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The Scheduling and Wavelength Assignment Problem
In Optical WDM Networks
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Abstract—We consider a scheduling problem, which we call prove that it isAP-complete for both the preemptive and the
the scheduling and wavelength assignmeWA) problem, arising  nonpreemptive cases. We then present two efficient approxima-
in optical networks that are based on the wavelength-division- tion algorithms for this problem. For the preemptive case, the ap-

multiplexing (WDM) technology. We prove that the SWA problem . . . . o
is N"P-complete for both the preemptive and the nonpreemptive proximation algorithm is based on a natural decomposition of

cases. Furthermore, we propose two efficient approximation algo- the problem into the classical multiprocessor scheduling and
rithms. The firstis for the preemptive case and is based on anatural open-shop problems. For the nonpreemptive case, we develop
decomposition of the problem to the classical multiprocessor two list-scheduling algorithms, the second of which is a 2-ap-
scheduling and open-shop problems. For the nonpreemptive case, . yimation algorithm for both the on-line and off-line contexts.

we prove that a naive implementation of list scheduling produces a Th . ized foll In Section Il defi
schedule that can ben times far from the optimum, where m is the e paper Is organized as follows. In section Il, we denne

number of processors (equivalently, WDM channels). Finally, we the scheduling problem under study, and we motivate it by
give a more refined version of list scheduling and we prove it to be describing its relationship to packet scheduling in WDM optical

a 2-approximation algorithm for both the off-line and the on-line  networks. In Section I, we present an off-line approximation

contexts. algorithm for preemptive scheduling, and in Section IV, we
Index Terms—Optical networks, packet scheduling, wavelength present both off-line and on-line algorithms for the nonpreemp-
assignment, wavelength division multiplexing. tive case. We conclude the paper in Section V.
|. INTRODUCTION [I. PROBLEM DEFINITION AND APPLICATIONS

HE spectacular growth in data traffic and the surging dex. The Scheduling and Wavelength Assignment (SWA) Problem

mand for diverse services has led to a dramatic increaseri(v id o of d a satof
in demand for data transmission capacity. Recent advances i € consider a sevl ot Processors and a sgtofn, n = m
jobs. Each job/,; € 7 is defined as a set ef operations,/; =

wavelength-division-multiplexing (WDM) technology [4], [10] Ov, Ony Ona}, andp,q denotes the processing time of

are expected to provide solutions to this challenge. WDM su ; s .
ports multiple simultaneous channels, each on a different wa é)_eratmnOsd. The objective is to schedule thgobs on then

length, on a single fiber. WDM systems operating at aggregaqrocessors S0 as to minimize tmakespanor maximum finish

€ : : .
rates exceeding one terabit per second have been demonstré‘l@g, of the schedu_le, SUbJ_eCt to the following constraints.
while systems supporting rates of tens of gigabits per second ar&1) All operations of job/; are executed on the same pro-

becoming commercially available. cessor. _
As future networks based on WDM technology are developedC2)  The operation®. a”dO/sd’ cannot be simultaneously
to support data traffic and the Internet, they must be designed executed, for alk, d # d'.

and optimized for that purpose. In particular, a number of newC3) A processor may execute at most one operation at any

and challenging problems arise in the area of scheduling data ~ time instant. . o _

packets over multiple wavelengths, both in a local area environ-Constraints C1-C3 define a set asmpatibility constraints

ment[1], [20] and in a backbone network consisting of IP routefdnong the different operations. Specifically, two operations

[18]. In this paper, we consider a scheduling problem with apndOsw are said to bincompatiblef eithers = 5" ord = d';

plications to packet-switched optical WDM networks, and wetherwise, the operations acempatible Incompatible opera-
tions cannot be executed simultaneously. Constraint C1 also im-

, . . plies that once an operation of joly has been executed on a
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is to schedule the operations on their assigned processors salgsrithm, which is a 4/3-approximation algorithm [13], and
to minimize the makespan, while also satisfying the compathe MULTI-FIT algorithm, which guarantees a relative perfor-
bility constraints C2 and the processor constraint C3. This deance of 1.2 [8]. In addition, there exists a polynomial time
composition leads to a natural way of solving the schedulirgpproximation scheme (PTAS) for the multiprocessor sched-
problem by applying existing algorithms to each sub-probleniing problem that is due to Hochbaum and Schmoys [15]. The
in isolation, as discussed later. However, we will also show thauain difference between the multiprocessor scheduling problem
it is possible to design algorithms to simultaneously solve bo#imd the SWA problem is that in the former, thetasks are
sub-problems, and these algorithms are more efficient than #essumed to be pair-wise independent, and thus, any two tasks
two-step approach described above. may be scheduled simultaneously on different processors. In the

