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Abstract— In this paper, we consider the problem of de-  Network survivability in MPLS Networks can be pro-
signing partially and fully survivable explicit label switched vided in many ways. One option could be to enforce path
paths for MPLS networks. We model the problems as (jversity [2] at the time of flow allocation. This way, we
Mixedllnte_g.er Linear Programs. Furthermore, we present can force the demand volume to split in more than one
a survivability assessment of the models. We also evaluate, , ‘£ iher, a restriction can be put on amount of flow
the performance of the models presented in the paper, in . . . . .
terms of total used capacity in the network. on each path by m‘Froducmg d_|ver_s_|ty constraints [3] to

introduce some notion of survivability. In case of single
~ Index Terms—Routing, Traffic Engineering, Restora- |ink failure, only demand carried on one of the paths
tion, Survivability, Diversity. is lost, while rest of the demand is still carried in the
network, thereby providing partial survivability against
single link failures.

Another approach is to provide full network surviv-

In the past decade, there has been exponential growaHility by maintaining pair of link-disjoint paths (primar
in the traffic carried on the Internet. At the same timend alternate) for each service class between each source
most of the real-time applications, such as voice ovand destination. In the event of link failure, flow on the
IP, video conferencing and multimedia have migrated &ffected path can be quickly switched to the alternate
the IP networks. These applications require high reliabpath. This is known as Protection Switching or Fast
service and quality of service (QoS) assurances. TheReroute [4]. Protection Switching can be divided into
fore, network survivability has become an importarbcal and global repair [5]. In local repair, an alternate
consideration for network providers. path is used as a bypass from point of protection to

Multi-protocol Label Switching (MPLS) [1] hasthe next LSR, while global repair is used on an end-
emerged as potential solution for addressing traffic eto-end basis. Protection Switching has the advantage of
gineering and providing survivability for IP networksfast recovery in event of link failure, however additional
MPLS controls the packet flows through label switchingesources are required to set up the alternate path. For
A label is assigned to a packet, when it enters an MPleRample, in [6], the alternate path may remain unused
network at ingress Label Switched Router (LSR). Aantil a link failure occurs (1:1 Path Protection) or carry
subsequent hops, this label is used as index into a tathle same traffic as carried by primary path (1+1 Path
that specifies packet's next hop and a new label. TReotection). To avoid the bottleneck of maintaining the
incoming label is swaped with this label and packetlternate path (even when all the links in the network are
is forwarded to next LSR. The path traversed by ttmperational), the alternate path can be established after
packet is called Label switched path (LSP) and Labfilure has occurred. However, in this case the network
distributed protocol (LDP) is used to set up the LSReeds significant time to setup the alternate path and
MPLS framework uses constraint-based routing to seeroute the traffic. For a survey of restoration techniques
up explicit label-switched paths between a source afa MPLS networks, see [7].

a destination. These explicit paths appear as point-todn the past, Wang and Wang [8] have presented the
point logical links at IP layer. An important feature oexplicit routing models for MPLS traffic engineering,

MPLS is its capability to set up multiple label switchedhowever they have not considered link failure in their
paths between a source and destination. In this papandels. Authors in [9] have used the path generation
we exploit this feature of MPLS to design explicit labelechnique to design situation-disjoint pair of paths. [10]
switched paths such that traffic can be partially or fullpresents an integrated optimization formulation, where
survived in the event of a link failure. authors unify different objectives into single objective
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TABLE |

function and consider varied survivability requirements
NOTATIONS USED IN FORMULATION

for different service class. Kodialam and Lakshman [11]

o . Set of nodes in the network
have presented optimization models and algorithms . e 0f nloves Ih the newwor

Set of links in the network

for guaranteed tunnels with restoration. Yetginer and » . set of origin-destination demand pairs in the
Karasan [12] have given integer linear programming network o
based formulation to design working and recovery paths, 7¢ Saeitrs"; gagd'date link-disjoint paths for demand
while optimizing the MPLS network. s - get of failure states

This paper considers one of the main issues for traffic ¢, : Capacity of link¢ € £
engineering of MPLS networks: How to set up explicit %« - Traffic demand volume for demand pairc D

Maximum allowed fraction of demand volume for

: 0
label-switched paths between edges nodes of a MPLS each demand

network, such that a pre-defined objective is optimized.

r : The maximum link utilization in normal state
We first present a model, which does not take link failure : The maximum link utilization over all failure state
into consideration. Therefore, in the event of a link ¢ ;’a\ﬁﬁg ;?g:g; used to weigh between normal and
failure, all the demand carried on the affected paths are aes - 1iflink £ € £ is up in states € S, 0 otherwise
lost. Further, we extend this model to incorporate single v,; : Binary variable, 1 if demand uses pathj € P,,
link failure scenario, such that label-switched paths for 0 otherwise _
each source-destination pair are able to carry the full ¢ : Volume of flowd D that is allocated on path

. . . . j € Pq in normal state
demand volume in the event of a single link failure. For ,, . f,ery large positive number

the purpose of this paper, we do not consider multiple
link failure at same time. We assume that only one link
fails at one time, while other links are still operational.

