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Abstract—This paper investigates the characteristics and channels (i.e., frequency channels), each of which can operate
performance of different optical grooming switches, i.e., op- at peak electronic processing rate, i.e., over a few gigabits
tical cross-connects (OXCs) capable of waffic grooming, ner second (Gh/s). The bandwidth of a wavelength channel

under a dynamic traffic environment. We present four optical L . . . .
grooming-OXC architectures, namely, single-hop grooming OXC, &N be further divided into finer bandwidth-granularity trunks

multihop partial-grooming OXC, multihop full-grooming OXC,  using the time-division multiplexing (TDM) technique, thus,
and light-tree-based source-node grooming OXC. After exploring a wavelength channel can be shared by different end users.

their grooming capabilities, we propose three grooming schemes An end user can be any type of client network equipment
and two corresponding algorithms, grooming using auxiliary such as IP, ATM or frame relay network equipment. Hence,

graph and grooming using light-tree. Through the algorithms, . .
we evaluate the performance of different optical grooming OXCs an optical WDM network serves as an important platform

in a dynamic traffic environment under different connection (namely, a circuit core) to provide network connectivity as well
bandwidth-granularity distributions. Our investigation uncovers as transmission capacity to today’s Internet infrastructure and
the following results: 1) the multihop full-grooming OXC can application services [1], [2].

achieve the best network performance, but it may encounter cost As WDM switching technology keeps maturing, optical

and scalability constraints; 2) by using significantly less low-gran- -
ularity electronic processing and intelligent traffic-grooming WDM networks are expected to evolve from interconnected

algorithms, the multihop partial-grooming OXC shows reasonable Synchronous optical network (SONET)/WDM ring topologies
network performance and, hence, can be viewed as a cost-effectiveto arbitrary-mesh topologies, and network provisioning will
alternative when a network node does not require full-grooming migrate from an on-site manual interconnection process to
capability; 3) the single-hop grooming OXC may cause a large 5 point-and-click or on-demand automatic switching and

amount of capacity waste and lead to poor network perfor- . . . .
mance; and 4) through its multicast capability, a light-tree-based connection process. Such an intelligent optical WDM network

source-node grooming OXC can significantly out-perform the IS €merging under the joint efforts of optical switch [or optical

performance of a single-hop grooming OXC in terms of network cross-connects (OXCs)] development, optical network control

throughput and network resource efficiency. From our results, we  plane standardization, and extensive optical WDM network

zllft?or??iﬁvae |g;aé tlquﬁ cotnnectlotn binijii/vmthi-]gratnuliinty ?'Stri'(' research and experiment activities in industry and academe.
g hact on hewwork Nrougnpti anc newor Among different optical WDM switching technologies (i.e.,

resource efficiency and, therefore, should be carefully considered '™~ = e it
for network design and traffic provisioning. clrcuit SW|tCh|ng, bUI’St SW|tCh|ng, and paCket SWItChIng), WDM

. , . . . circuit switching is believed to be the most practical approach
Index Terms—Grooming switch, lightpath, light tree, multigran- ble th . ical kK C |
ularity, optical, optical cross-connects (OXCs), traffic grooming, [© €nable the next-generation optical network. Consequently,
wavelength-division multiplexing (WDM). this study concentrates on an intelligent optical circuit-switched
WDM transport network.

. INTRODUCTION B. Traffic Grooming in Next-Generation Optical WDM
A. Next-Generation Optical WDM Networks Networks

IBER optics and wavelength-division multiplexing Traffic grooming is a procedure of efficiently multiplexing/
F (WDM) technology have significantly increased théiemult'iplexing a'nd switching Iow—spged traffic streams onto/
transmission capacity of today’s transport networks, and thi@m high-capacity bandwidth trunks in order to improve band-
are playing important roles in supporting the rapidly increasirjdth utilization, optimize network throughput, and minimize
data traffic. Using WDM, the bandwidth of a fiber link can be'etwork cost. Although the grooming concept has been existing
divided into tens (or hundreds) of nonoverlaping wavelength telecommunication industry for years (e.g., DSOto T1, T1 to
SONET STS-1, etc.), because of the lack of intelligent network

, . . , control and automatic provisioning functionality, traditional
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used to perform time-slot to wavelength channel groomirtg achieve the fairness. The authors in [15] and [16] studied
in a SONET/SDH-over-WDM network environment; WDMon-line provisioning mechanisms for connections of different
scheme can be used to perform wavelength channel to wakiendwidth granularities in a traffic-groomable WDM network.
band grooming or wavelength/waveband to fiber grooming Beveral on-line algorithms were proposed to optimize the
an all-optical WDM network environmehtand packet-based overall network performance. The authors in [17] proposed a
statistical multiplexing scheme can be used to perform paclkgneralized network model, namely, trunk switched network
flow or virtual circuit (VC) to wavelength channel grooming(TSN), to facilitate the modeling and analysis of a multiwave-
in an IP-over-WDM network environment, etc. Differentength TDM-switched network. They analyzed the blocking
multiplexing techniques may impose different grooming corperformance of TSN and extended their model to analyze the
straints. In this paper, we consider a hybrid TDM-over-WDNblocking performance of multicast-tree establishment in optical
(SONET/WDM) based optical network environment, in whicWDM networks.

OXCg¢ with different architectures are used for constructing an In this paper, we systematically investigate and evaluate

intelligent next-generation optical core network. the characteristics of different optical grooming switches,
i.e., the OXCs with traffic-grooming capability. According to
C. Related Studies and Our Contribution various OXC architectures, we explore and propose different

Most of the earlier traffic-grooming research focused on né{aﬁic—groqming schemes, and ‘compare the performance Qf
work design and optimization for SONET/WDM ring network¢n€ grooming OXCs and grooming schemes under a dynamic
[3]-[9]. By employing wavelength add—drop multiplexeréraﬁ'c enqunment. .To thg best of our k_nowledge, _th|s is
(W-ADMs), efficient wavelength assignment and time-sid®"€ of the first studies which comprehensively examines the
assignment algorithms have been investigated to desigrp@racteristics and performance of different types of optical
SONET/WDM ring network such that all traffic requests can parooming OXCs for dynamic traffic under different connection
accommodated and, simultaneously, the network cost [Whieﬁndwidth-granulariw distributions. Our investigation should
is dominated by electrical SONET add—drop multiplexer%SSiSt network operators to cost-effectively design and operate
(SONET-ADMSs)] can be minimized. an optical groomablg WDM backbone network anq it will be

