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Abstract

Changing trends in backbone transport networks towards dynamic path provisioning and evolving
optical technologies have motivated the study of dynamic routing algorithms in the context of Multi
Protocol Label Switching (MPLS) based networks. As the network size increases, it is impractical to
maintain detailed information regarding every connection that is established in the network. Hence,
routing algorithms need to be designed that rely on partial information.

We study the effect of dynamic routing algorithms in the context of routing with partial infor-
mation. We observe that dynamic routing algorithms perform better than static routing algorithms.
However, the network capacity allocated for backup resources is found to be high. In order to allevi-
ate this problem, we study the effectiveness of protecting a connection using a simple segmented path
protection scheme. We compare the performance of the partial information routing algorithm with
and without segmented path protection through simulation studies, based on metrics such as the call
blocking probability and capacity redundancy. Our results indicate that with a simple segmentation
scheme, the capacity efficiency of partial information routing can be significantly improved, upto 20
to 30% depending on the topology. The capacity savings obtained leads to a modest improvement in
call blocking probability. It is also observed that segmented protection offers better performance as
compared to path protection under partial information scenario, which is contrary to the performance
obtained with complete information. Hence, it would be a better alternative to employ segmented
protection in large networks where obtaining complete network state information is impractical.

|. INTRODUCTION

The Internet is growing faster than ever with traffic across the core of the network quadru-
pling over the last year. With services ranging from video conferencing to large multimedia
downloads, the per user bandwidth consumption has increased considerably. Network surviv-
ability is a serious concern for today’s businesses as they rely heavily on a reliable and continu-
ously available high-speed communications infrastructure. With millions of wavelength-miles
laid out in typical global and nation wide networks, fiber optic cables are among the most
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prone to failures. For instance, GTS Trans European Network (formerly Hermes Europe Rail-
tel) estimates an average of one cable cut every four days on their network [1]. Therefore, itis
imperative to design networks that can quickly and efficiently recover from failures.

Survivable network architectures based on mesh (arbitrary) topologies offer better capacity
efficiency and flexible re-routing capability around failed links. This is a result of the route
diversity in arbitrary topologies, which is highly sensitive to the average nodal degree. Several
survivability paradigms have been explored for surviving single link failures in mesh-based
networks [2], [3], [4], [5].

Several methods have been proposed for joint working and spare capacity planning in surviv-
able optical networks [2], [3], [4], [6], [7]. These methods consider a static traffic demand and
perform routing and wavelength assignment (RWA) to optimize network cost assuming differ-
ent cost models and survivability paradigms. The application of these algorithms are restricted
for the network provisioning and offline reconfiguration phases due to their high computational
complexity. For network operation under dynamic traffic scenarios, direct use of such methods
for online reconfiguration remains limited to small networks with few tens of wavelengths.

Several heuristics and decomposition techniques [2], [8], [9] are being explored to signif-
icantly reduce the computational complexity of the RWA optimization problems. However,
these techniques are centralized and require per-flow information, hence does not scale well
with increasing network size. This motivates the need for developing source-based or dis-
tributed routing algorithms with partial information that is obtained from traffic engineering
extensions to routing protocols.

A. Related work

Dynamic routing in wavelength-routed WDM networks has been studied extensively in the
literature and several dynamic routing algorithms have been proposed [5], [10], [11], [12],
[13], [14]. A methodology for dynamic routing of sub-wavelength traffic in WDM grooming
networks is developed in [15]. The effect of grooming complexity and dispersity routing, where
higher capacity requests are broken into multiple unit capacity requests, are analyzed. These
studies are limited to establishing one connection per request and do not guarantee protection
paths.

Routing dependable connections under dynamic traffic was studied extensively in [16], [17],
[18]. Dynamic routing of restorable bandwidth guaranteed tunnels is studied in [19]. They
study dynamic routing using Integer Linear Programming (ILP) formulation under three infor-
mation scenarios: none, complete, and partial information. These approaches do not scale well
with the network size either due to the prohibitively large amount of information that needs
to be maintained or high computational complexity involved in solving ILP formulations. Re-
cently multi-segment protection approaches are gaining attention in the context of shared risk
link groups (SRLG) [20], [21].

