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Abstract—For on-demand scheduling of optical networks, it
is known that networks equipping a relatively small amount
of wavelength converters can provide a comparable blocking
probability to that of networks in which each nodes have a
wavelength converter. However, the impact of wavelength co
verters on in-advanced scheduling, especially First-Slatcheduling
is not known. In this paper, we conduct a thorough study on
the relationship between wavelength converters and Firs8lot
RWA algorithms using various metrics. We introduce a model
for networks with sparse wavelength conversion and emplo§gBF
and KDP as our RWA algorithms. We evaluate the performances
of these algorithms under various topologies and workloadsy
varying the fraction of routers that have wavelength convesion.
Our results show that increasing the fraction of nodes with
wavelength converters reduces the blocking probability, bt have
only marginal effects on requests’ average start time. Hower,
both metrics are heavily affected by network topology and taffic
load. We also observe that accepting requests greedily, BkEBF
does, yields better performance when the workload is low, buthe
more conservative approachKDP, is superior when the workload
is high. Other contributions of this paper are a carefully sdected
tie-breaking scheme and a hybrid scheduling algorithm thaselects
the scheduling strategy based on current workload.

|. INTRODUCTION

the same wavelength throughout all the links that it spans.
However, this constraint is relaxed in an optical networatth
is equipped with wavelength converters. The signals receiv
by a wavelength converter may be transmitted on a different
wavelength in the next hop. When every node in the network
is equipped with a wavelength converter, the network sugpor
full wavelength conversionVhen only some of the network
nodes have a wavelength converter, the network supppaise
wavelength conversion

Although the design and implementation of a full-convemsio
scheduler is relatively straightforward, the high cost and
the added latency introduced by wavelength converters make
sparse-conversion more attractive in practice. Existesgarch
on On-Demandscheduling has shown that wavelength con-
verters have the potential to improve blocking performance
significantly and that it is necessary only for a relativatyadl
fraction of the nodes to have a wavelength converter to gehie
blocking performance comparable to that of full wavelength
conversion [11]-[13]. Since on-demand scheduling reseave
path for a fixed time slot, this result applies directly to the
Fixed-Slot scenario. The impact of wavelength conversion o

Dedicated optical networks have enabled a variety of largeirst-Slot scheduling has been evaluated in the full-cosive

scale scientific applications, calledSciencgthat are both data scenario [6]. The focus of the current paper is to understasd
intensive and geographically distributed. These apptinat benefits sparse wavelength conversion on First-Slot sdingdu
generate huge amounts of data (order of terabytes to pegbyt We present a new network model that that can emulate
and require these data to be transferred across the nettsork.the existing full-conversion algorithms when only a subset
amples ofe-Sciencepplications includes high energy physicef nodes have a wavelength converter. We demonstrate the
[1], astronomy [2] and climate study [3]. The data transfertility of this approach using thExtended Bellman-Ford(EBF)
requests from e-Science applications consist of a lightgait [14] andk-Alternative Path(k-Pathalgorithms. We choose the
provides guaranteed bandwidth for certain duration. Ddjpgn EBF and k-Path algorithms for our study because these two
on how the request’s start time is specified, the requests @gorithms, respectively, represent the two major classfes
be classified into two categorieSixed-Slotrequests anffirst-  First-Slot algorithms that have been proposed for first-slo
Slot RequestsFixed-Slotrequests specify a exact start time ascheduling.EBF guarantees to schedule a request whenever
which the path should be available, whitirst-Slot Requests there is a feasible path [6]. Thie-Path algorithm schedules
describe a time window in the future and expect to be fulfillea request only when this can be done using a path from a
as early as possible within this reservation window. Schiegu set of & precomputed paths. Thk-Path algorithm is easy
algorithms for both request types are presented in [4]-[6h implement and is very fast. As a result, this algorithm is
Several reservation systems already have the ability tedsde commonly used for both Fixed-Slot and First-Slot schedylin
such requests by reserving a lightpath in an optical netwde, [5], [12]. We evaluate the algorithms on 3 performances
[71-[10]. metrics: blocking probability, average start time and sichieg

In optical network scheduling, the primary concern is nogti overhead. Blocking probability, which measures the rafio o
and wavelength assignment (RWA). Wavelength division multblocked requests to the number of scheduled requests, is
plexing (WDM) allows multiple lightpaths from differentesss the primary metric used to evaluate a scheduling algorithm.
to share one optical fiber simultaneously. Normally, a tdasi Average start time, which presents how early the requested
lighpath in the optical network has to fulfill theavelength lightpath is available, is of special importance in the firs
continuity constraintwhich forces a single lightpath to occupySlot scenario. Scheduling overhead, which compares éhgosi



