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Abstract— This paper investigates the problem of dynamic (MPLS) networks (e.g., [7], [8], [9]). (Please see [10] for an
shared-path-protected lightpath provisioning in optical mesh net-  extensive overview.) Most existing approaches for computing
works employing wavelength-division multiplexing (WDM). We v jink-disjoint paths under shared-path constraints are mainly

prove that the problem of finding an eligible pair of working and based fi ths. | h hes. f -
backup paths for a new lightpath request requiring shared-path ased on enumerating patns. In such approaches, for provision-

protection under the current network state is NP-complete. We iNg an incoming lightpath requesk’ minimum-cost pathg},
develop a heuristic, called CAFES, to compute a feasible solution (j = 1,2,---, K) are computed as working candidates; an-
and an algorithm, called OPT, to optimize resource consumption other K pathslg G=12,,K; li is link disjoint tol7 ) are

for a given solution. The merits of our approaches are that they computed as backup candidates; and then the link-disjoint paths

capture the essence of shared-path protection and approach to op- ; i L .
timal solutions without enumerating paths. We evaluate the effec- I3, andly (if any) of minimum total cost is selected as the work-

tiveness of our heuristics and the results are found to be promising. iNg and backup paths. Wheii = 1, this method becomes the
well-known two-step approach, in which a minimum-cost path

Index Terms—Optical network, WDM, lightpath, provisioning, is.first computed as the working path, and then a link-disjoint
fault management, shared-path protection. minimum-cost path is computed as the backup path.
In our present study, we prove that the problem of finding an
eligible pair of working and backup paths under shared-path-
. INTRODUCTION protection constraints for a lightpath request with respect to ex-
In a wavelength-routed WDM network, the failure of a netisting lightpaths is NP-complete. We develop a backtracking-
work element can cause the failure of several lightpaths, therdigsed heuristic, CAFES, to compute a feasible solution (i.e.,
leading to large data and revenue loss. Protection [1], [2], [3}vo link-disjoint paths). We also design an algorithm, OPT, to
a proactive procedure in which spare capacity is reserved daptimize the resource consumption for a given solution. While
ing lightpath setup, can be employed to combat such failurer focus is on dynamic lightpath provisioning, we remark that
Protection schemes can be classified by the type of routing usieel two approaches can be readily applied to static lightpath
(link-based versus path-based) and by the type of resource spaovisioning in which all the lightpaths are known a priori.
ing (dedicated versus shared). A path that carries traffic during
normal operation is known asweorkingpath. When a working |l. PROBLEM STATEMENT AND COMPLEXITY ANALYSIS
path fails, the lightpath is rerouted ovebackuppath. We first define the notations. A network is represented as
We consider the problem of dynamic shared-path-protectedveighted, directed grapl = (V, E,C, \), whereV is the
lightpath provisioning against single-fiber failute/nder such set of nodesF is the set of unidirectional fibers (referred to as
a scenario, a network management system needs to compiutes), C : E — R is the cost function for each link (where
two link-disjoint paths—a dedicated working lightpath and &+ denotes the set of positive real numbers), andz — Z+
shared backup lightpath—based on the current network stgfeecifies the number of wavelengths on each link (wiite
for an incoming lightpath request. We concentrate on cordenotes the set of positive integers).
puting link-disjoint paths for each incoming lightpath request We use)\$ to denote the number of free wavelengths on
with the assumptions that existing lightpaths cannot be dijak e € E. We denote the set of existing lightpaths by
turbed and future arrivals are unknown. While we consider = {(I},,1; ¢\, ti)}, where the quadrupl@’,, I}, t%, ! ) spec-

b Yar b Yar
full wavelength-conversion networks here, the extension to tiies the working path, the backup path, the arrival time, and the
wavelength-continuous case is straightforward. holding time, in order, for thé’" lightpath. We denote the cur-

