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Abstract

To cope quickly with all types of failure risks (link, node and Shared Risk Link Group
(SRLG)), each router detecting a failure on an outgoing interface activates locally all the
backup paths protecting the primary paths which traverse the failed interface. With the
observation that upon a SRL G failure, some active backup paths are inoperative and don’t
realy participate to the recovery (since they don’t receive any traffic flow), we propose
a new agorithm (SRLG Structure Exploitation Algorithm or SSEA) exploiting the SRLG
structures to enhance the admission control and improve the protection rate.

With our algorithm, more flexibility is provided for the backup path selection since a
backup path which protects against the failure of a link belonging to a SRLG does not
systematically bypass all the links of that SRLG. Moreover, our algorithm permits to save
more bandwidth because it does not all ocate the bandwidth for the inoperative backup paths
even if they are activated.

Simulations show that our algorithm SSEA decreases the ratio of rejected backup paths
and, it reduces in distributed environments the average number of messages sent to manage
the bandwidth information necessary for the backup path computation.
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With the advent of MPLS (MultiProtocol Label Switching) [3] in the last decade,
local protection is provided in efficient manner. In fact, MPLS offers a great flex-
ibility for path (Label switched Path or LSP) selection and provides mechanisms
alowing resource’ reservations? and backup path preconfigurations® . Moreover
and contrarily to the local protection in low layers (e.g. p_cycles [4]), MPLS per-
mits permits the separation of the traffic in several classes and to choose the classes
of traffic to be protected.

In order to cope with any physical failure* inalogical (MPLS/IP) level, threetypes
of failure risks are defined: link, node and Shared Link Risk Group (SRLG). The
first type of failure risk corresponds to the risk of alogical link failure due to the
breakdown of an exclusive physical component of thelogica link. The second type
of failure risk corresponds to the risk of alogical node failure due to the breakdown
of an exclusive physical component of the logical node. Finally, the third type of
risk corresponds to a set of logical links that share a common physical component
(optical fiber, crossconnect, etc.) whose failure may impact al linksin the set [5-7].

Two types of backup LSP are defined for MPLS local protection [8]: Next HOP
(NHOP) LSP and Next Next HOP (NNHOP) LSP. A NHOP LSP (resp. NNHOP
L SP) is abackup path protecting against link failure (resp. node failure); it is setup
between a primary node called Point of Loca Repair (PLR) and one primary node
downstream to the PL R (resp. to the PLR next-hop) called Merge Point (MP). Such
backup L SP bypasses the link (resp. the node) downstream to the PLR on the pri-
mary LSP. When alink failure (resp. node failure) is detected by a node, this later
activates locally all its NHOP and NNHORP (resp. its NNHOP) backup LSPs by
switching traffic from the affected primary L SPs to their backup L SPs.

In order to ensure that thereis enough bandwidth after afailure (i.e. to guarantee the
communication repair success), the backup paths should reserve the bandwidth they
need beforehand. Besides, to decrease the bandwidth allocations and accept much
more connection establishments, the practical hypothesis of single failure is often
adopted [9,6,10,11,7,12,13]. With such hypothesis, al the backup paths protecting
against failures of different components can share their bandwidth allocations (on
their common links) since they cannot be active at the same time.

Several classical approaches[9,6,10,11,7,12,13] are devel oped to optimize the band-
width allocated to the backup paths (called also protection bandwidth). 1n such ap-
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that a backup path is activated if its head-end router detects a failure on the pro-
tected link or node. As only the activate backup paths can redly use their re-
sources, the classical approaches propose to allocate the maximum of cumulative
bandwidths of backup paths which could be active at the same time on each link.

Contrarily to the protection against link and node failure risks which uses only one
backup path for each primary path, the protection against a SRLG risk employs
severa backup paths, one for each link which belongs to the primary protected
path and to the SRLG. Moreover, for fast recovery from a SRLG failure, al the
backup paths which protect against the failure of links belonging to thefailed SRLG
will be activated simultaneously. With the observation that some activated backup
paths don’t really use their resources (bandwidth) after a SRL G failure (because the
traffic of the primary paths they protect was switched towards other backup paths
which bypass their head-end routers), we propose in this article to enhance the
protection quality and increase the bandwidth sharing by extending its application
to some activated backup paths. In our approach, we explore the SRLG structures
to determine the active backup paths which do not really use their resources after
certain SRL G failures. Such active backup paths arein reality inoperative after such
failures since they don’t consume the bandwidth. In order to decrease the protection
bandwidth that is allocated on each link, we propose to limit the concurrence for
protection bandwidth to the backup paths which can be operative at the same time.
In our proposition, more flexibility is provided for backup path selection since a
backup path does not systematically bypass all the links sharing a SRLG with the
protected link.