according to their computation costs, is an important roétni  be mapped to a link’ in E’; else,! will be mapped intolV’
the algorithms practicality. pseudo-links(l}, 1, ...,1,,) and each pseudo-link stands for a
Our primary goal is to study the impact of wavelengtispecific wavelength that carried inin the extended modef;
converters on First-Slot scheduling and to analyze the ¢teatp is incident ton!, iff [ is incident ton in the original graph and
behavior of typical RWA algorithms in the context of spars& andn/ is theiriy, pseudo copy respectively.
wavelength.conversion. Extgnsive experimental rgsgﬁsp&e- Figure 1 shows a example of a 4-node ring topology. The
sented in this paper. According to our test results, inangae  petwork contains 2 wavelength converters, nodes A and Bh Eac
fraction of nodes with wavelength converters is of grea#ti®  |ink carries 2 wavelengths. Its extended presentationyshan
for blocking performance in relatively low traffic casesnha he right side, contains 6 nodes and 7 links. Each non-cewer
the high workload cases. However, the average start times gpdes are split into 2 pseudo-nodes(nofies, C2 for node
almost unaffected by wavelength converters ratio excafth® ¢ and{D1, D2} for node D). Each optical link that is incident
marginally improvement in small topologies.. to a non-converter node is split into 2 pseudo-links and each
Another key consideration in this paper is to explore theseydo-link stands for one individual wavelength(link(®L)
advantages and disadvantages of the 2 scheduling ststegigy (B, c2)for link (B, C) for example). Two pseudo-nodeg tha
represented bEBF andk-Pathrespectively. Intuitively, always are adjacent in the extended model must fulfill 2 conditions:
accepting a request whenever there is a feasible lightmathyiheir corresponding nodes are adjacent in the origiraphyr

the network, which is done b§BF, should provide better a4 2) they are either converter nodes or their wavelengiéxin
performance than limiting the search for a feasible path togytches.

small set of candidate paths as is don&-Rath However, our
results show that this statement is only true when the dveral

workload is small compared to network capaciBBF often @ node with Converter
schedules a request on a longer path than used bi-Bath B A [l Node without Converter
So, when the workload is high, the additional resourcegatll 2

by EBFto accept a request negatively impacts the acceptance 2 2 ‘
future requests. Our results clearly demonstrate thededfes: c1

EBF performs better when network capacity is ample for th
requested workload, blk-Path outperforms when the traffics c 2 C2
congest the network. This observation leads us to propose
hybrid approach that automatically switches between the tv.
algorithms based on current network traffic.
We also study different tie-breaking approaches when mul- Fig. 1. Extended Network Model
tiple paths are feasible and the impact of different tieakireg
schemes on overall performance in the presence of sparge wav
length conversion. Aslack tie-breaking scheme is proposed The extended graphy’ is equivalent to the original graph
and its performance relative to other widely used strategie G-Every feasible lightpath in G has a corresponding path in
analyzed. G’ and vice versa. The wavelength continuity constraint is als
The rest of the paper is organized as follows. Our netwoR¢eserved in the extended model. If nodéas no wavelength
model and related data structures are given in Section k. Teonverter inG, every corresponding pseudo-nodg in G’
RWA algorithms used in this paper are detailed in Sectidh incident by and only by the pseudo-links of wavelength
lIl. The experimental environment and results analysis at@dexi. Hence, we can directly apply the RWA algorithms that

presented in Section IV. In Section V, we describe relatedkwo 0riginally designed for full-conversion/no-conversioetworks
Finally, we conclude in Section VI. to the sparse conversion scenario with little adaptation.

Original network Extended presentation

When scheduling a request, if the source or destinationsrode
are extended to multiple pseudo-nodes, the RWA algorithm
A. Network Model needs to check every corresponding pseudo-source-déstina

The topology of a optical network with sparse conversion R&irs. So at mos#V? rounds of the original algorithm are
represented as a gragh= (V, E, W) whereV is the set of needed in the extended model, whéfeis the maximum num-
optical switches or routerd; is the set of optical links ant” js ~ Der of wavelength carried by a link in the network. Also, dagri
the number of wavelengths supported by each link. Each nodé'g model extension, the graph size can increase by atlrﬁost,
in V is associated with a boolean functiéf{n), which is true times for.|ts I|_nk and node number. Therefore, an algoritim
if and only if the node is equipped with wavelength convertgf®mputation time on the extended modél is bounded by a
To emulate the full-conversion algorithms, we first conthet  Constant ratio(a polynomial d¥) of the computation time for
above graph into a new graglf = (V/, E'). To map node set that algorithm in full-conversion scenarios, which runstba
G to &', for a noden € V, if n equips a wavelength converteroriginal n_etworkG. $o, th_e adz_;\pted algo.rithm has the same
(i.e. F(n) is true), a corresponding nodewill be inserted into  @Symptotic complexity as its original version.

