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Abstract—Loss-less transfers are commonly associated with issue by multiplexing several sub-wavelength connectiores
circuit switching: Circuit switching in all-optical networks (OCS) ~ TDM manner, but it introduces several complex synchroniza-
prevent from collisions by avoiding multiplexing below the wave- tion issues (see, e.g., [8]-[10]). SOBS has been succhssful

length granularity. Spectral multiplexing can be combined with . )
time multiplexing in opaque networks at the expense of additional applied in [11] where the authors restructure the network

equipment (MSPP) and complex synchronization issues. Optical topology around a set of interconnected clusters.
Burst Switching has been proposed a decade ago as a promising Both WR-OBS and SOBS avoid loss by preventing con-

alternative to OCS: Its asynchronous nature and its arbitrary  tentions. In OBS networks however, the streamline effept [3
granularity open the possibility of statistical multiplexing, but it and the offset time priority [12] disclose particular caséere

is not well suited to handle loss-less requirements. Wavelength burst i dt . tential tenti As al
routing and TDM can still be performed at the expense of a slight a burst is ensured to survive potential contentions. As altyes

modification of the control plane, but those solutions override the & Kind of statistical multiplexing can be done asynchrohous
OBS flexibility and avoid the statistical multiplexing. without loss.

The RWA-OBS problem tends to solve the drawbacks of both  The streamline effect emanates from the data plane trans-
WR;]IOBS and SOBt.S' Basg‘zhon dsf"erla' pr‘t’per“es re'atedf g’Btge parency: The bursts are signaled in-advance by a header so
in advance reservation and the data plane transparency o , . .
it integrates particular cases where tV\FI)O flows car? be mﬁltiplexed that .the switches can be configured before t_he burst amval'_
on a given wavelength in a genuine OBS fashion without loss. entails that the delay between two successive bursts remain
We first enhance the original RWA-OBS formulation and then unchanged as long as they use the same path. Consequently,
describe an iterative greedy heuristic and a column generation as two bursts entering a given input port cannot overlagy, the
approach to improve the computing time and the scalability ~5nnot contend for any output port (see [13]).

of the model. Experiments are conducted on two topologies to . .
illustrate the potential of RWA-OBS that can compete with SOBS Contentions thus only occur between bursts arriving from

without requiring synchronization. The new proposed methods different input ports and requesting the same output part fo
are then compared in terms of computing times and qualities. overlapping time periods. If available contention resolut

The efficiency of the column generation approach allows the mechanisms fail, only the first signaled burst will survive
integration of an ad.dition.al constraint to control the compromise (regardless of its effective arrival date). What matters is
between the burst insertion delay and the throughput. the header arrival time, largely decided by the offset time
(OT) assigned to the burst. ThHeT introduced by the JET
reservation protocol [1] solves the lack of optical memory
The OBS popularity fluctuated since its emergence [1]ia the data plane: The header is responsible for resource
decade ago. The infatuation of this promising technologgservation and is sent ahead of the payload so that it can
declined, mainly because of the difficulty to achieve lasss| be converted, processed and re-emitted in the optical domai
transfers. In OBS, contentions can occur even under a ligigfore the burst arrival. Th@T budget is spent while going
load and still today, no mechanism, either in space, time through each intermediate node. As a result, the burst to be
spectral domain can ensure that all contentions can bedoldeopped (the latest signaled) is more likely to be the closes
[2]. Proactive mechanisms such as load balancing can redeee to its destination (the one with the small€sr). In [12]
the contention rate (e.g., [3], [4]), but pure OBS loss-lesmnd [14], an extra offset time is used in order to achieveiserv
configuration has not yet been achieved. differentiation. The mechanism performs isolation of &
Polymorphous OBS (POBS, [5]) describes a slightly modk given priority over bursts of lower priority. Neverthedeghe
ified control plane that enables circuit switching at a wavenechanism only provides control on the flows that are aftecte
length (WR-OBS) and sub-wavelength (SOBS) granularityy the loss but does not avoid loss.
together with opportunistic transfers in a genuine OBSitash ~ Mutual isolation between two flows can be achieved by a
Circuit transfers can handle loss-less requirements but Weareful use of the electrical buffering at the network emtea
OBS avoids statistical multiplexing and suffers from itas® The ALAP MAC protocol described in [15] ensures that an
granularity (similarly to OCS, see [6]). Optical groomingnc isolated transit burst survives a contention with an ingres
be achieved to reduce the granularity of WR-OBS (see, e.gurst. As the ingress burst is still in electrical domain, it
[7]). This technique is however not limited to WR-OBS an@lso survives by accessing electrical buffering. The idea i
can be adapted to our proposal. SOBS solves the granulat@ydelay the ingress burst reservation as late as possible so