In this paper, we study the performance of dynamic routing algorithms under partial infor-
mation scenario. Despite the improvement in performance achieved through dynamic routing,
network capacity allocated for protection paths is observed to be very high. We develop a
simple segmented path protection scheme to improve capacity efficiency. We compare the
performance of the partial information routing algorithm with and without segmented path
protection through simulation studies, based on metrics such as the call blocking probability
and capacity redundancy. Our results indicate that with a simple segmentation scheme, the ca-
pacity efficiency of partial information routing can be significantly improved, up to 20 to 30%
depending on the topology. The capacity savings obtained leads to a modest improvement in
call blocking probability. It is also observed that segmented protection offers better perfor-
mance as compared to path protection under partial information scenario, which is contrary



to the performance obtained with complete information. Hence, it would be a better alterna-
tive to employ segmented protection in large networks where obtaining complete network state
information is impractical.

The rest of the paper is organized as follows. Section Il introduces the framework for dy-
namic routing of primary and backup connections under the partial information model and
details the segmented path protection scheme employed. Section IlI-B discusses the experi-
mental setup, performance metrics, and performance results of different routing algorithms.
Section IV presents our conclusions and discusses further possible improvements based on our
observations.

[I. DYNAMIC ROUTING WITH PARTIAL INFORMATION

In this section, we develop the framework for dynamic routing of primary and backup con-
nections under the partial information model and segmented path protection scheme.

Every link in the network is denoted bylimk-state vectar The vector consists of a set of
properties associated with a link, eg. available bandwidth, primary capacity, backup capacity,
hop-length, fiber length etc. Each entity in the vector is referred tow@estac Every path from
a source to destination hapath-vectorthat is obtained by combining the link-state vectors of
the links in the path. Note that the link vector is a special case of a path vector when the path
has only one link.

In WDM networks, the metrics can be classified either as path-specific or wavelength-
specific. Path-specific metrics are those metrics that depend only on the route from a source
to destination and are independent of the wavelength used. One example of path metric is the
hop-length. The usage of a wavelength as a primary or backup on a link is an example of a
wavelength-specific metric. Various dynamic path selection algorithms can be developed based
on the above specified metrics.

Every node in the network is assumed to maintain global network state information through
a link-state protocol. The information available for each ljnk;) is the status of each wave-
length, setto 1 if used as a primary, 0 if used as backup, and -1 if available. Note that, although
we know if a wavelength is used as a primary or backup (partial information), we still do not
know which node pair’s flow is using the wavelength as a primary, or which flows are sharing
the wavelength for backup (full information).

Dijkstra’s shortest path algorithm is extended to the above link-state vector, referred to as
extended Dijkstra’s shortest path (EDSP) algorithm and is employed at every node in the net-
work. The EDSP algorithm uses the link-state vector as defined above instead of a single metric
that is traditionally used. The EDSP algorithm has two important operations: (1) combining
two path vectors and (2) selecting the best path vector. A path vector is a combination of link
state vectors.

We illustrate the path vector combine function using an example shown in Figure 1.

As defined earlier, associated with each wavelength in a link-state vectpidsvstatus vari-
able whichis setto 1 if used as a primary, O if used as backup, and -1 if available. By examining
each Isv, we can determine the total primary wavelengths by adding all the wavelengths whose
status value is 1, the total backup wavelengths by adding wavelengths whose status value is 0O,
and total available wavelengths by adding wavelengths whose status value is -1. Although a
status variable is indexed and maintained for each wavelength in a link, in the discussions to
follow, we use a generic status variable to represent all wavelengths. If the combine function
is the maximum of the status variables, il8u;;.Status = max(lsv;;.Status, lsvj;.Status).

By examining the combineldv;;..Status as shown in Figure 1a, the following information can

be obtained. Since we are interested in wavelength continuous paths, any wavelemgise

status in the combined Isv is 1 cannot be used as there is atleast one link in the corresponding
wavelength continuous path whekeis being used as a primary wavelength. Akwhose
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Fig. 1. Combine function for two path vectors.

status in the combined Isv is -1 means the wavelength continuous path correspongliisg to
available on all links on the path. Similarly, anywhose status in the combined Isv is 0 means
the wavelength continuous path hasither being used as a backup or is available. Therefore,
to check if a wavelength continuous path can be established or not, it is sufficient to check the
status of the wavelengths in the combined path vector.

