth Guaranteed Tunnels
With the emergence of some commercial applications and delay-sensitive services ad-
dressing stringent requirements on data integrity and service continuity, the design of sur-
vivable routing algorithms should not only be both capacity- and computation-efficient,
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but should also minimize the restoration time for a specific connection, such that the
maximum benefits can be gained in the operation of carrier networks.

SSP is one of the best approaches to meet the above design requirements, where
a connection is provisioned by concatenating a series of protection domains, each of
which contains a working and protection segment-pair behaving as a self-healing unit
for performing local restoration when the working segment is subject to any unexpected
interruption. As shown in Fig. 3, when the working path segment of protection domain
2 is impaired unexpectedly (e.g., either link E-F, F-G, G-H, or H-I is cut), the restoration
is performed locally within protection domain 2 such that the affected flow is switched
over to the backup segment at node E (called switching node of the protection domain)
and merges back to the original working path at node J (called merging node of the
protection domain).

Compared to its counterpart – shared path protection [3, 4, 5, 6, 7, 8, 9] shared segment
protection has been reported to achieve a better throughput by maximizing the extent
of spare capacity resource sharing [4, 10]. It can also impose a stringent limitation on
the restoration time for a specific application by constraining the length/hop-count of
the working and protection segment in each protection domain.

Protection domain 1 Protection domain 2 Protection domain 3

Working path segment Working path segment Working path segment

Protection domain 1 Protection domain 2 Protection domain 3

Working path segment Working path segment Working path segment

A B  C  D     E F G H    I  J     K L    M   N

Protection domain 1 Protection domain 2 Protection domain 3

Working path segment Working path segment Working path segment

Protection domain 1 Protection domain 2 Protection domain 3

Working path segment Working path segment Working path segment

Protection domain 1 Protection domain 2 Protection domain 3

Working path segment Working path segment Working path segment

A B  C  D     E F G H    I  J     K L    M   N

Protection domain 1 Protection domain 2 Protection domain 3

Working path segment Working path segment Working path segment

Protection domain 1 Protection domain 2 Protection domain 3

Working path segment Working path segment Working path segment

A B  C  D     E F G H    I  J     K L    M   N

Protection domain 1 Protection domain 2 Protection domain 3

Working path segment Working path segment Working path segment

Protection domain 1 Protection domain 2 Protection domain 3

Working path segment Working path segment Working path segment

A B  C  D     E F G H    I  J     K L    M   N

of protection domain 1 of protection domain 2 of protection domain 3

Working path: A -B-C-D-E-F-G-H-I-J -K-L-M-NWorking path: A -B-C-D-E-F-G-H-I-J -K-L-M-N

Figure 3: An illustration of SSP.

Claim 2.1 ILP Formulation of Segment Shared Protection
The benefits of SSP was well-known, however there was no method to calculate the
optimal solution. The ILP formulation of SSP, which jointly optimizes the route of
the working path, the location of switching and merging nodes and the route of the
protection path of each segment, was an open problem. I formulated the problem in the
following way [J2, C1, C10]:

The main idea is to define a path Q, called mass protection path, which defines the
route of each protection segment as well as the switching and merging nodes of W .
Similar to Suurballe’s [16] algorithm, Q is composed of the reversed links along the
working path and all the backup segments. A simple example is shown in Fig. 4, where
Q is (s-a-b-c-e-d). The first protection domain is formed by the working and protection
segments (s-c-b) and (s-a-b), respectively; while the second is formed by (c-b-d) and (c-e-
d), respectively. We allow the overlapping between the working segments of two neighbor
protection domains in order to explore the largest design space so as to guarantee the
optimality of the derived solution. Note that Q may contain loops to reflect the fact
that spare capacity sharing can happen between two protection segments of different
protection domains. Variable kmax is defined as a parameter of the ILP and represents
maximum number of protection domains that can be possibly handled in the problem
(it is ≤ n − 1).

Three residual graphs are defined for solving this problem:
• Gw(N,Ew) is composed of links with b(W ) ≤ fj forj ∈ Ew (in the following formulas
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xis a binary, x̂ is a real and xk are kmax binary variables assigned to arcs of Gw), and
describes the working segments.

• Gp(N, Ep) is composed of all the links b(W ) ≤ fj + vj for j ∈ Ep (in the following
formulas yk is kmax binary and r′ is real variable assigned to the arcs of Gp) and
describes the protection segments. We need this graph to record the spare link-state
because working and protection paths take different suites of link-state with shared
protection.