I. INTRODUCTION



that transit bursts header precedes the contention digcove
In some configurations disclosed in [15], the access delay is
significantly increased, but the end-to-end delay is stduced

as then we rule out retransmission mechanisms.

The RWA-OBS problem was first introduced in [15] and
performs routing and wavelength assignment. Contrary to
RWA for OCS (see, e.g., [16]) or WR-OBS, ingress flows and
transit flows can be merged if the transit flows é¥€-isolated
and the ingress nodes run ALAP. The streamline effect then
avoids further contention between the bursts of those flows.
As a result, the granted flows have loss-less guarantee.  dropping process. In [15], a loss evaluation adjustment tha

In [15], it is shown that extending th&T improves the takes into account the respecti@d’ of the contending bursts
loss-less multiplexing potential and, consequently, tizelg of IS proposed. For the scope of this paper, we will only focus
service. The formulation described in [15], however, asssmon the case where th@T" protects a connection, i.e., the case
a constaniOT extension factor KOT) for all flows. In this where all dropped bursts belong to the same connection. It is
paper, we introduce the flexibility to use differeBtOT for illustrated by Figure 2. BursB, is signaled by headef,
each connection. To handle the model growth and impro@é time¢;. Let us consider bursB, of durationb, signaled
its scalability we propose two solution mechanisms: A gyeed®y headerH, at time ¢, such thatOTs, — OT, = by. In
heuristic and a column generation formulation combinedwithat case, no contention can occurHf, arrives beforeH,

a Tabu search algorithm. Note that the ALAP burst insertidfrigure 2-C). Indeed, in case of contentioH, necessarily
protocol can affect the delay. Our model integrates an ad@irives aftert/; and B; cannot be dropped. More formally,
tional set of constraints that controls the compromise betw Bi1 is dropped if the bursts contend add, arrives before
the de'ay and the throughput_ le i.e., if tl > tg and t2 + OT‘B2 + b2 > tl + OTBl' The

The paper is organized as follows. Section Il presents th&0 conditions can be rewritten as follow8: < t; — t5 <
streamline effect, the offset based priority and the ALARsbu b2 — (0T, — OTp,) to highlight the fact thatB, cannot
insertion protocol required for mutual isolation. Sectibh be dropped ifOTs, — OTp,) > bs. Although theOT" should
presents the isolation and mutual isolation patterns.i@ectdepend on both the route and the class of service of the bursts
IV describes our improved RWA-OBS model and a greed this paper, we assume that all bursts traveling on a given
heuristic. The column generation formulation is preserited foute have the sam@7’, computed as follows:

Section V. Exper.iments. are reported in Section VI. Conclu- OT. =5 x l, x a, )
sions are drawn in Section VII.

Fig. 1. contention

where/ is the header processing tintg,is the number of hops

onr anda, > 1 is anOT extension factor, used to increase

A. Streamline Effect the priority of the bursts on (similarly to the extra offset time
The streamline effect relies on the observation that connetsed in, e.g., [14], but in a multiplicative way). As a sequel

tions arriving on the same input port cannot contend. In tie a given nodep; is isolated fromB; if 4., o, — (., 00, >

example illustrated in Figure 10, and C5 can contend for b2/0.

