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Design of Hierarchical Crossconnect WDM Networks
Employing a Two-Stage Multiplexing Scheme of
Waveband and Wavelength

Myungmoon Lee, Jintae Yu, Yongbum Kim, Chul-Hee Kang, and Jinwoo, Réeknber, IEEE

Abstract—The authors propose a design method for hierar- networks in [2] and [3]. Also the reduction of OXC complexity

chical crossconnect waveIe_ngth_—division-multiplexed networks as investigated qualitatively in [4] and quantitatively in [5].
employing a two-stage multiplexing scheme of waveband and In this paper, we propose a design method for wave-

wavelength, in order to reduce the complexi_ty and size of optic_al lenath-routed networks emoloving a two-stage multiplexin
crossconnect at the nodes. The waveband is formed by grouping 9 ploying g p g

lightpaths with the same destination in a network. The authors Scheme of waveband and wavelength. From now on, we refer
present an integer linear programming formulation for the to the networks using the two-stage multiplexing scheme as
routing and grouping of lightpaths, and a heuristic design method  hjerarchical crossconnect (HXC) networks and the networks
is also proposed as a practical method to find a design solution for using the single-stage multiplexing scheme as wavelength

general large-scale networks. It is found that the proposed design t (WXC tworks. Li ing f
method can largely reduce crossconnect requirements, although it ¢F0SSCONNEC ( ) networks. Linear programming formu-

S||ght|y increases the Wave|ength requirements_ lation for HXC network design is presented for waveband

I . . , formation and routing. We also propose a heuristic design
Index Terms—Communication system planning, hierarchical 9 prop 9

systems, linear programming, networks, optical communications, procedure as a pra_ctical method to dESi_g” general large-scale
wavelength-division multiplexing. networks. By applying the proposed design method to ARPA

network, the benefits of the hierarchical multiplexing scheme

are discussed with respect to the wavelength granularity.
|. INTRODUCTION

AVELENGTH-DIVISION-MULTIPLEXED (WDM) II. WAVEBAND FORMATION IN HXC NETWORKS

networks using wavelength routing by op_tlcal crosseon- , wxc networks, an OXC consists of three major parts: de-
nects (OXCs) have emerged as the most feasible architectural . . . . .
i . Ultiplexer, optical switch matrix, and multiplexer. OXC com-
solution for wide area backbone networks. In order to meet_ . : . . . .
exity can be characterized by the size of optical switch matrix.

the very rapid increase in traffic demand due to the explosif%(?1 . .
rowth of Internet and multimedia services, more numero se lower bound on Fhe maximum waveleng_th_ requirements
9 ’ %' support all connection demandsWg§ g = PDH/2LF =

wavelengths are required in wavelength-routed optical n DH/ANF, whereP, D, H, L, I, N, and A are the number

works. However, increases in the number of waveleng ! . .
o . . of logical connections, the average demand of a logical con-
channels result in increased complexity of OXCs and increased . )
or L . T nection, the average number of hops, the number of links, the
difficulty in implementing and maintaining OXCs.

The concept of waveband has been recently introduced anuarlnber_of fibers, the number of nodes, and the average nodal
P y egree(A = 2L /N), respectively [6]. Hence, the lower bound

means to reduce OXC complexity. The waveband is formed : ; . . )
rouping several lightpaths and is routed as a single chanrlof}j the maximum size of the optical switch matrix3gp, ~
9 OFBAF = PDH/N. For the case of a fully connected logical

Because the granularity of waveband is coarser than thatg%)ology,sm and the ratiaR of incoming—outgoing traffic to

wavelength, its crossconnect requirements can be smaller t 'a—dro traffic becom@ — 1) DH andH, respectively. Note
the case of using only wavelengths. Previously reported wor%ls P - €SP Y-

are as follows: in [1], a two-stage optical crossconnect systt th.LB a_de are proportional to the average number of hops.
was proposed and , waveband crossconnection was de e|;B1|§ |r_np||es that pass-through t_rafnc domlnates over add—d_r op
strated. The concept of waveband was introduced in WDM r?tlrafﬁc n Iarge-sca!e ngtworks. Since many lightpaths conveying

' p%th—through traffic might have the same route, the size of the

optical switch matrix would be largely reduced if they were dealt

. . , , with as a single channel.
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Fig. 1. Node architecture in optical networks employing multistage multiplexing.