In recent years, as optical transport networks keep evolvifgg® helpful for equipment vendors to develop high-perfor-
from interconnected SONET/WDM ring networks to arbiance grooming OXCs.
trary-mesh-based optical WDM networks, increasing amount
of research efforts have been conducted on the traffic-groomillg Organization

problem in optical WDM mesh networks. The authors in The rest of the paper is organized as follows. In Section II,
[10] studied the network design and traffic optimizatioRye introduce the architectures of different grooming OXCs and
problem with grooming consideration. Two grooming-nodexplore their corresponding grooming schemes. Section Il pro-
architectures in WDM mesh networks were presented. Thgses the detailed approaches and algorithms for the different
problem was formulated as an integer linear program (ILRjrooming schemes using different grooming OXCs. lllustra-

and two heuristic algorithms were proposed as well. Thie numerical results are presented and analyzed in Section IV.
authors in [11] quantitively showed the network-cost gain bgection V concludes the paper.

employing grooming capability in optical core networks for
static traffic demands. A generic graph model was presented fop,
provisioning multigranularity connections in multiwavelength
optical WDM networks in [12]. The authors showed that _ _ _
different network optimization objectives and corresponding N an optical WDM network, a lightpath [1], [2] provides a
route-selection schemes can be easily accommodated by B#§iC communication mechanism between two network nodes.
graph model. Based on this model, the authors proposed sevEf@m traffic-grooming perspective, a lightpath is a circuit
grooming heuristics for static traffic demands and showed thith full wavelength capacity. It may span one or multiple
these heuristics can achieve near-optimal solutions. The wéfer links and be switched by intermediate nodes. Low-speed
in [13]-[17] considered traffic-grooming issues in dynamiHaﬁiC stre{ims can be packed onto a lightpath at its end nodes
traffic environment. The authors in [13] used the layered-grapy 9rooming OXCs. There are transparent (all-optical) or
model proposed in [12] to show how to efficiently low-spee@Paque switching technologies to implement those OXCs.
connections according to different traffic-engineering objedfansparent (all-optical) technology refers to the switching
tives. The authors in [14] observed that, in a multigranularit§/ithout optical-to-electronic (OE) conversion. Opaque tech-
WDM network, it is more possible to block connection§0logy refers to the S\_Nltchmg with OE conversion. Dlﬁerent
with high-bandwidth requirement than to block those witfchnologies and architectures may lead to different grooming
low-bandwidth requirement, which results in unfairness b&XCs, which may be capable of different grooming schemes.
tween connections of different bandwidth-granularity classeaPecifically, there are three grooming schemes, namely,
Hence, they proposed a call admission control (CRC) algoritr#!gle-hop grooming, multihop grooming, and light-tree-based
source-node groomindzach grooming OXC may support one
An all-optical WDM network can switch traffic in the optical domain withoutgr more grooming schemes. Different types of grooming OXCs

converting optical signals to electronic signals. with their corresponding grooming schemes are categorized in
2Note that an OXC is known as an intelligent optical switch. We use the P 99 9 9

S . .
two terminologies interchangeably in this paper. tﬁe following sections.

. DIFFERENT GROOMING SWITCH ARCHITECTURES AND
CORRESPONDINGGROOMING SCHEMES
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Fig. 1. Examples of single-hop, multihop, and source-node grooming schemes.
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Fig. 2. Sample grooming OXC architectures: a multihop partial-grooming OXC and a source-node grooming OXC.
A. Single-Hop Grooming OXC can switch low-speed traffic streams. The electronic-switch

An OXC is called a single-hop grooming OXC if 1) it C(,:mfa_\bric is_ also <_:a||t_ed grooming_ fabric (G-ngric). With this
only switch at wavelength granularity and 2) it has low-data-rafi€rarchical switching and multiplexing architecture, this type
interfaces (ports) which can directly support low-speed traffef OXC can switch low-granularity traffic streams from one
streams from client network elements. Note that cooperatifiivelength channel to other wavelength channels and groom
with a separated network aggregation equipment (e.g., an elbtem With other low-speed streams without using any extra
trical multiplexer), an OXC with only wavelength-granularity?€Work element. Assuming that the wavelength capacity is
input/output ports and only switching at wavelength granulariy C-V @nd the lowest input port speed of the electronic switch
is equivalent to and can be viewed as a single-hop groomifpric is OCM (N > M), the ratio betweerV and M is
OXC. Using this type of OXCs, low-speed traffic from cliencdlled the “grooming ratio.” In_thls architecture, only a few
equipment can be multiplexed onto a wavelength channel usffgthe wavelength channels (lightpaths) can be switched to
a TDM scheme. Since this type of OXCs does not have tHée G-Fabnc_ for switching at finer g_ranulanty. The_ number
capability of switching low-granularity traffic at intermediate®’ POrts, which connect the W-Fabric and G-Fabric, deter-
nodes, all of the low-speed streams on one wavelength charfBéi€S how much multihop grooming capability the OXC has.
at the source node will be switched to the same destination nofild: 2(&) shows a simplified multihop partial-grooming OXC
i.e., a low-speed connection can only traverse a single-ligifchitecture. A multihop partial-grooming OXC can support
path hop. Therefore, this end-to-end grooming scheme is call§h Single-hop grooming and multihop grooming schemes.
single-hop grooming scheme. Fig. 1(a) also shows how a low-speed connectiof)(can

Fig. 1(a) shows how a low-speed connecti@i)is carried be carried by multiple lightpathd.{, L2, andL3) from node 1
by a lightpath [4) from node 1 to node 5 using the single-hofo node 5. Note that nodes 2 and 3 are equipped with multihop
grooming scheme. Note that, in Fig. 1(a), nodes 1 and 5 dartial-grooming OXCs, and only their G-Fabrics are shown in
equipped with single-hop grooming OXCs, which can onlthe figure.
switch at wavelength granularity. Fig. 1(a) also shows that there may exist four types of

i _ ) lightpaths in a WDM network which employs multihop par-
B. Multihop Partial-Grooming OXC tial-grooming OXCs. Assuming that, in Fig. 1(a), all network