the link2 — 3, but the bursts that successfully access this link

cannot contend for link — 4, whatever the connection they B AT @ H:

belong to. Note the particular case 6% that merges with ‘

C, and 5 on its first link. In that situation, electrical buffers

Il. OBS PROPERTIES

| ®)
B 1 W H: (B)

can store bursts of’, to delay their emission and solve the D — H ©
contention. I N (D)
The streamline effect is deeply investigated in [3], where 4

the authors propose a reasonable approximation of the loss

for multi-rate flows, as long as the number of sources remains

small. Note that the Engset loss formula (see, e.g., [18]) al

successfully reflects the streamline effect, whereas thenr

B loss formula should be rejected. These points are furthér ALAP protocol

Fig. 2. OT priority

discussed in [13]. If a burst contends for its first link, it is still in electrica
) o domain and can be stored in electrical buffers in order to
B. Offset Time Priority survive from the contention. The electrical buffering, lever,

Contention occurs if a header requests an output port foan increase the offset time of the ingress burst if not mathag
a time slot that is not completely free. In the absence pfoperly. A side-effect is that isolation state of transgwfl
contention resolution mechanism, the latest signaledt bisirs may be broken. The ALAP protocol consists in delaying both
dropped. The offset time(JT") plays an important role in the the burst and the reservation attempt so that @ of the



ingress burst is not perturbed by electrical storage (st
more details). Figure 3 illustrates the ALAP protocol, fadiy

described by Algorithm 1.
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Fig. 3. The ALAP Burst Insertion

Fig. 4. Impact of ALAP on burst insertion delay

Burst B is aggregated and ready to be launched at tigne
The output port is requested froth = to + OT,., t0 t}, + bs.
As the output port has already been reservedHhyfor an
overlapping period of timeB, emission must be delayed inA. General Case
electrical buffers to solve the contention. The ALAP pratioc  Route r is isolated from route”’, denoted byr > 7+, if
consists in delaying the reservation attempts as well dpitha no burst ofr can be lost due to bursts ef. Thanks to the
case of contention with further transit bursts, the ingfesst streamline effect, the isolation has only to be checked en th
is the latest signaled and electrical buffering can be use merging nodes (i.e., the nodes on which the routes converge)
our example, the reservation fd#, is postponed byl time We have identified three isolation configurations. Firsiiyk
units. This way, the ingress node keeps the controDdn, disjoint routes are isolated since they never converge: Sec
and the isolation ofB; is respected:H; arrives before the ondly, a route is isolated on its first link as bursts can beesto
next reservation attempt aB, and B3 can be served. This in electrical buffers at their source nodes. Finally, thésetf
contention can be handled in the same wRy:reservation is time priority discloses an additional isolation configisatas
postponed again by, units of time and no burst is lost.  described in section II-B. We denote 677" the remaining
OT value of a burst on route; at nodev. For given routes;
andr;, we defineAl” = Héi‘l/l (017, — OT}), whereVj; is
the set of nodes where rthes(carrying B;) andr; (carrying
B;) merge. By conventionAgTTj = oo if r; andr; are link-

IIl. FLOW ISOLATION

Algorithm 1 ALAP reservation protocol
Burst B of sizeb is ready at timéeady
ComputeOT’; tres < tready ; tsend < tready+ OT

repeat disjoint or if V;; is reduced to the first node of. r > ' if
if at time t.es, resource is available Oftseng tsend+ 0] ASZ > b, Whereb,. is the size of the bursts on routé.
then Figure llI-A illustrates this cas&., competes withC; at node
reserve the resource 2. Destination ofC5 is more distant than the destination©@f
else so, without extra offset imeA9” > 0. If A9T > p,, then

72,71 72,71

look for the next available intervalge,g tseng+ 0]
tsend<— té;end; tres — tsend— OT ; sleep untilties
end if c1

until reservation done. *’Q\ e ______________________________ 4®

The impact of the ALAP burst insertion protocol has been c2
evaluated in [15]: The simulation involves a source of tcaffi
whom bursts contend with transit bursts. The ingress noake ru
ALAP and the measured average insertion delay of ingress
bursts is reported on Figure 4. Theaxis represents the Note that ifé > by, thenCsy > C; if r; is at least one
proportion of ingress traffic in the overall load. The in@ea hop longer tharr;. This is the most favorable case for maxi-
of insertion delay due to ALAP protocol is negligible if themizing the multiplexing potential of RWA-OBS. Although thi
ingress traffic dominates the transit traffic. Otherwises thassumption has been suggested in [12], it is worth to discuss
increase of the insertion delay remains reasonable for i relevance at the light of recent contributions.
overall load abové).6 Erlang. By the way, the impact of the Several arguments suggest the use of small bursts for the
insertion delay must be compared with the end-to-end delpyrpose of the aggregation delay, the contention resolutio
achieved with retransmission of the dropped bursts. (the efficiency of the FDLs is improved with smaller bursts,

Cy > (.