V' If F(n) is false, W pseudo-node$n/,n),...,n,,) will be In this paper, we emplo¥xtended Bellman-Fordlgorithm
inserted.IW is the number of wavelengths defined ¢h For andk-Alternative pathalgorithm as our RWA algorithms. The
alink [ € E, if e connects 2 nodes with converters, it willdetail of the algorithms will be presented in Section IlI.

II. NETWORK MODEL AND DATA STRUCTURES



B. Data Structures IIl. ROUTING AND WAVELENGTH ASSIGNMENT
ALGORITHMS

When developing a bandwidth reservation system, one musiThe RWA algorithm for First-Slot problem usually contains
decide on the representation of time. The options are t@ritt8 steps:
consider time as divided into equal size slots as is done in1) |dentify the earliest start time.

[4], [15], [16] or to consider time as being continuous as in 2) Find the shortest path that provides such start time.
[14], [17], [18]. For the reasons of space efficiency andltesu 3) Assign the wavelength.

a;::_curacy af‘ str?_ted ind[5|], \r’lve use thefcont:]nl;jc_);s “’_“e T“Oge'AE the wavelength assignment are independent from the first
t 'S paper. n this moae t e statgs of €ach link malnta|_ne 2 steps, most RWA algorithms handle this step separately. In
using a Time-Bandwidth list (TB list)[’ B[], that is comprised our paperEBF andk-pathalgorithm proceed the first 2 steps.

gf tL(ijIgc;shothEe for:n(ti., bi)’_\r’\g?.reti is a time andb; is da wavelength assignment strategy calleéast Conversion
andwidth. The tuples in a ist are in increasing order gf¢ o menis explained in Section 111-D.

t;. If (t;,b;) is a tuple ofT'BJI] (other than the last one), then
the bandwidth available on linkfrom ¢; to ¢, is b;. When A. Extended Bellman-Ford Algorithm

(ti,b;) is the last tuple, a bandwidth df is available from  g,4anded Bellman-Fordigorithm [14] applies the Bellman-

ti t(.) o0 Consider thellink shown in Figure 2. The graph I¥ord shortest path algorithm [19] to the ST lists on linksttha
a pictorial representation of the bandwidth available ois thmay connect source and destination. The key steps of the
link as a function of time. So, for example, a bandWidtQIgorithm are as follows:

of 5 is available from time 0 to time 1 and the available

bandwidth from 2 to 3 is 4. The corresponding TB list is 1) Iz;lel}tlism(’a?r?s rfer?)rris\e/gﬁtetzes utglo\?er?éxthue tr?;[ Ir':\?e f(;;
[(0,5), (1,2), (2,4), (3,5), (4,1), (5,5)]. S

most k edges. Clearlyst(0,u) = § for v # s and
st(0,8) = [0,00]. Also, st(1l,u) = ST(s,u) for u # s
and st(1,s) = st(0,s). For k >= 1, the following
recurrence can be derived:

st(k,u) = st(k—1,u)U
{Uv,(v,u)EE{St(k - 17 U) N ST(’Uv U)}}
2) Construct the listt(n— 1, d), which gives the start times

of all paths from s to d that have bandwidBl” available
for a durationDur. If st(n — 1,d) is not empty,a in its

TB List: ((0.5), (1.2), (24). (3,5). (4.1). (5.5)) first (a,b) pair is the earliest start time for this current
source/destination pair, denoted &as;.
Fig. 2. TB List 3) For all possible source/destination pairs, find the min-

imum est; as the earliest start time for the request
and the corresponding source/destination paird;) are
All requests are submitted to an centralized scheduler for recorded.

scheduling. Each request wants to establish a path in thet) Remove the links that can not provide the requested
network with some capacity and for some duration. The rdques  pandwidth at the earliest finish time.

also specifies a reservation windg@/1', ET], where the path  5) Run Breath-First Search [19] on the extended model and

should be available and only available within this window fo find a shortest route from the to d;, map the route back

the requested duration. File transfer requests are cleaizsd to the original graph.

by a 6-tuple(s, d, BW, Dur, ST, ET) wheres andd is the  tpq complexity of intersection and union operation is linea

source and destination location of the path to be estalblishg, 4o length of the current ST List. For each iteration of

BW is the number of request wavelengths abdr is the  constryctingst(k, d) for st(k — 1,d), we needs to compute

expected duration of the pats’” and ET" specify the start yhe ST |ist for each link and each computation taked. )

time and end time of the reservation window. time, whereL is the length of the longestt list. Since the
With the definition of both TB List and user request, weonstruction iterates at mo${ — 1 times, the complexity of

define Start-Time List(ST List) on each link in the network tehe extended Bellman-Ford algorithm@ N « E x L), where

incorporate the TB List and request info together for thetstaV and £ is the number of nodes and links in the graph.

time computation. A ST list is comprised of pairs of the form ) .

