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WDM全光ネットワークにおけるパス多重化による波長予約を行なう場合、送信元エッジルータから送信
先エッジルータまでのすべての光リンクで同一の波長老予約することが必要であり、特にネットワーク規
模の拡大により平均経路長が大きくなると波長予約成功率が低下する。経路全体を通した波長予約成功率
の向上、波長予約成功時の予約時間と波長予約失敗時の回復時間の縮小が平均予約時間の短縮を実現する。
本論文では、単一光リンクの波長予約失敗にはタイマによる再前予を導入しつつ、他の光リンクの波長予
約を並行に試みるパラレルウェイト型プロトコルを提案し、ツリー型、メッシュ型、 BAモデル型のネット
ワークにおける性能評価を行なう。

1 Introduction 

betwe佃 twocore rout町s，m~沼昭es 紅'e transmit-
ted on optica1説gna1swith multiple different wav守
lengths simultaneously. There are two m叫.tiple対ng
methods，胎lkmultipl凶 ngand p卸 sm'由 ipl，ほing，
ゐrWDM networks. In the path m叫tiplexing，佃

optical si伊a1of the same wavelength is位組smit-
ted through all-optica.l communication links along a 
m田 sagetransmission route. On the other hand，泊

the 1ink multiplexing， an optical si伊 alwith differ-
ent wavelength may be usedおrmessage transmis-
sion in each optical communication link alQng the 
message transmission route. H wavelengths of an 
input optical signal釦 dan output one are different 
in a core router， wavelength conversion Is required. 
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ment methods have also been proposed [4，6，8，101. 
Here， reservation information of an optical commu-
nieation link is managed in an optical router仕om
wJuch the.Iink is issuea. For reser-vation aud release 
of a wavelength in an optical communicatJon-HIik; 
a reguest is issued to the optical router ma且agmg
it.. Since reservation information is managed dis~ 
tributedly， a wavelength reservation is nof always 
successful. In a conventional wavelength reserva-
tion protocol， a reservation request message Req is 
forw町 dedfrom an edge router Es to血 otherone 
Ed through a sequence of core routers Ci in a for-
ward reservation method a且din組 oppositedirec-
tion in a backward reservation for message trans 
mission from Es to Ed. On receipt of a Req mes-
sage， each core router Ci reserves one of企eewave-
lengths which have not yet been reserved byanother 
massage transmission. However， it is possible that 
Ci has no仕eewavelength which are co=only仕ee
in all optical communication links from Es to Ed. 
This is called a wavelength reservation failure. Two 
recovery methods have been proposed. Dropping 
recovery releases aJl pw羽田onaJlyreserved wave-
lengths at the inst叩 cewhen reservation failure is 
detected. 1t requires only short period of time for 
reservation buむitsprobabili七yof succ田 sfulreser-
vation is low. Holding recovery waits for release of 
candidate wavelengths for a certain period of time 
by using a timer before all provisionally reserved 
wavelengths are released. It achieves higher proba. 
bility of successful reservation but its time overhead 
is high especially in a sequential w剖 tingdiscussed 
in Section 3. This paper proposes a novel recov-
ery method， parallel waiting to improve the perfor-
m佃 ceof recovery from reservation failure. It takes 
a tradeo町betweenreservation time and successful 
reservation probability. 
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Figure 1: AIl-opti叫 1WDM Network 
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F沼田、e2: Dropping and Holding Rec:珂ven田

2 Parallel Waiting 
In the dropping recovery， i f a COlmnon wavEト

length is not reserved in all optical com皿U凹 ca

tion links (Lo， • . • ，Ll心}aJ山10叩nga叩 me白ss目ag伊etra叩ns悶貧miss田SlOn
route仕oma且 edgeroute町rEs to anot仕herone Ed at 
b位he山ns坑t田 C白ewhen each c∞or問erouter αr四ec凹eIve白sa 
r問es田er円va叫土l旧onreque田stmessage Re勾q，provisionaJly re-
served wavelengths are soon released in order not 
to interrupt other reservations sharing some of the 
optical communication links. However， in a WDM 
network in which wavelengths are dynamically re-
served each time a message 紅白祖国ssionis required 
to be started叩 dreleased each time a messa四
transmission is finished， it】sexpected th叫 oneof 
the wavelengths included in Req印刷elengthpiggy 
backed to the received Req message is rel田 sedfor 
a certain period even if色bereis no intersection be-
tween R句加αvelengthand a set Fi of wavelengths 
which have not yet reserved in Li 