• G′
p(N, E ′

p) is composed of all the links in Ep along with the links of Ew in a reversed
direction. The “reversed” arcs corresponding to Ew in E ′

p are denoted as (
←−
a, b), and all

the others (corresponding to Ep) are (
−→
a, b). The graph is assigned to Q and handles the

reverse arcs caused by the overlapping between Q and W . (in the following formulas
y′is an integer, ŷ is a real and y is a binary variable assigned to the edges of G′

p).

s d

W

Q

b

a

c

e

Figure 4: Design of mass protection path q.

xa,band ya,b are flow indicators of path W and Q, and yk is for the protection route of
segment k. The target function is as follows:

Minimize
∑

(a,b)∈Ew

b(W ) · ca,b · xa,b +
∑

(u,v)∈Ep

(b(W ) · cu,v · zu,v + ε) · yu,v (4)

where ca,b is the cost per unit of working bandwidth to reserve arc (a, b) and zu,v is a
scaling factor representing the amount of capacity, which cannot be shared and need to
be allocated for the protection path.

The constraints are following:
We need the flow conservation constraint for the working (on variable x) and mass

protection paths (on variable y), respectively. We need to formulate the above-mentioned
properties of working and mass protection path: xa,b and y′−→

a,b
will be exclusive in terms of

the SRGs they take. An arc can be taken by y′←−
a,b

in a reversed direction only if xa,b pass
through it. Besides, each reversed arc can be used only once since the algorithm only
allows two working segments overlapped. Thus, Q is SRG disjoint from W except for the
reversed arcs of W . Note that, reversed arcs indicates the switching/merging nodes for
each protection domain along W . A pair of variables, x̂a,b and ŷ′

a,b, is assigned to each
link along W and Q, respectively, such that the first link from the source has a label of
1; and if a protection domain ends or starts at a node, the labels of the following arcs
will be increased by 1. This labelling method is similar to that proposed in [10]. This
is done by modified flow conservation constraints, where the following four situations
are considered for all vertices (not the source or destination) taken by W : (a) Q merges
back to W ; (b) Q switches out of W ; (c) Q merges back and switches out of W ; (d)
otherwise. The amount of flow of x̂a,b and ŷ′

a,b at vertex a along W increases by 1 in
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the case of situations (a) and (b), and increases by 2 in the case of situation (c), and is
unchanged otherwise.

With x̂a,b and ŷ′
a,b link labels, path W is divided into segments such that each link

along it is covered by at least one protection segment. This effort introduces kmax · |Ew|
and kmax · |Ep| arc-domain incidence binary variables denoted as xk

a,b and yk
a,b, which is

1 if link (a, b) is traversed by the working and protection segment of the kth protection
domain, respectively. By observing Fig. 5 one can be easily verify that the value of ŷ′

a,b

on Q of the first protection domain is 1; and in the second protection domain ŷ′
a,b is 3;

and in the kth protection domain ŷ′
a,b is 2k − 1, thus yk

a,b = 1 only when ŷ′
a,b = 2k − 1.

The value of x̂a,b of arc (a, b) taken by W in the first protection domain is either 1 or 2,
depending on whether or not there is overlapped arc(s) between the working segments
of the first and the second protection domain; while on the links of the kth protection
domain, we have x̂a,b = 2k − 2 on the non-overlapped links and x̂a,b = 2k − 1 on the
overlapped links of the (k−1)th and the kth protection domain; we have x̂a,b = 2k on the
overlapped links of kth and (k−1)th protection domain. However this leads to more tight
constraints with less integer variables (Eq. (2.4.19) of the dissertation compared to Eq.
(20) in [J2]), and the runtime of the CPLEX solver can be significantly reduced since
the gap between the relaxed problem and the integer solution is also reduced [29, 30].

s d

W

Q
y’s,a =1

=1

b

a

c

e

y’a,b =1
ŷ’a,b =1

xs,c=1
xs,c=1

xc,b=1 yb,c=1
yb,c=1 LYb,c=2
LXc,b=2

y’

s,a

b

a

c

e

a,b

a,b

xs,c

xc,b=1 y’b,c=1
ŷ’b,c=2=2xc,b

c,e=1
ŷ’c,e=3 y’e,d=1

ŷ’e,d=3

xb,d =1
xb,d=3

ŷ’s,a

ˆˆ

ˆ

Figure 5: An example showing the variables x, y′, x̂a,b, and ŷ′
a,b. It is zero for the

variables of the arc not shown on the figure.

The last constraints need to be defined are the SRG constraints setting the value of
zu,v defined in the target function. It is considered using S matrix, such that when link
a and e is taken by the working and protection segments in the kth protection domain,
respectively, the resultant amount of scaling (i.e., ze) is at least 1 − va−sa,e

b(W )
.

The number of variables is (K + 4) · |Ew| + (K + 3) · |Ep|, and the number of rows in
the constraint matrix (where the linear formulation can be expressed in a general form
as A ·X = B with a target to minimize X ·C) is less than K · |Ew| · |Ep|+ 8 · |Ew|+ 9 ·
|Ep| + 11 · |N |. Computation time and memory occupation are shown in [J2].
Claim 2.2 Extending the ILP of SSP with constraint on Restoration Time
and with Further Network Architectures
This claim tackles the problem of dynamic survivable routing by extending the Integer
Linear Program (ILP) formulation introduced in Claim 2.1. Although the formulation
can effectively provide optimal solution according to a specific connection request and
network-state, the following two assumptions leave space for improvment:
1. The size of each protection domain is not constrained so that the restoration time

for each connection is not considered. We declare that an approach for constraining
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the restoration time must be developed such that the class of service provisioning of
survivable bandwidth is possible.

