16

12



© I~ O o O

..10
..10
..10
211
.. 14
.. 14
.15
.15
.19
..19
..19
.23

PWA

.24
.25
.26
.26
.27



PWA 31

PwvA 37

CoS (ST T 59






2.1 8

2.2 9
2.3 e res 11
2 A et tns 13
2. D e ——————————————— 14
2 TSRS 16
2 OSSOSO U PO PTSPEPPTRRPRROPPRTN 18
2.8 PWA 21
3.1 SeleCtive-2 o 27
B s 29
3.3 PWA SeleCtiVe-3 o 33
3.4 P U A 35
35 PWA 39
36 40
3.7 N 41
3.8
AOKIM ettt 42
3.9
A00 KIM ot 43
310 n
JOKM e 44
311 n
L O 45
3.12 40km 46
3.13 400 km ... 47
314 49

-V -



3.15
3.16
317 N

3.18
3.19

4.1
42 CWA
43 CWA

4.4 Enforced switching

45
4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

415 n (1)
416 n (1)

(Delay ratio) vs.
(Delay ratio) vs.

(Delay ratio) vs.

VS.

VS.

VS.

VS.

VS.

VS.



5.7 EN-2
58 EN-2

- Vi -



3.1
4.1
51

- Vii -






ISP

WDM

[1-5] WDM
1997 DARPA (Defense
Advanced Research Program Agency) MONET (Multi-wavelength Optical networking)
[6,77 AON (All-Optical Networking) [8] 1998
KEOPS (Keys to Optical Packet Switching) [9]

MONET



KEOPS

2.5 OBS

[10-12] OBS

OBS 2
[13,14]
GMPLS

[10-12]



OBS

[15]

[16,17]

E FTP

OBS

DiffServ












WDM

ATM  SONET/SDH 21

WDM

Existing Network Future Network

WDM Optical Backbone

2.1



SONET/SDH ATM

WDM
(RWA: Routing and Wavelength
Assignment [18-21])
2.2
WDM/TDM
/
IP ATM
IP SONET Network ATM/IP Network

IP/ATM Network
IP SONET Network

CORE Network

IP Optical Network Access Network

2.2



2.3

[22-24]

-10 -

RTT (Round Trip Time)



(O/E/O)

Header
processing
Synchronizer ySetup
00 Switch

New headers

Fixed-length

B D

2.3

RAM (FDL: Fiber Delay Line)
[25]

2.3
FDL
FDL

FDL

1997 [5,6]0BS

-11 -



24

WDM

[10-12] (OBS)

-12 -

OBS

WDM

OBS

OBS



A Control

y Wavelength

Control packets

A

Offset
time

2.4

[13]

10

OBS

OBS

B Data bursts

2.4

C

Y
O/E/O 9|
v Processing
Switch

\

Data '

Wavelength D

OBS [13,14]

-13-



2.5 OBS
WDM

I

/

|'|
N =
‘

/
Legacy Switch

§WDML

Data burst S =
Control packet N :ﬁ
N
Control channel Burst Switch

l'm -

2.5

-14 -



OBS

Just-enough-time[9]

JT

JET
JT

-15-

GMPLS[26]

[7]

Just-in-time (JIT)
JT

MONET

JIT

JET

[8]



MPLS
[7,10,11]

RAM [27]

2.6

2.6

-16 -



RAM  FDL (Fiber Delay Line)

RAM
FDL
FDL 10
FDL
WDM

[28-30] PWA (Priority-based
Wavelength Assignment) [31] 2.7

PWA

FDL

217 -



B
o
L*Qf,%

the same wavelength @ C E

on the same link A
(b). Deflection Routing (Allows bursts of the sam

wawvelength traverse different routes)

4 Wa,
SR M o g

=
A
(). Collision occurs when multiple  bursts \\%
attempt to reserve the same wavelength on e\
the same link simultaneously. &
urst from A 10 E @
& .