The rest of this article is organized as follows: In section 2, we review some works
related to the bandwidth sharing. In section 3, we give a SRLG structure based
classification of the backup paths that permits to improve the backup path computa-
tion. In our classification, the backup paths are grouped into two sets: the operative
backup paths which receive the rerouted traffic after a failure, and the inoperative
backup paths which do not receive any traffic after a failure, athough they are
active. In section 4, we propose and describe a new algorithm (SRLG Structure
Exploitation Algorithm or SSEA) which decreases the protection bandwidth allo-
cations and provides more flexibility for the backup path selection. In section 5,
we give some ideas and propositions for the implementation of the SRL G structure
exploitation algorithm in both centralized and distributed environments. In the next
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computing the backup paths. To minimize the quantity of bandwidth allocated on
links while avoiding the bandwidth constraint violation (bandwidth insufficiency),
the Backup Path Computation (BPC) agorithms require the knowledge of some
information like the primary and backup paths, bandwidth all ocations and protected
risks.

Depending on the number of simultaneous failuresthat we would tolerate, the quan-
tity of bandwidth reserved on each link for protection can be high (large number of
simultaneous failures) or low (small number of simultaneous failures). Indeed, the
number of simultaneous failures that can be processed successfully determine all
the failure scenarios, which in turn control the number and structures of the backup
paths which provide the protection. Due to the rarety of multiple failures® and the
complexity to protect (in local and proactive manner) against this type of failure,
and in order to increase the bandwidth availability (increase the bandwidth sharing),
most of works in the literature consider only single failures [9,6,10,11,7,12,13].
With such type of failure (i.e. a single failure), the quantity of bandwidth that
should be reserved on each link for protection, depends on the cumulative band-
width of the paths which could be active at the same time after any single failure
occurrence. Two strategies of bandwidth sharing are defined to reduce the protec-
tion bandwidth all ocations: backup-backup bandwidth sharing and backup-primary
bandwidth sharing.

In the first strategy (backup-backup bandwidth sharing), the quantities of protec-
tion bandwidth allocated on links are decreased significantly with the application
of the bandwidth sharing between the backup paths [9,6,10,11,7,12,14]. This type
of bandwidth sharing is made possible thanks to the hypothesis of single failures
which ensures that some backup paths cannot be active (they don’t use their band-
width) at the same time. Thus, only the backup paths protecting against a same risk
can be in concurrence for bandwidth allocation.

When anew backup path is being computed, control admission is applied on all its
links to verify the bandwidth constraints. Two concepts are defined in [6] to ensure
the respect of the protection bandwidth constraints: protection failure risk group
and protection cost.

The protection failure risk group of a backup path b, denoted PFRG (b), is a set
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8

2 1if bisactive upon the failure of r
(b7 y=_ ,
- O otherwise

We determine the protection failure risk group of a backup path b as follows:
PFRG(b) = frnr 2 RisksandAct(b; r) = 1g (1

The protection cost of arisk r onalink [] denoted +, corresponds to the cumul ative
bandwidth of the backup paths which will be activated on the unidirectional link
[Tupon afailure of the risk r. It is computed as follows (bw (b) is the bandwidth
required by the backup path b):

X
1= Act (b r) £ bw(b) (2)
b2 BPaths* []2b

For a SRLG risk srlg composed of link risks (14, I2, P l), the protection cost on a
link [verifies always the following equality: £[};; = = ocisn 1.

To compute a new backup path b, only the unidirectional links [|verifying the fol-
lowing inequality can be used:
Pr+ Max.zprrom (H) + bw (b) 3 Cp 3)

where Prpis the the cumulated bandwidth of the backup paths traversing the arc []
and Cpyisthe capacity of thearc[]

To cope successfully with any single failure, the amount of protection bandwidth
Bk that should be reserved on each link [is determined as follows:

Bkp= Max, (£ (4)

The backup-backup bandwidth sharing strategy improves substantially the band-
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this bandwidth information before its advertisement in the network could give some
interesting and practical solutions[9,11,7,12,14]. For instance, to decrease the size
and frequency of the advertisement messages, the Kini’s heuristic [9] suggests to
approximate all the protection costs on a given unidirectiona link by the highest
protection cost on that link (i.e. 8([] r) : #1is approximated by M ax, (£1). In
this way, a given unidirectional link [Jcan be used to establish a new backup path b
if it verifies the following inequality: Prp+ Max, (1) + bw (b) ¥ Cp.