2. Every node can switch and/or merge restoration traffic at the same time, which may
not be the case for practical applications. The major concern for this assumption
is that the nodes serving as switching/merging (S/M) devices need to provide extra
signalling efforts and hardware responsiveness, which may not be general to the whole
network.
To improve the above two shortcomings, this claim is committed to extending the ILP

formulation of the previous section, such that the constraint on restoration time in each
protection domain of a connection as well as the constraint on the ability for each node
to switch/merge restoration traffic are well addressed by classifying each node into two
categories, each having different S/M capability.

It is important to note that the nodes serving as S/M devices for SSP must provide
extra signalling efforts and hardware responsiveness especially in the transparent optical
plane. Thus, equipping a network node with S/M capability in the optical domain
should be taken as a network resource instead of being taken as a general assumption.
The performance impact by the allocation of S/M capability in each node, therefore,
turns out to be an interesting problem that is subject to further efforts of network-wide
planning according to the topology, traffic pattern, and the corresponding survivable
routing algorithm.

A Heuristic of Improving the runtime of solving ILP: The SSP Algorithm
Relaxation methods are widely used reduce the computation time for deriviing ap-

proximate ILP solutions. Herzberg et. al. [31] formulated a linear programming (LP)
model for the spare capacity assignment problem and treat spare capacity as continuous
variables. A rounding process is used to obtain the final integer spare capacity solution
which might not be feasible. They use hop-limited restoration routes to scale their LP
problem. This technique can also be extended to input ILP formulation when Branch
and Bound (BB) method is employed for searching the optimal solution [32], [33]. La-
grangian relaxation with subgradient optimization are used by Medhi and Tipper [34].
The Lagrangian relaxation [35] usually simplifies a hard original problem by dualiz-
ing the constraints and decomposing it into several easier sub-problems. Subgradient
optimization is used to iteratively find the dual variables in these subproblems.

To improve the computation efficiency of the ILP, a novel approach, called SSP algo-
rithm, is proposed to reduce the runtime in solving the proposed ILP (see also results
on Fig 9.). Basically, our approach is to derive a good approximation on the parameters
in the ILP by referring to the result of solving the corresponding ILP for shared path
protection (SPP) such that significant reduction on the design space can be achieved by
eliminating some edges in the graphs.

Evaluation of the S/M capability of the Network
To verify the proposed formulation and investigate the performance impairment in

terms of average cost and success rate by the additional two constraints, extensive simu-
lation work has been conducted on three network topologies. Two performance metrics
are defined: the average increase in blocking probability caused by removing the S/M
capability at a specific node (denoted by AIBP), and the average increase of cost in allo-
cating a connection request if the S/M capability at a specific node is removed (denoted
by AITC). Two realistic network topologies, European Reference Network (ERNET)
and North-American Reference Network (NARNET), are adopted, where a traffic ma-
trix in year 2005 is estimated for each network according to [36]. To evaluate the two
performance metrics, two methods are discussed: the brute force method and the en-
hanced recursive method. In the former, the SSP algorithm solves for all the connection
requests on each possible state of S/M capability; while in the latter, a novel approach is
devised to reduce the computational requirement induced in the brute force method. For
both of the approaches, a corresponding recursive function is developed for this purpose.
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The simulation results (see also Fig. 6, 7.) show that equipping only a small number
of selective nodes with SM capability can be solidly beneficial to the network perfor-
mance. We conclude that the proposed two metrics can effectively define the impact by
equipping/removing S/M capability of a specific node. The enhanced recursive method
can efficiently evaluate the two metrics without any redundant effort in solving the SSP
algorithm.
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Performance Impact by the Size of Protection Domains
To compare SSP with the other two types of protection, namely SPP and Shared

Link Protection (SLP) [37], modification is made upon the ILP formulation of SSP to
implement the two schemes. Although similar studies have been widely reported, all of
them are based on heuristic approaches. Among the comparisons of the three type of
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protection, we claim that this is the first study using ILP formulation yielding optimal
solution.

The dissertation also investigates the performance impairment when different restora-
tion time constraints are addressed (or having different sizes of protection domain). A
comparison is made among SLP, SPP and SSP (with restoration time constraints) in
terms of average cost and success rate of setting up connections. We observe that SSP
can initiate a graceful compromise between average cost and network throughput under
a wide range of restoration time constraints (see also results on Fig 8.). For SLP, the
overall performance is not distinguished compared with the other two types of protection
although an ultra-fast restoration process can be guaranteed.