E
A
(c). "Smart" Wawvelength Assignment (Allows bursts
traverse the same route use different wavelengths)

B
@ Routing
ApproaCh
B )

2.7

-18 -



Most-used

[32-34]
PWA
PWA
PWA
PWA

Least-used

-19 -

PWA[31]

[31]



28@) 4 (a-dy WDM

2.8 (b)
(Wi wg) 4

X (Rev. x)

B (x,y) X y
X,y L (x,y)

2.8 2.8 (b)

B (a, b) Wy B(a,c) Bf(ad

Wa, Wy B (b, ¢) ws, B (b, d) Wy B(,d w;

2.8 (b)
wi L(@b) L(bd)

W2, W3 Wy
L (a,c) L (b, d) ws L(b,c) L (c, d)

-20 -



Database a
Rev.b Rev.c Rev.d

Wy W Wa Wy Wy Wa Wy Wy Wy Wa W3 Wy

Database b Database ¢ Database d
Rev.a Rev.c Rev.d Rev.a Rev.b Rev.d Rev.a Rev.b Rev.c

Wy W, W Wy Wy Wo Wa Wy W Wy Wa Wy Wy W, Wy Wy Wy Wy W Wy Wy W, Wa Wy Wi W W Wy Wy Wo W Wy Wy W, Wa Wy

(a) the initial state

Database a
Rev.b Rev.c Rev.d

Wy W, Wa Wy Wi W, Wy Wy Wy Wy Wa W

PWA

PWA

P(xy,w)

P (x,y, w)

Database d

Rev.a Rev.b Rev.c

Database ¢
Rev.a Rev.b Rev.d

Database b

Rev.a Rev.c Rev.d

Wy W, W Wy Wy Wo Wa Wy Wi Wy Wa Wy Wy W, Wy Wy Wy W W Wy Wy Wy Wa Wy Wi Wp W Wy Wy Wo W Wy Wiy W, Wa Wy

(b) after “the learning process”

2.8 PWA

PWA

P (X’ Y, W) X

P(xy, w)

-21-



1-P(x,y,w)

P(X,y,w) =P(X,y,w)+ O y.w) 1 (2.1)
0<P(xy2)<1 Q (x,y,w) X
w Q=123..
w
P(x,y,w) =P(x,y,w) —M (2.2)
=Y, Q(X, y,w) +1 '
(2.1) 1
(2.2)
1 0 (2.1) (2.2)
1
Q
Q
X y
w X y
W X y
w Xy w

-22.-



-23-



-24-



PWA

PWA

-25-



RESV CONF

N Selective-N [35]

3.1 Selective-2

@)
RESV
CONF CONF
FAIL
(b)
RESV RESV
AND
FAIL
RESV

-26 -



FAIL FAIL

(©)
RESV RESV
CONF
Node A Node B Node C Node D
Avail(a)={0,1.2} | Avail(b}={0,2,3} | Avail(c}={0,2,4)

link a link b 1 link ¢

Lock {0}

3.1 Selective-2

RESV

-27-

CONF

PROB



3.2

[35]
(@)
PROB
PROB
RESV
RESV
NAK
(b)
PROB
AND
NAK PROB
RESV
RESV
RESV NAK
(FAIL)
FAIL

NAK

-28 -



FAIL

(©

FAIL
PROB PROB
AND
RESV
NAK
FAIL
¥cite{Mei} PROB
RESV
Node A Node B Node C Node D
Avail(ay={0,1,2}] Avail(b}={0,2,3} | Avail{c)={0,2,4)
link a ! link b : link ¢

3.2

-29-



-30-



PWA

PWA
PWA Selective-N
PWA Selective-N
N PWA
N
PWA
X y

@

N+1

N N
RESV RESV
RESV
(b)
RESV RESV
RESV RESV
AND O 1
CONF

-31-



CONF

FAIL
CONF
(2.1)
3.3 PWA  Selective-3
D RESV
B {0,1,2,3}
3 {0,1,3} RESV
{1,3,0}
RESV {0,1,3} {0,3}
{0,3} RESV {0,3}
D RESV {0,3}
CONF
3
{0.3}