A multihop partial-grooming OXC consists of two switchnodes are equipped with multihop partial-grooming OXCs, and
fabrics, a wavelength-switch fabric (W-Fabric) which can benly the G-Fabrics of nodes 2 and 3 and W-Fabrics of nodes
implemented using either transparent (all-optical) or opaqde4, and 5 are shown, lightpathg, L2, L3, andL4 represent
(electronic) technology, and an electronic-switch fabric whictese four lightpath types.
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 Multihop-ungroomable lightpatifL4): A lightpath ¢, 7) TSI Stage Space Stage TSI Stage
is a multihop-ungroomable lightpath if it is not connected

with a finer-granularity switching element at either of its ™M _] EDIIW
- slots

end nodes. This lightpath can only be used to carry th " S°t
traffic directly between node pait,(j). LightpathL4 in o slots
Fig. 1(a) is a multihop-ungroomable lightpath. For sim- =
plicity, this type of lightpath may also be called an un-

groomable lightpath. n slots

» Source-groomable lightpat{L3): A lightpath ¢, 7) is a .
source-groomable lightpath if it is only connected with a
finer-granularity switching element at its source node. All
traffic on this lightpath has to terminate at ngddout the .

' . n slots
traffic may originate from any other network node as well. =
LightpathL3 in Fig. 1(a) is a source-groomable lightpath.

 Destination-groomable lightpatti1): A lightpath ¢, j) is
a destination-groomable lightpath if it is only connectedlig. 3. Abstract overview of TST switch architecture.
with a finer-granularity switching element at its destina-
tion node. All traffic on this lightpath has to originate fromFig. 3 shows an overview of such a multistage switching ar-
nodes. At the lightpath destination nodg the traffic on chitecture. Each input port of the fabric shown in Fig. 3 con-
lightpath ¢, ) can either terminate gtor be groomed to sists ofn time slots and the fabric can switd¥ time slots in a
other lightpaths and switched toward other nodes. Lightonblocking manner. Hence, the total number of input ports (as
pathL1 in Fig. 1(a) is a destination-groomable lightpathwell as output ports) i&V/n. Such a fabric consists of 3 stages.

» Full-groomable lightpath(L2): A lightpath ¢,j) is a The first stage performs time-slot interchange (TSI) function-
full-groomable lightpath if it connects to finer-granularityality, through which each of the time slots from an input
switching elements at both end nodes. This lightpathort can be directed toward any of theime slots toward the
can be used to carry traffic between any node pair in tlsecond stage. The second stage performs space-switching func-
network. LightpathL2 in Fig. 1(a) is a full-groomable tionality, through whichV/n traffic streams (one time slot from
lightpath. Please note that, the source-groomable ligldach input port) can be switched toward the third stage. Note
path, destination-groomable lightpath, and full-groomabtéat the second stage may only require a single space-switch
lightpath can be also called multihop-groomable lighitomponent since, at any instance, there are at tNgsttraffic
path. streams to be switched toward the third stage (one time slot from

In an optical WDM network employing multihop par-each input port). This architecture is called a time-shared-space

tial-grooming OXCs, the lightpaths can either be establishsditch. Again, the third stage performs time-slot interchange
dynamically according to current connection requests, or Bectionality. Based on the “Clos” switch architecture, in order

preplanned based on forecasted traffic demands. to support nonblocking switching at lower granularity level (say,
_ _ STS-1), the number of time slots supported by the internal con-
C. Multihop Full-Grooming OXC nections (between stage 1 and 2, and between stage 2 and 3)

A multihop full-grooming OXC can provide full-grooming should be nearly two times the number of time slots carried by
functionality, i.e., every OGN wavelength channel arriving the input/output ports (i.ek = 2n — 1). In other words, the in-
at the OXC will be demultiplexed into its constituent Q- ternal speed of such a TST-based switch should nearly double
streams before it enters the switch fabric. The switch fabric cte date rate of its input/output ports, which may lead to a sig-
switch these OQM traffic streams in a nonblocking mannerhificant technical difficulty to develop a large-scale multihnop
Then, the switched streams will be multiplexed back onfll-grooming OXC operating at high speed (e.g., OC-192, ap-
different wavelength channels. An OXC with full-groomingProximately 10 Gb/s and OC-768, approximately 40 Gb/s).
functionality has to be built using the opaque approach. . ,

When a WDM network employs multihop full-groomingD- Light-Tree-Based Source-Node Grooming OXC
OXC at every network node, every wavelength channel on eactOptical “light tree’ has been proposed to support multicast
fiber link forms a full-groomable lightpath between adjacerdpplications in optical WDM networks [18], [19]. A light-tree
node pairs. Therefore, the virtual topology (i.e., lightpatls a wavelength tree which connects one source node to multiple
topology) is predetermined and exactly the same as the physigestination nodes. Through a light tree, traffic from the source
topology (fiber topology). A low-speed traffic stream can baode will be delivered to all destination nodes of the tree. In
easily switched from one time slot of a wavelength channel tolight tree, the node which originates the traffic is called the
another time slot of a possibly different wavelength chann&bot” node and the nodes which terminate the traffic are called
at every intermediate node which it traverses. A multihajine “leaf’ nodes. Note that a leaf node can also serve as an inter-
full-grooming OXC can support both single-hop and multihomediate multicast node since it can both receive traffic and for-
grooming schemes. ward the traffic to other nodes using its multicast capability. In