In this paper, we consider only two disjoint paths tgpecific destination, needs to be sent over two LSPs. For
carry the demand for each service class between e&HRplicity, we assume that traffic for a particular demand
source-destination pair. Instead of making one path Rglongs to only one particular service class. We present a
primary path and other back-up path, we use both tiytixed Integer Linear Programming Formulation for the
paths to carry the demand in the normal state (with soblem. Notations for the formulation is described in
failure). This, in turn leads to lower value of maximumfable I. We are given the information aboit, D, £,
link utilization in the normal state. ha, ¢, and 6.

We present a Mixed Integer Linear programming Note that it is important to have enough link-disjoint
(MILP) formulation to set up pair of link-disjoint pathspaths in the seP; such that pair of paths selected for
for each service class between source and destinati®d¢h demand leads to optimal solution. Hence, fairly
We incorporate a diversity constraint to restrict the flolarge number of paths need to be pre-computed. How-
on one path. Further, we extend the formulation tver, we can circumvent this computational overhead by
incorporate the single link failure scenario. We use a bising path-generation based techniques which can add
criteria objective for the formulation, where we use af¢levant paths in an iterative fashion; for details, se¢.[13
artificial constant to weigh between normal and failurd/e usek-shortest path algorithm to generate the set of
states. Through computational studies, we do a surviink-disjoint paths inP;. We use a link-path incidence
ability assessment of the network and a performangatrix denoted by, which takesl if path j of demand
evaluation for the models presented in the paper.  d uses link/, 0 otherwise.

The rest of the paper is organized a follows. In
section Il, we present the problem formulation. In sec- ) _ _ ,
tion 111, we present the results for experimental network&: Formulation without link failure

Finally, we conclude in section IV. First, we present a model to design two link-disjoint
paths for each source-destination pair without consider-
Il. PROBLEM FORMULATION ing link failure in the formulation. We define the flow

The traffic engineering problem for robust path desigallocated to patly € P, of demand paid € D asxzg;,
in MPLS networks consists of finding an optimal paiwhich can take values betwe@randé - h;, whereh, is
of paths for each service class, such that in event othe traffic demand volume for demand pdie D andé
single link failure, the alternate path can carry the flowestricts the fraction the demand that can be allocated to
carried by affected path, while optimizing a measure farpath and it is referred as diversity constraint. We define
network performance. We consider an aggregated-flabinary variable:4; such thatuy = 1, if demandd uses
based network, where traffic arriving to a source for gath; anduy = 0 otherwise. To ensure the total demand



volume is routed and no path carries more than allowed
fraction of demand, we have the following constraints:

Z xy = (1— ozgs)5fljmdj (6)
1€Pq,i#]
Z;xdj = hay d€D (1) seStel jePydeD
1€Pa
Z 0 deD ® zg < ugM s€S jeEP; deD (7
Ugg = 2, S .
P, Y We use a large number fa¥l. In effect, constraint 7

ensures that in event of a link failure, flow on the affected
zgg < Ohqugy, deD jePy (3) path for a demand is switched to the alternate path for

that particular demand. In the case of a link failure, only

In this paper, we allocate each demand onto exaclf{e path will carry the whole demand, if the failed link
two paths (restricted by (2)). However, this condition is 5 one of the two paths for that demand.
not restricted and we can change the value of the summary, ;5 the total flow on a particular link in a particular

tion of ug; to fulfil different path-allocation requirements ¢4t will be the sum of flow carried in normal state and

Thus, the total bandwidth on any link to cgarry albdditional flow in that failure state. However, we still
the demands can be captured BY,cp > jep, 9374 need to ensure that total flow on a link does not exceed
We define another variable to denote maximum link the link capacity in any failure state.

utilization in normal state (no link failure). Since, we are \y, incorporate another variablein the formulation
given the capacity of each link, we have the following, yenote the link overload variable over all failure states

constraint for each link < L: Thus, we can define the capacity constraint as :

0sxg < cr, (€L (4)
;)j;d e N Shlag +ay) < of, seSLel (8)
deD jEPy

Our goal is to minimize the maximum link utilization For determining h h ight to give to th
in the network. At this point, we have given conditions or determining how much weight to give 1o the
orst link utilization factor over all failure states, we

to design two link-disjoint paths for each demand undf ‘ tank. t iah betw l'and
normal condition (with no link failure). We refer to!ncorporate a constant, 1o weigh between normaj an

this formulation asRDP. Thus,RDP problem can be failure states. We refer to thIS problem BRDP. The
formulated as problemFRDP can be defined as