-32-

{03}

2.2)



Node A Node B Node C Node [

Priority Avai{gy={0,123} | Avail(b)={0.2,3} | Avail(c}={0,3.4}
link a | link b 1 link ¢
Lock 0,13} | !
lLock (03} |
01234 i

T |

fial:

01234
3.3 PWA Selective-3
PWA
PWA
PWA
PWA
PROB
RESV
FAIL

-33-

PWA



PROB
PROB
RESV
.1)
RESV
FAIL
3.4
PROB
{0,1,2}
B PROB
c
{0,2}
0
RESV
0

RESV

2.2)
PROB
FAIL
2.2)
A D
A B
B {0,2,3}
{0.2}
D PROB
RESV
{0,2}
2 PROB

-34-



RESV

Node A Node B Node C Node D
Avail(ay={0,1,2} | Avail(by={0,2,3} | Avail(e)}={0,2,4) | Priority
link a | link b | link ¢

- i
Comimon-avail: {0,1,2) {
|

i
Common-avail: {0,2}
! 01234

o/
i

01234
Assign wavelength with the
hl'S"ﬂéE priority (W=il)
1
| Increase
priority ]|
01234

-35-



16

400 km

4x4

QK y, w)

-36 -

4.1

40 km
P 0



3.1

16 4x4
40 km 400 km
10 Gbps
6.4
12.8

15

Selective-N  FRP-Selective-N
BRP n
BRP-Tn PWA

_ Nodesx LxH
J xW

Nodes L 1

L

3.1

PWA

PWA

-37-



0 30

4 6 7 10 11
2
1 60
1
9
35 35
1 A B
128
40 km Selective-4
35
30
PWA
60
21 (2.2 Q
100 PWA
2

-38-

60

PWA

0.3

PWA



Contentions per 10000 calls

10000

FirstFit

_______“f.___ >
- w

1000

WWW

100

10
0 200000 400000 600000 800000 1000000
Connection Count
35 PWA
PWA
PWA 3.6
40 km
PWA
Selective-4
PWA/Random/FirstFit
PWA
PWA
PWA

-39-



0.3

128

Contention Probability

40 km 128
N
PWA N 30
70
PWA
3.7 05 0.7
N PWA
2 N
0.3 N
N
1.00E+00
1.00E-01
1.00E-02
1.00E-03
1.00E-04
1.00E-05 —aA—PWAG4 —e—PWA128 —a—PWA256
---A--- Random64 ---¢--- Random128 ---B--- Random256
1.00E-06 i
---A--- FirstFité4 - --e--- First Fit128 ---m--- FirstFit256
1.00E-07
0 0.2 0.4 0.6 0.8 1
Traffic Load
3.6

- 40 -

3.7

40

PWA

0.3



3.8

Contention Probability

1.00E+00

1.00E-02

1.00E-03

1.00E-04

1.00E-05

——PWA Load=0.3 —®—PWA Load=0.5 —aA— PWA Load=0.7

---6--- Random Load=0.3 - - -B- - - Random Load=0.5- - - A- - - Random Load=0.7

---@--- First Fit Load=0.3 - - -®- - - FirstFit Load=0.5 - - - A- - - FirstFit Load=0.7

20 40 60 80 100 120
N
3.7 N
PWA
PWA 389
40 km 3.9 400 km
BRP-TO
PWA
PWA
40 km 400 km

-41 -



Contention Probability

1.00E+00

1.00E-01

1.00E-02

1.00E-03

1.00E-04

1.00E-05

1.00E-06

1.00E-07

3.8

—aA—PWAG4
---A--- Random64

- - -A- - - FirstFit64

— e PWAI128 — = PWA256

--o--- Random128 ---E--- Random256

- -@--- First Fit128 ---m- - - FirstFit256

0.4

0.6 0.8 1

Traffic Load

-42 -

40 km




—A—PWAG4 —e—PWAI128 —&—PWAZ256
---A--- Random64 ---¢--- Random128 ---B--- Random256