The second operation of selecting the best path vector from a given set of path vectors is
defined by a specific path selection policy. For example, the traditional shortest path algorithm
selects a path with minimum hop length. To understand how different combine functions have
different effects on the path selection, and hence the routing algorithm, refer to Figure 1. Let us
assume that we would like to choose a path which has maximum number of backups (already
reserved) available. If we use the combine function in Figure 1a, we will get paths where, in
the worst case only one link along the path has the corresponding wavelength being used as
backup and on all other links the wavelength is available. In such a scenario, once the path
is selected we need to reserve capacity on all links where the wavelength was available. On
the other hand, if we assume that the combine function as shown in Figure 1b is used, i.e.,
lsvy,.Status = abs(lsv;;.Status) + abs(lsvj,.Status). Now in this case, as can be seen in the
figure, any\ whose status in the combined Isv is 0, means thigtbeing used as backup on
all links on the path. In such a scenario, once the path is selected, we do not need to make any
excess reservations. It is to be noted here that, we merely use the above illustration to explain
the process of combine and selection, actual decision on whether we can multiplex a given
connection’s backup on to an already reserved backup wavelength will depend on whether
such an assignment will violate the 100% protection guarantee. However, it can be easily
shown that 100% protection guarantee can be achieved.

A. Routing algorithm

We first discuss the basis upon which the routing algorithms are developed. The key is to
use the aggregate information in the partial information scenario to obtain significant gains in
network performance. Let us assume that the primary path for an arriving request has been
selected. The maximum number of primary connections on a link along the path is referred to
as theconflictcreated upon routing the current primary connection, inclusive of the primary.
For any potential backup path which is disjoint from the primary, it is required that the path has
atleast” wavelengths that are either available or used as backup. Note that, as explained earlier
in the section, this depends on the kind of combine function used. Now suppose if we cannot
find C' backup wavelengths, then assign one wavelength continuous path without any sharing.



It is a fairly simple exercise to see that in both the above cases, 100% protection guarantee is
maintained.
We will illustrate this with an example. Figure 2 shows the snapshot of a part of the network.

Primary
— — — — Backup
............ Available

Fig. 2. Snapshot of a part of the network to illustrate protection guarantee

Assume that there are two wavelengiis\, on each link. There are two primary paths P1
and P2 which use, as part of its route, links 2-3 and 2-1 respectively. Assume that a primary
path for the new request between (3,1) has been selected to be 3-2-1 (Pnew)Nnte that
the primary wavelengths cannot be shared. The maximum conflict created by Riiew 2s
Now the claim is that as long as there @revavelength-continuous backups assigned on the
selected backup path for this new request, 100% protection guarantee can be ensured. The
other case is to assign one wavelength continuous path on 3-4-1 without any sharing. It is
trivial to see that in the latter case, since one dedicated wavelength continuous path has been
assigned for the new request, 100% guarantee is ensured.

Let us examine the first case of the claim that there(angavelength-continuous backup
paths assigned. Suppose, if it is not the case then it would result in the violation of 100%
guarantee. To understand this better consider the example shown in Figure 2. Suppose that we
were to assign one wavelength continuous path on 3-4-1 usinglere on both 3-4 and 4-1
A1 has been already reserved as backup for some earlier request(s). Assume that the backup
path for P2 had been assigngdon link 3-4. Suppose of link 1-2 fails, both Pnew and P2
contend for the same wavelength, thereby violating 100% protection guarantee. Note here
that instead of\,, if we were to assign the backup path for the new request on 3-4-1 dsing
which is available on both links, then this becomes a dedicated backup for Pnew and as shown
earlier is a trivial case.

It is clear that in some cases, due to lack of information, more backup wavelengths may be
reserved than required. In the above example, if P2 were not using any of links 3-4 or 4-1
for backup, we could have assigned the backup path for the new request on 3-4-1, sharing
the already reserved wavelength The inherent assumption here is that the algorithm had
ensured protection guarantee for all earlier requests before the arrival of the new request. This
is the best decision that any routing algorithm can make to provide 100% protection guarantee
given the partial information scenario. So we need to exploit the excess reservations that may
be made in some cases to our advantage by reusing such links where backup wavelength chunks
are already available.



It is to be noted that, we need to ensdravavelength continuous paths, instead of merely
checking forC' wavelength capacity to be either available or reserved as backup on all links on
the backup path. This is because when the backup has to be actually assigned for this request,
we may not find a common wavelength that is available on all paths, although the required
capacity is present. Although we providépossible backup wavelengths for some arriving
requests, we need to switch the connection onto one specific wavelength when a failure occurs.
There are some issues as to the order in which the affected requests pick the backup wavelength
to switch to. A wrong assignment here may result in some requests being blocked. This can be
avoided by some extra processing to ensure that the switch to the backup path is done without
blocking any requests.

The optimality metric for our dynamic algorithm is stated as follows: route the primary
on the shortest path, and try to route backup on links where backup wavelengths are already
reserved by earlier requests, at the same time ensuring 100% protection guarantee. In [22], we
developed several routing algorithms based on our optimality definition and all the observations
discussed earlier. We choose the algorithm that performed the best and try to improve its
performance using segmented path protection. The algorithm is as follows.