Waveband formation scheme has an impact on overall cross- Constants:

connect requirements. We consider the following three wava-

band formation schemes: A
1) grouping lightpaths with the same source-destination
pair; P

2) grouping lightpaths with the same destination; F

3) grouping lightpaths with common intermediate links. £p

The first scheme seems to be a natural choice but its efficieng jit
can be reduced because the demand of each node is not @-
ways the same as the number of wavelength channels in a wave=>
band. The third scheme can guarantee free routing of lightpaths.
However, it causes an unexpected increase in the wavelen‘éfﬁ
crossconnect size when we want to transfer the lightpaths in

a waveband to another waveband. In the second scheme, ofice
lightpaths with the same destination are grouped into a waves"
band, they do not need to be ungrouped until arrival at the dé&g."m.=
tination node, expecting a substantial reduction in the wave-
length crossconnect size. Consequently, we choose the secgond
grouping scheme as the waveband formation scheme. In the foft
lowing discussion, we refer to a waveband path consisting of-"
only lightpaths with the same destination as a packed wavez
band path. The other waveband paths are referred to as unpac’l@ed
waveband paths.

number of nodes;

number of arcs; one link consists of a pair of arcs
with two opposite directions;

number of logical connections;

number of allowable fibers in a single link;

set of candidate paths of logical connectign
number of allowable channels in an arc;
demand of logical connectign

1 if candidate path of logical connectiorp passes
through arca; 0 otherwise;

number of wavelength channels in a waveband, that
is, wavelength granularity;

1 if arc ¢ terminates at node, 0 otherwise;

1if arca starts at node, 0 otherwise;

1 if candidate path of logical connectiorp passes
through noden and terminates at node 0 other-
wise;

set of arcs terminating or starting at node

1if z equals ton; 0 otherwise;

demand exiting node;

demand entering node

Variables:

Sn
Bn
In this section, we present the problem formulation for HX@,,.x
networks in the form of integer linear programming, which i€’,
used to achieve an optimal design of HXC network. Fig. 2 dé=,
fines the constants and variables at a node in HXC network. z;, ,

I1l. PROBLEM FORMULATION OF HXC NETWORKS

size of optical switch matrix at WXC of node
size of optical switch matrix at WBXC of node
maximum number of channels;

number of channels in akg

number of fibers in are.

capacity of candidate pathof logical connectior;
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Fig. 2. Constants and variables at nodeé HXC network.

Un,t
Vn,t

Hn,t,z

Xn

number of waveband paths entering nadiarough

arct;

number of waveband paths exiting nodehrough

arct;

number of packed waveband paths passing through

arct of noden and terminating at node

i
U

n,t

[ Waveband
nt MUX

r
WBHn,t,z S § § xp,rép,r,tnp,r,n,z
p=1reR,

Vn=1,...,N, ¥Yz=1,....N, Vtc A, (9)

N
Xn = Z Un,t - Z Z Hn,t,z

number of unpacked waveband paths entering WXC teAn #=lted,

of noden; Vn=1,...,N (10)
number of packed waveband paths dropped at node

o p p pp Y, = Z(M, Z Hnt,,.) Yn=1,...,N
Number of waveband paths exiting WXC of nade pedn (11)

N N
Minimize Z Sn + Z Bn + N zp: Dp . Omax
n=1 n=1 p=1

)
Subjectto Y z,,=Dp Vp=1,...,P 2)
rCRp
Cmax Z Ca, Vo = 1, ey A (3)
r
Ca=>> wprbpra Ya=1...,4 (4
p=1lrcR,
ClimitFa 2 Ca VYa = 1, ey A (5)
Fo+Fopt SF VYa=13,...,A-1 (6)
A
WF)'Un,t Z ZT(J,,N,C(J
a=1
Yn=1,...,N, Vte A, (7)
A
WBVn,t Z Zaa,nca
a=1

VYn=1,...,N, VteA,

®)

Z% nCa — Wp Z > Huiot

z=1tCA,

Vo=1,...,N (12)
WBKnESn_In‘i‘WBYn \V/TL:l,,N

(13)
B,> > Uyt +K, ¥n=1..N (14)
teA,
By2 Y Vay+Xo+Y, ¥n=1.. N
tCA,
(15)