(a, b) with the property that for anye [a, ], the wavelength B- k-Alternative Path Algorithm

of this link has bandwidtlB1W available fromt to ¢ + Dur. Thek-Alternative pathalgorithm is extended from the short-

The ST List for each wavelength can be easily computed bgt path algorithms routing used B)S PF' in Internet routing.

scanning the corresponding TB list in linear time. [14] haRecognizing that an OSPF-like algorithm may fail to find a

shown that if we collect all the, values inside[ST, ET] in feasible path in a network that has a feasible path, k-Path

every link, the earliest start timefor current request is one of algorithm generates additional disjoint paths with theéhtifat

the a;s. one of the additional paths will be feasible. By construgtin



ST List on each path, it is easy to decide which path providength and path capacities due to the elimination of the wave
earliest start time. If the all generated path is infeasithe length continuity constraint. Hence, in terms of load beiag,
request is reject. choosing longer path with higher capacity may also reduee th
The k paths can be either fixed or dynamically generated. gotential congestion by alleviate the traffic in the shothpaln
Fixed path are computed for each node pair before the fithts paper, instead of usingirst-Fit strategy in originalEBF
scheduling begins according to some given link costs. Tlaad KDP algorithm, we employ aslack tie-breaking scheme
k-dynamic path are computed for every request according ttmat selects the path that at mbgtops longer than the shortest
current network status. Usually, the most congest link hae path but have the most free wavelengths among all the paths
large cost so as to be avoid in the path computation. [20] hathat have fewer or equal hop counts. We call these vaE&ifit-
shown the k-Dynamic paths can provide a much larger netwdgand KDP-S
throughput than k-Fixed paths, especially when the trafféel  Intuitively, h should not be too large or the benefit of load
is relatively large for the network’s capacity. So, in thisper, balancing would be canceled by the waste of link capacities
we adopt the this k-Dynamic paths algorithm and caKP. on longer paths. In Section 1V, we will comparing tRiest-Fit

. . . scheme withSlackscheme and perform a numeric analysis on
C. Breaking the Ties in Path Selection the choice ofh in different scenarios.

When multiple paths can satisfied a user’'s request, a tie-
breaking scheme is needed to select one of them as the actualvavelength Assignment

scheduled path. The most straightforward scheme breaks tleWith the presence of wavelength converters, wavelength

based onfirst-fit(FF) strategy orShortest Path(SP}trategy. assionment becomes less important in optical routing. Kewe
First-fit strategy terminates the path selection once a succee 9 ; port P . 9. New
path is found. Shortest-pathstrategy chose the path With®S wavelength conversion contributes a considerable delay
minimum hop'number. Both strategies are widely used Fﬂe optical trgnsmission [21], a proper wavelength assegrm
non-conversion and full-conversion scenarios, but ushegnt would potentially reduce such overheads.

directly in Sparse wavelength conversion needs carefudiden For those Ilnks that c.onne.ct o a non-converter nm_jgs, the
eration as these paths are computed on extended models. wavelength assignment is quite straightforward, as theifpe
ﬁlvelength has been already identified with the lightpatindu

In the extended model, the shortest path does not necgss%,: th selecti Y for th links cah
corresponds to the shortest path in the original graph foresa € pain selection process. HOWEVET, Tor those links cdnnhec
two wavelength converters, we apply theast conversion

source/destination pairs. Figure 3 gives an example of adén . rather than thefirst-fit alaorith qi ¢
ring with only 2 converters, nodes A and C. Each link consis signmentrather than nefirst-nt aigorithm ‘used n mos
WA algorithms. Inleast conversion assignmetie link that

2 wavelengths. At some conjuncture, the available waveieng ) .
8gpneqs 2 converters_ will use the same V\_/avelength e|_ther as

IS previous hop or as it next hop unless neither wavelengths
not available. For instance, lé& E connects two wavelength
convertersw; be the wavelength assigned for the previous link
on the path andw,} be the set of common wavelength of
both I and I's next link. If w; is available oni, we assign
his w; to the lightpath, else we assign any wavelength in
F%wn} if {w,} # 0. If neither is available, a random available
wavelength in assigned. This strategy can always guarantee
A feasible solution while avoiding the unnecessary convessi

of 1 wavelength of capacity from node B to A. Two candidat
paths are availableB, — C — Dy — A and B, — A.
Assume that both path provides the same start time,Fitis¢-
Fit tie-breaking scheme will choose the péai$;, A) as source
and destination when the node-pairs are checked in lexidalo
and theShortest Pattie breaking scheme will choose the 3-ho
path as it is the one availablg, to A.