The time-space-time (TST) switching technology can be usedder to support multicast, an OXC needs to duplicate the traffic
to implement the multihop full-grooming OXC switch fabric.from one input port to multiple output ports. For an OXC using
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TABLE |
SUMMARY OF THE CHARACTERISTICS OFDIFFERENT OPTICAL GROOMING SWITCHES
Grooming : Provisioning - Switching - Optical = Technology maturity = Technology maturity
Type \ Charac. capability . flexibility - capacity Cost Scalab'my‘bypassing (hardware) (control software)
Single-hop
grooming poor poor largest low good can medium medium
OXC
Source-node
grooming good good largest meduim:  good can medium low
[0).(o]
Multi-hop
partial-grooming better better large  medium good can medium low
[0),(o]
Multi-hop
full-grooming best best small high poor cannot high high
OXC

transparent technology, this duplication can be realized in ther-bit switching cost). Since it has built-in wavelength-con-
optical domain using an optical splitter by splitting the powerersion capability and full-grooming capability, the network
of an optical signal from one input port to multiple output portscontrol of this OXC encounters less physical constraints and
For an OXC using opaque technology, the traffic duplicatiowill be relatively easy to develop.
can be easily accomplished by copying the electronic bit streamThe single-hop grooming OXC, on the other hand, has poor
from one input port to multiple output ports. Fig. 2(b) showgrooming capability and does not have too much flexibility
a simplified architecture of a multicast-capable OXC using the provision connections of different bandwidth granularities,
transparent technology. since only the single-hop grooming scheme is supported.
Fig. 1(b) shows how the OXCs’ multicast capability can bBoth transparent (less mature) and opaque (more mature)
used to perform traffic grooming. There are three low-spegeichnologies can be used to develop this type of OXC. As the
traffic steams from the same source node 1 to different desiXC always switches traffic at high granularity, it may have
nation nodes 3, 5, and 6. By setting up a light tree, these thttee largest switching capacity and the lowest cost (normalized
traffic streams can be packed onto the same wavelength chanpet;bit switching cost). The single-hop grooming OXC with
and delivered to all destination nodes (i.e., light-tree leaf nodegansparent technology can have good scalability (for wave-
At each destination node, only the appropriate traffic streamlength-band switching or fiber switching). Depending on the
picked up and relayed to the client equipment. In this way, ti@plementation, the OXC may employ the wavelength-conti-
low-speed traffic from the same source node can be groommadlty constraint (if it is built with transparent technology and
to the same wavelength channel and be sent to different deas no wavelength-conversion capability or only has partial
tination nodes. We call this grooming scheme light-tree-basevelength-conversion capability). Hence, certain intelligent
source-node grooming scheme. Please note that, if a connamtrol algorithms are required. Provisioning connections in
tion between a node pair requires full wavelength-channel @a-WDM network with the wavelength-continuity constraint
pacity, a light tree becomes a lightpath. From traffic-grooming known as a standard routing and wavelength assignment
perspective, the multicast-capable OXC can be called a ligliRWA) problem and has been well addressed in the literature.
tree-based source-node grooming OXC. Such an OXC can supMost characteristics of the source-node grooming OXC and
port the light-tree-based source-node grooming scheme as wiedl multihop partial-grooming OXC are between those of the
as the single-hop grooming scheme. single-hop grooming OXC and the multihop full-grooming
OXC. Intelligent algorithms are needed for WDM networks
E. Summary of Different Grooming Schemes and Groomingwhich employ light-tree-based source-node grooming OXCs
OXC Architectures (or multihop partial-grooming OXCs) to efficiently set up light

As a summary, the single-hop grooming scheme can Oigis (or multihop-groomable lightpaths). Compared with the

groom traffic from the same source node to the same desti NA problem, there are relatively few references in the litera-

tion node; the light-tree-based source-node grooming sche %eron this ;ubject. More efforts are needed to investig_ate the
can groom traffic from the same source node to different desttri@. Ic-grooming pf‘.’b'em and to dgvelop thg_novel algorithms,
nation nodes; and the multihop grooming schemes may gro |_ch_ can fully ut|I|z? the grooming .capablllty of OXCs and
traffic from different source nodes and to different destinatioi’U™Z€ the network’s resource efficiency.

nodes.

Table | summarizes the characteristics of different optical
grooming OXCs. The multihop full-grooming OXC has the In this section, we present two approaches and algorithms to
best grooming capability and provisioning flexibility, but it carefficiently achieve the proposed grooming schemes in an optical
only be implemented using the opaque technology. Therefo'PM network, one for single-hop and multihop grooming
it requires a significant amount of electronic processing, whigdthemes and the other for the light-tree-based source-node
potentially leads to poor scalability and high cost (normalizegtooming scheme.

I1l. A PPROACHES ANDALGORITHMS
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A. Single-Hop and Multihop Grooming Using an Auxiliary A single-hop A mulfl‘lhOP A multi-hop
h del grooming partial- full-grooming
Graph Mode node grooming node node

1) Grooming Policies and an Auxiliary Graph Modeln a
traffic-groomable WDM network, there may be multiple way:
to carry a low-speed connection request, i.e., there may e»
multiple routes from a given source node to a given destin Mux layer
tion node, each of which may use different amount of netwo
resources, e.g., wavelength channels, grooming ports, etc. - Grooming
decision on how to choose a proper route among multiple ce layer
didate routes is known as the network operator's “groomiry,yelength
policy.” Different grooming policies reflect the network oper- layer
ator’s intention on how to engineer their traffic using the avai-
able networ_k resources. For exa}mple, a Iow-spegd connectggdj 4. Different grooming OXCs and their representations in the auxiliary
can be carried through existing lightpaths, by setting up a neyéph.
lightpath between the given source-destination node pair, or by
a combination of both existing lightpaths and newly established

lightpaths. The effect of different grooming polices on networkPde- They also denote the reachability from a given port of
performance has been addressed in [12] and [16]. a given layer to another port of another layer in a network

We extend a generic graph model, which was originall rg_ng. A connection request between node paij)(always
9 grap ginaty p riginates from the output port of the access layer in nicaled

posed in [12], to handle the single-hop grooming and the m@t9" i t the inout port of th | in nobdéot

tihop grooming schemes. The extended model can uniforﬂ T'Tﬁ esah e mput p_orhtch e r:;ccetss ayer mbr]p ; fh'

incorporate different grooming OXC architectures (single-ha at, through some straightiorward extensions (by stretching
e single-wavelength layer to multiple layers, one for each

grooming OXC, multihop partial-grooming OXC, and multiho ) .
full-grooming OXC) and can easily realize different groomin avelength), the network without full wavelength-conversion
apability can also be properly modeled.

policies. In this model, an auxiliary graph is constructed for ) . -
given network state. The route of a connection request is COB’I-The links in the original ”etWOF" state gragi(V;, ) can
puted based on the auxiliary graph. We use a g@pH, E) to e represented by the edges which connect the yert_lces from
represent a given network state, whéfalenotes the network one n.etwork node to another network node shown in Fig. 4. We
node set (i.e., the OXCs) arid denotes the network link set, €XPlain them as follows.