We will refer to this type of scheduling problem as #ehed- SWA problem, on the other hand, there is a set of compatibility
uling and wavelength assignméBWWA) problem, since it arises constraints among the operations, as defined by constraints C1
naturally in packet-switched optical WDM networks, as we exand C2, which prevent the simultaneous execution of certain
plain in Section II-C. We have also chosen to ssedd as sub- operations.
scripts for the operations to reflect the fact that, in the network The second related problem is thigen-shop problepwhere
settings described in Section II-C, operatiOn, corresponds we have a set ofi jobs with m operations each [14], [12],
to the amount of traffic to be transmitted from a sousd® a [17], [11], such that thdth operation] = 1,...,m, of a job
destinationd in the network. must be processed on machin&imilar to the SWA problem,

We now introduce notation that will be useful in later seadnder open-shop scheduling, the operations of a job may be
tions. LetZ,.4 denote the sum of the processing times of all ogprocessed in any order, and only one operation of a given job
erations, letD,,,, be the maximum amount of processing timean be processed at any given time. The preemptive version
required by any job, and Iét,...,. denote the maximum amountof the open-shop problem is solvable in polynomial time [12].
of processing time associated with any sowce A polynomial-time algorithm also exists for the nonpreemp-

tive open-shop problem withh = 2 processors [12]. However,

Z Zp J (1) the general nonpreemptive open-shop problem is known to be
e i NP-complete, and it has been shown that any list-scheduling al-
gorithm is a 2-approximation algorithm [16]. Here also, itis in-
Doy =  Inax {Zde} (2) teresting to point out that this result holds in the on-line context.
C. Applications
Smax = g% {Zp*d} ©) We now describe several network environments where the

SWA problem arises.

Let CPt_denote the optimal makespan. We obviously have thatBroadcast WDM optical networks]: Consider a WDM op-
tical network withn nodes interconnected via a broadcast star

cort > Toeq 4) that supportsn < n distinct wavelengths [19]. Nodes com-
-om municate by exchanging fixed-length packets, and the time it

Ol > Simax (5) takes to transmit a packet is taken as the unit of time. Since

CP > Diax- (6) there are fewer wavelengths than nodes, packet transmissions by

several nodes may share a single wavelength, and the problem
) , of scheduling these packet transmissions arises. At the same
B. Related Classical Scheduling Problems time, an important objective in such a network is load balancing
There are two classical scheduling problems that are closelgross the different wavelengths, since it has been shown that
related to the SWA problem that we consider in this work. Theetwork performance deteriorates significantly if the traffic load
first one is themultiprocessor scheduling problef®], [14], in  concentrates on a few wavelengths [22], [21], [2], [3].
which we have a set aof tasks that must be scheduled on Let us assume that the long-term traffic requirements of the
machines in such a way that the makespan is minimized. Asrindes are known, l&D,; denote the operation of transmitting
the SWA problem, the tasks can be executed on any machpaekets from node to noded, and letp,, be the number of
and their processing times are not machine dependent. It is wedkkets that need to be transmitted between these two nodes in
known that the multiprocessor scheduling problei¥iB-com- the network. Let us also assume that the nodes are equipped
plete [9], and that any list-scheduling algorithm is a 2-approxvith fast-tunable transmitters, so that no cost is incurred when a
imation algorithm [13] (a list-scheduling algorithm considergransmitter switches from one wavelength to another, but that
a set of tasks in a given order and assigns to a processor tieaeivers are fixed tuned to a certain wavelength. (These are
becomes idle the next unassigned task in the order). Note thatability characteristics of nodes in the Helios DARPA NGI
this result is very important, since it remains valid in@mline project [1].) Let us also consider the operations of transmitting
context. Of course, for theff-line case, there exist-approx- packets to a single receivéras a jobJ,;. Then, scheduling the
imation algorithms which provide significantly better perforpacket transmissions over the wavelengths is equivalent to
mance guarantees (asrapproximation algorithm produces athe preemptiveSWA problem, since the transmission of thg
solution that is guaranteed to be at most a fagtaway from the packets of operationw,,; can be preempted (at the end of any
optimal one). These include the largest processing time (LPdacket) and continued at a later time. Note that minimizing the
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makespan for this problem implies balancing the traffic acrossLemma 1: The preemptive SWA problem i§"P-complete.