With the result and analysis methodology, the modeling of the whole survivable rout-
ing process can further facilitate the deployment, and dimensioning of the network
switching capacity, and can serve as a reference for setting up the pricing policy.

Figure 8: Performance impairment by addressing the restoration time constraint using
the 61-node network at light load (19%).
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Claim 2.3 Complexity Analysis of the Segment Shared Protection Problem
A problem of Shared Segment Protection (SSP) in a mesh telecommunication network
is defined as follows:
Given:
• a undirected graph G(V,A), with V and A being the set of vertices and arcs, respec-

tively,
• the free capacity (f) and the spare capacity (v) of each arc,
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• the SRGs of G (the arcs of G in this case),
• the S matrix.
• the source node s, the destination d and the bandwidth b(W ) = 1 of the new demand,
• parameter kmax (≥ 1) that is an upper bound on the number of segments.
Decide whether there exists:
• a working path W , with the switching and merging nodes of each segment along W

(represented in matrix W ), and the protection path of each segment (represented in
matrix P ), such that
– the number of segments (or the number of protection domains) along W is ≤ kmax

– Wk and Pk should be arc (SRG) disjoint for ∀k,
– the feasible condition of the working path is fi ≥ b(W ) for ∀i ∈ W
– the feasible condition of the protection path is fi+vi ≥ b(W )+ max

∀j∈Wk

si,j for ∀i ∈ Pk

and ∀k.
In the optimization version of SSP a cost function c assigned to each edge is given

as well, representing the cost of allocating one unit of capacity. The task is to find the
connection with minimal total capacity allocation.

Theorem 2.3. The problem of SSP is NP-hard

Note that this proof is valid both in the vertex and in the edge disjoint cases. The
proof is valid if k = 1, so it is a proof of the SPP as well.
Claim 3 : Distributed Control Architecture for Shared Path Protection in
Mesh Communication Networks with Bandwidth Guaranteed Tunnels
Studies of the dynamic survivable routing problem for shared protection have been
extensively reported in the past several years, most of which focused on the schemes
under the complete routing information scenario [3, 4, 5, 6, 7]. (also called Sharing with
Complete Information, SCI [38]). However, in the practical operation of the Internet with
a distributed control environment, the scenario may be subject to significant overhead
in terms of link-state dissemination and yields a serious scalability problem. Therefore,
some studies turned to solving the problem in a scenario of partial routing information
(SPI) [38, 39, 40, 41, 42], in which a survivable routing protocol does not require per-flow
information to make a routing decision such that both the amount of dissemination for
enabling distributed control and the complexity of the routing process can be reduced
at the expense of a lower degree of sharing [38, 40, 41].
Claim 3.1 Reduced Information Scenario for Shared Path Protection
An explicit and comprehensive description has been available in a number of reported
routing information dissemination scenarios for shared protection [38, 40, 41], which
discuss the performance of the reported scenarios in terms of link-state dissemination
and routing information reconstruction. The common ideas of these papers were to
reduce signaling overhead by disseminating only O(E) information instead of O(E2)
entries of spare provision matrix S. In other words instead of matrix S, vectors are
disseminated. For some technical reasons matrix R is reconstructed instead of S, and

rj,l =
−1

b(W )
· (vj − b(W ) − sj,l) (5)

I applied the theory of SVD (Singular Value Decomposition [24]) transformation to
get optimal vectors approximating S matrix:

UT · R · V = diag(σ1, ...., σr) ∈ 
m×m
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min
∀R̂, rank(R̂)=1

∥∥∥R − R̂
∥∥∥

2
=

∥∥R − σ1 · U1 · V T
1

∥∥
2

= σ2 (6)

Let denote SP =
√

σ1 ·U1 and
(
SW

)T
=

√
σ1 · V T

1 , where σ1 is the first singular value
and U1 and V 1 are the vectors corresponding to it. Disseminating SP and SW gives the
best approximation of matrix S and the overall throughput of the network is increases
[C7]. At the same time the complexity of the routing problem can be significantly
reduced, with the following idea:

First I define a matrix W representing W , where W is a diagonal matrix with size

|E| × |E|. An example is given as follows. diag(W ) == {1

0,
2

1,
3

0, ...,
x−1

0 ,
x

1,
x+1

0 , ...,
|E|
0 }

means that W traverses through two links: the second and the xth link in G. In the
same way a matrix P is defined for P . The “row_max” operator for a matrix is defined
as well, which returns a column-vector with the jth entry being the maximum entry of
the jth row of the matrix.