In the second strategy (backup-primary bandwidth sharing), another style of band-
width sharing (bandwidth sharing between the primary and backup paths) is applied
to decrease the protection bandwidth allocated on links. This type of sharing was
proposed for the first time in [13]. It suggests to (pre)allocate the bandwidth freed
by the deactivated (or bypassed) primary path segments upon a failure of arisk r
to the backup paths which will be activated to recover from that failure. For in-
stance, when a protected link (resp. an unprotected link) u-v traversed by a primary
path p fails, a quantity of bandwidth equal to the bandwidth of pisfreed on all the
links located between the end nodes of the backup path repairing the primary path
p (resp. on al the links located between the failed link and the destination node
of the primary path p). Such freed bandwidth is then assigned to the backup paths
which will be activated to recover from the failure of link u-v.

To avoid the violation of the bandwidth constraints with this second strategy, only

the unidirectional links []verifying the following inequality can be selected to be
in a new backup path b

Prp+ Max.2prrem (#1+ bw(b) ° FL 0) ¥ Cq (5)

To cope successfully with any single failure, the amount of protection bandwidth
B kp that should be reserved on each link [is determined as follows:
Bkp= Max, (£1° FT 0) (6)

where F[Tis the total primary bandwidth freed on the link [after a failure of the
riskr.
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of the second strategy of bandwidth sharing requires the knowledge of the quanti-
ties of primary bandwidth freed on the links for all single failures.

Although there are some activated backup paths which do no receive any traffic
after aSRL G failure, both the bandwidth sharing methods of thefirst and the second
strategies allocate them bandwidth. This wastes bandwidth and blocks uselessly
some protection requests.

3 Motivations

For fast recovery, each router detecting a failure on one of its outgoing interfaces
activates locally all the backup paths which protect the primary paths traversing the
failed interface. Although active, some backup paths (inoperative backup paths)
do not participate to the recovery of the affected communications because the traf-
fic was aready redirected by upstream routers onto other backup paths (operative
backup paths) bypassing their head-end routers.

By limiting the concurrence for the protection bandwidth to the operative backup
paths, we decrease the protection bandwidth allocations. Besides, with the restric-
tion of the protection failure risk group of abackup path bto the risks whose failure
operates the backup path b, we provide more flexibility for the path selection.

Before describing our improvement propositions, we show in the next subsection
the difference between the set of the active backup paths and the set of the operative
paths, upon failure. Next, we propose and describe an algorithm permitting the
determination of the operative backup paths, by using the structures of the SRL Gs.

3.1 Active backup paths vs operative backup paths

Due to the difficulty to distinguish quickly between the types of failure (node, link
or SRLG), each router detecting afailure on an outgoing interface activates all the
backup paths which protect the primary paths traversing® the affected interface.
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=P Primary path
=+«+§ Backup path
< SRLG

Fig. 1. Local protection of a primary path

really use its resources (particularly the bandwidth). Hence, the bandwidth allo-
cated for such inoperative path can be freed and reall ocated to other paths. Contrar-
ily to the backup path by, the other backup path b, really participates to the recovery
since it reroutes the traffic of the affected primary path. This path is considered as
operative. Its resources (particularly the bandwidth) cannot be reallocated to other
paths.

Infigure 1, two backup pathsbia (A! F!' G! D)andbig (B! C! E!' H! G! D)
are setup to protect the primary path p; (A! B! D) against the failure of the four
following risks: node B, link A-B, link B-D and SRLG srlg = (A-B, B-D). When
the router A (resp. router B) detects afailure on the interface leading to its adjacent
router B (resp. router D), it activates locally the backup path by (resp. byg ) which
protects the unique primary path traversing the failed interface. Hence, for the fail-
ure of node B or the failure of link A-B (resp. the failure of link B-D), traffic of the
affected primary path ps will be switched onto the unique activated backup path
bia (resp. big). As only one outgoing interface of the primary path routers can be
affected upon a single link or a single node failure, we conclude that at most one
backup path per primary path could be activated. As a result, al the backup paths
activated to recover from alink or node failure really receive and reroute the traffic

== Activated backup path which participates to the recovery (operative path)
=« = Activated backup path which does not participate to the recovery (inoperative path)

/D—;—(ﬁ N\
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=P Primary path

==+ Operative backup path
= = |noperative backup path
<> SRLG

(a) Two operative backup paths upon the (b) One operative backup path upon the
SRLG failure SRLG failure

Fig. 3. Operative backup paths
of the affected primary paths.