IV. EXPERIMENTAL EVALUATION

‘ 1 0 A. Experimental Framework
0 D1

In this section, we measure the performance of the schedul-
C D 0 D2 ing algorithms described in Section 1ll and analyze how
wavelength converters affects the algorithms’ perforneaimc
various scenarios. We compare the tie-breaking schemes in
Section 11I-C to show the effectiveness of oslack strategy;
Fig. 3. Extended Network Model We analyze the performance of RWA algorithms for 3 metrics:
blocking probability, average start time and executionetim
A tie-breaking scheme that choose the shortest path lyour experiments, blocking probability is measured byorat
examining all source-destination pairs, rather than thst fiof rejected requests comparing to the total submitted tque
succeed pair, would solve the problem. However, consideriAverage start time is measured by the average delay between
only the path length would not be enough in the context dtie reservation window’s start time for a job and its acttiatts
sparse conversion. In networks without wavelength comweys time. Execution time measures the convergence speed of each
shorter path is more likely have common wavelengths, tbeeef algorithm and how it varies with network size and workloads.
less likely to block the requests. However, the present We also proposed a self-adaptive algorithm switching etpat
wavelength converters reduces the correlation between p#tat dynamically choose the suitable algorithm accordintpé

Original network Extended presentation
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current workload. The performance of this switch strategy i 016

tested in various scenarios. 014 _:j
To simulate a e-Science backbone, we use a 10-node ring 1 anea
topology, a 25-node mesh-torus topology, a real work 1lenod 008 1
Abilene network (Figure 4c) and several randomly generated % oos
topologies. Each link is assumed to carry 10 wavelengths. zz:] ‘
For randomly generated topologies, we set the out-degree of o [ | [ - ‘ = ull
0 20 40 60 80 100

each node to be random integers between 3 and 7. To ensure
network connectivity, the random network has bidirectlona
links between nodesandi + 1 for everyl < i < n, wheren

is the number of nodes. During the results analysis, we fouﬁ'&z' 3'05
that the test data from Ring and Abilene topology are very

similar to each other, while Mesh-Torus and random topology

also results in almost same observations. Thus, in thisrpapgindow starts at some time after the requests’ arrival. As th
we only present the results from Ring and Random topologysults are relatively insensitive for this lag, we arbityechose

to avoid redundant diagrams. The full analysis on data frtbm & as 100 time units. The length of the window is randomly
four topologies can be found in our technical report [22].  select from 2 to 4 times of the request duration.

Besides ratio of nodes that have converters, their placemenWe assume that the requests arrive in a Poisson process for
in the network is also an important consideration and extenseach source/destination pair with an arrival rateFollowing
studies have been performed [23]-[26]. In this paper, wealo rthe experimental setting in [114y is picked in the range from
employ any specific wavelength converter placement palici®.01 requests/time unit to 0.1 requests/time unit for eamen
for following reasons: 1) most converter placement stiateg pair. So, for example, with a arrival rate of 0.05 requeist®'t
are closely related to traffic distribution in the networlt khe unit, one run of our experiment on a 100 node random topology
traffics pattern are not precisely known at the network desigvould process approximately+ 10° requests during the tests
time. 2) we assume that topology and converter placemavtiich lasts 1000 time units. All our experiment assume that
are predefined. The scheduler cannot make changes. Insteagstart with no load i.e., no existing scheduled transfers.

a simple placement strategy is used in our evaluation. A node

is capable of wavelength conversion with probability of &- SlackTie-Breaking Scheme

independent of the other nodes. The number of wavelengtiRecall that in Section I1I-C, to select the best candidata,pa
converters in a network oN nodes is binomially distributed we consider all the paths that are at mashops longer than
with an expectation ofVq. In our simulation, we us&VLC the shortest path. Hence, to evaluate the performance sé the
Ratio to indicate the percentage of nodes that are equippleguristics, we must first decide the value of theFigure 5
with wavelength converters. We will compare the algorithmexplore howh’s value influence the blocking performance of
performance under differeW/LC Ratioto plot the impact of EBF — S in various topologies. In the small topology like 8-
wavelength converters. Although a simple strategy is applinode ring,h = 1 provides the best performance, while in the
here, our expectation is that a performance comparisondegtw 100-node random network, the= 2 case is marginally better
different approaches should be applicable even when a metignh = 1. Also, largeh values like 3 or 4 actually deteriorate
sophisticated placement is used. the performance as the link capacity is wasted by choosing