Now the task is to find a SRG-disjoint path-pair such that the total cost can be
formulated in the following way:

ctotal = CT · {W · 1 + row_max
(
P T · R · W)}

≈ CT ·
{

W · 1 + row_max
(
P T · SP · (SW

)T · W
)} (7)

where C is the cost vector of the edges. Eq (7) can be expressed as

ctotal ≈ CT ·
{

W · 1 + P T · SP · max
((

SW
)T · W

)}
(8)

where the max operation is taken on all entries of the row vector
(
SW

)T · W . By Eq.
(8), the cost of the working path is the summation of the cost for each link taken by W
as usually, while the cost of the protection path is:

max
j∈W

{
sW

j

} ·
∑
i∈P

sP
i · ci

For the routing task, the cost of each link is determined by three variables: sW
i and

ci, for the cost of the working route, and
[
max
j∈W

(
sW

j

) · sP
j

]
· cj for the cost of protection

route. Thus, I have formulated the problem as a diverse routing problem with different
cost functions for working and protection paths, in which each working and protection

path takes independent cost function cj and
[
max
j∈W

(
sW

j

) · sP
j

]
· cj.

The diverse routing problem with independent and different cost functions for working
and protection paths can be solved with some very fast heuristics [38, 28]. The simulation
results in [C7] reinforced the theoretical statements.
Claim 3.2 Reduced Information Scenario for Segment Shared Protection
Distributed Partial Information Management with Sufficient and Aggregated Informa-
tion (DPIM-SAM) [1] is a scheme devised for the implementation of shared protection
in a distributed control environment. In particular, DPIM-SAM allows link l to dis-
seminate a scalar, which is the maximum entry of the lth column of S. Therefore any
remote ingress node, the receipt of max(Sl) from all the other nodes will enable the
reconstruction of an upper bound of the spare provision matrix for the whole network.
The drawback of SSP is the enormous computation requirement, therefore there is no
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need to disseminate so many link state information. Using DPIM-SAM scheme, the
complexity of the survivable routing problem significantly decreases. Our simulation
showed that the performance of SSP-DPIM-SAM is comparable with that of SSP-SCI,
while the computation time can be reduced to one thousandth times for the network
topology adopted.

I have formulated the SSP-DPIM-SAM as an ILP. Using the notation of Claim 2.1 x
is a binary flow indicator of W and it is assigned to the edges of Gw. y′ and z′ is assigned
to G′

p and y′ is a binary flow indicator of Q and z′
a,b is a variable for scaling the cost of

the protection path taking spare capacity along link (a, b).
Objective:

∑
(a,b)∈Ew

ca,b · xa,b +
∑

(u,v)∈E′
p

(
cu,v · z′u,v + ε

) · y′
u,v

The constraints mainly ensure the special structure of the working and the mass
protection path, as it was described in claim 2.1.
5 Application of the Results
All the algorithms and solutions of this dissertation have a strong motivation from the
telecommunication industry and mainly applicable on single layered circuit-switched and
virtual circuit-switched mesh backbone networks, like MPLS, ATM, SDH/SONET, Next
Generation SDH/SONET and ASON. They can equip the switches of the future sur-
vivable mesh telecommunication networks considering QoS requirements. Shared path
protection and shared segment protection are recognized as two of the most promising
strategies to equip networks.

I implemented simulation tools to be able to test the performance of the algorithms
and to ensure their benefits. The proposed methods of Claim 1 and 3 are scalable and
they were designed to meet several requirements of modern telecommunication networks.
In Claim 2 I investigated the need of segment shared protection to motivate researchers
developing fast heuristics.

I took into account the constructive feedback received from Ericsson and from the
High-Speed Networks Laboratory (HSNLab) at the Budapest University of Technology
and Economics.
6 Acknowledgements
I would like to express my thanks to my supervisors: Dr. András Recski, whose mathe-
matical supervision was very useful and to Dr. Tibor Cinkler, whose help and support
was essential to became a researcher in the field of telecommunication. I would like to
thank Dr. Pin-Han Ho (University of Waterloo, Ontario, Canada), who provided me all
help, advice and care, which was essential for my dissertation.

My work has been done in the research cooperation framework between Ericsson and
the High-Speed Networks Laboratory (HSNLab) at the Budapest University of Technol-
ogy and Economics. I am grateful to Dr. Miklós Boda (Ericsson) and Dr. Tamás Henk
(HSNLab) for their continuous support.

*Bibliography
[1] S. Chen and K. Nahrstedt, “An overview of quality-of-service routing for the next gener-

ation high-speed networks: Problems and solutions,” IEEE Network Magazine, Special
Issue on Transmission and Distribution of Digital Video, vol. 12, pp. 64–79, Novem-
ber/December 1998.

[2] D. Garbin and J. Yount, “Getting to the core.” online edition of Telecommunications
Magazine, November 2002.

[3] Y. Liu, D. Tipper, and P. Siripongwutikorn, “Approximating optimal spare capacity al-
location by successive survivable routing,” in IEEE INFOCOM, (Anchorage, Alaska),
pp. 699–708, 2001.

16



[4] P.-H. Ho and H. T. Mouftah, “A framework of service guaranteed shared protection for
optical networks,” IEEE Communications Magazine, pp. 97–103, February 2002.