the various wavelengths by properly assigning the fixed-tuned Proof: Consider an instance of the SWA problem with

receivers to wavelengths. m = 2 processors and jobs. Each jobJy,d = 1,...,n, of
WDM IP routers employing multiprotocol lambda switchingthe instance consists of a single operat@®@g; with nonzero

Consider a backbone network of high-speed IP routers intercgmecessing timey, (i.e., all other operation®;,, s # d,s =

nected by fiber lines. The routers communicate using general- . ., n, of job .J; are such thap,, = 0). Since an operation

ized multiprotocol label switching (GMPLS) [7], an extensiomay not change processor after a preemption, this special case

of MPLS [6] also referred to as multiprotocol lambda switchingf the preemptive SWA is equivalent to tRARTITIONproblem

(MPAS). Specifically, each router originates a number of lighf9], which is AP-complete. ]

paths to other routers in the backbone network, and it forwardsAn approximation algorithm for the preemptive SWA

all packets it receives onto one of its outgoing lightpaths. Twoblem may now be obtained by considering the problem

avoid packet reordering at the destination router, packets fodecomposition described previously. The approximation al-

given destinatior (i.e., those carrying the same MPLS labelyorithm consists of two steps. The first step assigns jobs to

must be sent over the same lightpath in a first-come—first-seryacessors in a way that attempts to balance the amount of work

order. (i.e., the total processing time) assigned to each processor. The
Now, consider an edge backbone router acting as the ingreesond step is to apply existing approximation algorithms to

node forn IP routers accessing the MB network. Let us as- the resulting open-shop problem.

sume that this ingress router originateslightpaths to other  Algorithm DA (Decomposition Algorithm):

backbone routers. The problem that arises is to schedule packet§tep 1) LetP, be the total processing time required by job

received by the: access routers for transmission on one of the Ju, Py = ", p.q. Considering each job,; as

m lightpaths such that packets with the same destination are sent an independeﬁt task with processing time equal to
on the same lightpath and the overall traffic from thaccess P,, run an approximation algorithm for the resulting
routers is balanced across thelightpaths. It can be seen that multiprocessor problem to assign each japto a
this is an instance of the SWA problem defined earlier. Processor.

Grooming packettraffic over WDM SONET/SDHringethis — step 2) Let7, denote the set of jobs assigned to processor
scenario, we consider a WDM ring network that carries either = at the end of Step 1). For each processoereate
ATM fixed-size cells or IP variable-size packets over multiple new operations)’ with processing timey,, =
wavelengths, with each wavelength employing SONET/SDH. S| sres Pod Now, the original SWA probllélm has
We assume that each ring node is equipped with a switch which been transformed to a preemptive open-shop sched-
allowsitto switch traffic from any of the wavelengths terminating uling problem withm processors and operations
at the node to any wavelength originating from the same node. O'_. Run the Gonzalez and Sahni algorithm [12] to
In order to increase the utilization of wavelength and decrease obtain an optimal schedule for the new open-shop
the network equipment cost, each ring node must appropriately problem.

groomlower-rate streams into high-rate wavelengths [5].

C(_)n5|der aring node that ongmat;eamavelengths. Thering the preemptive SWA problem.
receives traffic 1) from other ring nodes (arriving over wave- Proof: CorrectnessStep 1) assigns each job to a certain
lengths terminating at the node), or 2) from nonring access de- '

vices (i.e., ATM switches or IP routers) attached to the node. Aj[ecessor thus, all qperatlons of a.JOb will be executed on the
same processor, satisfying constraint C1. In Step 2), a preemp-

traffic from this node to the other nodes in the ring must be ¢ e open-shob broblem is constructed. such that the processin
ried by thesen wavelengths. Furthermore, for the grooming t P PP ' P 9