F = min r 5) F=min (1 —a)r +or 9)

_ _ subject to constraints ( 1- 4) and constraints ( 6- 8)
subject to constraints ( 1- 4)

C. Modified Formulation

In problemFRDP, we need a constraint for rerouting
Next, we extend the model presented in the previotlew on each link for every path and each demand in all
subsection to incorporate the single link failure. For thfailure states. This leads to large number of constraints
purpose of this paper, we consider a single link failurend makes the problem very complex. Next, we present
at one time. We illustrate the idea of failure states ky simplified version of th&FRDP formulation. Here,
adding another subscript, s, to account for failure states, denotes the actual flow on paghof demandd in
Each failure state consists of the failure of one link dailure states. To ensure that all demand is carried in all
a time, while other links are fully functional. Thereforefailure states, we have the following constraints:
we can define failure states = 0,1...S, where S is

B. Formulation incorporating single link failure

equal to number of links4). Z Ty = hag, d€D seS (20)
We use the notation, to denotel if link ¢ is up and JEPa

0 if it is down in states. For each state, we usezy; s _

to denote the additional flow on paghfor demandd in >y < ugM, deD jeP (11)

states. To ensure that in the event of a link failure, the s€5

flow on affected path is rerouted to the second path, weConstraint (10) ensures that each demand is carried in
have following constraints: all failure states. Constraint (11) forces the flayy to



be zero if pathj of demandd is not used to carry the
demandd (ug; = 0).

We have the following constraint to ensure that flow
on each link in any failure state does not exceed the link
capacity:

SN ey < aner, s€S tel  (12)
deD jeP,

We refer to this problem aMIFRDP. The problem
MFRDP can be defined as

F=min (1 -@)r +ar (13)

subject to constraints ( 1- 4) and constraints ( 10- 12)

Fig. 3. ENI Fig. 4. EN IV

[11. NUMERICAL RESULTS

In this section, we present a survivability analysis for  network provider would be interested in providing
the models presented in section Il. We also analyze the some level of survivability for each demand in the
performance of the models in terms of the fraction of case of a link failure. MCD value of 1.0 indicates

used capacity and link utilization. We have implemented  that all demands are fully carried in the network in

the models by using CPLEX [14] callable libraries. any failure state.
« Total Carried Demand (TCD) captures the fraction
A. Experimental Networks of total demand carried in the network, averaged

We have used four topologies as our experimental Over all failure states.
networks (EN), as shown in Fig. 1-4, which can be * Fraction of psgd Capgcny (FU_) captures th(_e total
found in the literature [3] and [15]. EN | has 6 nodes used capac_:lty'ln the final solution as a fraction of
and 12 links. EN Il has 6 nodes and 10 links. EN 1lI ~ total capacity in the network.
has 9 nodes and 14 links. EN IV has 10 nodes and
14 links. We have generated a reasonably large set(of Survivability Assessment
possible paths?; for each demand. We assume that We first present a survivability assessment for the
there are 15 candidate paths for each demand pair $olution of the problemRDP, where we assume that
all experimental networks. all the links are operational. We evaluate the perfor-

For the given experimental networks, we assume thatance ofRDP in terms of the performance measures
there are traffic demand volume of 100 Mbps betweenCD and TCD. We solve the proble®RDP for § =
all pairs of nodes. For each demand, we find the shortes5,0.6....0.95 and assess the solution in terms of
paths between each pair of nodes based on hop-countdsthand carried in event of link failures. In Figure 5
then assign all the demand volume on one of the shortaad Figure 6, we present MCD value and TCD values
paths. Upon such allocation, we find the flow on eacgkspectively for increasing value df for EN I. We
link and determine the capacity of link with maximunpresent results for only one of the experimental networks,
flow so that this link is at 40% utilization. We assigras the values of MCD and TCD metric were found in
this capacity to all the links in the network. close vicinity for all the experimental networks for a

particular #, and the values follow similar trend with
increasingd for all experimental networks.

B. Performance Measures

In our study, we consider the following performance We observe that the MCD value decreases with the
measures to evaluate the formulations presented in sgereasing value of. The limit on the maximum fraction
tion II: of each demand, that can be carried on each path

e Minimum Carried Demand (MCD) captures thencreases with increasirty therefore, it is possible that

least fraction of demand volume carried for any dene path carries most of demand volume for a particular
mand in the network in any failure state. Ideally, thdemand while other path carries only small volume of



->

oo fllE 5 e We also show FU values fdRDP problem to compare
o o the solution of MFRDP problem. For the purpose of
o 0.4 this paper, we assign equal weight to maximum link
o o utilization for normal and failure states (= 0.5) in the
02 \ 022 ///ﬂ/ objective function defined in ( 13). We observed that flow
030_55 s TR sl allocation forRDP and MFRDP (in normal state) is
o o almost same for EN |, however for EN II, EN Il and EN
Fig. 5. MCD Values for EN | Fig. 6. TCD Value for en | |V: the flow allocation is different in both cases, leading

to the difference in FU values.