The objective (1) is to minimize the size of optical switch
matrixes at WXC and WBXC under the minimum link loading.
Constraint (2) shows that the sum of the capacity of candidate
paths for a logical connection should be equal to the demand
of the logical connection. The number of channels on each
arc and the maximum number of channels are acquired by
constraints (3) and (4), respectively, in which the number of
channels in an arc should be equal to the sum of the capacity of
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candidate paths on that arc. The number of fibers on each BrcLightpath Grouping
is acquired by constraint (5). Constraint (6) limits the number pfq, selecting the route of each lightpath, we determine

of allowable fibers in a link. Constraints (7)/(8) shows thgjnich waveband each lightpath would be grouped into. To
the number of incoming/outgoing waveband paths to/frofppieve 4 large reduction gain of crossconnect size, it is clear

node should be greater than the number of incoming—outgoifg; the lightpaths with many common links should be grouped
channels divided by wavelength granularity. Constraint (i a waveband. We use the following simple lightpath
determines the number of packed waveband paths entering e@@uping rules.

link attached to a node. Constraint (10) shows that the number
of waveband paths from WBXC to WXC should be equal to tination node, and list all lightpaths in each class in de-
the number of unpacked waveband paths entering that node. ' gntp

. : scending order of the number of hops.
Constraint (11) determines the number of packed Wavebandz) Select a lightpath on the top of the list in a class and find

paths dropped at that node. Constraint (12) determines the sizé T . .
of the optical switch matrix at WXC, which should be equal Wi — 1 lightpaths which have the most common links

. to form a group. Then assign a waveband number to the
to the number of channels in unpacked waveband paths plus . . i

: lightpaths in the group and remove them from the list.

the number of channels added from that node. Constraint (13) Reanplv this procedure to the remaining liahtoaths in the
shows the number of waveband paths exiting WXC should be clasgp y P ghightp
greater than the number of channels exiting WXC divided by 3) Re e.at Step 2) for the other classes
wavelength granularity. Constraints (14) and (15) show that the P P '

size of the optical switch matrix at WBXC should be greate(pnc:e the wavebands and the routes for all the lightpaths are de-

than the number of waveband paths entering WBXC or trt'%rmined, we can straightforwardly calculate the size of optical
number of waveband paths leaving WBXC, respectively. ~ SWitch matrixes in WXC and WBXC.

The number of variables and constraints in the formulati
areN, = 1+ N(5+2A) + 4L + PR+ N?A andN, =
P + 7L 4 N(6 + 2A) + N2A, respectively, where? is the Each lightpath in packed waveband paths should have a

average number of candidate paths of a logical connection. Wavelength for all links of its route because the wavelength
conversion is not allowed in WBXC. It has been reported that,

for the WXC networks with and without wavelength converters,
the wavelength requirements are almost the same for static
Due the complexity and huge size of the design problem prgaffic demands [7]. However, that statement is valid only

sented in Section l1l, itis very difficult to obtain an exact desigwhen a lightpath can be assigned any available wavelength,
solution for large-scale networks. To cope with the difficultiesavoiding wavelength conflict problems. In the HXC networks
we exploit a heuristic design method, which is to maximize thsoncerned, the wavelength selection of lightpaths in packed
reduction gain of crossconnect size with the minimum numbgavebands is not free because the wavelengths should be
of wavelengths. The heuristic design method explained bel@antiguous, which results in more wavelength requirements
consists of three stages: routing, lightpath grouping, and waye-HXC networks. Wavelength assignment for lightpaths in

1) Classify each lightpath into classes according to the des-

e Wavelength Assignment

IV. HEURISTIC DESIGN OFHXC NETWORKS

length assignment. an unpacked waveband path is trivial because the wavelength
conversion is allowed in WXC. Therefore, we should first
A. Routing assign wavelengths to lightpaths in packed waveband paths

&fpd then to lightpaths in unpacked waveband paths. We use the

that the lightpaths with the same destination should have #¥0Wing new wavelength assignment rule for the lightpaths in
same route. Therefore, we make all lightpaths in the netwdPRcked waveband paths.

satisfy the optimality principle. That is, if nodeis on the op- 1) Sum the number of hops of lightpaths in each packed
timal path from node; to nodez, then the optimal path from waveband path, and list all packed waveband paths in de-
nodex to nodez follows the same route on that part frarto scending order from the sum of the number of hops.