A significant amount of research has been conducted on dgnt lightpath request b{i.,, Iy, t., tn). We represent the cost
namic lightpath provisioning with protection in WDM networksof {,, and!;, usingC, (L.,) andCy (1., l), respectively.
(e.g., [3], [4], [5], [6]) and in multiprotocol label switching We associate a conflict set with a Ifto identify the shar-

ing potential between backup lightpaths. The conflictsdor
This work has been supported by NSF Grant No. ANI-98-05285 and Sprint
Advanced Technology Labs. 2In the wavelength-continuous case, we would associate a conflict set to a
Iwe focus on single-fiber failures because they are the predominant formwaivelength. The conflict set defined here is similar to the conflict vector in [3],
failures in communication networks. the aggregated square matrix in [8], and the “bucket” link metric in [6], but



link e defines the set of links used by those working lightpattese likely to share some common links, enumerating paths (with
whose backup lightpaths utilize wavelengths on link The finite K) may be susceptible to a trap topology as well. Fur-
conflict setv, for link e can be represented as an integer seéhermore, due to backup sharing, trap situations can arise in a
{y§'| Ve' € E,0 < ug' < e}, whereug' specifies the num- non-trap topology. A possible drawback of enumerating paths
ber of working lightpaths that traverse limkand are protected is the lack of backtracking, i.e., the information gathered from
by link e (and their corresponding backup lightpaths traversumerating the first paths is not utilized in enumerating the
link e). The number of wavelengths reserved for backup lights + 1)*" path. We analyze the characteristics of the two types
paths on linke is thusy} = max{z/ } Clearly, the union of of trap situations—trap topology and backup-sharing-caused

the conflict sets for all the links aggregates the per-lightpatff@P—and propose a backiracking-based solution.
based information, and the size of the conflict set depends only
on the number of links, not on the number of lightpaths. In tr
absence of such a mechanism, per-lightpath-based informat /S
is necessary for identifying shareable backup channels [4].
is, thus, advantageous to use conflict set since the numbel
lightpaths can be significantly more than the number of links.
The working and backup lightpaths, and [, satisfy the
shared-path protection constraintgth respect to the existing

i e —n
lightpaths as follows: At =0
C.1 I, andl, are link disjoint. (@) (b)
7
C.2 Ly andl yL<i < ‘ﬁ‘ do not utilize the same wave- Fig. 1. Trap situations: (a) trap topology; (b) backup-sharing-caused trap.
length on any common link they traverse. Solid gray lines represent links; solid black lines denote working paths; dashed

C.3 l,, does not share any wavelength wifh1 < i < |£|, blacklines denote backup paths.
on any common link they traverse.
C.4 I, andl} can share a wavelength on a common link only 1) Trap topology: A two-step approach cannot find two
if 1, andl?, are link disjoint. link-disjoint paths from nodé) to node3 in the network in
We now state the dynamic shared-path-protected lightpaffig. 1a (even though they exist) because the graph is dis-
provisioning (DSPPLP) problem as follows: Given a WDMonnected after the removal of the first minimum-cost path
network asG = (V,E,C,\) and the set of existing light- (0,1,2,3).
paths (or the associated conflict s§¢is | e € E}), route We introduce backtracking based on network flow to over-
each incoming lightpath request under shared-path-protectimrme the trap situation. Le&f be the set of nodes reachable
constraints while minimizing the total cost of the working anffom the source node after removing the links which are not
backup paths. We formally state the decision version of thiak disjoint to the first minimal-cost path. L&D be the com-
above DSPPLP problem and prove that it is NP-complete. plement ofS. (S, D) is referred to as aut We refer to a link
Instance: A graphG = (V,E,C, ), the set of existing as abackhaullink with respect to cut.S, D) if its source node
lightpaths . (or the set of conflict setév. | e € E}), and a isin D and its destination node is 1 For example, link1, 2)

lightpath request from to d (s,d € V). in Fig. 1a is a backhaul link.

Question: Do there exist frons to d two lightpaths/,, and If the second minimal-cost path is not found and backhaul
Iy, such that they satisfy the shared-path-protection constraifitks exist, CAFES increases the cost of the backhaul links to
with respect to the existing lightpaths? some large value and restarts the two-step process. This way,

Theorem 1:DSPPLP is NP-complete. the first minimal-cost path will avoid, if possible, these back-

Proof: Please see [11]. B haul links, and the second minimal-cost path will have a chance
to reach nodes iv. For example, if we increase the cost of the
[1l. HEURISTICALGORITHMS backhaul link(1,2) to 1000 and recompute the first minimal-