Least Conflict Path Unconstrained Primarg.@ PU P): The primary is routed using the
least conflict path, i.e., minimize the maximum conflistifmaxconflidt created on the pri-
mary path. This is achieved in the EDSP framework, by using a maximum metric in the link-
state vector combine function for primary capacity, and choosing the minimum value when
comparing path vectors to update the Dijkstra cost. The metric used for routing the backup
path is to maximize the minimum backup capacity availablaXminbackup This metric at-
tempts to find a path for which minimum backup capacity available on the path is maximum.
This can be achieved using the EDSP framework, by using a minimum metric in the link-state
vector combine function for backup capacity, and choosing the maximum value when compar-
ing path vectors to update the Dijkstra cost.

B. Segmented Path Protection

We extend the.C' PU P algorithm for segmented path protection as follows. We use mul-
tiple protection segments for each working path. The algorithm is as follows. The primary is
routed using theminmaxconflicimetric. For the backup path, we calculate the excess spare
capacity reservation required to route the backup usingdeeminbackupnetric (same as the
LCPUP case). Then we compute the excess spare reservation obtained with segmentation.
As mentioned earlier, thenaxminbackupnetric tries to route backup path using links where
backup wavelengths are already reserved by earlier requests. Excess spare reservation is com-
puted as the number of available wavelengths (not reserved by any earlier request) that have to
be reserved to route the current request.

We employ two simple segmentation schemes. In the first sctiz@i we find the inter-
mediate node|( /2], WhereL is the length of the primary path). Then we find two backup
paths using thenaxminbackumetric, one from source to the intermediate node and the second
from intermediate node to the destination. Since we split the working path into two segments
that are link disjoint, their backup segments can share wavelengths. This is expected to reduce
the spare capacity usage. In the second sche&méink, we split the working path intd.
link segments (wheré is the hop length of the working path). For each link, we compute a
backup using thenaxminbackupnetric. Finally we choose route the request using the scheme
that minimizes the excess reservation.

1. PERFORMANCEEVALUATION

The performance of the algorithms described in the previous section are evaluated on the 14
node 22 link NSFNet network topology. When a request arrives at a node, primary and backup



paths are chosen using the above mentioned routing algorithms. FirstFit wavelength allocation
policy is used for both primary and backup paths, with primary choosing from wavelengths in
descending order, and backup in ascending order.

A. Experimental setup

The experimental setup for the simulation is based on the following assumptions.

1) The arrival of requests at a node follows a Poisson process with rate are equally

likely to be destined to any other node;

2) The holding time of the requests follow an exponential distribution with unit mean;

3) The capacity requirement of a request is restricted to a full wavelength; and

4) Every link has 32 wavelengths.

The requests are generated independently at a raté\ofwhere N denotes the number
of nodes in the network. The requests are equally likely to have any aVthedes as its
source. The generated requests are fed to the different networks running in parallel and their
performances are measured. A totalsok 10° requests were generated with performance
metrics being measured in batchesl16f requests. The average of the performance metrics
over observed five set of values are reported in the results.

The performance metrics measured are the request blocking probability, redundancy. Since
every request is assigned a primary and a backup path, and since the network revenue is gained
as a result of accepting more primaries, and the backup capacity is idle until a failure occurs,
all the measurements and performance comparisons are made specific to the primary paths.
The blocking probability is computed as the ratio of the number of blocked requests to the total
number of requests generated. Redundancy is defined as the ratio of total spare to working
capacity in the network.

B. Results

The capacity redundancy &fC' PU P is compared with two segmented protection schemes
Seg2 andSegLink. We choose the two segment protection schemes by examining the average
primary path lengths of the accepted connections which is around 2.11 for NSFNet. So it
makes sense to split the working path into either two segmenissegments for every link
in the path. We chose to compare with' PU P based on the experiments performed in [22].
LCPU P performed the best for partial information routing.

The capacity redundancy farC PU P versusSeg?2 is shown in Table I. The redundancy in
the network is reduced by usirfrg2 scheme. When the load in the network is low, 17 - 34%
reductions in capacity is obtained. The corresponding blocking probability valué¢€ 8t/ P
versusSeg2 are shown in Table Il. The blocking improves modestly for the corresponding
loads. Around 10-30% improvements are obtained for low loads, and for arrival rate 50, there
is 72% improvement in blocking performance. As the load increases, performance of these
schemes converge as expected, in fagf2 performing worse at high loads.

