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Abstract—This paper investigates the survivable traffic- lightpathst Meanwhile, the failure of a network element can
grooming problem for optical mesh networks employing wave- cause the failure of several lightpaths, thereby leading to large

length-division multiplexing (WDM). In the dynamic-provisioning 4415 and revenue loss. Fault-management schemes such as
context, a typical connection request may require bandwidth less

than that of a wavelength channel, and it may also require protec- Protéction are essential to survive such failures. _

tion from network failures, typically fiber cuts. Based on a generic ~ Different low-speed connections may request different
grooming-node architecture, we propose three approaches—pro- bandwidth granularities, as well as different protection schemes
?K/ICSX?:_)atl_“ghltpathd(PAL) Ie\t/el, m'ﬁedt_ prOt‘fCt'O“'at;PO““(eSCng) (dedicated or shared). How to efficiently groom such low-speed

evel, and separate protection-at-connection : . ‘e : : . :

level—for grooming a connection request with shared protection. conneqtlons while sat.lsfylng thglr pr(?tectlon requwements I.S
In shared-mesh protection, backup paths can share resources the main focus of_o_ur mvestlgatlpn. Since shgred protection is
as long as their corresponding working paths are unlikely to more resource efficient than dedicated protection due to backup
fail simultaneously. These three schemes explore different ways sharing, we focus on the problem of dynamic low-speed con-
of backup sharing, and they tradeoff between wavelengths and nection provisioning with shared protection against single-fiber
grooming ports. Since the existence version of the problem for fail Single-fiber fail th domi t 1 f
provisioning one connection request with shared protection is a! ures.. ingle-fi er aqures are the pre omllnan ype o
NP-complete, we propose effective heuristics. Our findings are as failures in communication networks. Node failures are not

follows. Under today’s typical connection-bandwidth distribution considered here because most nodal equipmentd arel
where lower bandwidth connections outnumber higher bandwidth  protected.

connections: 1) it is beneficial to groom working paths and backup ; ; : _
paths separately, as in PAL and SPAC; 2) separately protecting The res;[ ﬁf this paper IS. organlzekd as fOI.IOfWS' T.he re
each individual connection, i.e., SPAC, yields the best performance Mainder of this section provides background information on

when the number of grooming ports is sufficient; and 3) protecting  traffic grooming and protection. Section Il presents a generic
each specific lightpath, i.e., PAL, achieves the best performance grooming-node architecture. Section Il formally states the
when the number of grooming ports is moderate or small. problem. Section IV presents three approaches—protec-
Index Terms—Fault management, grooming, lightpath, optical tion-at-lightpath (PAL) level, mixed protection-at-connection
network, provisioning, shared protection, wavelength-division (MPAC) level, and separate protection-at-connection (SPAC)
multiplexing (WDM). level—and provides a qualitative comparison. Section V
presents heuristic algorithms for PAL, MPAC, and SPAC.
|. INTRODUCTION Section VI compares the three schemes under different network
HILE THE transmission rate of a wavelength channé&onfigurations. As some customers may desire dedicated
is high (typically STS-192 today and expected to gro\}grotgct|on for.fast protectloq switching, Sgcuon Vi @scusses
to STS-768 in the near future), the bandwidth requiremefi@ffic grooming with dedicated protection. Section VIIi
of a typical connection request can vary from the full waveoncludes this study.
length capacity down to STS-1 or lower. To efficiently utiIiz_eA_ Traffic Grooming
network resources, subwavelength-granularity connections

can be groomed onto direct optical transmission channels, orf raffic grooming refers to the problem of efficiently packing
low-speed connections onto high-capacity lightpaths to better
utilize network resources [1], [2].
Traffic grooming on synchronous optical network (SONET)/
wavelength-division multiplexing (WDM) ring networks has
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a priori [8], [9]. Online approaches for traffic grooming in =————

. . " Wavelength Switch .
WDM mesh networks have been recently reported in [10]-[12] riperin - avef:';%ﬁc e . Fiber out

V.
The work in [10] proposes a call-admission-control algorithrr : —> (W-Fabric) : :
to address the capacity-fairness issue, i.e., a connection requ'—: i ) D:'
with higher bandwidth requirement is more likely to be blockec "
than a connection request with lower bandwidth requiremen
The work in [11] proposes different grooming policies and
route-computation algorithms for different network states. Thi
work in [12] develops an algorithm for dynamically grooming Grooming Fabric
low-speed connections to meet different traffic-engineerin (G-Fabric)
objectives based on the generic graph model proposed in [¢
Please see [1] for an extensive review on traffic grooming. T T i l

addressed static traffic where a traffic demand matrix is know @

Demux Mux

Grooming-add
port

Grooming-drop
port

Local add Local drop

B. Protection Fig. 1. Simplified grooming-node architecture.

Protection is a proactive procedure in which spare capac'&y
is reserved during connection setup [13], [14]. A path that car-
ries traffic during normal operation is known awarkingpath. ~ The survivable traffic-grooming problem, in which subwave-
When a working path fails, the connection is rerouted overl@ngth-granularity connections need to be protected, is a rela-
backuppath. Below, we review a portion of the closely relatetively unexplored territory.
work on survivable lightpath provisioning and multiprotocol Given a static traffic matrix and the protection requirement
label switching (MPLS) connection provisioning with share@f each connection request, the work in [24] presents an ILP
protection. Please refer to [15] for an extensive review. and a heuristic for satisfying the bandwidth and protection re-

1) Survivable WDM Lightpath ProvisioningOnline algo- quirements of all the connection requests while minimizing the
rithms for survivable lightpath provisioning in WDM networksnhetwork cost in terms of transmission cost and switching cost.
have been reported in [16]-[18]. The work in [16] presents shortFor dynamically establishing low-speed connection requests
leap shared protection (SLSP), which divides a working pawith shared protection, the work in [25] presents mixed
into overlapped segments and protects each segment indivigrking-backup grooming policy (MGP) and segregated
ually. The work in [17] proposes a routing approach, whicworking-backup grooming policy (SGP). With both schemes
first computesk working candidate routes, then compufés employing fixed-alternate routing [26], the work focuses on
link-disjoint paths as backup candidate routes, and selects the effect of different wavelength-assignment algorithms and
link-disjoint path-pair of minimum cost. The work in [18] pro-different topologies.
poses the sharing of primary lightpaths and backup lightpaths
under the assumption that connection-holding time is shorfer Our Proposal

than the mean time between failures. _ We propose three approaches—PAL level, MPAC level,
~2) Restorable MPLS Tunnel Provisionin@nline algo- ,nq spaC level—for dynamically provisioning shared-pro-
rithms f‘?f dyngmlc routing of restorable bandmdth-guarantetfgcted subwavelength-granularity connection requests against
connections in a MPLS network have been reported W,qe fiher fajlures. We investigate their characteristics under a
[19]-{21]. Although these papers are devoted to the MPLg.haric grooming-node architecture and design efficient heuris-
context, their basic ideas—with appropriate variationges oyr work differs from previous work in that we focus
e.g., quantized bandwidth granularities and grooming COgs route computation, the impact of different backup-sharing

straints—are applicable to the survivable traffic-groomingy, 4 ches, and the tradeoff between wavelength and grooming
problem with shared protection in a WDM mesh network W'tlaapacity.

full wavelength conversion at each node. The work in [19]
proposes an algorithm which, for a connection request, selects
the minimum-cost path as the working path and computes
the minimum-cost link-disjoint path as backup path basedn order to support traffic grooming, a network node should
on a “bucket’-like [22], [23] link metric. The work in [20] be able to switch traffic at wavelength granularity and finer
first develops integer linear programs (ILPs) to route a cogranularity. Fig. 1 shows the logical view of a simplified
nection request under shared-path protection constraints wjildoming-node architecture.

no, complete, or partial information of existing connections. This hierarchical grooming node consists of a wave-
The authors then provide a heuristic for routing with partiaéngth-switch fabric (W-Fabric) and a grooming fabric
information. The work in [21] describes distributed partia{G-Fabric). The W-Fabric performs wavelength routing;
information management (DPIM) schemes for maintainingie G-Fabric performs multiplexing, demultiplexing, and
aggregated information to provision bandwidth-guaranteswitching of low-speed connections. A portion of the incoming
connections with shared-path protection. wavelengths to the W-Fabric can be dropped to the G-Fabric

Survivable Traffic Grooming

Il. GROOMING-NODE ARCHITECTURE
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through the grooming-drop ports for subwavelength-granu- T=3 © 3) T=3
larity switching. The groomed traffic can then be added to R=3 . T R=3
the W-Fabric through the grooming-add ports. The number of ~ ’
grooming ports determines the grooming capacity of a node N o
(we assume that there are equal number of grooming-add and @\D é_i
grooming-drop ports). Later, we shall investigate the impact of T=3 V
grooming capacity (number of grooming ports) on the network R=3
performance. T=3 @ - ) Te
Even though crossconnects capable of full grooming—i.e., R=3 \ I
G-Fabrics—are preferable to network operators toda';{,g 2. Example: initial network configuration
crossconnects capable of wavelength switching—i.e.;” ™ ' '

W-Fabrics—are expected to be desirable as traffic con—P lete. This is b il  thi bl
tinues to grow in the future. The G-Fabrics deployed toda{\/ -compiete. ThiS 1S because a special case of this probiem,

are unlikely to go away when W-Fabrics are deployed dd which_ the number of grooming ports is suﬁicient. and every
to economic concerns. One way of effectively utilizing botﬁonnectlon request requires full wavelength capacity, has been

G-Fabrics and W-Fabrics could be to interconnect a W-FabRECVEN to be\"P-complete in [27]. Thus, practical heuristics

and a G-Fabric through transponders, as shown in Fig. 1. are needed.