File transfer requests are synthetically generated. Each long paths. In our tesfy = 1 is also the best choice for Mesh-
quest is described by the 6-tugke, d;, BW;, Dur;, ST;, ET;). Torus and Abilene. Similar results (not presented here}ewer
The source and destination nodes for each request werdesklealso observed foll DP — S. In the following tests, we chose
using a uniform random number generator so that the workload= 1 in for Ring, Abilene and Mesh-Torus topologies and
is distributed uniformly among different node pairs. Wittho ~» = 2 for random network.
loss of generality, we assume each request asks for a capécit Figure 6 depicts the wavelength converters’ impact on block
only 1 wavelength. The duration is uniformly distributedhim ing performance by varying the wavelength converter ratio f
a range of 100 to 500 time units. The arrival of the requegarious topologiesEBF-S and KDP-S use the simpld-irst-
follows a Poisson distribution with rate. The reservation Fit tie-breaking scheme blEBF-S and KDP-S employ slack

mh=1

Blocking Probability

'WLC Ratio
(b) Random

Different h values for different topologies. Network Traffic Load:
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Fig. 6. Benefit ofslack tie-breaking scheme in various topologies. Networlig- 7. Blocking Probability vs. Wavelength Converter Rath various
Traffic Load: o« = 0.05. topology with low traffic load.

scheme. We observe that the algorithms wsthck scheme

work much better than. the algorithms .US”W scheme in break is specified as only one path is available. However,
all cases. Thus, choosing longer path in presence of exc

capacity benefits the blocking performance for sparse wa a5 First-Fit wavelength assignment is appliefixed-Shortest

length conversion. Another observation is that whinC Ratio Wt routing is denoted &P-FF in our diagrams. Figure

. . . . 7 and Figure 8 depict the how the blocking probabilities
0, -
_equals 20%, the block_mg probability dirst Flt_algorlthms changed with wavelength converter ratio in Ring, Mesh-$oru
is worse than not having any converters. This phenomen

b lained foll ~wh lenath Bilene and Random-100 topology. Figure 7 present the tesul
can ﬁ E)I(p ained as 10 O\tNS' when n:) (;Nﬁve etngl ion;/er tained when the network’s traffic load is relatively low:
'S avarable, many requests are rejected due to fack of Con- [0.01,0.05], while Figure 8 present the result when

tinuous wavelength, but the accepted request are more)ev%%rkload is relatively hight € (0.05, 0.1]

distributed among all wavelengths and long lightpaths ass | ) : .
likely to be established. When a small number of nodes are""om Figure 7 and Figure 8, we note that Increasing the

equipping with converters, the traffic scheduled Fiyst-Fit wavelength converter ratio can decrease the blocking proba

strategy are more likely to use those long paths between wiifjties for all algorithms. However, the improvement isal
wavelengths of lower index, as shown in Section III-C. Th ependent on the network’s traffic load. When network traffic

additional benefit from having 20% converters is not enoudﬂad is relatively lowEBF only needs about 40% of wavelength

to cover the degradation due to the wasted capacity of |oﬁanverter§ to provide_ a satisfactory blocking performaibee
paths. Although this degradation can be compensated bgreith® Plocking probabilities ofKDP and SP decreases more
inserting more converters, as plotted in Figure 6, usingthek g_radually as _the increase of WLC Ratio. When traffic Ioad_ is
scheme is obviously more effective and economical. We alBigh: increasing the wavelength converters has only matgin
notice that the improvement brought by thiack scheme in improvement on all algorithms. This can be explained as
Ring and Abilene topology is not as much as in mesh-tora%"(?ws' EBF explores the network_more thoroughly for an
and random topology. This is consistent with the conclugion available path fcharKDP and_ SP. With a small amount of
[11], which states that wavelength conversion can help riroreCONVertersEBF is able to satisfy the traffic demands IDP

the topologies with more divergence and connectivity, asemd?d SP can not. However, when traffic load is high, majority
variants in the paths are available. of blocking occurs due to lack of link capacities but not

In the test for both Figure 12 and Figure 6, the netWorril("le availability of continuous wavelengths. Hence, insieg
traffic load is set to a moderate degree— 0.05. However wavelength converters has little impact in heavy loads.
similar results are also observed under different workdoad =~ We also note that in all topologiesBF-S and KDP-S

) N algorithms can achieve a much smaller blocking probability
C. Blocking Probability comparing toSP-FFalgorithm. In simple topologies like Ring

In this section, the blocking performance &BF-S and (Figure 7a and 8a)BF-Sand KDP-SleadsSP-FFfor about

KDP-S are evaluated and compared thixed-Shortest Path 2-5% on blocking probability, while in those more complex

routing algorithm. ForFixed-Shortest Pathrouting, no tie-
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exists, butKDP only tests no more thak paths. When the

long-term traffic load is low, the network’s capacity is ampl
to accommodate most requests, thBF that acts greedily
would accept more requests thEBDP. However, when traffic
— load is high, limiting the routes to only those short pathd an
B reject some long paths would definitely benefit the schedile o
future requests. In that case, the more conserv&iive would
provide a better performance in the long run.
This observation can also be supported by the fact that
100 EBF actually consumes network bandwidth faster théDP
does. Figure 9 depicts the total amounts of link capacitias t
EBF and KDP consume under different workloads. The total
1200000 resource amounts are definedas, p, ,(Dur(p)-length(p)),
where RLP is the set of all established lightpathBur(p)
is lightpathp's duration andlength(p) is p's hop count. We
see that, for the same request $€BF consumes more link
capacities tharKDP in low workload cases, aKDP rejects
those long-path requests whileBF accepts them. When the
workload is high,KDP, which rejects some early long-path
requests, substantially accepts more requests in the lamg r
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(b) High Workload consumes are almost equal in high workload.