---A--- FirstFité4  ---&--- First Fit128 ---m--- FirstFit256

1.00E+00

1.00E-01

1.00E-02

1.00E-03

1.00E-04

Contention Probability

1.00E-05

1.00E-06

1.00E-07

0 0.2 0.4 0.6 0.8 1
Traffic Load

39
400 km

CONF

BRP-Tn n 135
310 11 3.10 40 km 3.11

-43-



400 km
1.00E-07

400 km

1.00E-02

1.00E-03

1.00E-04

1.00E-05

Contention Probability

1.00E-06

1.00E-07

310 n

128
3.10
PWA
0.3 0.4 PWA
n 1 3
n 3 5
3.11
PWA
40 km PWA
PWA
—e—PWA/T1T —8—PWA/T3 —aA—PWA/TS
---&--- Random/T1 ---&--- Random/T3 ---A--- Random/T5
---@--- First Fit/T1 ---m--- FirstFit/T3 ---A--- FirstFit/T5
0.3 0.4
Traffic Load

40 km

-44 -



—e—PWA/T1 —8—PWA/T3 —aA—PWA/T5S
---9--- Random/T1 ---3--- Random/T3 ---A--- Random/T5

---@--- First Fit/T1 ---m--- FirstFit/T3 ---A--- FirstFit/T5

1.00E-01

1.00E-02 |
E 1.00E-03
g
S - .-
& 1.00E-04 |- ._‘____,_.,.-0
= -
5 *’
§ 1.00E-05 |

1.00E-06 | ”_“:3::::/

.a "
. o
| |
1.00E-07 ‘
0 0.1 0.2
Traffic Load
311 n
400 km
PWA
PWA 3.12 4.13 3.12 40 km
3.13 400 km
128 FRP BRP BRPT3
Selective-4 -
3.12 4.13
3.12 4.13
0.4
40 km 400 km

- 45 -



Contention Probability

—e&—PWA/FRP —a— PWA/BRP —aA—PWA/BRP-T3

- - -¢- - - Random/FRP - - -B- - - Random/BRP ---A--- FirstFit/BRP-T 3
1.00E+uu

1.00E-01 RO

LR
1.00E-02 o /0/‘

1.00E-03 o SN/

5B

e A
1.00E-04 /{ﬁ ’

1.00E-05 N e B

1.00E-07

"

0 0.1 0.2 0.3 0.4
Traffic Load

3.12 40 km

- 46 -



Contention Probability

— e PWAJFRP

- - -&- - - Random/FRP

—a— PWA/BRP

- - -B- - - Random/BRP

—aA—PWA/BRP-T3

---A--- Random/BRP-T 3

1.00E+0u
1.00E-01
R S
1.00E-02 o
@ / j
1.00E-03 g /E/ T '
U =
.- El- B
1.00E-04 g / / /A
1.00E-05
4 /I/ A /
1.00E-06 ./ [
1.00E-07 A
0 0.1 0.2 0.3 0.4
Traffic Load
3.13 400 km

-47 -




PWA

PWA
3.14
PWA
Selective-4 Rand/PWA
PWA
PWA
N 3.15
PWA
128
N N
03 05 07
9 7 5 N
N
PWA
4 3 PWA
N
N

-48 -



Contention Probability

1.00E+00

Contention Probability

1.00E-01
1.00E-02
- -¢- =-Rand32 - -m- -Rand64
1.00E-03 - -a- -Rand128 - -e- - Rand256
——PWA32 —t— P\WAG64
1.00E-04 ‘/ —a—PWAI128  —e—PWA256
1.00E-05
0 0.2 0.4 0.6 0.8 1
Traffic Load
3.14
---¢---Load=0.3(Rand) ---m--- Load=0.5(Rand) ---a--- Load=0.7(Rand)