As a special case, if the number of grooming ports at a node
is equal to the number of incoming wavelengths to its W-Fabric,
then this grooming node can switch the entire incoming traffic To provision a connection request, there are two types of
at STS-1 level, as is the case in today’s state-of-the-art opagasource constraints—wavelengths and grooming ports. Typi-
(i.e., switching with optical-to-electronic-to-optical conversiongally, the more the number of wavelengths the network has, the
intelligent optical switches from many vendors. less the number of grooming ports a node needsyaredversa

While our approaches apply to both wavelength-continuousWe propose three schemes—PAL level, MPAC level, and
and wavelength-convertible networks, we hereafter assu®BAC level—for provisioning shared-protected connection
without loss of generality that the network has full waverequests. These three schemes explore different ways of backup
length-conversion capability. routing and the tradeoff between wavelengths and grooming
ports.

Below, we shall illustrate the three schemes via an example.
For the initial network configuration shown in Fig. 2, every edge

We first define the notations and then formally state theorresponds to a bidirectional fiber; each fiber has two wave-
dynamic connection-provisioning problem. A network isengths; the wavelength capacity is STS-192; every node has
represented as a weighted, directed gréph (V, E,C, \, P), three grooming portsi( and R represent the number of avail-
whereV is the set of noded? is the set of unidirectional fibers able grooming-add and grooming-drop ports, respectively).
(referred to as links)(C' : E — RT is the cost function for . i
each link (whereR+ denotes the set of positive real numbersf): Protection-at-Lightpath (PAL) Level
A 1 E — Zt specifies the number of wavelengths on each 1) Basic Idea: PAL provides end-to-end protection with re-
link (where Z* denotes the set of positive integers), andpect to lightpath. Under PAL, a connection is routed through
P :V — Z7* specifies the number of grooming ports at each sequence of protected lightpaths pelightpaths. Ap-light-
node. path has dightpathas working path and a link-disjoipiathas

A connection request is represented as a quadruplackup path. For example, in Fig. 3(gjlightpathi; has light-
(s,d, B, ty), which specifies the source node, the destinatigrath (0, 1,2) as working path and pat{0, 5,4, 2) as backup
node, the bandwidth requirement, and the holding time in thpsth. Please note the differences between the working path and
order. In this study, every connection needs to be protected, ahd backup path of a-lightpath. The working path of a-light-
the backup resources can be shared. path is set up as a lightpath during normal operation. Therefore,

We now formally state the dynamic connection-provisionings a lightpath does, the working path consumes a grooming-add
problem as follows. Given the current network state (which iport at the source node and a grooming-drop port at the destina-
cludes the network topology as a weighted digréhtexisting tion node of g-lightpath; and the working path ofialightpath
lightpath/connection information (e.g., routes and wavelengthgpasses any intermediate nodes along its path. However, the
etc.), wavelength usage, and grooming-port usage), route ebakkup path of a-lightpath is not set up as a lightpath during
new connection request with respect to its bandwidth and prwermal operation. Therefore, the backup path gflaghtpath
tection requirement (shared protection) while minimizing thdoes not consume any grooming port; and wavelengths along a
incremental cost in terms of the total cost of the working arftackup path are only reserved. In case the working path fails,
backup paths under the assumptions that existing connectipnstection switching occurs at lightpath level and the backup
cannot be disturbed and information about future arrivals is neath is set up as a lightpath by utilizing the grooming ports pre-
known. viously used by the working path.

The existence version of the above problem for provisioning Two p-lightpaths can share wavelengths along common
one connection request under the current network statebeckup links if their working paths are link-disjoint. Clearly, a

IV. PROPOSEDSCHEMES

lll. PROBLEM STATEMENT
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(a) after provisioning ¢y (b) after provisioning co (c) after provisioning c3

Fig. 3. PAL: provisioning connections ({0, 2, STS12c, t1}), ¢2({0,3, STS3¢, t2)), andcs((4, 3, STS48¢, t3)).

P e

(a) after provisioning ¢ (b) after provisioning ¢z (c) after provisioning cs

Fig. 4. MPAC: provisioning connections ((0,2, STS12¢, 1)), ¢2((0, 3, STS3¢, t2)), andes ((4, 3, STS48¢, t3)).

connection routed under PAL survives from single-link failuresf p-lightpaths/; andi; share the wavelength reserved along
since eachp-lightpath survives from single-link failures bylink (4, 2).
definition. Since protection occurs at lightpath level, PAL has ) )
the advantages of low implementation complexity and lo- Mixed Protection-at-Connection (MPAC) Level
signaling overhead when a failure occurs. This will be further 1) Basic Idea: MPAC and SPAC provide end-to-end pro-
elaborated in Section IV-D. Below, we illustrate PAL in moreection with respect to connection. Under MPAC, a connection
detail by provisioning three connection requests. is routed via link-disjoint working and backup paths, each of
2) Example: Upon the arrival of the first connection requesivhich traverses a sequence of lightpaths. A lightpath traversed
c1,(0,2,STS42¢, t1), one way of provisioning:; under PAL by a working path utilizes a portion of its capacity to carry
is shown in Fig. 3(a). Connectian is routed vigp-lightpathl;, traffic for that working path during normal operation. A light-
which has lightpatko, 1, 2) as working path and path, 5,4,2) path traversed by a backup path reserves part of its capacity
as backup pattp-lightpathl/; consumes a grooming-add port afor that backup path. The backup capacity a lightpath reserves
node 0 and a grooming-drop node at node 2. The free capa@iin be shared among multiple backup paths provided that their
of p-lightpathl; is STS-180. corresponding working paths are link disjoint. In this context,
Suppose that; remains in the network when the second corfmixed” means that the capacity of one wavelength can be uti-
nection request, (0,3, STS3c¢, t1), arrives. One way of provi- lized by both working paths and backup paths; “separate,” on
sioningc, under the current network state is shown in Fig. 3(b)he other hand, means that the capacity of a wavelength can be
Connectiore, is routed viap-lightpathls, which has lightpath utilized by eitherworking paths or backup paths, but not both.
(0,1,3) as working path and patfv, 5,4, 3) as backup path. MPAC seems to be the most intuitive approach since it deals
p-lightpath [, consumes a grooming-add port at node 0 anwlith individual connections and, therefore, can pack connec-
a grooming-drop port at node 3. The free capacitydight- tions efficiently. Later in Section 1V-D, we shall show that it
pathl, is STS-189. Two wavelengths need to be reserved alongy not achieve the best performance due to the intricacy of
links (0,5) and(5,4) because 1) the working paths@light- backup sharing. Below, we illustrate MPAC in more detail using
pathsl,; and!/, traverse common linK0, 1) and 2) protection the same example as before.
occurs at lightpath level, i.e., backup sharing only occurs at2) Example: When the first connection request
wavelength level. c1,(0,2,STSA2¢, t1) arrives, one way of provisioning:;
Suppose that; andc, remain in the network when the thirdunder MPAC is shown in Fig. 4(a). The working and backup
connection request;, (4, 3, STS48c¢, t3), arrives. One way of paths of connection, traverse lightpathg andls, respectively.
provisioning cs under the current network state is shown iThe free capacity of both lightpatlis andis is STS-180. The
Fig. 3(c). Connectioms is routed viap-lightpathis, which has backup capacity reserved on lightpdthis zero. The backup
lightpath (4, 3) as working path and patht, 2,3) as backup capacity reserved on lightpath is STS-12c, and it is used to
path. p-lightpath /35 consumes a grooming-add port at nodprotect connection;’s working path. Both lightpathg andis
4 and a grooming-drop port at node 3. The free capacity obnsume a grooming-add port at node 0 and a grooming-drop
p-lightpath /3 is STS-144. Please note that the backup patpsrt at node 2.
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(a) after provisioning ¢ (b) after provisioning ¢ (c) after provisioning cs

Fig. 5. SPAC: provisioning connections((0, 2, STS12¢, t1)), c2({0,3,STS3¢, 1)), andes ((4, 3, STS48¢, t3)).