Fig. 9. Total resource consumption in a 100-node random ar&twinder
different workload.

D. Requests’ Average Start time

In the all-optical routing area, blocking probability isnalys
topologies like random network (Figure 7b and 8b), the advaime primary concern, but for this special case of First-Slot
tages are doubled. This is consistent with the results i [18cheduling, the availability of earlier start time may atsoan
that shortest-path routing is less likely to be improved tlue important metric to evaluate a scheduler’s performanaguréi
the small number of alternative lightpaths. 10 and Figure 11 present the influence of wavelength converte

Another important observation is thBBF outperforms&KDP ratio on the requests’ average start time. Similar with the
in low traffic workloads(Figure 7), blKDP leadsEBF in high previous section, Figure 10 shows the start time performanc
traffic workloads(Figure 8). This can be explained as foliowin the low traffic case and Figure 11 shows the test result in
EBF tries to find any possible path for current request if tigh workload cases.
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To exclude the impact of blocked requests on the average Scheduling Overhead
request start time, we set the reservation window for each . . . .
request to a large enough time interval such that every stque In this section, we dlscgss about the scheduling _overhead
will be accepted at some time within the window. Fron?f our RWA algorithms. Figure 12 presents comparisons on

the above figures, we can observe that increasing wavelen (;schgdulln(;; overhiad_ (EB';'S and K?P'Sr]w't%va”gl_]s
converters has positive impacts on the requests’ start, ti LC ratio and network size. These results show BBF-Sis

but the improvements are not as obvious as the impact dRout 2-5 times slower t_halNDP_-S and its computatio_n time
blocking performance, especially f@&BF-S and KDP-S In  9rOWs fastgrthaKDP-Swﬂh _the increase of '?etwo”‘ size. The
Ring topology, the improvement from 0% WLC ratio to 100%3_xecut|on time decreases with the increase in WLC ratichas t

WLC ratio is only about 5% in low traffic load case, and 15% ifize of extended network is smaller. However, even for a_4(_)0-
high traffic load cases. In random topology, the improver&merﬂOde topologyEBF-Scan schedule a request averagely within
are almost negligible several seconds. This should be acceptable in most scenario

In summary, equipping the network with some wavelength

We also note thaEBF-Sand KDP-S lead the average startconverters do improve the blocking performance, but adding
time over SP-FF in all case. The advantages are larger imore converter after certain threshold does not bring more
random topology than in Ring topology and they increase henefits. Meanwhile, the traffic load and network topologyal
the workload increase. This shows tlEBF-SandKDP-Shave cast great influence on the blocking probability. For theage
the ability to schedule the requests in a more parallel wan thstart time, we found that the effect of wavelength convesto
SP-FF When the network capacities are ample for the requesg,minor for bothEBF-Sand KDP-S but the traffic load and
EBF-Sand KDP-S provide much faster schedules. When theetwork topology have more evident influences on this metric
traffic congests the network, those forthcoming requests haComparing two algorithmdzBF-Sgenerally performs better in
to wait for previous requests to finish due to lack of networthe low traffic cases, bukDP-Sis a better choice when the
capacity, which reducEBF-Sand KDP-Ss advantages. traffic load is heavyKDP-Sis faster tharEBF-Sin all case, but

o ) ) ) ~in even in the worst cas&BF-Scan still schedule the requests
Similar to the results in previous sectiofBF-S again iy an acceptable speed.

outperformedKDP-S in low workload cases on average start ) o

time, andKDP-S gains better performance for conservative: Algorithm Switching Strategy

reservation strategy in the heavy workload. When the nédstor We find out in Section IV-C and Section IV-E that the
capacity is relative ample comparing to the requested warkl greedy approacBBF-Shas better performance when the traffic
EBF-Shas the ability to start the job earlier th&®P-S but load is comparably light, while the conservative approach
their performances are very close in large topologies. When KDP-S works more effectively in the high workload case. In
work network is under congestion by high request raf&P-S this section, we propose a self-adaptive algorithm swiighi
leads the average start time in all topologies and its adgant strategy that automatically choogeBF-Sor KDP-Saccording
are more observable in large networks. to current traffic load in the network.
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The main idea of the switch strategy is as follow. The timgsmain static or changed infrequently, our algorithm shitc
domain is divided into equal-length time slots. The schedulsrategy can provide a pretty good performance by synthetic
runs both algorithm simultaneously on each request, thi&ehOthe merits of both algorithms. However, when the traffic grat
of whose result to apply in current time slot is made at thg changing frequently, the switch strategy does not guaean