(i.e., the fiber links and the lightpath links). We usg V", E') * A wavelength link(z, j) can be represented by an edge
to denote the corresponding auxiliary graph, whetelenotes which connects the output port of the wavelength layer in
the vertex set and’ denotes the edge set. From now on, for ~ node: to the input port of the wavelength layer in nogle
clarity, we will use the termsodeandlink to representavertex ~ * A multihop-ungroomable lightpatfi, j) can be repre-

Access layer

and an edge in the original network state gréffli’, &), respec- sented by an edge, which connects the output port of the
tively, and the termsertexandedgeto represent a vertex and mux layer in node to the input port of the mux layer in
an edge in the auxiliary graphi’ (V' E’), respectively. node;.

The auxiliary graphG’(V’, E') can be divided into four ~ * A source-groomable lightpatfi, j) can be represented by
layers, namely the access layer, the mux layer, the grooming an edge, which connects the output port of the grooming
layer, and the wavelength layer. The access layer represents layerin node to the input port of the mux layer in noge
the access points of a connection request, i.e., the points where® A destination-groomable lightpati, j) can be repre-

a customer’s connection starts and terminates. It can be an IP sented by an edge which connects the output port of the
router, an ATM switch, or any other client equipment. The ~ Mux layer in nodei to the input port of the grooming
mux layer represents the OXC ports from which low-speed layer in node;.

traffic streams are directly multiplexed (demultiplexed) onto * A full-groomable lightpati(i, j) can be represented by an
(from) wavelength channels and switched by the W-Fabric —€dge which connects the output port of the grooming layer
without going through any G-Fabric. It can be an electronic ~ in nodei to the input port of the grooming layer in nogle
multiplexer/demultiplexer, a SONET ADM, etc. The grooming Fig. 5 illustrates how to construct the auxiliary graph for a
layer represents the grooming component of the network nod@/en network state. Fig. 5(a) and (b) shows a network state for
e.g., the grooming fabric. The wavelength layer represergsimple 3-node network. The shaded node (node 0) employs
the wavelength-switching capability, i.e., the W-Fabric, anad multihop partial-grooming OXC and the un-shaded nodes
the link state of wavelength channels. A network node {®odes 1 and 2) are equipped with single-hop grooming OXCs.
divided into two vertices at each layer. These two verticdsach link in Fig. 5(a) represents a free wavelength channel
represent the input port and output port of the network nodbetween a node pair, and each link in Fig. 5(b) represents an es-
at that layer. Fig. 4 shows the graph representation of differgablished lightpath. The lightpath (0, 2) is a source-groomable
grooming OXCs. For simplicity, we assume that every netwotightpath, the lightpath (1, 0) is a destination-groomable
node has full wavelength-conversion capability. The edgeslightpath, and the lightpath (2, 1) is a multihop-ungroomable
Fig. 4 represent the resource availability at a given netwolightpath. A low-speed connection request from node 1 to
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Fig. 5. Network state for a simple three-node network and the corresponding auxiliary graph.

node 2 can be carried by lightpaths (1, 0) and (0, 2). On the
other hand, a request from node 2 to node O cannot traverse
lightpaths (2, 1) and (1, 0) since node 1 does not have multihop
grooming capability. According to the network state shown in
Fig. 5(a) and (b), we can construct the auxiliary graph, which

is shown in Fig. 5(c).
2) Grooming Using Auxiliary Graph (GUAG) Algorithm:

Grooming Using auxiliary Graph (GUAG)

Input : Network state graph G(V,E), and
a connection request Req(s,d,c) where s
and d denote the source and destination

nodes of the request ( s,d € V), and ¢
denotes the connection’s capacity re-
quirement.

Output : A route R between nodes s and d,

which satisfies the connection’s ca-
pacity requirement and a new network
state  Guew(View, Enew) after provisioning
the connection.
1) Construct the auxiliary graph
G'(V',E’) according to network
resource availability and the
bandwidth requirement of the
request, i.e., (a) if there is no
free wavelength on a fiber connecting
a node pair ( 14,7), there is no edge
connecting the vertices of the
wavelength layer between node pair
(7,7); (b) if there is no lightpath
link between a node pair ( i,7), Orf
lightpaths between ( 1,7) do not
have enough free capacity for Req,
there is no corresponding edge in the
auxiliary graph; and (c) if the
multihop partial-grooming OXC at a
given node i has used up all grooming
ports, there is no edge between the
vertices of the grooming layer and
the wavelength layer in node i.
2) Assign proper weights to each edge
in G’, according to the grooming
policy. The grooming policy we use

in this study is described as

follows.

a) If there is any multihop-
ungroomable lightpath between
(s,d) with enough free capacity,
carry  Req using this lightpath.

b) Otherwise, a connection is
provisioned through the least-cost
route. In this study, the cost of
a fiber link is assumed to be
unity. The cost of a lightpath
link is equal to the overall
cost of the concatenated fiber
links it traverses.

c) If there are multiple least-cost
routes and the connection does
not require full wavelength-
channel capacity, choose the route
which employs the minimal
number of free wavelength links.

d) If there are multiple least-cost
routes and the bandwidth
requirement of the connection is
full wavelength-channel capacity,
choose the route which traverses
the minimal number of G-Fabrics.

Please refer to [12] on how to assign

proper edge weights to the auxiliary

graph according to a grooming policy.

3) Compute a route R’ based on the
auxiliary graph G'. If no path
exists, return NULL.

4) Map R’ in G’ back to a route R in
the original network state graph G.