Suppose that connection remains in the network when ports for increased backup sharing, as will be elaborated in
connection request, (0, 3, STS3¢, t2), arrives. One possible Section IV-D. Below, we illustrate SPAC in more detail using
solution of provisioning:, under MPAC is shown in Fig. 4(b). the same example as before.

Connectione, is routed via two link-disjoint paths—lightpath  2) Example: When the first connection request, (0, 2,

I3 and the two-lightpath sequenc&, l,). The working path STS-12¢,t;) arrives, one way of provisioning, under SPAC

can traverse either of the two paths, say lightpathiThe free is shown in Fig. 5(a). The working path of connectien
capacity of both lightpathg; and i, is STS-189. The free traverses lightpathl; and the backup path traverses path
capacity of lightpathl, is STS-177 since lightpaths andls (0,5, 4,2). The free capacity of lightpath is STS-180. Every
traverse common link0, 1). The backup capacity on lightpathlink along the backup path needs to reserve one wavelength as
l5 is STS-15 (STS-12c capacity is used to protect the workifigckup capacity, while only STS-12c of the entire wavelength
path of connectior;, and STS-3c capacity is used to proteatapacity is used to proteet’s working path. For every link

the working path ofcp). The backup capacity on lightpathalong the backup path, the upstream node needs to reserve one
l4 is STS-3c and it is used to protect the working path @frooming-add port and the downstream node needs to reserve
connectione,. one grooming-drop port since one more wavelength has been

Suppose that connectiors and ¢, remain in the network reserved.
when connection requess, (4,3, STS48c¢, t3), arrives. One  Suppose that connection remains in the network when
way of provisioningcz under MPAC is shown in Fig. 4(c). The connection requesk, (0, 3, STS3c¢, t2), arrives. One possible
working path ofcg traverses lightpatly, and the backup path solution of provisioning:s under SPAC is shown in Fig. 5(b).
traverses the two-lightpath sequeriég [4). The free capacity The working path of connection, traverses lightpatt,, and
of lightpathd; andls is STS-144. The free capacity of lightpaththe backup path traverses pdth5, 4, 3). The free capacity of
l4 is STS-144 because the backup paths of connectipasd lightpathl, is STS-189. One wavelength along lifk 3) needs
cs can share backup capacity 6 working path,/3, andes’s  to be reserved as backup capacity, STS-3c capacity of which is
working path,l5, are link disjoint). The backup capacity ofused to protect,’s working path. STS-15 capacity of the entire
lightpathl, is STS-48 (STS-48c capacity is used to protect theackup capacity along link®, 5) and (5, 4) is used to protect
working path of connections, and STS-3c¢ capacity—sharedhe working paths of connectiong andc, (STS-12c¢ fore; and
with the backup path ot;—is used to protect the working STS-3c fore,).
path of connectiors). The backup capacity on lightpath is This step demonstrates why one grooming-drop port and two
STS-48c and it is used to protegts working path. grooming-add ports need to be reserved at node 4. If{link)
fails, connectiorn:; needs to be rerouted alor@, 5, 4, 2), and
connectiore, needs to be rerouted alof@ 5, 4, 3). As aresult,
node 4 needs to drop one wavelength, sayto the G-Fabric

1) Basic Idea: SPAC provides end-to-end protection withvia one grooming-drop port. After unpacking wavelength
respect to connection. Under SPAC, a connection is routdw G-Fabric grooms connection to an appropriate wave-
via link-disjoint working and backup paths. A working patHength, say)\., and adds wavelength, to the W-Fabric via
traverses a sequence of lightpaths. A backup path traverses grooming-add port; the G-Fabric also grooms connection
a sequence of links, each of which has judiciously reservesito an appropriate wavelength, say, and inserts wavelength
a number of wavelengths as backup resources. (This différsto the W-Fabric via another grooming-add port. Then, the
from MPAC, in which a backup path traverses a sequence \&fFabric switches wavelengtk, to the outgoing port toward
lightpaths.) In addition, a grooming-add port at the source endde 2 and wavelength; to the outgoing port toward node 3.
of the link and a grooming-drop port at the destination end general, one grooming-add port and one grooming-drop port
of the link need to be reserved for each reserved wavelengite needed for each reserved wavelengths on a link.
because multiple backup paths groomed onto the same waveSuppose that connectiors and ce remain in the network
length on a link may go to different next hops. In this contextyhen connection request, (4, 3, STS48¢, t3), arrives. One
“separate” means that the capacity of a wavelength can Wway of provisioningcz under SPAC is shown in Fig. 5(c). The
utilized by eitherworking paths or backup paths, but not bothworking path of connectior; traverses lightpatli; and the
SPAC is deliberately constructed in a way to trade groomirgackup path traverses path 3). The free capacity of lightpath

C. Separate Protection-at-Connection (SPAC) Level
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l3 is STS-144. STS-48c of the entire backup capacity alosparing. First, since a lightpath may span multiple links, the
link (4, 3) is used to protect the working path @f; out of this backup capacity reserved on a lightpath (as in MPAC) is less
STS-48c capacity, STS-3c is also used to protect the workilikely to be shared among multiple connections than the backup

path ofc,. capacity reserved on a link (as in PAL and SPAC).
The second implication applies to wavelength-convertible
D. A Qualitative Comparison networks only. Under MPAC, the backup path of a connection

. . - traverses a sequence of lightpaths, thus, a backup path has
The above illustrative examples indicate that the thr eth fixed route and fixed wavelength assignment [28]. Under

schemes perform differently in terms of routing and the amoug AC, the backup path of a connection (or the backup path of

of resources reql_Jlred. Below, we qgahtatlvely compare theér -lightpath under PAL) traverses a sequence of links with a
characteristics with respect to routing, backup sharing, an

. . . . number of reserved wavelengths, thus, a backup path has only
operational complexity. For convenience, we will use the terﬁr;(

“PAC” o refer to both MPAC and SPAC hereafter whenever ed route but not fixed wavelength assignment [29]. Bas_lcally,
X - . under SPAC and PAL, the reserved wavelengths on a link act
appropriate because they have several similar properties.

1) Routing: The difference in routing between PAL ano’ike a “pool” for all the failure scenarios and backup-capacity
g g sparing among different wavelengths on a link is facilitated by

PAC is that PAL provides end-to-end protection with respeﬁqe existence of wavelength converters. However, under MPAC,

to lightpath while PAC provides end-to-end protection wit . . .
respect to connection. Under PAL, when a failure occurs, tﬁ?ae backup-capacity sharing among different wavelengths on

end nodes of the affectegHlightpaths first configure their a link is not possible because backup capacity resides inside

backup paths and then switch over; the affected connecti Ilrgshtpaths and multiple lightpaths cannot share their reserved

are oblivious to the protection-switching process. Under PA ackup capacity. We illustrate this difference in the following
) .example.
when a failure occurs, the end-nodes of the affected connection . . . .
onsider the changes in backup capacity on an arbitrary

(W.h'Ch could pe S|gn|f!cantly more than the number of affec_tel%k (u,v) in a hypothetical network. Suppose that STS-156
p-lightpaths) first configure their backup paths and then switc . . : .
over. capacity will be rerouted on linku, v) when some other link

Please note that a connection from nade noded routed (x,y) in this network fails; STS-108 capacity will be rerouted

under PAL may not have two link-disjoint paths between node> link (., v) when some other linki, j) in this network fails;

and nodel, while the connection still survives from single—linkaanl no more than STS-108 capacity will be rerouted on link

. T (u.v) when any other link fails. Clearly, STS-156 backup
failures. For example, suppose that the connection is routed Xg’l acity needs to be reserved along l{akv), assuming that
two p-lightpathsl; andl, under PAL. The concatenation of the bactty g llaxuv), 9