beginning of this slot, assuming current traffic has the lsimi 511y improvement comparing to eithEBF-Sor KDP-S
pattern as in last slot. The performances of the candidgte al

rithms can be evaluated by either their blocking perforneanc V. RELATED WORK
average start time of the requests scheduled in the lasbslat ~ Generally, bandwidth reservation systems operate in one of
combination of the two. Comparing the statistical perfonoce two modes [5]:

of both algorithms in the last slot, the algorithm that perfed (a) In on-demand scheduling, bandwidth is reserved for a

better in the last slot takes effect in the current slot. dides not time period that begins at the current time.
perform as good as the other one in current slot, the schedyty In in-advance scheduling, bandwidth is reserved for a
will switch to its alternative at the beginning of the nexatsl time period that begins at some future time.

To evaluate the performance of our algorithm switch stygtegon-demand scheduling is a special case of in-advance sehedu
we designed 2 scenarios: slow traffic pattern switct8TR®S ing: the time interval between the request’s arrival and its
and fast traffic pattern switchingTPS. In our test, we assume actual starting time is zero. On-demand scheduling, which
the request arrival rate is randomly selected from the ranges typically supported by Multiple Protocol Label Switchin
[0.01,0.1] and the length of each time slot is 10 time units. IIMPLS) [27] at layer 3 and by Generalized MPLS (GMPLS)
STPSscenario, the arrival rate changes its value with 50% [28] at layers 1 and 2, is supported by CHEETAH, DRAGON,
probability every 100 time unites. IRTPSscenario, the arrival and UCLP. Typical algorithms for on-demand scheduling can
rate changes its range with 50% probability every 10 timésunibe found in [29]-[31]. In-advance scheduling is supportgd b

Figure 13 and Figure 14 depicts the blocking and start tin@eantll, OSCARS, USN and Enlightened. The corresponding
performance of our switch strategy in both scenarios in & 10&lgorithms are described in [4], [6], [17].
node random topologyS-SSalgorithm stands for the switch A summary of various Fixed-Slot and First-Slot RWA algo-
strategy worked in th&TPSscenario, whileDS-FSalgorithm  rithms for optical networks with no converters may be foumd i
stands for the switch strategy worked in tR&@PS scenario. [5]. The Extended Bellman-Fordlgorithm was first proposed
The results show that the hybrid algorithm workedSAPS in [14] to solve the First-Slot problem without wavelength
scenarioDS-SShave the best performance on both metrics, asnverters whereas tHeAlternative Pathalgorithm was orig-
the history information from last slot predict the currenatffic inally proposed to solve the Fixed-Slot problem. [16] aedpt
pattern quite accurately. On the other hand, the performaribe k-Alternative Pathalgorithm to the First-Slot scenario. In
of DS-FSalgorithm which worked irFTPSscenario degraded [6], both algorithms are adapted for networks with wavetang
dramatically due to the increasing probability of inacteraconverters at every node.
predictions in FTPS scenario. In some casefS-FS even The impact of wavelength converters in all-optical routing
provides the worst performance. So, when the traffic pattenas be widely studied. [11] showed that for certain topaegi



and fixed-path routing, sparse wavelength conversion i®stim [6]

as effective as full wavelength conversion. [12], [21] hawess-
tigated the performance of tHeAlternative Pathsalgorithms

blocking probability of sparse wavelength conversion foon-

demand scheduling. [6] considers in-advance scheduliimgy us[l[9
a continuous time model and evaluates the various algosithm
blocking performance for full wavelength conversion and lo 111

workload.

VI. CONCLUSION

used three metrics: blocking probability, average staretand

scheduling overhead. Our experiments have indicate that i
creasing wavelength converters has positive impact orkhbigc

performance, but very little impact on the availability afrier

start times. Meanwhile, as most improvements are achieyed!®’!
having no more than 60% nodes with converters, deploying too
many wavelength converters may not be worth the additional
cost. We also proposed 8lack tie-breaking scheme when(18l

multiple feasible paths are available. This tie-breakicigesne

is shown to have much better performance than the traditiones]
First-Fit or Shortest-Pathie-breaking schemes. The compar
isons betweerEBF and KDP also lead to the conclusion that
accepting requests greedily would provide better perfoceaa

in low traffic load case, but rejecting some requests withylor?1]
path can be a superior strategy when workload is high. An-alge,;

rithm switching strategy that adapts the scheduling allyorias

the current workload changes is proposed. When the netw
traffic pattern changes slowly, this strategy has consider

advantage over static algorithms. Overall, our resultsvstihat

adding a small number of wavelength converters may have?4l

limit positive impact on First-Slot scheduling. Howevenjst
impact should be carefully weighted against the additicoat.
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