. . . L (t)|me of an operatior®,, for a sources on processor is the
be effective, all traffic for a certain destination must be agare: - ot the processing imes of o eratiais, for which job.J
gated onto the same wavelength. Because of the synchronpus P 9 P 10D Ja

nature of SONET/SDH, lower-rate traffic streams cannot be prg‘il; Z?el? t?\is;gggdhfvgrggizsiggifsrtéwt\?vi)ogi?"f(é?enriﬁéces-

empted, and aonpreemptiv&WA problem arises in this Case':sors, the Gonzalez and Sahni algorithm ensures that constraint

While all the applications described in this section are in, " e . .
Lo 2 is satisfied. If the jobs have been assigned to the same pro-
packet scheduling in WDM networks, for the rest of the paper . ; o ) .
: . . T cessor, constraint C2 is also satisfied since, whenever operation
we will use terminology from the multiprocessor scheduling lit-

erature. The reader should keep in mind, however, that the terO e 15 being processeq, at most one of operat@%qr Osar

“ i S € ponr “ (\Tﬂv ich are part ofJ,,) is processed, but not both. Finally, the
processor,” “processing time,” and “job” correspond to “wave* . . : .
length,” * _operation of the Gonzalez and Sahni algorithm does not violate
the network environment.

Lemma 2: Algorithm DA is an approximation algorithm for

transmission time,” and “destination,” respectively, 'r(]:onstraint c3.

Approximation Claim Consider the preemptive open-shop
problemin Step 2), and |2/ .. (respectivelysS! ..) denote the

IIl. PREEMPTIVE SCHEDULING maximum processing time associated with any processor (re-
Let us first assume that the operatiahg; of any job.J, are spectively, source). By construction of the open-shop problem
preemptable, i.e., there is no cost in preempting an operatiyg have that
and resuming it later on treameprocessor (refer to constraint
C1). We have the following result. S ax = Smax (7)
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where the quantitys,,,.. for the original SWA problem is de- of the decomposition, then the decomposition algorithm DA
fined in (3). Note, now, that an-approximation algorithm is is a 2«-approximation algorithm for the nonpreemptive SWA
used in Step 1) for the multiprocessor scheduling problem. Thisoblem.

approximation algorithm respects constraint C1 only, therefore Proof: CorrectnessThe proof of correctness is similar to
the optimal for the multiprocessor scheduling problem is at mdste one given for the preemptive SWA problem in Lemma 2.

equal to the optimal for the SWA problem. Thus Approximation Claim.If an «-approximation algorithm is
used in Step 1) for the multiprocessor scheduling problem, by
D} < aC2F (8) construction of the open-shop problem we have that (refer also

to the proof of Lemma 2)
where C°Pt refers to the SWA problem. Since the Gonzalez

max

and Sahni algorithm for the preemptive open-shop scheduling Dl < aCRt (10)
problem is optimal [12], the schedule produced by the decom- S =8 (11)

position algorithm has length
DA ) ) oot where the quantitys,,,... for the original SWA problem is de-
Chax = max{ Do, Siax} < 0Ol 9 finedin (3). Since list scheduling is a 2-approximation algorithm
for the nonpreemptive open-shop scheduling problem [12], the

where the last inequality follows from (5). ®  schedule produced by the decomposition algorithm has length
The above lemma implies that, if we use LPT (respectively,

MULTI-FIT) in Step 1), then the decomposition algorithm CPA < omax{D., .., 5" ..} < 2000 (12)

is a 4/3-approximation (respectively, 1.2-approximation)

algorithm. On the other hand, the decomposition algorithmhere the last inequality follows from (5). |

becomes a PTAS if the PTAS developed by Hochbaum andwe now note that, while the decomposition algorithm DA will
Schmoys for the multiprocessor scheduling problem is useddarrectly schedule the operations of the nonpreemptive SWA

Step 1) to obtain the assignment of jobs to processors. problem (i.e., the resulting schedule will satisfy constraints C1,
C2, and C3), it may actually do more than is needed to satisfy the
[V. NONPREEMPTIVESCHEDULING nonpreemption requirement. Consider josand.J, d # ',

Let us now consider the nonpreemptive SWA problerrllfthey exist, that haye been assigned t? the same procest_mr
Step 2) of the algorithm, a new operation,,s = 1,...,n, is

whereby, once an operatian,,; has started processing on a 4 for th h bl th L
certain processot, it must be completed before the processé?eate or the new open-shop problem, with a processing time

can start executing another operation. The following lemnf: ual to the sum of the processing times of operati@psand

roves that the nonpreemptive version of the problem is al&se (and, possibly, the operations of other jobs assigned to the
prov P ptive versi P ! same processor) of the original SWA problem. The list-sched-