. o oo any link is not in the same shared-risk-link group (SREG)
working paths op I|ghtpathsll andi, may not be link-disjoint as any other link. Under SPAC, linlu,v) needs to reserve
from the concatenation of the backup pathgdightpathsi, one wavelength: under MPAC, a lightpath, from node
andls. This is because the working path lgfand the backup g, . ghtpath, Y

. to nodev needs to be set up. When a new connection request
Ezaht?;\légggt:sgvrggﬁr}%ﬁgth of; and the backup path f) c1, (i, j, STS48¢, t),), arrives, suppose that its working path

Routing wise, PAL performs at an aggregate level (Iightpatftgverses linkz, j) and backup path traverses ligk, v) in this

and PAC performs on a per-flow (connection) basis. As pothetical network under both SPAC and MPAC. Since only
) S-156 capacity needs to be rerouted when(ink) fails, no

resul_t,_ PAL trades the bandwid_th efficiency in routing_eacmore backup capacity needs to be reserved under both SPAC
specn‘lp subwavelength connection request for the SaVINGS Iy MPAC. Assume that connectiopremains in the network
gg%zmr:r;?'r%%r;i?sagn? lg;lropc')A\rhi,rfgepg?tClei/%gr?tg ?fé)gh;?s;g trvé\éhen another connection request(, j, STS48¢, ¢}, ), arrives.
working path of gp-lightpath fails, all of the traffic carried by Uppose that connectien’s working path traverses link, j)

. . and backup path traverses linf,v) in this hypothetical
the fa||_ed working path can b? rerouted to the backup path r?ztwork under both SPAC and MPAC. Then, STS-204 capacity
thatp-lightpath and the grooming ports (at the end nodes of the . PR Do e

! . . will be rerouted on link({u,v) if link (7, ) fails. As a result,
p-lightpath) previously used by the working path can be reuse

by the backup path. However, in SPAC, the end nodes of a IiHEder SPAC, link{u, v) n.eed.s to reserve tW(.) wavelquths
. since wavelength capacity is STS-192), which combine to
need to reserve a grooming-add/drop port for each reser

d . .
wavelength because multiple backup paths groomed onto ﬁ}rﬁxl?e ?Zii%ﬂgj%usocdaepvaﬁx dlént%etr)eMsPQCL, anfithﬁtr l{;%? t
same wavelength on a link may go to different next hops; ?1 2 STS-156 it d liahtoaih . Sql'sp48
MPAC, each lightpath reserves a portion of its bandwidth &5 oo <> ~156 capacity and lightpatheserves i
. : . __capacity as backup capacity.
backup capacity, thus, backup capacity consumes a fraction o he difference appears when conneciigrieaves and con-

theZ)grlggtr:T(I:r? gﬁ:rsiﬁg:MPAC differs from PAL and SPAC in nectioncy remair_15 in the networl_<. Only STS-156 c_apa@ty will
backup sharing. The backup path of a connection under MPEE rerouted on linku, v) when either link{z, y) or link i, j)

is the concatenation of lightpaths. The backup path of a conng%:'!s after connection; leaves. Consequently, under SPAC,

tion under SPAC (or the backup path gftightpath under PAL) only one wayelength needs to be reserved on {inj¢), and
. ) : . another previously reserved wavelength can be released. Under
is the concatenation of links with reserved wavelengths. This

difference in backup routing has two implications on backup?2an SRLG is a set of links which share the same risk [30].
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MPAC, however, lightpatH; still needs to reserve STS-156backup paths. The conflict set for lightpath/ can be repre-
backup capacity since STS-156 capacity will be reroutestnted as an integer s¢i; |Ve € E,0 < v; < STS192},
on lightpathl; when link (z,y) fails. Without reconfiguring wherev; represents the amount of traffic that will be rerouted
connectiore,’s backup path, lightpath, still needs to reserve on lightpathl when linke fails. The amount of backup capacity
STS-48 backup capacity. As a result, under MPAC, STS-20dserved on lightpathis, thus,v; = maxvy.{v;}. The differ-
capacity has been reserved while only STS-156 is realyicey;” — vy indicates the potential “free” capacity for backing
needed. (PAL will perform similarly to SPAC in this example.up a new working path traversing lirk(and the corresponding

In short, PAL and SPAC trade the flexibility in groomingbackup path traverses lightpaih
for the freedom in backup sharing. Under PAL and SPAC, The union of the conflict sets for all the lightpaths aggregates
working paths are groomed onto lightpaths while backup patif®e per-connection-based backup-sharing information, and the
are groomed onto reserved wavelengths. However, MPAC Isige of the conflict set depends only on the number of lightpaths
the flexibility in grooming working paths and backup paths (cind the number of links, not on the number of connections. In
different connections) onto the same lightpath. the absence of a mechanism such as the conflict set, per-con-

3) Operational Complexity:From implementation point of nection-based information is necessary for identifying shareable
view, PAL is simpler than PAC as PAL demands less inform&ackup capacity [32]. Thus, itis advantageous to use conflict set
tion in route computation. While both PAL and PAC need thgince the number of connections can be significantly more than
routing information of all the existing lightpaths to provision 4he number of lightpaths.
shared-protected connection request, PAL does not require ang) Grooming-Node Modeling and Network-State Represen-
information about the existing connections. PAC, however, dotion: Under the current network state, a connection request
require the detailed routing information of all the existing cormay be carried by existing lightpaths, by newly established
nections. Under PAL, the routing information of the workindightpaths (based on available wavelengths and free grooming
paths of twop-lightpaths is sufficient to determine whether thgorts), or by both existing lightpaths and newly setup light-
backup paths of these twelightpaths can share wavelengthgaths. While the graph defined in Section Il takes into account
along common links. Under PAC, the routing information oivavelength constraints, the graph does not accommodate
the working paths of two connections, which includes lightpa#xisting lightpath information. Moreover, grooming-port con-
routing information, is needed to decide whether the backspraints apply if a connection is to be carried by both existing
paths of these two connections can share backup capacity albgigtpaths and newly established lightpaths. Therefore, a more
common lightpaths (in the case of MPAC) or common links (ipowerful mechanism—which can accommodate wavelength
the case of SPAC). constraints, grooming-port constraints, and existing lightpath

From control point of view, PAL has lower signaling overheadnformation—is needed to represent the network state and to
Assume that a lightpath can carry up goconnections. (In facilitate route computation.
today’s networksyg is typically 192 since wavelength capacity We adopt the generic graph model in [9] to represent the
is STS-192 and the lowest bandwidth granularity is typicallyetwork state as an auxiliary graph. For our grooming-node
STS-1.) When a link failsi¥ lightpaths can be disrupted in thearchitecture in Fig. 1, W-Fabric is modeled as thdayer
worst case. In PAL, at mos¥ protection-switching processesconsisting of input vertex A\; and output vertedo; G-Fabric
are needed. However, in PAC, uplio x g protection-switching is modeled as the access layer consisting of input vedtex
processes are required inthe worst case. As protection-switchét@l output vertexdo; grooming-add port is modeled by an
processes for shared protection typically require signaling, PAddge from vertexd, to vertex\o; and grooming-drop port is
demands lower control bandwidth and involves lower signalingodeled by an edge from vert&xto vertex4 ;. A unidirectional

complexity compared with PAC. fiber is represented as an edge from verlex at the source
node to vertex\; at the destination node of the lightpath.
V. HEURISTIC ALGORITHMS A lightpath layer consisting of input vertek; and output

under the current network state with shared protection, we d-a node. A lightpath is represented as an edge from vertex

velop heuristics for MPAC, SPAC, and PAL in this section. Lo at the source node to vertey at the destination node.
Every edge is associated with two attributes: one indicating

A. MPAC Heuristic the available capacity and the other indicating the cost of the

In response to a new connection request, MPAC compuf&§ource which the edge represents. _
two link-disjoint paths based on the current network state andAS an example, the state of node 2 in Fig. 4(c) is mod-
appropriate backup-sharing measurement. Below, we elabor@@d in Fig. 6. For the four auxiliary edgesz, Ao),
the backup-sharing measurement, network-state represefifa- A1), (A1, Ao), and (4o, Lo)—the capacity is infinity
tion, a modified k-distinct-loopless-path algorithm, and rout@nd the cost is zero. The available capacity of any other
computation. edgee is the available capacity of the resource which edge
1) Backup-Sharing MeasuremenEvery lightpath is associ- represents, e.g., the free capacity of edgg A;) (in gray)
ated with a conflict sétto identify the sharing potential between's zero sincel? = 0 for node 2. The grayed edge from vertex

3The conflict set defined here is related to the conflict vector in [18], the 4For clarity, we refer to node and link in the auxiliary graph as vertex
aggregated square matrix in [31], and the “bucket” link metric in [22] and [23and edge.
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Access we shall investigate how to enumerdteappropriate candidate
Layer working paths below.
Lightpath Algorithm 1 MPAC
Layer Input G = (V, E,C, A\, P),c = (s,d, B, t3,), existing lightpath
information, wavelength usage, grooming-port usage,f&nd
Output SRLG-disjoint working and backup paths, or NULL if
A Layer no such paths are found.