[5] P.-H. Ho, J. Tapolcai, and H. T. Mouftah, “On optimal diverse routing for shared protec-
tion in mesh WDM networks,” IEEE Transactions on Reliability, March 2004.

[6] G. Li, D. Wang, C. Kalmanek, and R. Doverspike, “Efficient distributed path selection for
shared restoration connections,” IEEE Transactions on Networking, vol. 11, pp. 761–771,
October 2003.

[7] E. Bouillet, J.-F. Labourdette, G. Ellina, R. Ramamurthy, and S. Chaudhuri, “Stochastic
approaches to compute shared mesh restored lightpaths in optical network architectures,”
in IEEE INFOCOM, (New York, NY), pp. 801–807, June 2002.

[8] D. Xu, C. Qiao, and Y. Xiong, “An ultra-fast shared path protection scheme - distributed
partial information management, part II,” in IEEE ICNP: International Conference on
Network Protocols, (Paris, France), pp. 344–353, November 2002.

[9] Y. Xiong, D. Xu, and C. Qiao, “Achieving fast and bandwidth efficient shared-path pro-
tection,” IEEE Journal of Lightwave Technology, pp. 365–371, February 2003.

[10] D. Xu, Y. Xiong, and C. Qiao, “Protection with multi-segments PROMISE in net-
works with shared risk link groups SRG,” in The 40th Annual Allerton Conference on
Communication, Control, and Computing, 2002.

[11] L. Gargano and U. Vaccaro, “Routing in all-optical networks: Algorithmic and graph-
theoretic problems,” Numbers, Information and Complexity, pp. 555–578, February 2000.

[12] G. Wilfong and P. Winkler, “Ring routing and wavelength translation,” in SODA:
ACM-SIAM Symposium on Discrete Algorithms, 1998.

[13] J. Kleinberg and A. Kumar, “Wavelength conversion in optical networks,” in SODA:
ACM-SIAM Symposium on Discrete Algorithms, 1999.

[14] L. Jereb, “Kommunikációs hálózatok tervezésének és analízisének néhány kérdése.” MTA
doktori értekezés, 2002.

[15] J. Levendovszky, “Adaptív approximácós technikák a hálózatmegbízhatóságban.” MTA
doktori értekezés, 2002.

[16] J. W. Suurballe, “Disjoint paths in a network,” Networks, vol. 4, pp. 125–145, 1974.
[17] E. W. Dijkstra, “A note on two problems in connexion with graphs,” Numer. Math., vol. 1,

pp. 269–271, 1959.
[18] U. Meyer, “Single-source shortest-paths on arbitrary directed graphs in linear average-case

time,” in SODA: ACM-SIAM Symposium on Discrete Algorithms, pp. 797–806, 2001.
[19] R. K. Ahuja, T. L. Magnanti, and J. B. Orlin, Network Flows; Theory, Algorithms, and

Applications. Englewood Cliffs, New Jersey: Prentice Hall, 1993.
[20] R. Gomory and T. C. Hu, “Multi-terminal network flows,” Journal of the Society for

Industrial and Applied Mathematics, vol. 9, no. 4, pp. 551–570, 1961.
[21] L. A. Wolsey, Integer Programming. Wiley-Interscience, 1998.
[22] “CPLEX.” http://www.ilog.com/products/cplex/.
[23] J. Dirks and M. Berkelaar, “Lp solve toolkit,” 1999.
[24] G. H. Golub and C. F. V. Loan, Matrix Computations. Baltimore: Johns Hopkins Uni-

versity Press, 1983.
[25] W. Grover, J. Doucette, M. Clouqueur, D. Leung, and D. Stamatelakis, “New options

and insights for survivable transport networks,” IEEE Communications Magazine, vol. 40,
pp. 34–41, January 2002.

[26] J. Doucette and W. Grover, “Comparison of mesh protection and restoration schemes
and the dependency on graph connectivity,” in DRCN: Third International Workshop on
Design of Reliable Communication Networks, 2001.

[27] P. Laborczi, Configuration of Fault Tollerant Infocommunication Networks. PhD thesis,
Budapest University of Technology and Economics, Budapest, Hungary, 2002.

[28] B. Szviatovszki, Design and Performance Analyzis of Routing Algorithms in Data
Networks. PhD thesis, Budapest University of Technology and Economics, Budapest,
Hungary, 2002.

[29] R. W. Ashford and R. C. Daniel, “Some lessons in solving practical integer programs,”

17



Journal of the Operational Research Society, vol. 43, no. 5, pp. 425–433, 1992.
[30] C. Barnhart, E. L. Johnson, G. L. Nemhauser, G. Sigismondi, and P. Vance, “Formulating a

mixed integer programming problem to improve solvability,” Operations Research, vol. 41,
no. 6, pp. 1013–1019, 1993.