NP-complete. . : . - .
Lemma 3: The nonpreemptive SWA problem i§P-com- uling algorithm in Step 2) applied to the open-shop scheduling
plete problem will ensure that the operatidn,, will not be pre-

Proof. Consider an
SWA problem with m processors anch jobs. Each jo
Ja,d = 1,...,n, of the instance consists of a single operatiog_ Algorithms Based on List Scheduling

Og4q4 With nonzero processing timey, (i.e., all other operations ] i ]
O.a,s#d,s=1,...,n,ofjob.J, are such that,, = 0). This We now present list-scheduling algorithms for the nonpre-

instance consists of independent tasks (theoperationg),,) €MPtive SWA problem. We first show that a naive implementa-
andm < n processors. Thus, the well-knowxiP-complete tion of list scheduling can produce schedules that are a factor of

multiprocessor scheduling problem [9], [14] is a special case & from the optimal schedule. We then describe a more refined

instance of the nonloreemptingpted, while the requirement for the original SWA problem
b Is simply that operation®,4 andO,4 not be preempted.

the nonpreemptive SWA problem. m version of list schedule that yields a 2-approximation algorithm
for the nonpreemptive SWA problem.
A. Algorithm Based on Problem Decomposition We will need the following definitions in our discussion. A

An algorithm based on a problem decomposition, similar !Bb Ja i said to beassignedo processor: at timet if

the one developed for the preemptive case in Section I1l, can alsot) NO operatiorD,q, s = 1,.. ., n, has been executed (fully
be applied to this problem. However, nonpreemptive open-shop  Or partially) on any processor before timeand
scheduling is an\VP-complete problem [12], but it is known 2) processot: is idle at timet and starts processing some
that any list-scheduling algorithm is a 2-approximation algo- ~ OPerationO.q,s = 1,...,n, at that time.
rithm for this problem [16]. Therefore, instead of the Gonzaldzecause of the problem constraints, once ajgts assigned to
and Sahni optimal algorithm for preemptive open-shop scheefocessor, all operationg);y, s = 1,...,n must be executed
uling, a 2-approximation list-scheduling algorithm for the norPn . An operationO,, is calledschedulablen processos at
preemptive open-shop scheduling problem is applied in Steptiye ¢ if
of the decomposition algorithm DA in Section Ill. We now have 1) job J; has not been assigned to a different procegsar
the following lemma. some timet’ < ¢, and

Lemma 4: If an a-approximation algorithm is applied to the 2) an incompatible operatiof.- 4 (i.e., such that = s’ or
corresponding multiprocessor scheduling problem in Step 1  d=4d') is not being executed by any procesgat timet.
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Fig. 1. Problem instance that asymptotically achieves the upper bound of Lemma 5.

When a processor becomes idle at some tinteit can only of exactlym short operations each, of length/m). Let M =
start processing an operation that is schedulable at#ime m(m—1). The optimal schedule, shown in Fig. 2(a), is such that

1) List Scheduling, Version 1: processor, z = 1,...,m, executes exactly two jobs, say, jobs
Algorithm LS1 (List Scheduling, Version 14ll the tasks z andxz+m. This schedule has leng@f?:, = M = m(m—1).
O.4,8,d = 1,...,n, are initially arranged in an arbitrary list On the other hand, itis easy to see that under algorithm LS1, itis

L. Consider a processarwhich becomes idle at time If list possible for one processor, say, processor 1, to be assigned jobs
L is empty, the algorithm terminates. Otherwise, processorl throughm + 1, while processog, x = 2, ..., m, is assigned
starts processing the first schedulable operafignin L, and only one of the lastn — 1 jobs. Such a schedule is illustrated in
the operation is removed from the list. If no schedulable opéfig. 2(b), and has length

ation is found inL, processor remains idle until timeg’ > ¢

at which gnother 'processgrthat was busy at timECom_pIetes CUSL =924 m < Mot 1)
its operation. At time’, processors andy each scan lisL to m
select a new schedulable operation to process. (Ties are broken =mM —(m—1)=m?*(m —1) — (m —1). (14)
arbitrarily).
Lemma 5: Algorithm LS1 is anm-approximation algorithm Then
for the nonpreemptive SWA problem. LSl 9
. . C —-1)— -1 1
Proof: Correctness. By construction, the algorithm 0 = mim—1) - (m—1) =m—- —. (15)
Crax m(m — 1) m

ensures that a processor may execute at most one operation at

any time instant, thus satisfying constraint C3. The definition 2) List Scheduling, Version 2We now present a different

of a “schedulable” operation above, and the requirement thaygsijon of list scheduling which yields a 2-approximation algo-
processor, upon becoming idle, selects a schedulable operafighin for the nonpreemptive problem.