With risks of type SRLG however, some activated backup paths do not receive or
reroute the traffic of the affected primary paths. For instance, when the SRLG srig
in figure 1 fails, al the end routers of the srig’s links (i.e. routers A, B and D) will
detect a failure. As a result, all the backup paths protecting an affected primary
path and whose head-end router is an end router of the links belonging to the failed
SRLG will be activated (cf. figure 2). Typically, the backup path by (resp. big ) will
be activated since it protects the affected primary path (p;) and its head-end router
A (resp. B) is an end router of a link A-B (resp. B-D) belonging to the affected
SRLG srlg. As the traffic switching toward a backup path results in the bypassing
of a primary path segment located between the head-end and the tail-end routers
of the backup path, we deduce that only the backup path by, receives and reroutes
the traffic of the affected primary path p; after the recovery from the failure of the
SRLG srlg. Indeed, after the activation of the backup path bya, the traffic of the
primary path p; is forwarded on the path Al F! G! D: the head-end router B of
the second activated backup path byg is bypassed and thus, no packet traverses this
backup path.
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(1) Thebackup path b protects against the failure of alink belonging to the SRLG
srlg.
(2) Thereisno backup pathb’ (b’ 6 b) such as:
< b’ protects the primary path p against the failure of alink belonging to the
SRLG srlg,
< the sub-path of p located between the end routers of b’ contains, as transit
router, the head-end router of the backup path b.

To better understand the procedure of determination of the operative backup paths
upon a SRLG failure, let us consider an example. In figure 3, a primary path p
(A D! F! G) traversing the unique SRLG srlg = (A-D, D-F, F-G) of the net-
work is established. To protect this primary path against the failure of link F-G,
we setup a same NHOP backup path F! C!' Al B! E! Gin both sub-figures (b-
in the sub-figure 3(a) and P in the sub-figure 3(b)). To protect the primary path
p against the failure of node D (and against the failure of link A-D), we used a
different backup path in each sub-figure. Hence, in sub-figure 3(a), we setup the
backup path by (A! C! F) and in sub-figure 3(b), we configured the backup path
R (Al B! E! G).

Upon afailure of the SRLG srlg, thenodes A and F activate the backup paths by and
bx in the sub-figure 3(a) (resp. the backup paths B} and k£ in the sub-figure 3(b))
for recovery. In figure 3(a), both the backup paths by and b= become operative after
the recovery from the SRLG failure. In fact, the backup path b (resp. b:) protects
the primary path p against the failure of asrlg’slink A-D (resp. F-G) and its head-
end router A (resp. F) does not belong to the primary path segment located between
the end routers F and G (resp. A and F) of the unique other backup path br (resp.
ba ) protecting the primary path p (against the failure of alink in the same SRLG
srlg). In figure 3(b) however, only the backup path b} becomes operative (for the
same reasons as by in figure 3(a)) upon the failure of the unique network SRLG
srlg. The second backup path b2 is inoperative upon the failure of the SRLG srlg
since there is another backup path & verifying these two conditions: 1) B protects
the primary path p (i.e. the same primary path as the one protected by b ) against
the failure of alink (A-D) belonging to srlg. 2) the sub-path (A! D! F! G) of
p located between the end routers (A and G) of I} contains, as transit router, the
head-end router (F) of the backup path b .
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backup paths. Besides, we provide more flexibility for the backup path selection by
restricting the set of failure risks that should be bypassed by the backup paths.

4.1 Decreasing the bandwidth allocation

Instead of using the activity state of backup paths to alocate the protection band-
width, we propose here to exploite the operativity state of backup paths to reduce
the protection bandwidth allocations. Before showing how to utilize the operativity
state of backup paths to enhance the protection bandwidth alocation, et us defining
anew function Op asfollows:

Op:BPaths£ Risks! f0; 1g

2 1if b is operative upon the failure of r
(bn¥ry=_ _
- 0 otherwise

where: BPaths is the set of al the backup paths and Risks is the set of all the
network failure risks.

As only the operative backup paths receive traffic upon failure, we propose to limit
the concurrence for the protection bandwidth alocation to the operative backup
paths. In this way, the protection bandwidth allocations are reduced since a backup
path which isinoperative after afailure of agiven SRL G does not requireto reserve
any unit of bandwidth to cope with the failure of that SRLG.

To manage the set of risks whose failure operates a backup path b, we reduce the

protection failure risk group of b and define the Restricted Protection Failure Risk
Group of b (or RPFRG (b)) as follows:

RPFRG(b) = frnr 2 RisksandOp(b; r) = 1g (7)

In addition to the reduction of the protection failure risk group set, we modify (2)
to exploit the operative/inoperative state information when the backup paths are
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in(3), (4), (5) and (6), we obtain the formul as ensuring the respect of the bandwidth
constraints and alowing the computation of the minimal protection bandwidth to
be allocated on each unidirectional link.