h 悼J，the holding reco刊 ryachieves higher suc-
cessful probability of wavelength reservation than 
the dropp田 gone. 1n the holding recovery， if C，‘ 
waits for release of a wavelength in L" Ci does 
not forward a Req rnessage to Ci+ 1 in the for 
ward reservation印 dCi-1 in the bacl四rardone， re-
spectively. That is， wavelengths are never reserved 
in (Li+l， • • • ，Ll) in the forward reservation and in 
(Li-l"" ，Lo) in the ba伽 ardone， respectively. 
Such design is based on a consideration that if a 
Req message is forwarded， additional wavelengths 
are reserved in (L件 1，. . . ，Ll) in the forward reser 
vation阻 d(Li-l，...， Ll) ;n the backward one， re-
spectively. If a tirner Ti in Ci expires， since these 
provisionally reserved wavelengths are released be 
fore applic叫 ionrnessages are transmitted through 
ぬemand these reservations only interrupt ones of 
other message transmission， the additional reser-
vation causes lower successful probability of wave-
lenf..>th reservations in a WDM network as shown 
in Figul'e 3. However， since a Req message is not 
forw町 dedwhile a certain core router waits for re-
lease 01' a wavelength in叩 opticalcommunication 
link issued from the core router， time duration re 
quired for a wavelength reservation is extended in 
botb successful and failed cases. 1n addition， the 
provisionally reserved wavelengths interrupt other 
reserv叫 ionfor longer time 阻 dprobability of suc-
cessful wavelength reservations gets lower due to 
the sequentiaJ w剖 tingproblem as show in Figures 
4. For example in the forward reservation国 shown
in Figures 4， suppose the case that a core router 
Ciwa比sfor release of a wavelength λin Li after入

国 reservedin (Lo，・，Li-l)'Since a Req message 
is not forwarded t 
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Figure 3: Addition叫 PcovisionalR田町vation
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link L" C， sets a timer T" waits for release of one 
of the reserving wavelengths and reserves a wave-
length when it is released sarne as the holding re-
covery. 1n addition， C， sends a Req message to 
Ci+l not a此erC，‘ reserves the waveleng七hbut at 
the sa皿etime of timer setting. That is， waiting 
for release in C， and forwarding of the Req message 
are not sequential but parallel. 1n addition， multi 
ple core routers may wait for release of wavelength 
reserved for other message transmissions simulta-
neously. In case that a core router waits for release 
阻 dforwards a Req message， it is impossible to de-
cide which wavelength in Req.wavelength will be r仔
le澗 edlater. Hence Req.叩 velengthpiggybacked to 
the received Req message is also piggybacked to the 
forwarded Req message. By applying the proposed 
parallel waiting陀 covery，since forwarding of a Req 
message is not blocked師団 the dropping recov-
ery， shorter reservation time is achieved and since 
(parallel) waiting for release provides additional op-
portunities to reserve wavelength， higher successful 
wavelength reservation probability is expected 

3 CFW  Protocol 
We design CFW (Conservative Forward Wait-

ing) protocol for wavelength reservation alo碍 a
message transmission route仕oman edge router 
Es to anther one Ed thorough a sequence of core 
routers C1，...， Cn. Here， reservation procedure 
progr田 sesin a forward direction， i.e 仕ornEs to 
Ed without probing出 inthe backward reserv叫 ion，
each core router and Es reserves only one wave-
length at a time and the proposed parallel waiting 
recovery is adopted 
[CFW Protocol] 
1) An edge router E. checks whether there are 

any wavelengths which have not yet reserved 
in a commmlication link EsC1 for other com-
munications 
1-1) If a wavelength λhas not yet reserved， 
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Figure 5・CFWPcotocol 

Es reservesλ in EsC， 
1-2) Otherwise， i，e， if all possible wavelengths 

in EsC， have been already reserved for 
other cOIDnlunications， Ea se阻 atimer Ts 
and waits for release of one of the reserved 
wavelength λin EsC，. Ifλis released 
before T. expires， E. rese円 esλinEsC， 

2) Es sends a wavelength reservation request m田ー

sage Req(入)to a next hop core rou回rC， 
3) On re田 iptof Req(入)， a core rou ter C，‘ checks 

whetherλhas been reserved for another com-
ffiunication in a com.rnunication link CiCi+ 1.・
3-1) 1fλhas not yet reserved， C， reserv田 λm