1) Construct the auxiliary grapfi, to represent the current
network state (including existing lightpath information,
Fig. 6. Graph representation of node 2 in Fig. 4(c). wavelength usage, and grooming-port usage) as shown
in Section V-A2.
2) ComputeK minimal-cost pathd.,, = {I¥ |1 < k <
K’,0 < K' < K} in G, from the access-layer output vertex
of nodes to the access-layer input vertex of nadlbased
on the modified algorithm for computingdistinct loopless
paths in Section V-A4 subject to the constraint that every hop

Ao at node 4 (not shown in this figure) to vertaéx at node 2
indicates there are no free wavelength on l{gk2). The cost
of a lightpath edge is the summational cost of the links which
the lightpath traverses. The cost of lightpath edgés two if

we assume unity link cost (multiple edges between the Sameyiong a path should have at le@sunits of free capacity

vertex pair is distinguished by unique sequence numbers). (it there are less thait paths between the vertices, then the
By modeling every grooming node as above, the current net- algorithm will compute all theé<”, 0 < K’ < K, eligible
work state—which includes wavelength usage, grooming-port paths); return NULL ifL,, is embty._

usage, and available lightpath capacity—can be representec@a&or each candidate working pafhin L.,, compute a

one auxiliary graph. minimal-cost patti} from the access-layer output vertex of
3) Route ComputationBased on the auxiliary net- npodes to the access-layer input vertex of natlbased on

work-state graph and the backup-sharing measurement, MPAGhe following edge-cost functiofypac(e):

computes two link-disjoint paths for a connection request. The ) if edgec does not represent a lightpath or a link, then

basic idea of MPAC is to judiciously enumerate paths since Cupac(e) = Cle);

joint optimization of the working and backup paths may not  p) if edgee represents a link, then

be possible due to th& P-completeness of the problem. A

formal specification of MPAC is shown in Algorithm 1. Further Cnpac(e)

elaboration follows. +00, if e is not SRLG—disjoint with (%,
MPAC enumerated candidate working paths in the auxil- _ or link f does not have any free

iary graph based on the customized algorithm for compuing Wavelef_lgth

distinct loopless paths in Section V-A4 below. For each can- B-C(e), otherwise

didate working path, MPAC computes a SRLG-disjoint min- c) if edgee represents a lightpath then
imal-cost path as backup based on cost functiifpac(e).
(The cost functionCypac(e) is similar to the cost functions Cupac(e)

used in some previous work [18], [19], [22], [33], [34], but it (+oo,  if lightpath [is not SRLG—disjoint
is customized in our context to accommodate grooming con- with £, or (v — vf) plus the free
straints.) InCypac(e), € is an infinitesimal constant such as capacity of [ is less than B for
102, Then, MPAC selects the path pair of minimal cost. Please some link ¢’ used by any lightpath
note that, in Step 3 of Algorithm 1, the amount of resources—es- that [}, traverses
pecially grooming ports—used by pdfashould be temporarily € if lightpath [ is SRLG—disjoint with
reflected to the auxiliary graph when computing pgthbe- = Iy, and (v = v") is no less than B
cause the computation of pahdepends on the availability of for every link ¢’ used by any lightpath
grooming ports at every node. / that [, traverses,

In Algorithm 1, the cost of a lightpathis the sum of the cost B G, Otherms,e’ where C is t*he cost of
of the links lightpatH traverses; the cost of a working pathis l,and B’ = B — m,m{’/l —v )
the sum of the cost of the lightpaths pathtraverses times the over all the hnkk.s ¢’ used by any

\ lightpath that I5 traverses.

bandwidth granularity of path,; and the cost of a backup path
I, is the sum of the cost of the edgggraverses [the cost of an4) Select the path pa{f® , I¥) of minimal cost; return NULL if
edge is defined by the cost functiGhpac(e)]. no such path pair exists.

Given an eligible working and backup path péi, ), fur- 5) Allocate proper resources and update network state
ther optimization is possible, as we have shown in [27]. How- according to the path§ andi? (if necessary): update the
ever, the improvement in performance is marginal and the in- free capacity of lightpaths involved in the patfjsandi?;
crease in computational complexity is remarkable in the caseset up new lightpaths (consume new wavelengths and free
when connections can have different bandwidth requirements.grooming ports) according to the lightpath-setup strategy
Thus, we do not consider such optimization further. Instead, shown in [35].
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6) For every lightpatlt that/¥ traverses;,/;"’ — uf’ + B for the grooming-port constraints. Denote the lightpath-layer input
every linke’ used by any lightpath thaf traverses. (output) vertex of node: asLy (Ly). Suppose that one of the
7) Returnl® as working path anéf as backup path. candidate working pathé,,, traverses a lightpathy,, from node

u to nodew, and suppose that there is another lightggthof

4) Modified Algorithm for Computind< Distinct Loopless
) g putings P P%lfﬁcient free capacity from node to nodewv following ex-

Paths: The purpose of enumerating paths is to explore t .
search space of working and backup paths as much as pos tgeﬂ? amehphysllca_l pathf@lldoerz]s. Ctlhearly, anew E[)am
so as to compute working and backup paths close to optimu (mle ! through rep acing,,, by uv NAs € Same cos &s
To this end, any two of thek candidate working paths and!’, is not distinct (under our definition) with, . We modify

should be distinct’ in the sense that two equal-cost candidatg1e second constraint c.)f computing a spur in Yen's algorithm to
event such a scenario. L&t, be the set of edges sourced at

working paths should lead to different backup paths. withoBi .
grooming-port constraints, any algorithm for computifig nodeu and used by some path Inwith the same root. For any

shortest loopless paths will be sufficient. With grooming-poﬁdgﬁe irth” rzpresenht?nﬁ some Iig?ﬁpzﬁ?idtehnth;y as sethtLe
constraints, some important modifications are needed, as sh € other edges whic r(/apresen 'ghtpaths having the same
physical path asdoes. Letl,, = UL, for any lightpath edge

below. ; - U . .
The K shortest loopless paths from vertexo vertexd are in L,,. The original constraintin Yen’s algorithm is that the spur
the 1st, 2nd, ..., andkth least cost paths, each of which trapath cannot use any edgefia. Now, the modified constraint is

verses a vertex at most once. One of the algorithms is duet?g the_spur pat_h_ cannot use ar,1y edgé_,L;rU LI“ .

Yen in [36], and it works as follows (if less thaki paths exist, Qur final moqmcanon F(.) Yen's algorllthm Is for achlevmg.

the algorithm will find all thek” eligible pathsp < K’ < K). Ioopless paths in the aumhary_graph. Since a network pode in-

Initialize the candidate path set with a shortest path (e.g., COmJ_ces six vertices in the auxmary.graph (please see Fig. 6.), if
a spur cannot traverse one of the induced vertices, then the spur

puted by Dijkstra’s algorithm), and set tié shortest loopless T :
path list, as empty. Repeat the following steps uitihas K should not traverse any of the other five induced vertices as well

paths or the candidate path set is empty. First, pick the mm_thefirstconstraintwhen computing a spur. Based on the above
imal-cost pathp from the candidate path set anéi appentd modifications, the resultat distinct loopless paths may not be
L. Then, for every vertex: (u # d) along pathp, compute the K least cost paths, but they explore the search space of the

a shortest path (referred to apui) from vertexw to vertex wo;kw(\:g and tbatlc kur; pé\ths t?ett_(:r.rrh tational

d subject to the constraints that: 1) the spur path cannot tr%— )_ OTEIU a !:)hna 1 'ngEeXII}I//- eKcon]:gu a |r(1)na A;:(_)m-
verse any vertex along threot—the segment from vertexto plexity of Algorithm 1 is O(E - WA ), W 1ereV 1S
vertexu along pathp—except vertexu, i.e., a loopless path the number of network nodeg; is the number of links|¥ is

and 2) the spur path cannot branch from verean any link the number.c.)f wavelengths, arjd is the number of digtinct
used by any path i, with the same root, i.e., a new path. If apaths. Specifically, the complexity of Step 10¢ 2 - W) since

spur is found, concatenate the root and the spur as a new ﬁ ﬁ{ezc:gsrbble(aszvr?grl{] & W Ilighttpa:ch; ‘h%9g)mge>§ivtg of

p’ and putp’ into the candidate path set. Yen's algorithm has €p 21 I( " )f,S N co:;np3et>)<| y Od 3 epa IO( N' L

computational complexity ab (K- N?3), whereN is the number the gomp exities of Steps 3a, 3b, an .C.@'( );O(N), an

of vertices. O(N?), respectively); and ghe complexities of _Steps 4,5, 6,
If we directly apply Yen's algorithm to the auxiliary graph,and 7are(K), O(N), O(N*), andO(1), respectively.