The capacity redundancy of tl¥e g Link scheme is compared withC' PU P and the results
are shown in Table Ill. Similar trends are seen in this case with some slight improvements at
higher loads as compared $¢2 scheme. For low loads, 19 - 36% reductions in capacity is
obtained. The blocking probability values férC’ PU P versusSegLink are shown in Table
IV. Again modest improvements in call blocking can be seen. For higher loads, performance
converges as expected.

The important thing to note here is that a simgitg2 scheme works well to improve network
performance, rather than a complicated segmentation scheme which has a high overhead on call
setup time. The&eg2 scheme can be easily extended with minimal increase in state and fairly
simple signaling. The reduced segement size can also improve restoration time guarantees.



TABLE |
CAPACITY REDUNDANCY (LCPUP Vs Seg2).

Arrival Rate | LCPUP Seg2 % Improvement
50 2.7203162 1.7702888 34.92341809
60 2.4216648 1.7567562 27.45667361
70 2.1073996) 1.7358794  17.62931909
80 1.8761902 1.6967922] 9.561823743
90 1.7212094 1.6363718 4.928952863
100 1.6167616| 1.5739436] 2.648380565
130 1.4596456| 1.4471596] 0.855413122
150 1.4025966| 1.397595 0.35659576
200 1.3192184 1.3191904| 0.002122469

TABLE II

BLOCKING PROBABILITY (LCPUP VS Seg2).

Arrival Rate LCPUP Seg?2 % Improvement
50 2.20000E-05 6.00000E-06 72.72727273
60 9.80000E-05 6.60000E-05 32.65306122
70 1.71600E-03 1.53800E-03 10.37296037
80 1.20780E-02 1.17780E-02 2.483854943
90 3.57640E-02 3.55960E-02 0.469746113
100 7.17920E-02 7.18300E-02 -0.052930689
130 1.81166E-01 1.81500E-01 -0.184361304
150 2.42646E-01] 2.42518E-01] 0.052751745
200 3.55040E-01] 3.55960E-01] -0.259125732

TABLE Il

CAPACITY REDUNDANCY (LCPUP Vs SegLink).

Arrival Rate | LCPUP SegLink | % Improvement
50 2.7203162 1.731061| 36.36544899
60 2.4216648 1.7153626 29.16597706
70 2.1073996) 1.6979632 19.42851275
80 1.8761902 1.6638772] 11.31617679
90 1.7212094 1.6140468  6.22600597
100 1.6167616| 1.5556842] 3.777761669
130 1.4596456| 1.4427846) 1.155143413
150 1.4025966| 1.3947604, 0.558692357
200 1.3192184| 1.3181978 0.077363991




TABLE IV
BLOCKING PROBABILITY (LCPUP Vs SegLink).

Arrival Rate LCPUP SegLink | % Improvement
50 2.20000E-05 1.20000E-05 45.45454545
60 9.80000E-05 5.20000E-05 46.93877551
70 1.71600E-03 1.58600E-03 7.575757576
80 1.20780E-02 1.07100E-02 11.32637854
90 3.57640E-02 3.43600E-02 3.925735376
100 7.17920E-02 7.15200E-02 0.378872298
130 1.81166E-01 1.81634E-01 -0.258326618
150 2.42646E-01] 2.41798E-01] 0.349480313
200 3.55040E-01] 3.58306E-01] -0.91989635

IV. CONCLUDING DISCUSSIONS

We study the performance of source based routing algorithms with partial information rout-
ing. Since we rely on partial information for making dynamic routing decisions, the capacity
redundancy in the network is high. To improve capacity efficiency, we develop a dynamic rout-
ing algorithm that uses a simple segmented path protection scheme. We compare the perfor-
mance of the partial information routing algorithm with and without segmented path protection
through simulation studies. The important point to observe is that a sitleglescheme works
well to improve network performance, rather than a complicated segmentation scheme which
has a high overhead on call setup time. Fleg2 scheme can be easily extended with minimal
increase in state and fairly simple signaling.

Since segmented protection offers better performance as compared to path protection under
partial information scenario, it would be a better alternative to employ segmented protection in
large networks where obtaining complete network state information is impractical.

We also observe that the information collection remains the bottleneck for improving the
overall performance of the routing algorithm. Per-flow information does not scale well for
large networks. So converting per-flow information into an aggregated matrix which the partial
information protocols can then work with is the key to improving performance. We also plan to
conduct studies on different topologies to identify good segment sizes. Adjusting the segment
sizes can also improve restoration time guarantees. Fomnasggment protection scheme,
identifying whichm nodes to use for segmentation could also be a key factor.
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