As the existence version of DSPPLP is NP-complete, we @St path, which turns outto 48, 1, 3), we are able to compute
sort to heuristics. In Section IlI-A, we design a backtracking? link-disjoint minimal-cost patt0, 2, 3).
based heuristic, CAFES, to compute an eligible pair of work- 2) Backup-sharing-caused trapConsider the example net-
ing and backup paths for a lightpath request. In Section IlI-B/Ork state in Fig. 1b. One existing lightpath with working path
we develop a general optimization procedure, OPT, to jointl, 5,4, 3) and backup patk6, 0, 1,2, 3) is shown (other exist-
optimize the resource consumption of the working and backiijg lightpaths are not shown). Suppose, to protect one more

paths for a given solution (i.e., two link-disjoint paths). working path traversing linkK6, 5), links (5, 4) and(1, 2) both
need to allocate one more free wavelength (i/.éng."’> = V?o 2
A. Compute A FEasible Solution (CAFES) and v = v (1) and these two links have no free wave-

(1,2
The two-step approach cannot find a solution in a trap topd;d}ngth /&ssume other links have free wavelengths and the cost
ogy [12] even though a solution exists. As tReshortest paths of each link is unity. When a new lightpath requést— 2

omes, a two-step approach may compute géth, 2) as the
it is more general in the sense that the conflict set can model Wavelen%tg

h-
continuous networks, wavelength-convertible networks, and networks of spa grklng path As aresult, no baCkUp can be found because no
wavelength-conversion capability. more link-disjoint flow can be pushed frofto D (please note:



(6,5,2) and (6,5, 4,3) are not link disjoint;v{*>) = Visay S e OCu

/\;574> =0 Véf;; = V{12 and)‘E‘Lm =0). (6

Again, we use backtracking to overcome this situation. De- {8} {B}
fine a link (m,n) as aconflicting link with respect to cut ‘ - ,
(S, D) if there exists link(p,q) (p € S,q € D) such that (). [y
(m,n)

s = Vi and/\jf’"Z> = 0. For example, link(6,5) in

Fig. 1b is a conflicting link as/ég’i; =V and)\§c5’4> =0.
If the second minimal-cost path is not found and conflict-

ing links exist, CAFES increases the cost of the conflicting. Optimization (OPT)

links to some large value and restarts the two-step process. FQgjyen a feasible solutioh, andl, for a lightpath from node
example, if we increase the cost of the conflicting liftk5) ¢ 1o noded, we develop an algorithm, called OPT, to minimize
to ;000 and recompute the first minimal-cost (Work|ng).patlﬂ,1e total cost of,, andly, Cuy (1) + Ch(lw, 1). Similar to [2],
which turns out to bgo, 0, 5, 2), we are able to compute a link- opT jteratively refines, andly; different from [2], OPT jointly
disjoint minimal-cost backup paif, 5, 1, 2) as it can share the ontimizes], andi,. In one iteration, OPT first recomputés
wavelength-link(1, 2) W't_h the existing t?acku_pﬁ, 0,1,2, 3). with I, fixed, and then it recomputdg with 1,, fixed. The it-

In case there are chained trap situations, in which some traggtion continues as long as there are improvements. How to
do not appear until some others are processed, we can regggompute,, with 1,, fixed is straightforward. We show how to
sively apply this procedure. We introduce a parameterlimit  recomputd,, with Z, fixed while jointly optimizing the cost of
the number of recursions. The paramétean be considered aspoth. The challenge here is thhe cost of the backup path
the maximum number of trap situations we want to deal withchanges as the working path changes

_ A formal specification of our heuristic, CAFES, is in Algo-  The basic idea is to consider the changes in backup cost when
rithm 1. In the algorithmg is a small number, e.glp=*x C(e). recomputing the working path,. To recomputd,,, we use a
The backup cost functio@’; is used to meet the shared-pathstandard shortest-path algorithm (such as Dijkstra’s algorithm)
protection constraints C.1-C.4 (the first and last cas&s,i8  with a modifiedrelaxation steg13] outlined below.
definition) and to increase backup sharing (the second case).et H, be the number of hopk has. For any linke € E,

The last case of’1's definition,C(e) + € - (A(e) — A%), is used associate a backup cost veci®y = {B"|1 < h < H,}. B!
for load balancing: when there are two eligible backup paths @énotes the cost @f’s 1" hop if ¢ is used by,,. B" is defined

Fig. 2. lllustration of OPT (dashed line is the fixed backup).