[31] M. Herzberg, S. Bye, and U. Utano, “The hop-limit approach for spare capacity assignment
in survivable networks,” IEEE/ACM Transactions on Networking, pp. 775–784, 1995.

[32] W. D. Grover, R. R.Iraschko, and Y. Zheng, “Comparative methods and issues in de-
sign of mesh-restorable STM and ATM networks,” Telecommunication Network Planning,
pp. 169–200, 1999.

[33] R. Iraschko, M. MacGregor, and W. Grover, “Optimal capacity placement for path restora-
tion in STM or ATM mesh survivable networks,” IEEE/ACM Transactions on Networking,
pp. 325–336, June 1998.

[34] D. Medhi and D. Tipper, “Some approaches to solving a multihour broadband network
capacity design problem,” Telecommunication Systems, vol. 13, no. 2, pp. 269–291, 2000.

[35] M. L. Fisher, “The Lagrangian relaxation method for solving integer programming prob-
lems,” Management Science, vol. 27, no. 1, pp. 1–18, 1981.

[36] R. W. M. Vaughn, “Metropolitan network traffic demand study,” in 13th Annual Meeting
Lasers and Electro-Optics Society (LEOS 2000 annual meeting), vol. 1, (Rio Grande,
Puerto Rico), pp. 102–103, November 2000.

[37] Y. Xiong and L. G. Mason, “Restoration strategies and spare capacity requirements in
self-healing ATM networks,” IEEE/ACM Transactions on Networking, vol. 7, pp. 98–110,
February 2003.

[38] M. Kodialam and T. V. Lakshman, “Dynamic routing of locally restorable bandwidth guar-
anteed tunnels using aggregated link usage information,” in IEEE INFOCOM, pp. 376–385,
2001.

[39] R. Ramamurthy, S. Sengupta, and S. Chaudhuri, “Comparison of centralized and dis-
tributed provisioning of lightpaths in mesh optical networks,” in OFC Optical Fiber
Communications Conference, (Anaheim, CA), pp. MH4 (1–3), March 2001.

[40] C. Qiao and D. Xu, “Distributed partial information management (DPIM) schemes for
survivable networks - part I,” in IEEE INFOCOM, (New York, NY), pp. 302–311, June
2002.

[41] L. Ruan and H. Luo, “Dynamic routing of restorable lightpaths: A tradeoff between
capacity efficiency and resource information requirement,” in ONDM : IFIP Working
Conference on Optical Network Design & Modelling, pp. 537–548, 2003.

[42] P.-H. Ho and H. T. Mouftah, “Issues on diverse routing for WDM mesh networks with sur-
vivability,” in IEEE ICCCN International Conference on Computer and Communication
Networks, (Scottsdale, AZ), pp. 60–65, October 2001.

*Publications
Journal Publications (with peer review)

[J1] P. -H. Ho, J. Tapolcai, H. T. Mouftah, "On Optimal Diverse Routing for Shared Protection
in Mesh WDM Networks", IEEE Transactions on Reliability, Vol. 53, No. 2, June 2004,
pp. 216-225

[J2] P. -H. Ho, J. Tapolcai, T. Cinkler, "Dynamic Survivable Routing for Segment Shared
Protection in Mesh Communication Networks", IEEE/ACM Transactions on Networking
Vol. 12, No. 6, December 2004, pp. 1105-1118

Journal Publications
[J3] P. -H. Ho, J. Xiaohong, S. Horiguchi, János Tapolcai “A Novel Network Planning Algo-

rithm with Fixed Alternate Routing for MPLS Traffic Engineering”, to appear in Dynamics
of Continuous, Discrete and Impulsive Systems, http://monotone.uwaterloo.ca/∼journal

Journal Publications in Hungarian

[J4] J. Szigeti, J. Tapolcai, G. Rétvári, L. Láposi, T. Cinkler, “Útvonalkijelõlés és forga-
lomelvezetés több tartományú kapcsolt optikai hálózatokban” Routing and traffic by-

18



pass in multidomain optical switched networks, Communications – Híradástechnika, LIX.
2004/2, Hungary, pages 42-49.

[J5] J. Tapolcai “Az optikai hálózatok jövôje” The future of Optical Networks, Communications
– Híradástechnika, 2003/4, Hungary, pp. 46-49.

[J6] P. Laborczi, L. Láposi, J. Tapolcai, Cs. Gáspár, „Cimkék az Interneten (MPLS, a többpro-
tokollos címkekapcsolás technológiája)” A brief overview of Multi-Protocol Label Switch-
ing, Communications – Híradástechnika, LVII. 2002/2, Hungary, pp. 3-10.

Invited Papers
[C1] J. Tapolcai, P. -H. Ho, “Segment Shared Protection in Mesh Communication Networks”,

Forty-First Annual Allerton Conference on Communication, Control,and Computing, Uni-
versity of Illinois.