—e—Load=03(PWA) —=—Load=05(PWA) —a—Load=0.7(PWA)
0.5

o
~

o
w

o
N
T

o
=

3.15 N

=49 -



PWA

PWA
3.14 PWA
BRP-TO
PWA
1
BRP-Tn n 1325
3.17 PWA

1E-05
0.35

-50 -

3.16



E 0.1
=
©
o
<
o 0.01
kS - -¢- -Rand32 - -m- -Rand64
=
2 - -A- -Rand128 - -e- -Rand256
o
© 000l —o—PWA32 —a—PWAB4
—t— PWA128 ——e—PWA256
0.0001 !
0 0.2 0.4 0.6 0.8 1
Traffic Load
3.16
1.E+00
- =¢= =Rand/T1 = =-m= =Rand/T3 = =a=- =Rand/T5
1E-01 | ——PWA/T1 —8—PWA/T3 —a—PWA/T5 8
z o’
o) Ly
S 1E-02
e
[a
g 0 -
g 1.E-03 — S
£ L.
8 .
1.E-04 -2
‘ L4
1.E-05 -
0 0.1 0.2 0.3
Traffic Load
3.17 N
PWA PWA 3.18 19

-51 -



Contention Probability

3.18

1.E+00

1.E-01

1.E-02

1.E-03

1.E-04

1.E-05

FRP BRP BRPT3

0.3

n
- =¢= = Rand/FRP
—e— PWA/FRP

3

- -m- =Rand/BRP
—8— PWA/BRP

3.19
128
Selective-4
3.18 19

- =A= =Rand/BRPT3
—a— PWA/BRPT3

3.18

0.2
Traffic Load

-52-

0.3



Average Setup Time (msec)

- -&- =Rand/FRP - -m- = Rand/BRP - -A- =Rand/BRPT3
—e— PWA/FRP —a— PWA/BRP ——at— PWA/BRPT3
2 L F
I
1.8
1.6 +
1.4
1.2
1 L
0 0.1 0.2 0.3
Traffic Load
3.19

-B53-




PWA PWA
PWA

PWA

-54 -



-55-



CWA (CoS-oriented Wavelength Assignment)
CWA PWA CoS

CoS

CoS . Enforced

switching

-56 -



CoS (Class of Service)

E FTP

CosS (Class of Service)

Intserv [36]

Diffserv

Diffserv [37]

CoS

-57-

CoS



4.1
TCP

TCP TCP
TCP

TTL TCP

Burst switching node H«--End host -

—_— Burst switched network

-58 -



CoS

CoS (CWA)
CoS
CoS (CWA: CoS-oriented wavelength assignment)
CWA
CWA PWA
CWA CoS
CoS
4.2
n (i) i 4.2
@ n@M=1

-59-



Wi w1 (busy)

4.3 (b) n(@)=4

Wy Wa

W, W) W3
W1-Wy
4.2
(a) n (i)
CoS
> forward > forward
by > block wavelength database | priority »

for a sender/destination node pair

/,busy

a|qeubisse

.

W, W, . W, wavelength w, W, Wy A W wannnn W,

(@n@=1 (b)n()=4

42 CWA n (i)

X y
n (i)
i i n (i)
A
X y Xy
n (i)

- 60 -



n (i)

n (i)
Ack
Nack
(2.1) (2.2)
X y
X y
w X y
w X y w

w w

-61-



Enforced switching

CWA

CoS
CoS
(CP) 1 CP

B (1)
B (0) CWA

B(0 CP(0)
9 o transmitted
|
|
Bﬁ ' CP(1)
9 >< blocked

43 CWA
B() : B (0)

switching CWA  enforced switching

-62-

43
B (0)
B (0)

enforced



1
CP (0)

CP (1) B (1)

4.4 CP (0) CP (1)
B (1)

B (1)
CP (0)
CP (0)

enforced switching

Bioi CP%O)
Bﬁ CP%l)