Fig. 5. General Isolation Case: Simple Bus Topology



see [18]) or the goodput of TCP connections. In [19], aumaximizes either the number of granted requests or the lbvera
thors shows that spreading the incoming load among sevesatount of traffic granted so that for any two routesand
burstifiers (i.e., burst aggregation queues) reduces tipadt »’ that carry flow,r ¢ /. The RWA-OBS problem is lower-
of the synchronized loss on the goodput of TCP sources, liadunded (throughput wise) by the RWA problem used in WR-
it mandates to reduce the size of the bursts to avoid lo@BS or OCS (see, e.g., [16]) where r’ if and only if » and
burstification time. r’ are link disjoint. In synchronous networks (SOBS), it can
Opposite arguments can be set forth. Indeed, longer bursesassumed thator’ for anyr andr’ because the contention
reduce the signaling overhead and intensify the trafficisigap avoidance is performed by synchronization. As a result, RWA
This contributes, in turn, to reduce the contention ratehm t OBS is upper bounded (throughput wise) by SOBS. Note
core network (see [15], [20]). however that SOBS requires synchronization managemeint tha
All those arguments apply in some specific contexts, boan lead to a resource wastage that is not considered here.
the following one is valid independently of the equipment Oé Notations
protocols: The guard time between successive bursts,reshui—
to reconfigure the switch, links the size of the bursts with Denote by the set of flows, indexed by. For a given
the maximal wavelength utilization and thus imposes a lowér et oy and dy be its origin and destination nodefs; its

bound on the size of the bursts. In [21], the header proagsshPandwidth.1V is the set of wavelengths antl is the set of
time ¢ is around50us, whereas the reconfiguration time iP0ssible values for the©T' extension factor. An OBS route

evaluated around 5@s in [22]. Thus, if b = &, the guard IS associated with a wavelengih and anOT" extension factor

time is reduced t®.1% of the burst size. With 10 Gbps ports,®- In this section,z, designates the flow carried by route

the burst size would be 0.5 Mbit (around 150 IP packets 880 Ej , , is a set off routes fromo; to d; on wavelength
mesured in [23]). A with EOT factor a. We note R’ the union of all such

sets related to connectiofi. L is the set of links andrc,

is the transport capacity of wavelengthon £. In opposition
Routesr andr’ are mutually isolated, denoted by 1, if  to the formulation proposed in [13], th@T extension factor

r > 7" andr <7’ (the negation is denotedx r’). In addition s no more global, but associated with a route. As a result,

to disjoint routes, mutual isolation can be achieved betwegyo routes may have different extension factor. The number

a route that benefits from offset time priority and a routgf OBS routes considered is thiig’| x |A| x |F| x k.
that can reach electrical buffering: Bursts on the formeiteo
& ILP Model

always “win” the contention whereas the contending ingre
bursts are delayed in electrical buffers. It is required tha

B. Mutual Isolation

burst insertion is managed by the ALAP protocol to avoid 2% = max Z sfby  subject to:
illegitimate resource access of ingress bursts. Two roiais fer

merge on their first links are also mutually isolated sincthbo

can access electrical buffers. Mutual isolation is illagtd on Uy, = Z biiry Zr < TCy leLiweW (2)
Figure 1lI-B. C; and C5 only contend on their first link and rE€Rw,prL

are thus isolated. Under the assumption that b.,, C1 is g, <y, reR 3

isolated fromCj if node 1 runs ALAP. On the other sid&s

: e ; ety <1 "eR, ' (4

is protected on its first link. On that exampl&; is mutually Ut = € Ryt (4)

isolated with bothC, and C so that two requests can be Y yr <1 cleCt ®)
served simultaneously (eithét; andC3 or C; andCs). Note rect

that if bursts ofC’; are assigned an extra offset time greater Z T, > s¢ fer (6)
than the size of the bursts @fs, then all three connections ,cr,

can be granted with loss less guarantee. 2, € [0,1] 7)