for execution, also ensure that the algorithm will never violate Algorithm LS2 (List Scheduling, Version 2Jhe » jobs
constraints C1 or C2. Jo,d = 1,...,n, are initially arranged in a list.. The opera-

Approximation ClaimLet C};5} denote the makespan of ajons of each jobJ, are also arranged in a ligty. A list 7, is
schedule produced by algorithm LS1, and’gh. denote the 3150 associated with each processpand it is initialized to the
total idle time (OVer alin proceSSOI‘S) in this schedule. We f|rsbmpty list. Consider a processﬁrtha‘[ becomes idle at time
observe that at no point in time can all processors be idle ¢ and letO,, be the operation that was just completed by the
in a schedule produced by using algorithm LS1, thlig.. < processor. Processerselects an operation to process next by
(m — 1)Ci3x. Because of (4), we obtain taking the following three steps in the order presented.

1) If there exists an operatio@,,,d # d, in the pro-

Cra < Lidte + Lreq 0 — 1 CLSt 4 gopt cessor’s list,, itis removed from the list and starts pro-
m m Ls1 opt cessing this operation at tintgnote that operatio®, 4
= Cnax S MO (13) is schedulable om at timet, since scheduling it does not
u violate constraint C2).

2) If no operationO,, is found in Step 1)z starts pro-
The following problem instance shows that, asymptotically, cessing any other schedulable operation in itd Jisand

the bound of the lemma is tight one The instance consists the operation is removed from the list.

of a numbenn of processors and a humhb2i of jobs whose 3) If no operation is found in the first two steps, libtis
operations are shown in Fig. 1. The firstjobs consist of two scanned. IfL is empty, the algorithm terminates. Other-
operations, one long operation of length— (m+1)/(m) and wise, let.Jy be the first job inL with an operation that

one short operation of lengiti/m). The lastm jobs consist is schedulable on processoat timet, if one exists. Job
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m M-(m+1)Y/m [Um] UnfUm| - ..

2 M-(m+1)/m |1/m| 1/n11/m| v

1 M-(m+1)/m [Vn Unflim] -
first m jobs last m jobs

@

last m-1 jobs
i oo [Umlum] - (UM Mmaym e[ Memelym |
first m jobs job m+1 first m jobs

(b)

Fig. 2. (a) Optimal schedule and (b) worst-case schedule produced by algorithm LS1 for the instance shown in Fig. 1.

Jar is removed fromL, and its list of operationd.; is Approximation ClaimConsider a schedul& built using al-

appended to processeis list [,.. Processox: starts pro- gorithm LS2, and let/; be the job that is the last to be assigned

cessing the first schedulable operation in its newllist to a processor (i.e., all other jobs have been assigned to proces-

and the operation is removed frdm sors before/,). Let ¢ be the time when job,; is assigned to a
If no schedulable operation is found at the end of the third stggrocessor. We claim that no processor is idle before tinT®
processorz remains idle until time > ¢ at which another see that the claim is true, assume that a procgsbecame idle
processoy that was busy at timeé completes its operation. At at timet’ < ¢. Note now that at most: — 1 different opera-
time t', processors andy each repeat the above procedure ttions were being processed at titieone at each of the other
select a new schedulable operation to process. Ties are resof@gessors. By assumptiofy includesn > m — 1 nonzero op-
using the following rule. erations, ana. — m + 1 of these operations are schedulable on

- Consider two processorsandy which start the process ¥ at timet’. Thus, under algorithm LS2 and because of the way

of selecting a new operation at the same tin&et us ties are resolved, jold; should have been assigneditat that

assume that processer finds an operation in Step 1) Point, contradiction. _

while processoy finds an operation at Step 2) or 3), but At time ¢, all jobs have been assigned to processorsH et

the two operations cannot be executed simultaneously/t: - - - - 7} be the partition of the job sef such that7, is