some of theK candidate working paths are very likely to be

nondistinct. Consider the following example. Denote the ag. SPAC Heuristic

cess-layer input (output) vertex of nodeas A} (Ay,) and the o o o

A-layer input (output) vertex of nodeasA%(\% ). Suppose that Our heuristic for SPAC is similar to the heuristic for MPAC

one of the candidate working patls, traverses edgg\¥, \%), ~€XCept for the backup-sharing measurement. Grooming node

i.e.,l, is of the form(AS,, ... A% A% ... A%). If we replace and network state are modeled the same way as shown in

edge(\¥, A%) by segmentAy, A%, A% A%), then the new path Section V-A2. Below, we elaborate on the backup-sharing

I, = (A5, ..., AU, Av AW A AY) has the same costMeasurement and the difference in route computation.

’ ’

w

to the same backup path. To prevent such a situation, when Rgekup paths. The conflict set for link e can be represented

consider a vertex along the current path, we should not com- as an integer sefy¢ |Ve’ € E,0 < v¢ < STS492 x Ae)},
pute a spur from vertex to vertexd if v and the next vertex wherev? represents the amount of traffic that will be rerouted
alongp are both induced by the same network node. We th@R link ¢ when link ¢’ fails. The amount of backup capacity
repeat this process for the next vertex along path reserved on link is, thus,v = maxv. {v{ }. The difference
The above situation is due to the construction of the auxiliaty — e indicates the potential “free” capacity for backing up
graphg which is introduced to accommodate the grooming-poft "ew working path traversing link' (and the corresponding

constraints. The following scenario is introduced directly byackup path traverses link). The number of wavelengths
which need to be reserved on liakis \b = [(v/STS192)].

SWe remark that, if we apply Yen’s algorithm to the original graplnstead The number of grooming-add ports at the upstream node (and
of the auxiliary graph, then the grooming constraints may not be accommodat

without appropriate mechanisms such as the graph model. Please refer to E‘ﬂ number of groomi.ng-drop ports at the downstream node) of
and [12] for more detalils. ink e to be reserved is alsyf.
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2) Route Computationin response to a connection request, 3) Route ComputationThe basic idea of PAL is to extend
SPAC computes link-disjoint working and backup paths in @ standard shortest-path algorithm such that every hop along
way similar to Algorithm 1 except for the cost function in Step #he resultant shortest path corresponds gelightpath, which
and the conflict-set update in Step 6. The edge-cost function f@n be either an existinglightpath of sufficient free capacity
computingl¥ (Step 3 in Algorithm 1) iXCspac(e), defined as or a newp-lightpath consisting of fresh wavelength links and

follows: free grooming ports. The challenge here is to accommodate the
1) if edge e does not represent a lightpath or a linkbackup sharing between the existipdightpaths and the new
Cspac(e) = Cle); p-lightpaths and the backup sharing among the péightpaths

2) if edgee represents a lightpath, thefypac(e) = +oo; while computing the survivable route. PAL is related to the link-
3) if edgee represents a linkf, then: i) Cspac(¢) = +oo if protection algorithm in [37] and works as follows. o
link f is not SRLG-disjoint with* ; or (STS192 x /\1} _ In orQer to keep t.rack Qf backup sh_arlng and to maintain vir-
o L , tual adjacencyrelationship, we associate to every nade V
v§) is less tkhanB for some linke” used by any ight- ' oyyork statevs(u). NS(u) represents the updated network
path, whichi,, traverses and either link does not have state after the survivable route from nodé nodew is set up
any free wavelength, or the upstream node of fitoes 556 on the current network state. We also associate to every
not have any free grooming-add port, or the dOWnSUe%deu € V a costC,, which represents the cost of the surviv-
node of link f does not have any free grooming-drop,p|e route from node to nodex.
port.ii) Cspac(e) = eiflink fis SRLG-disjointwith;,  For any two nodes, v € V, to decide whether nodeis node
andu}} —v§ > Bforeverylinke’ used by any lightpath s previous node along the survivable route from the source
thatl, traverses. iii) Otherwise/spac(e) = B'- C(f), nodes to the destination nodé we consider the following two
whereB’ = B —min{r; —v¢ } over allthe links:" used possibilities. First, if an existing-lightpathi¢, from nodeu to
by any lightpath that;;, traverses. nodev of sufficient free capacity exists artd, plus the cost of
Step 6 in Algorithm 1 is modified as follows. For any lirk [, ’s working lightpath is less tha&',, then node: is chosen
that path}® traverses, compulze;’ — ug’ + B for every linke’  as nodey’s previous nodep-lightpathl¢,, is chosen as nodés
used by any lightpath th#} utilizes, update?, and recompute previous hopC, is updated as the summation ©f, and the
Ab. Reserve one more grooming-add port at the upstream nadst ofl¢,'s working lightpath, andNS(v) is the same a¥'S(u)
of link e and one more grooming-drop port at the downstrea@xcept that the free capacity @dightpath/ in NS(v) is reduced
node of linke if A\ increases by one\f will increase by at most by B. Second, if an existing eligiblg-lightpath from node: to

one). nodev does not exist, we check if a new one can be set up based
on the network state itNS(u). If a newp-lightpath!”, can be
C. PAL Heuristic setup and”,, plus the cost of?,, is less thar(,,, then node is

uv

L;gmsen as node's previous nodep-lightpath!”  is chosen as
nodew’s previous hop(, is updated as the summation ©f,

Upon the arrival of a connection request, PAL comput
a survivable route—a sequence pilightpaths—based on

the current network state and appropriate backup-sharid clinthg Cﬁ? of;,, andNS(v) is the network state after setting
measurement, elaborated below. up Ly, in NS(u).

1) Backup-Sharing MeasuremeriVe associate a conflict The above procedure is executed similarly to a shortest-path

set with a link to identify the sharing potential between back gorithm urr:tiICd rga(i)r;es its mfinimum.dgtnc(éd dreachesbits
paths. The conflict set, for link ¢ can be represented as an ininimum, the survivable route from nodeto noded can be
teger Set{ye' IVe! € E,0 < e < Ae)} wherev¢’ specifies retrieved by backtracking along the previous hop starting from
the number of working lightpaths that traverse lifkand are "°4€d-

protected by linke, i.e., their corresponding backup paths tra- The key aspect of our P_AL heuristic is that th_e tentative
verse linke. The number of wavelengths reserved for back an9es (in network state) introduced by the survivable route

paths on linke is, thus/* — maxvﬁ/{uf'}. By definition, there om the source node to any other node: is captured by the

is no need to increase the number of reserved Wavelengthsngﬁwork state at node. As a result, to decide whether a new

link ¢ for protecting up tas* — ¢ more working liahtoaths p-lightpath/??, from nodeu to any other node can be set up,
traveersingplinke’ guptoe —ve g lghtp the backup sharing between existipdightpaths and the new

2) Network-State Representatiofhe current network P-lightpath I7, is accommodated since the conflict setof

state is collectively represented by the set of exisfiight- NS(u) measures the backup-sharing potential. Furthermore, the
paths, the conflict set = {v.|e € E}, and a digrap

h backup sharing among newlightpaths is also accommodated
G = (V,E,C, NP, PL) (whereX' : E — Z* speci- because the survivable route from nodé nodew can have

fies the number of available wavelengths on each link, aH&EWp-thtpathS as intermediate hops. In that case, the sharing

Ph(PL) : V — Z* specifies the number of availablepOtemial introduced by these newlightpaths (used by the

grooming-add (grooming-drop) ports at a node). Please n&fér\]i:yable rou]Ee from nqde toh nodew) is _reflect?dhin tr;le
that the detailed routing information aboupdightpath is not Cconflict setr of NS(u). Since the computation gf-lightpat

needed for route computation since the conflict set has alredd is based omNS(u), the above f‘?Fms. of backup §haring are
aggregated that information. The only information about rrectly captured. A formal specification of PAL is shown in

p-lightpath needed for route computation is the source node, f orithm 2.
deSt'r!at'on node, and the available bandwidth pflhtpath.  egdeu is referred to be virtually adjacent to nodef there exists a-light-
We will use NS to denote network state below. path from node: to nodew.
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4) Computational ComplexityThe complexity of Algo-
rithm 2 isO(E - W + K - N°), whereE is the number of
links, W is the number of wavelengthds is the number of

alternate paths, anl is the number of nodes. Specifically, the
complexity of Step 1 i$)(F - W) since there can be as many

asE - W lightpaths; the complexity of Step 2 3(K - N°)

since Algorithm 3 is executed(N?) times and the complexity
of Algorithm 3 isO(K - N?) (in particular, the complexities

of Steps 1-5 are)(1),0(E - W),0(E - W),0(K - N3),

?