Concretely, with the backup-backup bandwidth sharing, we have:

Prn+ Maxarprrap) (40 + bw (b) ¥ Ch 9)

Bkp= Max, («d1) (10)
With the primary-backup bandwidth sharing, we have:

Prp+ Max.2rprra(p (<4'+ bw(b) ° FIt 0) ¥ Cpy (11)

Bkp= Max, (<J1° Flt 0) (12)

Since the set of the operative backup paths is included in the set of the activated
backup paths (i.e. 8b 2 BPaths : RPFRG(b) y PFRG(b))), we deduce that
al the protection prices are lower or equa to their corresponding protection costs
(8(r; ) : d1y ). Asaresult, much more protection bandwidth is saved.

Example: Let us applying the backup-backup bandwidth sharing to thelink A! B
in figure 3(b).

Without the exploitation of the SRLG structures, we compute the minimal protec-
tion bandwidth Bk1ag allocated on thelink Al B as follows:

Bklap = Max(:45; #°; #8; #%) = #A8 = 2£ bw(p)

With the exploitation of the SRLG structures, we compute the minimal protection
bandwidth Bk2xp aI located on the link Al B asfollows:

Bk2xg = M ax( AD’ océB ) srll?,g) = Od:‘rll?,g = (p)
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4.2 Providing flexibility for the backup path selection

In addition to the protection bandwidth decrease, the exploitation of the SRLG
structures in the BPC has another important advantage: it provides more flexibility
for the backup path selection and improves the quality of protection (i.e. the num-
ber of protected risks on a primary path is increased) by reducing the set of risks
that a backup path must bypass. In our approach, a new backup path b does not
systematically bypass al the SRLGs containing the link to be protected. Instead,
only the node and link to be protected and the SRLGs whose failure operates the
new backup path b should be bypassed (i.e. only the risksin RPFRG (b)).

Since the set of links (and nodes) that a backup path should bypass must be known
before the start of its computation, to apply our approach it would be necessary
to determine beforehand whether a backup path is operative or not after a failure
of any risk. By analyzing the sufficient conditions (cf. section 3.2) alowing the
determination of the operative backup paths, we deduce that the links traversed
by a backup path have no incidence on the operative state of that backup path
upon failure. Indeed, only (1) the protected link and node, (2) the head-end router
of the backup path b in computation, and (3) all the backup paths protecting a
same primary path as b against the failure of an upstream link (which belongs
to the same SRLG as the protected link) to the link to be protected, are used to
deduce the operative state of b upon any given failure. Thus, the risks forming the
restricted protection failure risks group of any backup path can be deduced before
its computation, in condition that the backup paths protecting against the failures
of upstream links are completely determined.

In figure 3(b) for instance, any computed backup path b} protecting the primary
path p against the failure of the link D! F is inoperative upon the failure of the
SRLG srlg. Indeed, upon such failure, the traffic is switched by the router A onto
the backup path B} which joins the primary path p on a router G downstream to
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4.3 SRLG structure exploitation algorithm (SSEA)

In order to decrease the protection bandwidth allocations (cf. section 4.1) and to
offer more flexibility for the backup path selection (cf. section 4.1), we propose a
new algorithm SSEA (cf. algorithm 1) taking into account the SRLG structures to
enhance the BPC. Thus, to compute a new backup path b, we determine in the first
step of our algorithm SSEA the restricted protection failurerisk group of the backup
path b (i.e. RPFRG (b)). This restricted protection failure risk group is formed of
al the elements in PFRG (b) except the risks whose failure does not operate the
backup path b. In order to denote the elements of RPFRG (b), we say that a given
risk isreally protected by the backup path b if and only if suchrisk isin RPFRG (b).

In the second step of our algorithm SSEA, we eliminate from the network topol ogy
al the links and nodes which belong to the risks in RPFRG (b). In this way, no
failure risk can affect simultaneously both a primary path and one of its backup
paths. Obviously, since the set of risks to be bypassed by each new backup path is
reduced, more flexibility is provided for the path selection.