z. As an optimal path, we use minimum hop path because the2) For each packed waveband path on the listusas the
size of the optical switch matrix is proportional to the number ~ lowestwavelength givenin the network. Lightpaths in this
of hops of a path as described in Section II. Based on the opti- Packed waveband path may have one of the wavelengths
mality principle, we can construct auxiliary graphs foreachdes- ~ fromw to w + Wg — 1. Then solve the following binary
tination node. However, several auxiliary graphs may be found  linear programming:

for one destination node because multiple minimum hop paths Wi Wath

may exist. In order to _choose an auxiliary graph Ieadlng to th?Maximize Z Z i Bon (16)
small wavelength requirement, we use least loaded routing. This s Sl B

procedure is summarized as follows: find the minimum hop Wotw

paths for each lightpath demand, list all lightpath demands i”Subject to Z qpibor <1 ¥p=1,.... Wg (17)
descending order of the minimum hop path length, and decide pAERE = T

To maximize the number of packed waveband paths, itis cl

k=w
the route of each lightpath demand on the list. If a lightpath de- Wa
mand has several minimum hop paths, select a path with the ZO‘P WO <1 Vh=w,...,Wg+w (18)

least link loading on the route. =1
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Fig. 3. Ratios with respect to wavelength granularity for uniform demar@g' 4. Ratios acqmrgd at opt|ma|_ wavelength _granulanty values with respect
pattern ofD = 2. 0 the demand of a logical connection under uniform demand pattern.

wheref, i is a binary variable that becomes 1 wheh 15 L T T A e T T e T 1
lightpath in a packed waveband path is assigned wan L

length %, and oy, & is a binary constant that becomes : oo 1
when wavelength: is available forpth lightpath in a LT e e T T oo T d

packed waveband path. The value of the objective fun 1.0 s y
tion is equal toW g if every lightpath in a packed wave- %

band path is successfully assigned a wavelength. If n& :\l\.\l

increasev by W and solve again the above binary linea g kT D & ;

programming until the objective value is equalis. - A A :

3) Repeat Step 2) until the lightpaths in all packed waveba oo - - W <

paths are assigned wavelengths. L ]

The above problem formulation is quite tractable because 1 0'02 é :; 5
numbers of constraints and the number of variable2&kg Average demand of a logical connection

andW3, respectively, and independent of network size.
Fig. 5. Ratios acquired at optimal wavelength granularity values with respect
to the average demand of a logical connection under random demand pattern.
V. NUMERICAL RESULTS
In order to compare HXC networks with WXC networks, theeduction gain of 36% fot/r at W = 4. Therefore, it can be
following four ratios of HXC networks to WXC networks areconcluded that an optimal wavelength granularity value leading
defined. to a maximum reduction gain may exist. Such an optimal wave-
Tr Ratio of the sum of crossconnect sizes in all nodelength granularity value, however, may depend on network
The crossconnect size corresponds to the numbertopology, traffic demand, and traffic pattern. Nonetheless, the
ports of an optical switch matrix in a crossconnectreduction of crossconnect requirements can still be expected
Ur Ratio of the number of unit switches in all nodesvith nonoptimal wavelength granularity values. Another
provided that an optical switch matrix consists oadvantage is that the maximum size of WXC and WBXC in an
2 x 2 unit switches. HXC network is less than half of the maximum size of WXC
Mg Ratio of the maximum crossconnect size in the nein a usual WXC network. On the contrary, the wavelength
work. requirement is increased by 15% at the optimal wavelength
Wr Ratio of the maximum number of wavelengths in thgranularity value.
network. Fig. 4 shows the predefined ratios with respect to the various
The number of unit switches for an optical switch matrix of sizeniform demands of logical connection. The curves in Fig. 4
Sis(S/2)log, S. Itis noted that there are twd grsin HXC net- were acquired at the optimal wavelength granularity values for
works; M r wexc andMg wxc are the ratios of the maximum each uniform demand. It is found that for the higher demand
WBXC size and the maximum WXC size in HXC network toof logical connection, the larger reduction of the crossconnect
the maximum WXC size in WXC network, respectively. requirement can be obtained. Also, the ratio of the wavelength
The ARPA network withV. = 20 and L = 30 in [7] was requirement decreases as the demand of logical connection in-
chosen as a test network. Fig. 3 shows the previously define@ases. The effects of random demand are also investigated in
ratios with respect to the various wavelength granularity valudsg. 5. It was assumed that the demand of a logical connection
For the uniform demand pattern &f = 2, we can achieve a is one at its minimum and six at its maximum for convenience
maximum reduction gain of 22% fdf’r and an even larger without loss of generality. Compared with Fig. 4, the reduction
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gain of crossconnect requirements is slightly reduced beca
the efficiency of packed waveband formation is decreased.
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