G yr € {0,1} 8

0 > 1 2 > 3 SfE[O,l] (9)

] wherez, represents the fraction of floy(r) routed on route

r. Variable y, is linked to x, by (3) so thaty, is equal
to one if router is used, zero otherwise. Constraints (6)
Fig. 6. Mutual Isolation set the variables;; to the fraction of flow f served with
loss-less guarantee. The capacity constraints (2) prehent
IV. RWA-OBS FORMULATION vyavelength overload (we assume that all Wavele'ngths of e fibe
link have the same transport capacity). Constraints (4)gute
A. Statement of the Problem non isolated routes to be used simultaneously. Constrésits
RWA-OBS is a provisioning problem. For a given trafficare added to strengthen the LP relaxation. We consider the so
matrix, it aims to compute the routing configuration thatalled route conflict graph where each node is associatdd wit



a route and two nodes are linked if their associated routBlgorithm 2 lIterative Resolution of RWA-OBS

are not isolated. A clique/ is a complete sub-graph (any ComputeR’; for each connectiotf.

two nodes of the sub-graph are connected).étbe the set  repeat

of all maximum (w.r.t. their number of nodes) cliques. The Insert a new route on into Ry for each flow f
isolation constraints consists in allowing the use of noenor  Solve RWA-OBS; Freeze and tag the used routes
than one route per clique. Figure 7 illustrates the impraa@im  until No route can be added OR all flows are served
of the LP relaxation earned by the clique constraints (os)cut Unfreeze all tagged routes

Therein, the conflict graph exhibits two cliques. As a sequel Freeze all untagged routes (suboptimal solution)

no more than two connections can be served, by using oneSolve RWA-OBS from the current solution

route of each cliqgue2(or 3 and 4 or 5). In that example,
route 1 should not be used since it belongs to both cliques.

Without (5), the LP relaxation affects5 to each route (Figure V. COLUMN GENERATION FORMULATION
7(a)) whereas constraints (5) avoid the assignment of flow o
route 1 (Figure 7(b)).

nAlgorithm 2 accommodates the scalability issue due to the
number of paths. However, the RWA-OBS problem suffers
from its symmetrical structure: There is a huge number of
equivalent solutions, all deductible from each other using
a wavelength permutation. It is known that integer linear
programs (ILPs) with a huge number of equivalent solutions
are getting quickly not scalable when, e.g., the number of
wavelengths increases in the case of our study. However,
turning to a large scale optimization formulation, thereais
way to set a model where the number of solutions is greatly
(a) Formulation without (5) (b) Formulation with (5) reduced, and not equivalent up to a some permutation.

A. Master Problem
In order to set such a model, let us define a RWA-OBS

Constraints (10) can be added to take into account the buf8pfiguration as a set of routes that can be established on
insertion delay with the ALAP protocol as discussed in Secti (N same wavelength, i.e., that are OBS isolated from each
II-C: A route can be used if the utilization of its first link isOther. LetC be the set of all possible configurations, indexed
below a ceiling valuer € [0,1] (experiments suggest that?y ¢ € C. Note that, for scalability reasons, the setof
7 = 0.6 is conservative) or if the ingress flow has a majoq,onydered routes will be limited to thg flrstshortest_ routes,
for each pair of source and destination nodes with positive
demand.