the same cost, the less loaded backup will be chosen. as follows ¢’ denotes thé*" hop ofl, in the definition below):
Algorithm 1 CAFES . +oo ifvg =vi AN =0
P / H e __ * e
INpUt G = (V, E,C,\), v = {ve [c € E},s,d eV, k Be =4 C(e) ifvg =viAXG>0
Output Two pathsl, andl, satisfying constraints C.1-C.4, or € otherwise
NULL if no such paths are found.
1) I — NULL P The first casex, = v}, A A} = 0) indicates that link’ needs

to allocate a free wavelength to protect a new working path
traversing linke. As there is no free wavelength on lirk,

link e cannot be used by the working pdth (I, is fixed). The
second case/, = v;, A A} > 0) implies that linke’ needs to

2) compute a minimal-cost path on G from nodes to node
d; return NULL if I, is not found or ifl,, = I,
3) compute a minimal-cost pathfrom nodes to noded using

t function: - :
costiunctio allocate a free wavelength (and it is available) to protect a new
+o0 if e €1, V(X =0A working path traversing link. The cost of linke’ in this case
f . S . . .
e’ € Ly, e — vr)) is the original cost. The last case implies that liildoes not
Cile) =14 . i e 1. e <+ Need to allocate any more free wavelength to protect one more
wy e e

Cle) +e- (Me) — A%)  otherwise working path traversing link. Thus, linke’ is used for “free”
f if link e is the working path. (Please refer to Fig. 2.)
return (L, 1) if I, is found; return NULL ifl, is not found ~ We redefine the link-cost function for computing the working

andk = 0, path as follows:

4) compute the set of backhaul linkg and the set of conflict- .
P +oo ifeecly,VAe=0
ing links L., Cs(e) = ;

5) increase the cost of any link if, and L. to some large C(e) otherwise
value, and

If [, traverses link or there is no free wavelength on liakthen
the working path cannot utilize link and its cost is infinite;
otherwise, the cost of link is its original cost.

The computational complexity of CAFES @(k x |E|?). For any nodev € V, associate a cost variabi& and a
In particular, the complexities of Steps 1-6 &é1), O(|V|?), backup cost vectoB, = {B"|1 < h < H,}. ¢, denotes
O(|E|?), O(|E|?), O(|E|), andO(1), respectively; Steps 2-6 the cost of the working path from to v. >, B indicates
repeat for at most + 1 times. the backup cost if the minimum-cost path fronto v is used

6) k—k—1,1, — l,; goto Step 2.




by the working pathl,,. By definition, Cy,(l,,) = c% and
Co(lw,lp) =, Bl
We then employ a standard shortest-path algorithm to mini-

mize Cyy (L) + Cp(ly, lp) = ¢ + Y, B with the following
relaxation step (please refer to Fig. 2):
RELAXu, v)

LET B" = max{B!, B}, 1 <h < H,

IF ey + Cale) + 30, B" < ¢, + 32, Bl THEN

Cop — G + Ca(e) : _—
B’z})L - Bh, 1<h<H, Fig. 3. An example network used in this study.

SET NODEu AS NODEv'S PREVIOUS HOP

The idea of the above relaxation step is to “relax” along the percentage of Unreachable Blocking
path which leads to the minimum total cost of the working and ) ) )
the backup paths. To decide whether to use nods node’s The percentage of unreachable blocking (PUB) is Qeflngd as
previous hop along the working path (if nodés traversed by the percentage of blocking due to the fact that a pair of link-

the working path), the relaxation step compares the total cos@#i0int paths does not exist for a lightpath under the current
the working % + C.,(w) vs. %] and the backupXC, Bhvys. Network staté Intuitively, this metric measures how “unlikely”
w w . .

>, B). Thus, the changes iﬁ backup cost when the workiﬁEiis that a lightpath request will be dropped when an eligi-

path changes are correctly captured. ble route exists. Due to the NP-completeness of the problem,
A formal specification of OPT is in Algorithm 2. Clearly, if there is no polynomial-time algorithm to compute this metric.