In order to ensure the respect of the bandwidth constraints, we apply in the third step

Algorithm 1 Computation of abackup path b with the SRL G structure exploitation
agorithm
inputs
A graph G = (V, E) corresponding to the network topology. V isthe set of vertices
(routers) and E is the set of edges (links)
begin_algorithm
1. f Determination of the set RPFRG (b) which is composed of the risks whose
failure operates the backup path bg
RPFRG (b)V frnOp(b; r) = 1g
2. f Determination of the links which should be bypassed by the backup path bg
E” v f[12En9r 2 RPFRG (b): [2 rg
f Determination of the nodes which should be bypassed by the backup path bg
V'\ fn2Vn9r2RPFRG(b):n2 rg
3. f Determination of the links verifying the bandwidth constraintsg
if backup_backup_sharing_only then
E N flInTM2 EA Pre+ MaX.oooeorm (<IN + bwv (D) S Cea
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=P Primary path

-+-+ 9 Operative backup path
= - |noperative backup path
<> SRLG

Fig. 4. A backup path traversing alink of a SRLG containing the protected link

of our algorithm SSEA inequality 9 (for the backup-backup bandwidth sharing) or
inequality 11 (for the primary-backup bandwidth sharing) to select the links which
can be used for the next backup path computation. Clearly, al the links which do
not satisfy inequality 9 (or inequality 11 for the primary-backup bandwidth sharing)
are pruned from the network topology before the BPC starts.

In the last step of our algorithm SSEA, we deduce one backup path providing the
desired protection by running any path computation agorithm (e.g. CSPF) with
the use of any local protection technique (one-to-one backup protection or facility
backup protection [8]). Thus, our algorithm is generic and compatible with any path
computation algorithm and any local protection technique.

To better understand our algorithm, let us consider the example in figure 3(b). Sup-
pose that we are trying to compute a new backup path B} protecting the primary
path p against the failure of the node F and link D-F. Assume also that al the net-
work links have a capacity of one unit. Independently on the chosen local protection
technique, the backup path b8 must interconnect node D to node G.

With the application of the classical BPC a gorithms, no path can support b since
such path would bypass all the links (A-D, D-F, F-G) belonging to the SRLG srig
(note that srlg isin PFRG (kR ) and srlg includes the protected link D-F). With our
algorithm SSEA however (step 1 of algorithm 1), the probability to determine a
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termine the unique backup path D! Al B! E! G interconnecting node D to node
G (figure 4).

Note that the three backup paths 8}, B , and B (in figure 4) sharetotally their band-
width on the common path segment A! B! E! G although they protect against
the failure of links belonging to the same SRLG. This sharing does not induce any
bandwidth constraint violation because the three backup paths 1, b8 , and B can-
not be operative at the same time.

5 Implementation requirements for the SRLG structure exploitation algo-
rithm

With a centralized implementation of the SRLG structure exploitation algorithm,
the unique BPCE can store all the information about the network topology, the
SRLG structures and the path properties (traversed links, type, bandwidth, etc.).
From such information, the centralized BPCE determines the bandwidth parame-
ter values of each link (cumulative primary bandwidth, protection prices, primary
bandwidth freed) and deduces the best backup paths.

We note that to improve the protection quality, the centralized BPCE should es-
tablish a computation order for the backup paths protecting a same primary path.
Indeed, to determine the final operative state of each backup path (cf. section 3.2),
the BPCE should begin with the protection of the links closest to the head-end
router of each primary path.

With a distributed implementation of the BPC taking account of the SRLG struc-
tures, a comparable information as that transmitted in the classical approaches
[9,6,10,7,12,13] is sufficient to avoid the violation of the bandwidth constraints.
For instance, the information advertised with the approach described in [6,10,12]
is sufficient to decrease the bandwidth allocation. However, a very slight transfor-
mation of the advertised information (replacement of the protection cost values by
the corresponding protection price values) is required with [9,7,13].

To enhance the protection quality with the distributed approaches, it is necessary
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order of backup paths can beimposed. Concretely, each PLR can notify 7 its down-
stream routers of the accomplishment of the configuration of its backup path. Thus,
to guarantee the respect of the backup path computation order, each PLR should
wait for the notifications of all its upstream routers before it starts to compute its
backup path.

6 Analysisand simulation results

6.1 S mulation model

In order to evaluate the performances of the SRL G structure exploitation algorithm
(SSEA), we compared it to the Kini’s heuristic and TDRA algorithm. We chose
the Kini’s heuristic for its practicability whereas we opted for the TDRA algorithm
for its efficiency to determine the backup paths reducing the protection bandwidth
allocation.

6.1.1 Comparison metrics

Four metrics are used for the comparison: ratio of rejected backup paths (RRP),
relative gain in backup path rejection (RGR), normalized SRLG bandwidth (NSB)
and average number of messages (ANM) transmitted in the network per configured
backup path.