1377

andO(FE - W), respectively); and the complexity of Step 3 is (4)

O(E -W).
Algorithm 2 PAL
Input G' = (V,E,C, XN, P, Pg),v={v.|e € E},

¢ = (s,d, B, ), existingp-lightpath information, wavelength
usage, grooming-port usage, aiRd
Output A concatenation op-lightpaths from node to noded
of free capacity no less thaB, or NULL.
1) Initialization
V'~ V;C, « 4+00,NS(u) «— NULL,Vu € V' — {s};
Cs «— 0,NS(s) < current network state
2) lteration
while (d € V') do
u — argming ey {Cy}, V' — V' — {u}
if (C, = 400) return NULL
for each node € V' do
PAL_ RELAX NEXT_HOP(u, v, B) (Algorithm 3)
3) Post-processretrieve the path and update network state
if (Cq = 400) then return NULL; otherwise

retrieve the survivable route by following the previous hop

starting from nodel
update the current network state accordindy&{d)
return the survivable route

Algorithm 3 PAL_RELAX_NEXT _HOP(u, v, B)

1) let bothp-lightpathsi¢,, andi}, be NULL

2) let L, be the set of existing-lightpaths from node: to
nodew of free capacity no less thaB. Let[¢, be the

uv

Fig. 7. 24-node example network topology.

link e is SRLG-disjoint with* andv®' < v* for every
link ¢’ thatl®  traverses. iii) Otherwise,
OPAL(B) = C’(e) . .
L, — Lt u{(k 1k} if Ik exists
let [ be thep-lightpath of minimal costin.?,
if 17, is not NULL andC,, plus the cost of?’, is
less tharnC,,, then
C, < C, plus the cost of?,
NS(v) « NS(u), and updat&'S(v) as follows: reduce
the number of free grooming-add ports at hadgy one;
reduce the number of free grooming-drop ports at node
by one; consume fresh wavelength links aléjids
working lightpath; and update : ug’ — ug’+1 for any
link e alongl?,’s backup path and any link along

In,’s working path
setl” as nodev’s previous hop

uv

5)

VI. ILLUSTRATIVE NUMERICAL RESULTS

We simulate a dynamic network environment with the as-
sumptions that the connection-arrival process is Poisson and the
connection-holding time follows a negative exponential distri-

p-lightpath of minimal working-lightpath cost among all thebution. For the illustrative results shown here, the capacity of

p-lightpaths inL,,,
if [$,, is not NULL andC,, plus the cost of¢,'s working

uv

lightpath is less thad,, then
C, — C, plus the cost oft,'s working lightpath

uv

NS(v) « NS(u), and reduce the available bandwidth
of [¢, by B in NS(v)

setl¢, as nodev’s previous hop

3)

each wavelength is STS-192; the number of the connection re-
quests follows the distribution STE- STS3c¢ : STS42¢
STS48¢ : STS492¢ = 300 : 20 : 6 : 4 : 1 (which is close

to the bandwidth distribution in a practical backbone network);
connection requests are uniformly distributed among all node
pairs; average connection-holding time is normalized to unity;
the cost of any link is unity; load (in Erlang) is defined as con-

4) if I, is NULL and nodeu has free grooming-add ports anchection-arrival rate times average holding time times a connec-

nodev has free grooming-drop ports then execute the
following stepsbased onVS(u)
llzjv — a
computeK minimal-cost pathg/®, |1 <k < K',0 <
K’ < K} from nodeu to nodev using fresh wavelength
links based on the original Yen’s algorithm; for each
pathl* e {I* |[1<k <K', 0<K' <K} do
compute a minimal-cost patfj, based the following
link-cost functionCpar.(e): i) Cpar(e) = +oo if
link e is not SRLG-disjoint withi* , or link e does not
have any free wavelength ang is equal ta/;?' for
some linke’ thatl* traverses. iiCpar(e) = ¢ if

tion’s average bandwidth normalized in the unit of STS-192;
and our example network topology with 16 wavelengths per
fiber is shown in Fig. 7. 100 000 connections were simulated
in each experiment. The value ofn the cost function is set to
1075, ¢ can tradeoff backup sharing and backup-path length, as
shown in [34]. (More results from different topologies leading
to the same conclusion are reported in [38].)

The number of grooming ports at a node is set as the
number of wavelengths times its nodal degree times a scalar
A (0 < A <1,A = 1implies that any incoming wavelength
to the W-Fabric can be dropped to the G-Fabric). The number
of alternate pathg< for the three schemes is two. Later in
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Fig. 8. BBR versus network offered load.

Section VI-C, we shall examine the effect of different valueis sufficient (e.g.A = 1.0), as shown in Fig. 8(a). This is

of these parameters. because SPAC has the maximum freedom in backup sharing
We now quantitatively compare PAL to MPAC to SPAC usingvhen the number of grooming ports is sufficient (please see

the following metrics: bandwidth-blocking ratio (BBR) and reSection 1V-D2).

source-efficiency ratio (RER). Our third observation is tha®AL achieves the lowest BBR

when the number of grooming ports is moderate or sifead.,

A = 0.7 and 0.45), as shown in Fig. 8(b) and (c). The main

reason for this is that backup paths do not consume grooming
BBR is defined as the amount of bandwidth blocked over thgorts under PAL (Section IV-D1).

amount of bandwidth offered. Please note that pure blockingFig. 8(d) shows the BBR of the three schemes with different

probability, defined as the percentage of thenberof connec- values ofA under the same network offered load 160 Erlangs.

tions blocked, cannot reflect the effectiveness of the algorith@learly, the decrease in grooming capacity impacts PAL the

as connections have different bandwidth requirements. Figldast and SPAC the most. Again, this is because PAL trades

plots the BBR of the three schemes with= 1.0, 0.7, and0.45.  bandwidth efficiency in routing for grooming-port savings, and

We make the following observations. SPAC trades grooming ports for the flexibility in backup sharing
We find that PAL always has lower BBR than MPAC (Section IV-D). More reasons for the above observations will be

and SPAC has lower BBR than MPAC when the number dfirther elaborated below.

grooming ports is large (e.gA = 1.0 and0.7) or the number

of grooming ports is small and the network offered load i o ;

moderate (e.gQ = 0.45 and the network offered load is Iessé' Resource-Efficiency Ratio

than 120 Erlangs). This leads to our first observatitinis 1) Definition: To better evaluate the performance of our

beneficial to groom working paths and backup paths separatefgute-computation heuristics, we introduce a new metric, called

as is the case in PAL and SPAC resource-efficiency ratiqRER) &, which is defined as the
Our second observation is th&PAC has the lowest band-carried load (weighted by time and normalized to STS-192

width-blocking ratio (BBR) when the number of grooming portsapacity) divided by the amount of allocated resources in terms

A. Bandwidth-Blocking Ratio
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Fig. 9. RERE(1,0) versus network offered load. Fig. 10. RERE(0, 1) versus network offered load.

of wavelength channels and grooming ports (weighted byOur first observation is that PAL has the highest

time). This metric is defined as follows: grooming-port efficiency under different values &. The
S o x by reason is that backup paths consume grooming ports under
E(Wy, W,) iPi * b both SPAC and MPAC, but not under PAL. This confirms our