Yr < (Urpgn, < 2b520) + (Uppga, < 77C) 7€ R (10) The model can be written as follows:

Fig. 7. Isolation Formulation and LP Relaxation

contribution on the load of the link.

wherer[1] is the first link of router. Y= max» spbp+ed ¢,  subjectto:
. i . fer ceC
D. lterative Solution Algorithm
The number of routes considered directly impact the op- ZZC <W (11)
timal value of the ILP model: Considering more paths and ec
more EOT values improves the solution, but severely impacts 55— Z Z gt <0 feF (12)

the computing time. To sidestep large computing times, we
propose an iterative greedy heuristic (IGH) that consistt-i e
eratively increasing the set of paths (as described by Atgar Z [y = e ceC (13)
2). At each iteration, one new route per flow is added in the "
model, the ILP model is solved starting from the solution of T < Ze ceCreRr (14)
the previous iteration and the values of the variablesedlsd z. € {0,1} ceC (15)
the used routes are frozen. Note that the symmetrical nafure sp€0,1] fer (16)
the ILP model can be broken by iterating the resolution along c
i . . . xe € [0,1] reR a7

the wavelengths as well: Perform the iterative resolution o
an increasing number of wavelengths. where f¢ is the maximum fraction of demani; served by

After the last iteration, one can either release the valdiesroute r, on configurationc. Denote byxz¢ the fraction of
all the variables and solve the ILP model (which means solyé¢ actually activated and by, the fraction of the flowf
the initial ILP program with a good initial solution) or selv that is accommodated, see constraints (12). Configuratien
the ILP program only considering the routes that have beantivated if3r such thatz$ x f¢ > 0, see constraints (14).
used at a given iteration. In that casez. = 1. As each configuration is activated on

ceC reRr



different wavelengths, the number of activated configorei
must remain lower thaml’, see constraint (11).

zq =0 2y = Ze =

2a=0 | 2z, =0 ze =0 zq =0 Ze = 1 zr =1

B. Pricing Problem 2 =0 | 2=0 | 24=0 | 22=0 | 25 = zg =1
The number of valid configurations is the number of cliques TABLE |
in the conflict graph. To accommodate this scalability peat| TABU ILLUSTRATION WITH 3 WAVELENGTHS

we will solve the LP relaxation of the master problem with
a subset of configurations. Two solutions can be envisioned
to build the subset: Either we proceed with an off-line enu-
meration of the configurations, or we generate them on-line?
If we go ahead with off-line enumeration, only a subset &" ; : ! \
configurations can be generated, among the most promis{ig!y one wavelength is available. The optimal valueitor
ones, meaning we need a criterion to identify those. The didth the LP and ILP programs. An op/tlmal LP solution is
line generation - that is the direction we will move alongWith configurationsc = [0,1,0,1,0] and ¢’ = [0,0,1,0,1] if
rely on the use the column generation techniques to govérn= ¢ = 0-5, whereas the ILP optimal value with this set
an efficient on-line configuration generation. The auxyvliarmc configurations isl. ) o
problem (pricing) inserts a new configuration to the incuntbe 1° force the LP master problem to stay with feasible integer
configuration set only if it improves the current value o?OIUI'OnS' We propose to freeze some configurations in the
Epaster problem to integer value. The management of the

the objective function, i.e., if it is a so-called augmente f_ ion is d . Tabu list. The si £ th
configuration. The pricing problem in charge of generatin oZ€en con iguration Is done via a Tabu list. ne size o the
bu list is set to2 x |[W]. If the LP relaxation solution

"augmented" configurations aims to maximize the sum of tH&

reduced costs of connections and the objective can be writf%vowes more thanV’| wavelengths, then the configuration
that handles the highest amount of traffic is added to the Tabu

n be illustrated by Figure 7. Let us assume that rotes
d4 serve the flowf and routes3 and5 serve the flowy”.

as follows: X ) o
list and z, is set tol. The content of the Tabu list is swapped.
max  —ug+ Y ugsp+e(Y Y apby) The W — 1 earliest inserted configurations are frozen as used
f fEF reRy whereas thdV + 1 last inserted ones are frozen as unused

; ; . til they are discarded from the Tabu list.
whereu, andu, are the dual variables respectively associatetf’ i . .
1o v P y Table | illustrates the Tabu list management wijth'| =

with constraints (11) and (12). The last term helps to add as d f d f. i Wheni
much traffic as possible in the best configuration. For exampp- 2 and z» are frozen as used configurations. Whenis

a route isolated from every route should appear in eve'ﬁﬁerted’ the Tabu.hst content is swapped apds frozen as
configuration whether served or not. used whereas, is frozen as used:, cannot be used until