C，C'+I 

3-2) Otherwise， i.e. if入h部 alreadyreserved 
inCiC，叶1for a.nother communic凶 on，Ci 
sets a timer 丸田dwai ts for release of入m
C，Ci+" Ifλis released before T， expi児島

Ci rese'何回 λinC，Ci+l' 
4) C， sends Req(λ) to Ci+l. If i = n， C， sends 

R句(λ)to叩 edgerouter Ed. 
5) On receipt of Req(λ)， Ed sends back a wave 

length reservation acknowledgment message 
Ack(入)to Cn・

6) On receipt of Ack(λ)， C， checks whether it h回

alre虹lyreserved λin C，Ci+l 
6-1) If C， has already reserved入国 αCi+'

accordingω3-1) or 3-2)， Ci sends b叫
Ack(λ) to C，_，・Ifi = 1， C， sends back 
Ack(λ) to E，. 

6-2) Otherwise， i.e. if C， has not yet rese円 ed
λin CiCi+'阻 d7i has not yet expired， 
Ci waits for release of λin CiCi+l. If λ 
is released before T， expir田， Ci reservesλ 
in C，C'+l and sends back Ack(λ)toC'_l' 
If i = 1， Ci sends back Ack(λ) to Es. 

7) On receipt of Ack(入)， E. checks whether it h師

already reserved λin EsC，・
7-1) If E. has already reserved λin EsC， ac-

cordi昭防 1-1)or 1-2)， Es starts trans-
rnission of application messages along a 
transmiss旧 nroute IIE.，C"...，Cn，Edll 
by using optical signal ofλ 

7-2) Otherwise， i.e. if Ci has not yet reserved 
λin E9C1岨 dT， h回 noむyetexpired， E. 
waits for release ofλin E句C，.Ifλ16 re-
leased before T" expires， Es reservesλin 
EsC，佃 dst刷 stransmission of applica-
tion messages along a trans皿 issionroute 
IIE.， C1，・・ ， Cn， Edll by using optical sig-
nalof λ 



8) H T，低 pirωbeforeαr偲ぽV伺入 inC，C，+I， 
9， se~ds a wavelength reservation negative à.c~ 
knowled伊 entm鰯暇 Nack(λ)ω C'-1and 
C，+1・Hi=1，αs回也 itto E8 andα+1・

9) H丸ぽpiresbefore E8 間関~rvesλin E8C1， Es 
sends Nack(入)ω 01・

10) O~ receipt of the first Nack(λ)仕om0，-1， 0， 
behaves飽食:>llows:
10-1) H Oi hωalready reserved入in0，0'+1， 

0， rel，側偲 λandsends Nack(入)ぬ 0.+1・
Ifi = n， Oi doωnot send Nack(入).

10-2) 0ぬerwise，i.e. if Oi鉱山 waitsfor 時

lease of入， Ci resets 7i and sends Nack (入)
to Oi+l・ Hi = n， Gi does no主send
Nack(λ). 

11) On receipt of色hefirst Aαck(入)企omGi+b α 
behaves 邸 follows:
11-'-1) H Gi has already reserved λin GiGi+l， 

Ci rele舗倒 λandsends Nack(λ)ω Oi+l・

If i =1， Oi sends Aαck(λ) to E8・
11-1) Otherwise， i.e. if G， still wai抱 for時

lease ofλ， Oi resets Ti and sends Nack(入)
to 0'-1・Ifi = 1， 0， sends Mαck(λ) to Es. 

12) On receipt of Nack(入)企om01， Es behaves鉛

おll'Ows:
12-1) If Es has alread.y reservedλin E801， Es 

releas邸入.
12-2) Otherwise， i.e.' ifE8抗illwaits for r，争

lease of入，E8 resets 九.ロ

4 Eva1uation 
In this section，可

proposed parallel w 
failure泊 WDMalll
time durationゐrwavelength 
time for re∞rvery仕omreservation failure and for 
re-r，偲ぽvationunt 
along a predetermined message 仕組smissionroute 
仕oma source edge router主'0a destination. one is 

base WDM 
forward resぽvatio~ protocol and for 
failure our proposed parallel w記ting
ping recovery and holding recovery 
d achieved perおrmanceis compared. 

Two types 'Of network top'Ologies町 e鎚 sumed;
tree-type and mesh-type. In the former， core 
routers a.re configured in a bin釘 ytree and edge 
routers are connected色othe binary tree邸 leaf
nodes (Figure 6). Wi色hdepth N of the tree， there 
a.re 2N - 1 core routers and 2N edge' routers. On 
the other hand， in the latter， corerouters are∞rn-
figured in a N x N square and 4Nedge rout~rs are 

the square along edges of the squ釘 e
(Figure 

In addition to色hetopology assumptions， the fol-
lowing simulation p紅邸neters

• Each opticallinks has 16 different wavelengths. 