WA X225 Bi Xt Wy X 3257 X t result in Fig. 8(d) and the analysis in Section IV-D that PAL
wheret; is the time period between thi¢h event (connection trades bandwidth efficiency for the savings in grooming ports.
arrival or departure) an@ + 1)th event;p; is the network car- As a result, under PAL, connections are more likely blocked
ried load during the time periot}; 3; is the number of wave- due to insufficient wavelengths.
length links used during; ; is the number of grooming ports Our second observation is that SPAC has higher
used during;; Wy andW, are the relative weight of a wave-grooming-port efficiency than MPAC when the network offered
length link versus a grooming port. (Please note that;, and load is moderate or low and SPAC has lower grooming-port
~; do not change during time periogas there is no other eventefficiency than MPAC when the network offered load is
during the period.) Basically measures how efficiently re- high. When the network offered load is moderate or low, the
sources have been used. lightpaths under MPAC are only moderately loaded. That

2) Wavelength Efficiencylf Wy = 1 andW, = 0, RER is, a substantial number of grooming ports is used by these
£(1,0) measures how efficiently wavelength channels havightpaths to carry relatively moderate network load. Therefore,
been utilized. Fig. 9 plots the RER(1,0) for A = 1.0 and MPAC has lower grooming-port efficiency when the network
0.45 (the plot forA = 0.7 is similar to the one foA = 1.0). offered load is moderate or low. When the network offered
MPAC has the lowest wavelength efficiency since PAL anikbad is high, the lightpaths under MPAC are heavily loaded.
SPAC have more flexibility in backup sharing. Furthermoréd)nder SPAC, a significant number of grooming ports is used
SPAC has the highest wavelength efficiency because PAl backup paths since every single reserved wavelength needs
works at lightpath level and lightpaths are not perfectly filled.a grooming-add port and a grooming-drop port. Thus, SPAC

3) Grooming-Port Efficiency:If Wy = 0andW, =1, RER has lower grooming-port efficiency when the network offered
£(0,1) measures how efficiently grooming ports have been utsad is high.
lized. Fig. 10 plots the RER(0, 1) for A = 1.0 and0.45 (the 4) Tradeoff Between Wavelengths and Grooming Pofise
plot for A = 0.7 is similar to the one foA = 1.0). three schemes tradeoff the utilization between wavelengths and
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Fig. 11. RERE((1/3),(2/3)) versus network offered load. Fig. 12. RERE((12/13),(1/13)) versus network offered load.

grooming ports. Below, we show that either PAL or SPAC caiind SPAC, whenkX increase from one to two, we observe
have the highest RER, depending on the relative weight ofaamodest reduction in BBR; wheR further increases from
wavelength channgliV,) and a grooming por{\W,). How- two to three, the decrease in BBR is marginal or none. This
ever, the intuitive scheme, MPAC, will not have the highest REf8 expected since largeK implies larger search space for
with any possibldV, andW, combination because both RERMPAC and SPAC. However, BBR for PAL increases whgn
£(1,0) and RERE(0, 1) for MPAC are lower than those for increases. This is because we can only applyishortest-path
PAL, as shown in Figs. 9 and 10. The fundamental reason fgigorithm to compute new-lightpaths, but not to compute the
this is that MPAC has disadvantages in backup sharing cofiial survivable route. Since the cost of an existprtightpath
pared with either PAL or SPAC (please refer to Section IV-D2js defined as the cost of its working path to encourage the

Fig. 11 plots the RER((1/3),(2/3)) for A = 1.0 and0.45. use of existingp-lightpaths, increasingK does more harm
We observe that PAL has the highest RER1/3),(2/3)). In than good because largéf basically prefers the use of new
general, based on the results in Figs. 9-11, PAL has the highedightpaths in PAL.
RER £(W, W,) when a grooming port weights more than a
wavelength link, e.g.Wy : W, =1: 2.

Fig. 12 plots the RERE((12/13),(1/13)) for A = 1.0
and 0.45. We observe that SPAC has the highest RER
£((12/13),(1/13)). In general, based on the results in Figs. 9, Some mission-critical connections may require dedicated
10, and 12 SPAC has the highest RERW), W,) when a protection instead of shared protection to achieve fast recovery
wavelength link weights significantly more than a groomingh case of failures. This section discusses the problem of

VIl. TRAFFIC GROOMING WITH DEDICATED PROTECTION

port, e.9..Wy : W, =12 : 1. dynamic subwavelength-granularity connection provisioning
with dedicatedprotection against single-fiber failures under
C. Effects of Different Parameters the same grooming-node architecture as shown in Fig. 1.

We highlight the differences from connection provisioning
Fig. 13 plots the impact ofK, the number of distinct with sharedprotection discussed earlier. For a more detailed
alternate paths, on BBR for the three schemes. For MPAf@atment, please see [35].
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B. lllustrative Numerical Results
Fig. 14 plots the BBR of PAL and PAC with = 1.0,0.7, and
0.45 under the same simulation configuration as in Section VI.
We make the following observations.
o . 1) PAL Versus PAC:When the number of grooming ports is
w0 s 10 10 4o 10 150 200 high, e.g. A = 1.0 or 0.7, PAC has much lower BBR than PAL
Network Offered Load in Erlang under moderate or high network offered load. However, when
(b) SPAC. A = 0.7. the number of grooming ports is small, e .= 0.45, PAL has
16% oo much lower BBR than PAC under moderate or high network
145 | —o—K=2 offered load. This is because PAC trades grooming ports for
“aK3 bandwidth efficiency.
12% 2) Impact of Grooming Capacity on PALf we examine the
10% three PAL curves in Fig. 14, we observe that PAL is not very
sensitive to the changes in the number of grooming ports. For
8% example, the BBRs for PAL undex = 1.0 andA = 0.7 are the
same. When\ further decreases 1045, the BBR for PAL in-
creases moderately. The reason for this is that PAL trades band-
width efficiency for grooming ports, therefore, PAL exploits
wavelengths more quickly than grooming ports.
i lm s s . . 3) Impact of Grooming Capacity on PAQf we examine
40 60 8 100 120 140 160 180 200 the three PAC curves in Fig. 14, we observe that PAC is very
Network Offered Load in Erlang sensitive to the changes in the number of grooming ports. For
(¢)PAL, A = 0.7. example, the BBR for PAC increases moderately whede-
creases from 1.0 to 0.7; and the BBR for PAC increases a lot
Fig. 13. BBR versus network offered load wifti = 1, 2, and 3. when A further decreases to 0.45. Again, this is because PAC
utilizes grooming ports more aggressively than PAL does.
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A. Proposed Approaches
We propose two schemes—PAL level and PAC lévehder VIII. C ONCLUSION AND FUTURE WORK

PAL, a connection is routed through a sequencelightpaths. e investigated the survivable traffic-grooming problem
A p-lightpathin this context is defined as a pair of link-dis-or gptical WDM mesh networks in a dynamic context. Based
joint lightpathsbetween two nodes. Under PAC, a connectiog, 5 generic grooming-node architecture, we explored three
is r.outed via link-disjoint Worklng and backup_ paths, each %Tpproaches—PAL level, MPAC level, and SPAC level—for
which traverses a sequence of lightpaths. Dedicated PAC WOH?Boming a connection request wisharedprotection against

] ] ] single-fiber failures. Our findings are as follows. Under today’s
"Please note that the scheme PAL (or PAC) in the context of this section WO{kS ical ti bandwidth distribution: 1) it is b ficial
differently from the scheme PAL (or PAC) in the context of connection proviyPIC&l connection-banawi istribution: 1) it is beneficia

sioning with shared protection discussed earlier. to groom working paths and backup paths separately, as
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in PAL and SPAC; 2) separately protecting each individual13]
connection—i.e., SPAC—yields the best performance when the
number of grooming ports is sufficient; and 3) protecting each;4
specific lightpath—i.e., PAL—achieves the best performance
when the number of grooming ports is moderate or small. F°f15]
traffic grooming withdedicatedprotection, findings 2) and 3)
hold, while finding 1) does not apply because we typically do
not need to distinguish between working and backup paths iﬂe]
dedicated protection.

Another dimension of the problem residual connection-
holding time One can define residual connection-holding time
for an established connection as the period between now and
the time the connection will be released. We expect residuatsl
connection-holding time to have a significant impact on both
backup sharing and grooming. As an example, suppose that twie]
established connections and ¢, have residual connection-
holding times of 1 unit and 1000 units, respectively; the currenty
connection request can share the same amount of backup
resources with eithet; or co; andc has a connection-holding
time of 1000 units. Clearly, it is beneficial for connectiomo
share backup resources with For grooming, similar situations,
e.g., whether the current connection should be groomed on
lightpath/; or lightpathl/; based on the residual connection- [23]
holding time of the connections traversing lightpathsand
l5, can arise. Further study is needed to quantify the benefitlsm]
of accommodating residual connection-holding time into route

(17]

[21]

computation. 23]
[26]
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