The first metric measures the ratio of backup paths that are rejected because of the
lack of protection bandwidth on the network links. It corresponds to the ratio be-
tween the number of backup path requests that are rejected and the total number of
backup path requests (RRP = #rejected protection requests / #protection requests).

The second metric calculates the gain in the RRP values obtained by using a new
BPC method instead of an old one. It is determined as follows: RGR (newMeth,
oldMeth) = ( RRP (oldMeth) - RRP (newMeth) ) / RRP (oldMeth).

L ol P E L T L T T Y . T L T T T T Y e T T R R B
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Fig. 5. Test topologies

For the TDRA agorithm and tr?? Kini’s heuristic, we have:
=F iy 1
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The fourth metric counts the (average) number of messages traversing the network
links, after each backup path establishment, to maintain Iglnd update the protection
bandwidth information necessary for the BPC (ANM = ¢ #messages travers-
ing ([') / #accepted protection requests where E is the set of network unidirectional
links).

Contrarily to the values of the metrics RRP, RGR and NSB, those of the metric
ANM depend strongly on the implementation type (centralized or distributed) and
on the mechanism distributing the information necessary for the BPC (flooding or
targeted advertisements). In a centralized environment, any BPC demand is trans-
mitted to the centralized server which processes it and sends back the computation
results to the requesting router. Hence, independently on the bandwidth sharing
strategies and on the BPC algorithms, the number of messages transmitted in the
network to process a set of requests is always the same. Accordingly, it is pointless
to compare the ANM of our proposition to those of the classical centralized BPC
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6.1.2 Topologies, SRLGs and traffic matrix generation

Two well known network topologies are used for our simulation. Thefirst topology
(USA network), depicted in figure 5(a), is composed of 28 routers and 45 bidirec-
tional links. It is a network topology of a medium size where the average degree of
nodes is equal to 3.21. To take SRL G failures into account, we added to the topol-
ogy in figure 5(a) 22 SRLGs. These SRLG are generated so that the protection
against the failure of any risk remains physically possible. The second topology,
depicted in figure 5(b), is composed of 50 routers and 87 bidirectiona links. It is
a network topology of a large size where the average degree of nodes is equal to
3.48. To take SRL G failures into account, we added to this topology (figure 5(b))
25 SRLGs. These SRLG are generated so that the protection against the failure of
any risk remains physically possible.

The traffic matrix is generated randomly and consists of requests arriving one by
one and asking for quantities of bandwidth uniformly distributed between 1 and
10. The head-end and tail-end routers of each primary path are chosen randomly
among the network routers.

6.1.3 Primary and backup path computations

To focus only on the impact of our proposition on the protection bandwidth allo-
cation and on the protection quality, we separated the task of primary path compu-
tation from that computing the backup paths (i.e. the task computing the primary
path is independent from that computing the backup paths). For this to be possible,
we divided the capacity of each unidirectional link in two digjoint pools: primary
pool and protection pool. The primary pool is used to allocate the bandwidth for
the primary paths whereas the protection pool is used for backup path bandwidth
alocations.

In our simulations, we considered that the primary pool capacities are sufficient
to satisfy al the requests of primary path establishment. In this manner, the same
primary paths, which are computed according to the shortest path first algorithm
(SPF with unitary weights), are used to compare SSEA, TDRA and Kini’s heuristic.
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Fig. 6. Ratio of rejected backup paths (RRP)

Each primary node, different from the destination node and its upstream node, com-
putes a NNHOP backup path to protect against both its next link and node on the
primary path. The upstream node of the primary path destination node usesaNHOP
backup path to protect against the failure of its next link.

At each establishment of 20 primary paths, the four metrics RRP, RGR, NSB and
NMN are computed for all the compared methods. We note that our results corre-
spond to average values over 1000 runs.

6.2 Resultsand analysis

Figure 6 and figure 7 depict the evolution of RRP and RGR respectively as afunc-
tion of the number of primary paths setup in the network (i.e. as a function of the
network load). The figure 6 shows clearly that the RRP vaues of SSEA algorithm
are lower and better (except for the 40 first primary paths where the RRP values of
the three compared methods are null) than those of TDRA agorithm which are in
turn lower than those of Kini’s heuristic.
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Fig. 8. Normalized SRLG Bandwidth (NSB)