• Timωut interval for releωe 'Of wavelength 
reservation in the holding and para11el waiting 
re∞rvery is 50 m飽 c.

• Message transmission requests arrives accord-
回gto Poisson process with an average interval 
of 100-200 msec. 

cl均肱闇

O 句勘町

Figure 6:古舘'IbpologySimulation Environment. 

Eコ盈亀IOR園町

Oeac・R副町

Figure 7: M回 h'Ibpology Simulation Environment. 

• Message transmission intervaI is according to 
an eJ申onentialdistribution with an average of 
100 msec. 

• Proc鰯 ingtime in each routぽ fora wavelength 
reservation co凶rolmωsage .is 1 msec. 

• A SIInl1Ja;tlon lnterv8..l 18 111肌Jl山t

F泡町e伺s9ト-14sぬhowthe s説imu叫Ila'“色ionresults. Here 
CFD， CFH and CFW repr回 entthe dropping re 
covery， holding. re∞Ivery and parallel waiting re∞v 
ery， respectively. In tree-type topology networl 
environmen旬， our proposed CFW achieves 4.5~ 
(N := 5) and 3.1% (N := 6) shorter rωerva-
tion time色hanCFD組 d3.5% (N := 5)組 d8.7%
(N:= 6) shorter reservation time than CFH. How-
ever， when N := 7， 180% and 37% longぽ rω，erva-
tion time is required in CFW than CFD and CFH， 

source and 
usmg ran-

unique dis位ibution.Hence， abou色half
of message transmissions are through色herooもcore

tree勾 penetwork topology. There-
fore， optical communication links connected to the 
r∞色 corerouter are highly congested and it be-

diffic叫も toreserve wavelength 'espe-
cially with a large N. 
.ronments， there are 
avelength r，回erv
lstributed. In II 
FW achieves 3.. 

6.4% (N := 8) shorter average r田町四，tiontime 
than CFD and 2.0% (N := 4)， 2.9% (N := 6)組 d
4.3% (N := 8) shorter th組 CFH.

to be 
rela-

tively shorter distance between two edge routers， 
high clustering indiω色or組 dexpone凶 ialdistribu-

BAmodel 
hassim-

il釘 propertyof real computぽ networks[1). Hence， 
we eva1uate the performance of our CFW protocol 

-10 -



30 

5

0

5

0

5

 

司

晶

弓

'

-

・

且

3

2

a

-

【

8
自
】
曲
目
ト

g宮
廷
結

a

CFD-←-
CFH--A-

CF特~

50 

相

却

却

問

【

u
a
E】
帥

SFF
安
当

B
U
S
H抽

qω 。1ω 125 150 175 

Mc腿唱.cTransmission R珂ucstImerval [間関I
2∞ 125 150 175 

MessageT，岡田missionR明~estInterval [msec) 

Figure 11: Average Rese"瓜ionTime (M回 hN :=4). 

CFD-ー+ー-
CFH~ 
~テー

40 

Figure 8: A ver昭 eReservation Time (Tree N := 5). 

o 
I∞ 

CFD-ートー
CFHー『島一
CF腎目。一

2ω 

附

m

前

崎

{
U
白
書
信
】

E
F
F
E宮
E
S
U

125 150 175 

Mcs鎚geTnmsmissi叩 R珂ucstInter叫[mscc)
。1ω 2ω 125 150 175 

M鵠 ageTransn由sionR叩制Interval[msec) 

Fほure12: Average R崎町V叫ionTime (M回 hN :=6). 

onclus 
; paper propc 
1 waiting，おr
signes a CFV 
l experiments 
than the 00] 
rhich釘 'eb舗を

ectively. 
congested environments and in BA conmplex 

model which has same property of real 
stering indicator 
~grees of routers， 
l time is required 

others even with network hubs around 
network COD.S::es色ionsare likely主obe occurred. 
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es 15，16 
町isonof 

位 ldCFW in 30， 60創 ld120 routers 
model networks. Here， CFW requires 

rerage reservation time. By oompari-
， 3.2%， 4.3% and 6.4% shorter reser-
req凶redin the 3 different scales of 
addition， by comparison with CFH， 

time is 1.5%， 2.5% and 4.5% shorter in 
results. Hence， CFW achieves averagely 
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