The set of constraints is the same than in the original modgfs discarded from the Tabu list (at the insertionzg).

described in Section IV, but the set of routes is restricted ;N

: . L orithm 3 Column Generation Tunin
a single wavelength (its cardinality thus decreases down to?epeat 9

[F] < JA] X R). Solve the master LP relaxation
if number of used configurations W then
z, < Yy, reR 18) add the most useful configuration in the Tabu list
Z Z bra, > TC, el (19) enioi:cve the master LP relaxation
JoreRprat Solve the pricing problem

>y <t cteCl  (20) Add the new configuration in the master problem

rect until Time limit exceeds

Z T, = 8§ feF (21) Release all configurations; Solve the master ILP problem

reR;

sy €10,1] feF (22) VI. EXPERIMENTAL RESULTS

yr €{0,1}, 2, € [0,1] reR. (23) In this section, we report numerical results obtained on the
C. ILP Solution NSF network (14 nodes and 23 links) and the New Jersey

. . LATA network (11 nodes 23 links) available on [24]. We
The column generation stops when the pricing problefLq,me) < ¢ as discussed in Section Ill. The load is equal

cannot generate a column that improves the LP rglaxatipn l&ftween each pair of nodes and expressed as a ratio of the
the master problem. We next solve the ILP master, i.e., with wavelength transport capacity (10 Gbps).

being 0-1 variables, with the current subset of configurstio

Nevertheless, reaching the optimality of the LP relaxatioas A- RWA-OBS vs. WR-OBS and SOBS

not ensure that the subset of configurations leads to thmapti We first compare the normalized throughput of loss-less
solution of the MIP version of the problem. This phenomenaguaranteed traffic handled with RWA-OBS, WR-OBS and



SOBS. In our experiments, we relaxed the synchronizatitime one of SOBS. Figure 8(a) reports the results on the NSF
constraints that can lead to resource wastage. The reBuks thetwork. SOBS outperforms RWA-OBS with soft connection
reflect the best possible performance of SOBS. load (10% of the wavelength granularity) and less than
wavelengths. However, if the load of the requests increases
the multiplexing potential of SOBS is reduced and the gap
with RWA-OBS decreases: With request granularity of hadf th
connection granularity, no more thafi; of the throughput is
lost with RWA-OBS. The same observation can be done on the
NJ-LATA network (Figure 8(b)): The gap between SOBS and
RWA-OBS is negligible if connections request more than half
the wavelength capacity, but increases when the connection
load decreases.

Normalized Throughput

B. Efficient Solution

RWA-OBS (WI=2) —%—

RWA-OBS (IWl=4) —5—
RWA-OBS (IWl=6) —6—
40 SOBS (IWI=2) -
SOBS (IWl=d) -
_SOBS (IWI=6) --—-O----

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Connection Load (Erlang)

50

The exact model presented in Section VI-A is heavy and
requires large computation time. In this section, we compar
the computation time and the quality of the solutions oladin
with the iterative greedy heuristic (IGH) and the column
generation approach (CG-RWA-OBS). Table Il reports the
computing times and the gaps between the heuristic values
and the optimal values obtained with the ILP formulation.
From the results, we can identify "easy instances" and "hard
instances". Instances with a connection load 6fErlang are
more difficult to solve because the symmetry of the problem
is increased. If the load is equal to the wavelength trarispor
capacity, then the wavelength capacity constraints pteven
multiplexing and constraints (4) and (5) can be relaxed. On
the opposite, the capacity constraints are useless if e lo
is equal to0.1 Erlang. The instances withl” = 4 are also
difficult to solve because they are the largest instancesevhe
L the full provisioning is impossible. The exact solution of

RWA-OBS (Wi=l) —c— the ILP formulation is highly dependent on the number of
or KWASOBS (Wi 1 wavelengths. Indeed, the optimal solutions of the difficuort
SOBS (IWl=2) ---£1--- stances could not be obtained in reasonable time. IGH glearl
outperforms the ILP formulation in terms of computing times
but the quality of the IGH solutions may not be satisfactory,
especially for "hard instances" (with &®5to 7.5% gap). CG-
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(a) NSF Network