5) Allocate resource and update the
network state according to the route
R. It may include the operations of
(a) updating the number of
available wavelength on fiber links
along the route R, if necessary;
(b) creating new lightpath links if
necessary; (c) updating the number
of grooming ports in a partial-
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Fig. 6. Two alternative routes which can be found using the auxiliary graph.

grooming OXC traversed by R, if and atmos{2x 4 x N )? edges. Consequently, the computational
necessary; and (d) updating the complexity of Step 1 and Step 2 in algorithm (GUAGYI$N 2).
free capacity of the lightpaths Step 3 computes a least-cost route between two given vertices
involved in R, if necessary. Note based on the auxiliary graph using standard shortest-path algo-
that, if there are multiple rithms. Since the auxiliary graph has2 x N nodes, the com-
applicable lightpaths between a putational complexity of Step 3 is alsd(/N?). The computa-
node pair ( 4,7) along the route tional complexity of the remaining steps in GUAG (5 N).
R, we will randomly choose one for Therefore, the overall computational complexity of GUAG is
Req. O(N?) for a full-wavelength-convertible WDM network. Using

6) Return R and the updated network the same analogy, we know that the computational complexity
state  Guew(Vaews Enew)- of GUAG will be O(N?W?) in a wavelength-continuous WDM

network, wherd/ is the number of wavelength channels sup-

This auxiliary graph can be used to provision customerROrted by each fiber link.
connection requests. By assigning proper weights (i.e., adminis-
trative costs) to each edge in the auxiliary graph, suitable routes
will be computed through standard shortest-path route-com-The proposed graph model and the GUAG algorithm cannot
putation algorithms according to different grooming policie®€ used to handle the light-tree-based source-node grooming
Fig. 6 illustrates how to achieve different grooming policie§cheme. Therefore, we design another algorithm to perform ef-
by using the graph model. The network state and the auxilidigient traffic grooming in a WDM network employing multi-
graph representation are shown in Fig. 5. Suppose that therédst-capable OXCs. Note that, in a WDM network using the
a new traffic request from node 1 to node 2. Fig. 6 shows tWight-tree-based source-grooming scheme, the network state can
possible routes (in thick edges) for this connection request. TR@represented as a grafV, £, T'), whereV’ denotes the net-
route shown in Fig. 6(a) traverses two existing lightpath link&/ork node setf denotes the network link set, afiddenotes
while the route shown in Fig. 6(b) employs two new wavethe established light-tree set.
length links. If the connection requires full wavelength-channel 1) Grooming Using Light Tree (GULT) AlgorithmThe
capacity, or if the overall bandwidth requirement of futur@roposed algorithm for the light-tree-based source-grooming
demands between node pair (1,2) is estimated to be close to figineme is described in algorithm 2 (GULT)
wavelength capacity, the route in Fig. 6(b) is preferred since
the wavelength channels are fully utilized and no groomin@rooming using light tree (GULT)
is needed at node 0; otherwise, the route in Fig. 6(a) may bmut : Network state graph G(V,E,T), and
preferred if enough free capacity is available in the existing a connection request Req(s,d,c) where s
lightpaths. More detailed study on how to use this graph modeland d denote the source and destination
to achieve different grooming policies and how these grooming nodes of the request (i.e., s,d € V),
policies may affect network performance can be found in and ¢ denotes the connection’s capacity
[12]. Based on this model, we design an algorithm, called requirement.
grooming using auxiliary graph (GUAG), which can be use@utput : A light tree T! which is rooted
to provision connections of different bandwidth granularities. at node s and covers node d as a
This algorithm can be used in a WDM network which employs leaf node, and a new network state
single-hop grooming OXCs, multihop partial-grooming OXCs, Grew(View; Frew; Tnew) after provisioning the

Source-Node Grooming Using Light-Tree Approach

or multihop full-grooming OXCs. connection.

3) Computational Complexity of GUAGN GUAG, the time 1) Let T, denote a given established
complexity to construct an auxiliary graph forN&-node, full- light tree rooted at node s. If node
wavelength-convertible WDM network i8(N?), because the d is one of leaf node of T, and T,

auxiliary graph of such a network consists of 2 x NV vertices has enough free capacity for Req,
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let T/ be equal to T, and go to Step
5. Note that, if multiple such trees

exist, one will be randomly picked to

be T..

2) For any T, which has enough free
capacity for Req, compute a least-
cost route from every tree node j
in T, to node d, subject to
available wavelength-link
constraints, and available splitter
constraints at node j (if the
transparent technology is used to
build the OXC at node 7, as shown in
Fig. 2(b) ). Let ¢ denote the node
which has the least-cost route to
d among all the tree nodes. If no
such tree exists, go to Step 4.

3) Find the T! and the corresponding
node ¢ so that node i is the
closest one to node d among all tree

nodes of all candidate trees. If node

7' is the root node of T!, go to

Step 4; otherwise, expand the tree

to include a new branch from node 7

to node d. Therefore, node 7 needs

to duplicate the traffic originating

from node s and switch it to node d. °

After that, go to Step 5.
4) Set up a light tree from node *

s to node d following the least-

cost route based on the current

network state. Note that this °

special light tree instance only *

has one leaf (destination) node.

Hence, it is equivalent to a .

lightpath. Let this light tree be T
5) Allocate free capacity of T! t0o Req.

If T/ is a new tree or if T! is a

established tree but a new branch

has been added, update the *

corresponding wavelength-link

availability information.
6) Return 7! and the new network state

Gnew (Vnevw EneW7 T’new) .
2) Computation Complexity of GULTIn Step 2 of GULT, *
the computational complexity to find the closest nade the
destination nodel in a given light treeT, is O(N?). This is
because nodé can be found by constructing a shortest-path
treeTy rooted at nodel. In T;;, we can easily find the closest
node (to nodel) which is also in tred’,. Assuming that there
are K candidate light trees which are rooted at nodand
can be expanded to support the connection request, the com-
putational complexities for Steps 2 and 3 will 6§ K N?).
The computational complexity of the other steps in GULT is
O(N). Hence, the overall computational complexity of GULT i
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Fig. 7. 24-node sample network topology.

is O(KW N?), whereW is the number of wavelengths sup-
ported by a fiber link.

IV. ILLUSTRATIVE NUMERICAL RESULTS

We simulate a dynamic network environment to evaluate the
performance of different optical grooming OXCs and their cor-
responding grooming schemes, using the proposed algorithms
GUAG and GULT. The following parameters are used in our
example study reported here.

Every network node is equipped with the same type of
grooming OXCs.

The connection-arrival process is Poisson and the con-
nection-holding time follows a negative exponential
distribution.

The capacity of each wavelength is OC-192.