The wide difference in the RRP values between the Kini’s heuristic and the SSEA
algorithm is essentialy due to the partial knowledge of the protection bandwidth
information with the Kini’s heuristic whereas the SSEA agorithm utilizes and has
a complete knowledge of the protection bandwidth parameter information. Thus,
the Kini’s heuristic overestimates the bandwidth parameters required for the BPC
whereas the SSEA algorithm uses exact values of these parameters in its computa-
tions. Obviously, the wide difference in the RRP val ues between the Kini’s heuristic
and the SSEA algorithm explains also the large relative gain in backup path rejec-
tion (i.e. RGR (SSEA, Kini)) when the SSEA a gorithm is used instead of the Kini’s
heuristic. Concerning the comparison between the RRP values of TDRA and those
of SSEA, we note that the difference is significant athough it is not high in rela-
tion to the total number of protection requests. For instance, the difference of the
RRP values in figure 6(a) varies between 5.16% and 5.76% when the number of
primary pathsis between 380 and 540 whereas it varies in figure 6(b) between 5%
and 7.3% when the number of primary paths is between 180 and 520. In fact, for
practical RRP values located between 0 and 0.1 (the number of primary paths is
lower than 380 in figure 6(a) and lower than 200 in figure 7(b)), the relative gain of
using SSEA instead of TDRA islarger than 56% in figure 7(a) and larger than 68%
in figure 7(b) (i.e. more than 68% of the number of protection requests rejected by
TDRA are satisfied with SSEA in figure 7(b)). When rejection of the protection re-
quests is not allowed, figure 6(a) and figure 6(b) shows that the adoption of SSEA
algorithm instead of TDRA permits to increase the number of protected primary
paths from 60 to 80 and from 60 to 120 respectively.
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Fig. 9. Average number of messages sent in the network per backup path (ANM)

risks to be bypassed by each backup path (see section 4.2) with SSEA (contrarily
to TDRA algorithm and Kini's heuristic which waste the protection bandwidth and
bypass more risks).

Another important point to highlight concerns the high difference between the nor-
malized SRLG bandwidth values obtained on the two test topologies. Indeed, for
the same number of primary paths, the normalized SRLG bandwidth in figure 8(a)
is often twice higher than that obtained in figure 8(b). This can be explained essen-
tialy by the density of SRLGs?® in figure 5(a) (equal to 0.48) which is higher than
than that obtained in figure 5(b) (equal to 0.28). According to our simulations?®,
we conclude that SSEA saves more protection bandwidth and reject less backup
paths than TDRA and Kini’s algorithm, when the density of SRLGs is high. In-
deed, larger the density of SRLGs is, more different the behaviors of SSEA and
TDRA (or Kini’s heuristic) are.

In figure 9, the evolution of the average number of messages transmitted in the
network (ANM) as a function of the number of primary paths setup in the network
is shown. In this performance study, we focused only on the SSEA and TDRA
algorithms. The ANM values of the Kini’s heuristic are not represented because
they are very high (see [12] for details about the comparaison between the TDRA
algorithm and the Kini’s heuristic).

As shown in figures 9(a) and 9(b), the SSEA agorithm sends in average less mes-
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tween the SSEA agorithm and TDRA agorithm decreases slightly as the number
of setup primary paths increases. This comes from the augmentation of the SRLG
protection prices which induces in its turn the reduction of the rate of protected
SRLGs.

Note that the performances of the SSEA algorithm can be improved by favouring
primary paths which traverse more links of the same SRLGs. Moreover, design-
ing the network topologies could take SRL Gs into account to enhance the backup
path computation (the location of SRLGs should be chosen so that the blocking
probability is decreased and the network deployment is minimized).

7 Conclusion

In this paper, we proved that it is possible to ensure the recovery from any single
failure without forcing the (new) backup paths to bypass al the SRL Gs containing
the links to be protected. In fact, it is possible that a first active backup path does
not receive traffic upon a SRLG failure since the traffic was already rerouted onto
a second active backup path bypassing the head-end router of the first backup path.
In such a case, the first backup path does not require any resource (bandwidth) and
acts as an inoperative backup path upon that SRLG failure. However, the second
backup path acts as an operative backup path that requires the bandwidth to reroute
the traffic of the affected primary path. Obviously, only the operative paths (instead
of all the activated backup paths) upon a failure of a SRLG should protect against
thefailure of that SRLG and can be in concurrence for a resource.

As the operative state of a backup path can be determined beforehand by taking the
SRL G structures into account, we proposed a new and efficient approach to com-
pute the backup paths. Our approach permits to increase the bandwidth availability
(it decreases the protection bandwidth allocations) and provides more flexibility for
the backup path selection (i.e. it improves the protection quality). It can be applied
in both centralized and distributed environments. It also allows efficient design of
networks since an effective combination of SRLGs can permit a significant reduc-
tion of the deployment cost without a decrease (or with a slight decrease) of the
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