Normalized Throughput

SOBS, RWA-OBS (IWI=3) —©— ) )
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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(b) New Jersey LATA Network RWA-OBS improves the quality of the solutions, often up
to the optimal solution. Computing times are comparable for
Fig. 8. Normalized Throughput easy instances and although computing times are longer for

"hard instances", they remain reasonnable, especiallynwhe

With WR-OBS, multiplexing is prohibited so that thecompared with those of the exact ILP model.

throughput is equal to the throughput obtained with SOBS and .
RWA-OBS in the case where the load of each flow matches the ALAP Delay Reduction

wavelength transport capacity. With softer flows, multiahe The addition of constraints (10) offers a control on the
is possible with RWA-OBS and SOBS, so the normalizecompromise between delay and throughput. As the model is
throughput increases and therefore, WR-OBS is outperformagynificantly enlarged, we used CG-RWA-OBS to compute the
With SOBS, contention is avoided by external synchronizati routing tables on an instance witi’| = 4 and a request load
mechanisms so that any two flows can be multiplexed undgfr2 Gbps. Table Ill reports simulation measurements of the
the capacity constraint. The multiplexing potential of S®Bthroughput and the insertion delay for various values ofithe

is thus maximum and the performances of RWA-OBS are threshold parameter. As the threshold reduces the bardwidt
between those of WR-OBS and SOBS because the setawhilability, the grade of service of the RWA-OBS model is
configurations that guarantee flow isolation is restricted teduced for smaller values ef Consequently, the throughput
those identified in Section Ill. On the ring topology, the v$e as evaluated by simulation decreases, but the insertiay del
the OT extension factor elevates the throughput at the level @f drastically reduced.



(W] Load (Erlang)
0.1 ] 05 | 1
2 36 | > 2 weeks 1
ILP 4 | 89,161 | > 2 weeks 174
6 5,274 | > 2 weeks 6,820
8 | 9,094 123,300 5,703
10 | 20,133 106,531 8,236
2 3 458 1
4 7 683 3
IGH 6 22 6,628 5
8 9 2,200 7
10 12 752 19
2| 24% 5.0% 0
P oH 41 75% 6.1% 1.0%
Gap= — 6| 06% 5.1% 0.8%
8 0 11 3.4%
10 0 0 3.1%
2 6 24,290 1
4 | 5349 67,878 2
CG - RWA OBS 6 319 76,822 2
8 6 447 3
10 6 56 3,223
2 0 12% 0
P _ pc6 41 1.2% 0 0
Gap= —— 6| 05% 0 0
8 0 1.1% 0.75%
10 0 0] 070%,0

TABLE I

SOLUTION SCHEME COMPARISON

Threshold ¢) 0.2 | 0.6 1

Throughput (Gbps)| 226 | 256 | 286

Delay (ms) 0.15| 1.0 | 1.7
TABLE IlI

BURSTINSERTIONDELAY REDUCTION

VII. CONCLUSION

1
In this paper, we have recalled the possibility of asyrE—

chronous loss less transfer with statistical multiplexifige

(1]

(2]

(3]

(4]

(5]

(6]
(7]
(8]
(9]

(10]

(11]

(12]

(23]

(14]

(18]

new RWA-OBS formulation improves on the first RWA-[17]

OBS formulation described in [15]i) The LP relaxation is

improved by the clique constraints(ij) the OT extension [18]
factor can be tuned for each route so that the flexibility

and consequently, the throughput is increased @iid an

(19]

additional constraint is included to control the compramis
between the grade of service and the burst insertion delay.[zo]

RWA-OBS offers an intermediate multiplexing potential

between WR-OBS and SOBS but can achieve similar perf
mances as SOBS if the request granularity is above half

wavelength transport capacity.

e

We proposed an iterative heuristic that can quickly prowide,

acceptable solutions. The column generation approach; how

ever, improves the quality of the solutions for a reasona
increase of the computing times. The flexibility of the cotum

e
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