Then, processar is allowed to proceed while processotne subset of jobs that have been assigned by the algorithm to

y must either find another compatible operation or remaRf0cesso:, & = 1,...,m. Let p,q(t) be the amount of pro-
idle until a future time#’. Otherwise, ties are brokenC€ssing that operatiof, has received up to time Consider

arbitrarily. a new scheduling problem withh processors and jobs .J!,

Lemma 6: Algorithm LS2 is a 2-approximation algorithm Where each job is a set of operation, = {0.,,..., Oy},
for instances of the nonpreemptive SWA problem for which rig"d the processing time of operation,, is given by
operation has zero processing time (igg4 > 0, Vs, d). ,

Proof. CorrectnessBy construction, the algorithm sat- Pow = Z (Psa = paa(t)). (16)

isfies constraint C3. The fact that when the first operation of e
a job J; is schedulable on a processarthe job is removed  This new problem is an instance of open-shop scheduling [12]
from list L and is appended to processds list, ensures that with m processors ang jobs J,, where each job has a single
constraint C1 is not violated. Finally, the requirement that @perationO’ . to be executed on each processowe now ob-
processor, upon becoming idle, selects a schedulable operasierve that algorithm LS2 is also a list-scheduling algorithm for
for execution, guarantees that the resulting schedule will satishys open-shop problem. To see this, consider a procesthat
constraint C2. becomes idle at tim¢ > ¢. Since the last job was assigned
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to some processor at timtfeno new jobs will be assigned to then(n — 1) operations on one processor after the end of the
at or after timet’. Let O,, be the operation that was just com-optimal schedule for the original problem, thus

pleted byr at timet’. Because of the first step in selecting a new oot oot o

job under algorithm LS2, if there is another j6hy in list I, x Citx (new) < GiE5 (original) +n(n — 1)e. (20)

will start process_in@sdf at timet_’. Whenz become_s idle againz The optimum schedule for the new problem is at most equal to
the same selection process will be repeated until all operatiqps, schedule. Since at the third step of the algorithm we remove

Osqr With the same sourcein list i, are completec_i (note thatsome operations from the schedule produced by LS2, we have
each of these operations are schedulable ahthe instant the that

previous one is completed). Thus, these operatiogns will be
executed back-to-back, in some order, without interruption, and  CL52 (original) < CL52 (new)
no operations with the same source will be added td Jisfiter < 90°Pt
time #’. But all these operationd,. are part of the operation oo

opt C
O’ of job J’ in the open shop problem. Consequently, oper- < 2035 (original) + 2n(n — 1)e. (21)

ation O, will be executed without preemption on processor gy selecting an appropriate value fowe see that the schedule
by algorithm LS2. Therefore, algorithm LS2 is a list-schedulingpizined in this way for the original problem is at most twice
algorithm for the open-shop problem. the optimal schedule.

Let D,,,, (respectively,S;,,,) denote the maximum pro-  Einglly, we note that algorithm LS2 is valid in an on-line con-

cessing time associated with any processor (resp., source) int@&, where the jobs are not known in advance but appear one
open-shop problem. Since there is no idle time in the schedylger the other.

constructed by algorithm LS2 until tinte we have that

(new)

C°Pt (SWA) > ¢ + max{D’ g/ V. CONCLUDING REMARKS

max max? maxJ "

17
40 We considered the scheduling and wavelength assignment
(Note that we give the problem to which the various paraméSWA) problem which has applications in packet-switched
ters are related in parentheses: OS for open-shop, and SWAdptical WDM networks. We proved that the SWA problem is
the original SWA problem.) Since LS2 is a list-scheduling alvVP-complete for both the preemptive and the nonpreemptive
gorithm for the open-shop problem, and any list-scheduling alases. Furthermore, we proposed two efficient approximation
gorithm is a 2-approximation algorithm for the nonpreemptivalgorithms. For the preemptive case, we described an efficient
open shop, we also have that approximation algorithm based on a natural decomposition of
the problem. For the nonpreemptive case, we presented two
CL32 (08) < 2max{ Dy, St} < 2092 (0S). (18)  |ist-scheduling algorithms, the second of which is a 2-approxi-

) ) mation algorithm for both the off-line and the on-line contexts.
Finally, we get the desired result as follows:
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