The network has full wavelength-conversion capability
and each fiber link can support eight wavelength channels.
A multihop partial-grooming OXC has six (incoming and
outgoing) grooming ports.

A light-tree-based source-node grooming OXC is built
using the opaque technology and, hence, has unlimited
multicast capability.

A connection request can have any bandwidth granularity
of OC-1,0C- 3,0C- 12,0C- 48, andOC- 192. Three
bandwidth-granularity distributions for the number of
connection requestsOC — 1.0C — 3.0C - 120C -
48:0C — 192) are examined, a) 3:3:3:3:1, b) 1:1:1:1:1,
and c¢) 1:1:1:1:3.

Connections are uniformly distributed among all node
pairs.

¢ Average connection-holding time is normalized to unity;

network offered load (in Erlang) is defined as the connec-
tion-arrival rate times the average holding time times a
connection’s average bandwidth and it is normalized to
the unit of OC-192.

The example network topology used in our simulation ex-
periments is shown in Fig. 7.

&. Bandwidth Blocking Ratio (BBR)

O(K N?) in a full wavelength-convertible network. In a wave- Bandwidth blocking ratio (BBR) represents the percentage
length-continuous network, GULTs computational complexitgf the amount of blocked traffic over the amount of bandwidth
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BBR versus load (in Erlangs) for different grooming OXCs under different bandwidth-granularity distributions.

requirement of all traffic requests during the entire simulation  purposes to fairly compare the grooming OXCs’ network

period. Note that pure blocking probability cannot reflect the ef- performance under the same network load.

fectiveness of the algorithm, as connections have differentband-3) As shown in Fig. 8(d), the multihop full-grooming

width requirements. OXC performs almost the same under different band-
Fig. 8 compares the network performance (BBR versus load)  width-granularity distributions. On the other hand, under

by using different optical grooming OXCs under different con- the same network load, if there are more low-speed con-

nection bandwidth-granularity distributions. In Fig. 8, the mul- nections, other types of grooming OXCs lead to worse

tihop full-grooming OXC shows the best network performance, network performance. This is because low-speed con-
and multihop nongrooming OXC shows the worst performance.  nections may potentially cause a large bandwidth waste
We make the following observations. and underutilize the wavelength capacity if a network

1)

2)

Without any low-granularity multiplexing and switching node does not have multihop full-grooming capability.
functionality, the light-tree-based source-node grooming As we can see from Fig. 8, compared with the multihop
OXCs can significantly improve the network performancéll-grooming OXC, the multihop partial-grooming OXC
compared with multihop nongrooming OXCs. shows reasonably good network performance, while using
Connection bandwidth-granularity distribution plays afignificantly less amount of low-speed electronic processing.
important role on the network performance. When theesides the grooming policy and the corresponding grooming
are a lot of low-speed connection requests, multihop fuilgorithm used, the performance of multihop partial-grooming
grooming OXCs outperform multihop partial-grooming®XCs is determined by two factors.

OXCs as shown in Fig. 8(a). As the number of high-speed « How much grooming capacity a multihop par-
connections increases, the performance gap between the tial-grooming OXC may have?

multihop full-grooming OXC and the partial-grooming ¢ How to cost-effectively establish the multihop-groomable
OXC is significantly reduced. Although not shown here, lightpath (i.e., source-groomable lightpath, destination
our experimented results verify that, when all connections  groomable-lightpath, and full-groomable lightpath) to
require full wavelength-channel capacity, all OXCs have  perform multihop grooming?

the same network performance. Note that the high BBR One approach to improve the performance of the multihop
region shown in Fig. 8 may not be realistic in a practicglartial-grooming OXC is to increase its grooming capacity. Re-
WDM backbone network. They are shown for illustratiortall that the grooming capacity of a multihop partial-grooming
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Fig. 9. Effect of different lightpath-establishment schemes and different number of grooming ports on the network performance of multihgwpanitigl-
OXCs.

OXC is determined by the size of its G-Fabric and the numbscheme. This is because the dynamic scheme may greedily
of grooming ports (G-ports) connecting the W-Fabric and thestablish groomable lightpaths without considering the possible
G-Fabric. Another approach is to optimize the establishmentfoture traffic demands. Although the GUAG algorithm attempts
multihop-groomable lightpaths. These lightpaths can either tue perform local (or short-term) resource optimization, the
dynamically set up (on-demand) or be statically preplanned. gnooming layer, which is formed by dynamically-established
the dynamic groomable-lightpath establishment approach, iightpaths, may not be optimal and efficient to carry the future
assumed that future traffic demands are unknown. Hence, iequests. If every multihop partial-grooming OXC has enough
stead of considering long-term global optimization, groomab@gooming capability (i.e., enough grooming ports) aidEPT
lightpaths are set up according to the requirement of the cis-used (wherelV is the number of wavelength channels
rent connection request. On the other hand, the preplanning sppported by every fiber link), a network employing multihop
proach tries to preestablish a certain number of groomable lighartial-grooming OXCs will be equivalent to a network with
paths based on the future traffic projection. Low-speed conneuultihop full-grooming OXCs everywhere. Hence, they will
tion requests are then dynamically provisioned using these phave the same network performance.
planned resources. When all preplanned groomable lightpath&ote that, besides the grooming policy used in GUAG, ap-
have been saturated, new groomable lightpaths can be dynalging other grooming policies may furtherimprove the network
ically established for new requests subject to network resougperformance. Refer to [12] and [13] for other possible grooming
constraints. policies and their effect on network performance. Similarly, be-
Fig. 9 shows how the number of grooming ports and differestdes 1-EPT, other preplanning schemes can also be used and
groomable-lightpath establishment approaches may affect this possible for them to improve the network performance. For
network performance of multihop partial-grooming OXCgxample, the integer linear program (ILP) formulation proposed
under different connection bandwidth-granularity distributiong [10] can be used to preplan groomable lightpaths, and may
In Fig. 9, g denotes the number of grooming ports which achieve better network performance. A potential drawback of
multihop partial-grooming OXC has. We observe that,gas the preplanning approach is that it may not be scalable. This is
increases, the performance of the multihop partial-groomifigcause network operators may have to redo the preplan proce-
OXC improves. We have also simulated a very simple lightpatiure when the network needs to be scaled or when the traffic pat-
preplanning scheme, called embedded on physical topoldagyn fluctuates. The effect of other preplanning schemes (2-EPT,
(EPT). In EPT, full-groomable lightpaths are preestablishédP approach, etc.) is beyond the scope of this paper, and will
between every adjacent node pair. These lightpaths formbaaddressed in our future study.
grooming layer, which has exactly the same topology as the
phy.si.cal fibe'r.tc.)pology. A low-speed connection will be carrieg. Wavelength Utilization (WU)
by jointly utilizing the resources on this grooming layer as
well as on physical topology through the grooming policies Wavelength utilization (WU) represents the average number
described in GUAG. Unlike a dynamically established lightef used wavelength links over the total number of wavelength
path which will be torn down if it does not carry any traffic, dinks supported by the network during the entire simulation
preplanned-groomable lightpath will never be torn down. If ongeriod.
wavelength channel on each fiber link is used for EPT, we calledin Fig. 10, we plot the average (weighted by time) WU versus
it an one degree EPT (1-EPT), which is simulated in our expghe network-offered load for different grooming OXCs under
iments. Fig. 9 shows that the 1-EPT preplanning scheme da#ferent connection bandwidth-granularity distributions. It is
improve the performance of multihop partial-grooming OXGtraight forward to see that, under the same network offered
compared with the dynamic groomable-lightpath establishmdaad, single-hop grooming OXCs will exhaust wavelength links
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Fig. 10. Wavelength utilization (WU) versus load (in Erlangs) for different grooming OXCs under different bandwidth-granularity distributions.