Conference Proceedings Publications (with Peer Review)
[C2] J. Tapolcai, Pin-Han Ho, T. Cinkler, "A Compact Mathematical Formulation for Shared

Path Protection with General Shared Risk Groups", accepted in the Conference on
Wireless and Optical Communications Networks (WOCN) 2005

[C3] J. Tapolcai, P. Fodor, G. Rétvári, M. Maliosz, T. Cinkler, "Class-based Minimum Interfer-
ence Routing for Traffic Engineering in Optical Networks", accepted in the 1st Conference
on Next Generation Internet Networks (EURO-NGI) 2005

[C4] T. Cinkler, D. Mesko, G. Viola, J. Tapolcai, A. Mitcsenkov, "Routing with Partially Dis-
joint Shared Path (PDSP) Protection", accepted in the 1st Conference on Next Generation
Internet Networks (EURO-NGI) 2005

[C5] J. Tapolcai, Pin-Han Ho, "A Distributed Control Framework for Shared Protection based
on Matrix Decomposition in Tropical Semi-Rings", accepted in the 19th International
Conference on Advanced Information Networking and Applications (AINA) 2005

[C6] J. Tapolcai, Pin-Han Ho, "A Compact Mathematical Formulation for Shared Protection",
accepted in International Conference on Information and Communication Technologies
(ICT) 2004

[C7] J. Tapolcai, P. -H. Ho, X. Jiang, S. Horiguchi ,“A Study on Distributed Control Ar-
chitectures for Shared Protection in Modern Communication Networks with Bandwidth
Guaranteed Tunnels”, GLOBECOM 2004.

[C8] Pin-Han Ho, J. Tapolcai, H. T. Mouftah and C. –H. Yeh, “Linear Formulation for
Path Shared Protection”, accepted by IEEE International Conference on Communications
(ICC), Paris, France, June 2004.

[C9] J. Szigeti, J. Tapolcai, T. Cinkler, "Stalled Information Based Routing in Multi-Domain
Multilayer Networks", in: Proc. 11th International Telecommunications Network Strategy
and Planning Symposium (NETWORKS), 2004 június, 297-302 oldal. (0.5 · 4 = 2)

[C10] J. Tapolcai, P. -H. Ho, "Linear Formulation for Segment Shared Protection", in:
OPTICOM 2003: Optical Networking and Communications, Proceedings of SPIE, vol.
5285, pp. 49-58.

[C11] P. -H. Ho, J. Tapolcai and H. T. Mouftah, "Diverse Routing for Shared Protection in
Survivable Optical Networks", GLOBECOM 2003.

[C12] J. Tapolcai, T. Cinkler, “On-line Routing Algorithms with Shared Protection in WDM
Networks”, in: Proc. ONDM: The 7th IFIP Working Conference on Optical Network
Design & Modelling 2003, Budapest, Hungary, pp. 351-364.

[C13] P. Laborczi, J. Tapolcai, P. -H. Ho, T. Cinkler, A. Recski, H. T. Mouftah: “Algorithms
for Asymmetrically Weighted Pair of Disjoint Paths in Survivable Networks”, in: Proc.
DRCN: Third International Workshop on Design Of Reliable Communication Networks
2001, Budapest, Hungary, pp. 220-227.

[C14] Cs. Gáspár, T. Cinkler, G. Makács, J. Tapolcai, “Wavelength Routing with Grooming
and Protection”, in: Proc. ONDM: The 7th IFIP Working Conference on Optical Network
Design & Modelling 2003, Budapest, Hungary, pp. 469-487

[C15] Cs. Gáspár, Sz. Szentes, J. Tapolcai, T. Cinkler: Approximative “Algorithms for Config-
uration of Multi-Layer Networks with Protection”, in: Proc. DRCN: Third International

19



Workshop on Design Of Reliable Communication Networks 2001, Budapest, Hungary, pp.
228-235.

[C16] J. Tapolcai, T. Cinkler: “Iterative Multi-Hop Wavelength Routing Through Decompo-
sition. Presented at the 9th International”, NETWORKS: Telecommunication Network
Planning Symposium, Toronto, Canada, 2000.

Conference Proceedings Publications in Hungarian
[C17] J. Tapolcai: “Optimization of WR-WDM networks” Presented at the Conference of Senior

Students, Budapest University of Technology and Economics.

Additional publications
[T1] Author of “Bevezetés a Számításelméletbe példatár” (an exercise book of computer science)

BME-SZIT, 2002.
[T2] Author of “Optikai hálózatok számítógépes modellezése” (a survey about CAD tools for

simulating the transport layer of Optical Networks), for Hungarian Telecommunication
Company (MATÁV PKI), BME-TTT, 2001.

[T3] Author of “IP-továbbítást megvalósító DWDM teszthálózat rendszerterve” (a study on
IP over WDM), for Hungarian Telecommunication Company (MATÁV PKI), BME-TTT,
2000.

20