I, or I, hits optimum in one iteration, OPT will stop at the nexf1€re, we use an approximation. The approximate PUB is de-

iteration and output the joint optima], and,,. fingd. as the perc_entage qf blocking we are sure that no link-
disjoint paths exist for a lightpath under the current network
Algorithm 2 OPT state. (Clearly, the approximate PUB is slightly less than the

— — exact PUB.) For example, in FIR, this metric is the percentage

Input G = (V. E, Co, A), v = {ve [ e € B}, s,d €V, b ly of blocking due to working paths not found. In CAFES, for
k > 0, itis the percentage of blocking that happens at Step 2
in Algorithm 1, i.e., the percentage of blocking due to work-
ing paths not found and due to the situation thatithén the
(k — 1)t" iteration is the same as tiig in the k" iteration. As
shown in Fig. 4, with only one iteratiork: (= 1), more thar95%
blocking is due to unreachability, compared to less thi&h in
FIR. The reason FIR has such a low PUB is that there exists a
trap situation in the topology: FIR cannot find two link-disjoint
paths from nod® to node3. However, in a non-trap topology,
our results (not shown here) also show that CAFES has signif-
icantly higher PUB compared to FIR, though the difference is

The computational complexity of OPT (| E|?). In partic- not as drastic as here. If we incredse¢hen the PUB in CAFES
ular, the complexities of Steps 1-5 avé| £|?), O(1), O(|V'|?),  will further approach towards00%.
O(|E|?), andO(1), respectively; and the number of iterations
is typically a small constant for practical-sized networks.

1009% 1 9% %% 9T%  96% 950, 96%  95%  95%  95% 9%

Output optimized!,, andiy.

1) computeB, for e € E with [, fixed,

2) ¢, —0,c — 4o (veV Av#s);
BQ <—07ij — 400 (1 <h< HpveVAv#s),

3) compute a minimum-cost path dg using a standard
shortest-path algorithm with the new relaxation step,

4) compute a minimum-cost path Bswith 7,, fixed using cost
functionC, in Algorithm 1, and

5) if Co (1) +Cs(ly, 1) < Cuo(lun) +Ci (L, 1) thenly, « I,
lp — l;), go to Step 1; otherwise retutp andiy,.

IV. ILLUSTRATIVE NUMERICAL RESULTS

We now quantitatively evaluate our heuristic algorithms. We'g,f 80% -
simulate a dynamic network environment with the assumptiors
that the lightpath-arrival process is Poisson and the Iightpat@— 60% - -
holding time follows a negative exponential distribution. For? P
the illustrative results shown here, in every experimeof, 2 ao% | 12
lightpath requests are simulated; they are uniformly distributeg - =
among all node pairs; average lightpath-holding time is normag 20% ” (

ized to unity; the cost of any link is unity; and the topology with® -

9 | 2

16 wavelengths per fiber is shown in Fig. 3. 0% ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
We compare CAFES to an effective two-step approach 60 70 8 9 100 110 120 130 140 150

FIR [9] in terms of the percentage of unreachable blocking. We Network Offered Load in Erlang

compare the blocking probability and average hop distance of

OPT to those of FIR. The feasible solution to OPT is the sol(i

tion of CAFES (withk = 1 since the performance improvement 3The other type of blocking is that, due to the NP-completeness of the prob-

is marginal if we increasg to any larger value). lem, a heuristic may not find two link-disjoint paths even though they exist.

. 4. Approximate percentage of unreachable blocking.
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Fig. 5. Blocking probability vs. network offered load. Fig. 6. Average hop distance vs. network offered load.

V. CONCLUSION
B. Blocking Probability We proved that the problem of finding an eligible pair of

Figure 5 compares the blocking probability of OPT to f£IR Working and backup paths under shared-path-protection con-
We observe that OPT has lower blocking probability. This is bétraints in a WDM mesh network for a new lightpath arrival
cause of the backtracking in CAFES and the joint optimizatighith respect to existing lightpaths is NP-complete. We pre-
in OPT. The reason that the difference between the two cur@ted a heuristic—CAFES—to compute a feasible solution
decreases as the network offered load increases is as follodd an algorithm—OPT—to optimize the resource consump-
When the network offered load is modest or low, a lightpath fion for a given solution. The core ideas of how to compute a
unlikely to be blocked because of resource limitation. BlocKeasible solution and how to jointly optimize a given solution
ing happens mainly because a heuristic cannot find two eligR" be applied to lightpath provisioning with shared protection
ble link-disjoint paths. Since FIR fails in trap situations whildh MPLS networks as well. We showed via numerical examples

CAFES does not, FIR has a much higher blocking probabthat our heuristic algorithms are efficient and effective.
ity. When the network offered load is high, a lightpath is more
likely to be blocked because there are no available wavelengths REFERENCES
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