Minimum Carried Demand (MCD) ----->
Total Carried Demand (TCD) ---

that demand. For example, with = 0.95, one of the

path can carry up to 95% of demand and other path

might carry only 5% of demand. If a link fails on the _ _

path carrying 95% of demand, only 5% of that demand The I_:lgure 7 shows that the FU yalue decreases with

will be carried in the network. Therefore, with increasin{!créasing values of/ for all experimental networks.

value of 6, the minimum carried demand for a demandis 1S due to the fact that for larger values @fpath

in the network decreases, and hence the MCD value aféifh smaller number of hops carries higher volume of

decreases with the increasing valuedof demands, while path with the larger number of hops
MCD metric gives the survivability assessment fora"y Small demand volume, leading to reduced FU

each demand, however TCD metric gives an account_‘fﬁ'“e for_hlgh yalue of). When we take failure states

the percentage of the total demand volume carried in tifi° coInS|derat|(;]r_1, we gil)t Iowe.erU(;/aIueﬁ cor;pared.to

network. TCD value increases with the increasing valfiormal state. This can be attributed to the observation

of 9. As explained above, it is possible that for a higiat in case of a link failure, demand on the affected
value of6, one of the path carry most part of demand).aths is routed on the shorter(in terms of hops) alternate

If the failed link is on one of the paths used to carr?ath for more number of demands, while only for few

a demand, the actual demand volume carried for eaq:eﬁmands, demand on the affected path is routed on the

network may vary drastically depending on the amoufiftemate longer path (in terms of hops). This in tum
of flow on affected path. For example, fér— 0.95, it leads to overall reduced value for FU metric in failure
is possible that for one demand only 5% of the demaﬁ&ates'_ _ o .
volume is carried while for most of the other demands, N Figure 8, we show the link utilization for different
95% of the demand volume is carried. On the other harfiks for experimental networks. We present the results
for smaller values of, the demand volume carried for®" RDP and MFRDP in normal state and failure
different demands will be in same vicinity. For exampleState (averaged over all failure states). For EN |, we get
for § = 0.55, for all the demands with affected paths dug§@me values of link utilization for all links foRDP
to link failure, the actual carried demand volume will b&"dMFRDP in normal state, while for EN II, EN 11l
between 45% and 55%. This can lead to overall low8fd EN IV, values differ for both problems. This can
value of TCD for smaller values of while high value be attributed to the observation cited above regarding
of TCD for larger values of. difference in flow allocation.

We also show the values of MCD and TCD metrics for Ve also see an increase in the maximum link utiliza-
MFRDP formulation. Here, we assume that networon for MFRDP in the failure state. When we take
has enough capacity to carry all the demand in case didure states into consideration, flow on the affected

single link failure, therefore both MCD and TCD value®ath due to a link failure is routed on the alternate path,
are equal to 1.0 for all values of thus increasing the utilization of links on the alternate

path. This can be observed in Figure 8, as the maximum

) link utilization is more for MFRDP in the failure

D. Performance Evaluation dMFRDP state compared tMIFRDP in normal state aniRDP.
Next, we evaluate the performance of formulatioAlso, since only one path is used to carry the whole

MFRDP. We present values of the FU metric fodemand in the event of link failure, some links have
increasing values of in Figure 7 for experimental very high utilization while some links are very lightly
networks. We calculate the FU metric fWIFRDP loaded, depending on whether links fall on the paths for
problem in the normal state (with no link failure) andlemands with high demand volume or demands with low
in the failure states (averaged over all failure stateglemand volume. On the other hand, in the normal state,
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the demand gets distributed on the two paths leading]
utilization of the links in closer vicinity. Therefore, the
degree of variation in link utilization among different
links is quite high for failure state compared to normalg;
state.
(5]
V. CONCLUSION AND FUTURE WORK

In this paper, we have presented a mixed integé?]
problem formulation to set up two explicit label switched
link-disjoint paths for each demand, such that all thg7]
demands in the network are fully carried in the network
in event of a single link failure. We have presented
survivability assessment for the models presented in the
paper for different value of diversity parameter. Through
numerical studies, we show that the total flow in thd®]
network decreases with the increasing valuefofWe
also show that in failure state, the total flow is less tharo]
the total flow in normal state.

As a part of ongoing research work, we are working
on heuristic approaches to solve the problem for large
networks. As the future work, we will explore how(11]
different objective functions can impact the survivable
explicit label switched path design for MPLS networks[lz]
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