more quickly than other OXC types. We can also observe fraphortest path and the upper bound may not be achievable. Let
Fig. 10(d) that, under the same network offered load, the matadenote the RERx can be computed as follows:
low-speed connections the network supports, the more wave-

. . . p t;
length links tend to be used. For the same bandwidth-blocking B XL: pi X
performance, a lower wavelength utilization is desirable since *= S i Xt
fewer wavelength links are consumed to carry the same load. i

o ) wheret; is the time period between th# event (connection
C. Resource Efficiency Ratio (RER) arrival or departure) and+1)*" event,; is the network carried
Wavelength utilization shown in Fig. 10 may not be the be&tad during the time period;, and~; is the total number of
metric to measure the resource usage of different groomingvelength links used during. (Please note that; and-y; do
schemes and grooming OXCs. From Fig. 10, one cannot tell timait change during time periaggas there is no other event during
how efficiently the allocated wavelength channels are utilizethat period.)
RER is a more suitable metric to measure the grooming per-Fig. 11 shows the normalized (to upper bound) RER versus
formance of different OXCs and different grooming schemesetwork offered load for different grooming OXCs under
RER represents how efficiently connections are routed adferent bandwidth-granularity distributions. The higher RER
groomed. It can be computed as the average (weighted rogans that a network can route and groom traffic requests
time) network carried traffic (in terms of OC-1 units) dividednore efficiently. Thus, a network with high RER can have low
by the total allocated network capacity (i.e., total number &BR, which is shown in Fig. 8. This explains why, under the
allocated wavelength links times 192) over the entire simulati@ame network offered load, the multihop full-grooming OXC
period. If we consider “minimal hops” as our objective for aises the least number of wavelength channels (i.e., the lowest
route-computation algorithm, then the inverse of the averagmavelength utilization) but carries the most amount of traffic
hop distance is the RER upper bound. This upper bound(i®., the lowest bandwidth blocking ratio). We can also observe
achieved only when every connection requires OC-192 barftbm Fig. 11 that, under the same network offered load, when
width and follows the shortest path. Since there are limitade number of low-speed connections increases, the resource
resources (as in our case), not every connection can follow #féiciency ratio will decrease. This is because the network
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Fig. 11. Normalized RER versus load (in Erlangs) for different grooming OXCs under different bandwidth granularity distributions.

resources tend to be fragmented while the number of low-spesdelectronic processing is required at low-speed granularity.
connections increases, and the difficulty for a network to fullwith a few nodes having low-granularity switching capability,
utilize allocated wavelength channels also increases. the multihop partial-grooming OXC showed good performance
compared with other grooming OXCs, which makes it as
a good alternative when the multihop full-grooming is not
needed at every network node. In order to fairly compare their

In this study, we presented four optical grooming OXC aperformance, we assumed that a network uniformly employs
chitectures and compared their characteristics. Three groomarge type of grooming OXCs. This assumption may not always
schemes, single-hop grooming, multihop grooming, arx practical and can be relaxed in next-generation optical back-
light-tree-based source-node grooming for these OXCs wdrene networks, where different OXCs with different grooming
explored. We proposed two algorithms, GUAG and GULTapabilities may be interconnected and may need to co-exist.
to efficiently provision connections of different bandwidthiThe proposed algorithms, GUAG and GULT, employed one
granularities. The performance of different grooming OXCsaffic-grooming policy and light-tree establishment approach.
and grooming schemes was compared using the proposattier algorithms with different traffic-grooming policies and
algorithms under a dynamic traffic environment. We also invebght-tree establishment approaches will be addressed in our
tigated the effect of different bandwidth-granularity distribufuture research work.
tions to the network performance of different grooming OXCs.
We observed that the light-tree-based source-node grooming
using the OXCs’ multicast capability can significantly improve
the network performance of the single-hop grooming OXC [] g-ra'\\:'vumlerilegeé;)pﬂca' Communication Networks New York: Mc-
without employing any low-granularity electronic processing. [2] 1. Chlamtéc, A Canz, and G. Karmi, “Lightpath communications: An
The multihop full-grooming OXC showed the best network approach to high bandwidth optical WAN'S|EEE Trans. Commun.
performance in terms of network bandwidth blocking ratio, _ Vol 40, pp. 1171-1182, July 1992 _

e .. . [3] O. Gerstel, P. Lin, and G. Sasaki, “Combined WDM and SONET net-

wavelength utilization, and resource efficiency ratio. However,

) = : work design,” inProc. INFOCOM '98 vol. 2, San Francisco, CA, Mar.
it may encounter the scalability problem since a large amount 1998, pp. 734-743.

V. CONCLUSION
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