BO B()
(Enforced switching)
B(1)
0

9 < blocked
9 © transmitted

4.4 Enforced switching:

B (0)

-63-

B (1)

B (0)
B (0)



OBS

4.5 (b), (c)

B (1)
B (1)

CoS

[38,39]
CoS
2
4.5 (a) 0
(B (1)
B (0) B (1)
CP(1) B (1)
0

-64 -

[38,39]
1
(CP(0))
1
B (1)
4.5 (b)
4.5 (c)



- 65 -

CoS



base offset time

B(0 P(0
) 9 o transmitted

B(1 ' CP 1
&4— ————— 9 © transmitted

(a) extra offset tlme

IB(O) CP(0)
H% 9 o transmitted

(© ﬁ<— ————— > H%) % o transmitted

IBo CP(0
) 9 = blocked

B(i): data burst with service class i
CP(i): control packet of B(i)

(@ B(1) arriving after B(0) is transmitted because of extra offset time.

(b) Both B(0) and B(1) are transmitted because B(1) can be transmitted
after transfer of B(0).

(c) B(1) is transmitted and B(0) is blocked because of extra offset time.
(B(1) is blocked without extra offset time.)

4.5 CoS

- 66 -



Dijkstra Protocol

4.1

16 4x4
64 254
200 km
10 Gbps
1MB

10

4.1

-67-



- 68 -

4.1)



Delay ratio =

/4
@)

Delay ratio

Delay ratio

Delay ratio

(4.3)

n (0)

ES  Enforced Switching

- 69 -

46 4.8
/16

(4.2)

n (1)

n (0)

n



CWA

Blocking Probability in a network

CWA CoS

enforced switching

enforced switching
0 1

CWA

1.E+00
1.E-01 |
1.E-02 |
—e—class1-CWA ---o--- classO-CWA
—a— Class1-CWA+ES - - - A- - - classO-CWA+ES
1.E-03 -
/ —a—— class1-ES ---E- - - class0-ES
—x— classless
1.E-04 .
0 0.1 0.2 0.3 0.4
Traffic Load
4.6 VS. 64

-70-

0.5



Blocking Probability in a network

Blocking Probability in a network

1.E+00

1.E-01

1.E-02

1.E-03

1.E-04

4.7

1.E+00

1.E-01

1.E-02

1.E-03

1.E-04

4.8

—e—class1-CWA .-

—a— Class1-CWA+ES - - -

/ — = class1-ES -

—x— classless

©- - - classO-CWA
A- - - classO-CWA+ES

B- - - class0-ES

0.1 0.2 0.3
Traffic Load

VS.

0.4 0.5

128

)
*/ — e—Classl-CWA - --o--- class0-CWA

—a— Class1-CWA+ES - - -

—a— class1-ES ---

——x—classless

A- - - classO-CWA+ES
B- - - class0-ES

0.1 0.2 0.3
Traffic Load

VS.

-71-

0.4 0.5

256



/16

49 411

n (1)

Throughput in a network

0.2

n (0)
14
CWA
enforced switching
1 0 CWA

—e—class1-CWA - --o--- class0-CWA S R

-72-

----- E o 2]
—a— Class1-CWA+ES - - - A- - - classO-CWA+ES T
—m—class1-ES ---8- - - class0-ES
——x— classless

0 0.1 0.2 0.3 0.4 0.5

Traffic Load
4.9 VS. 64



Throughput in a network

Throughput in a network

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

-73-

e class1-CWA  ---o--- classO-CWA  =° R EEEREs
G- 1]
—a— Class1-CWA+ES - - - A- - - classO-CWA+ES Th A
I~ —m—— class1-ES ---E- - - class0-ES
—x— classless
0 0.1 0.2 0.3 0.4 0.5
Traffic Load
4.10 VS. 128
OB
— —e—class1-CWA  ---o--- classO-CWA BB o S &
— & class1-CWA+ES - - - A- - - classO-CWA+ES K- 7
I~ —m——class1-ES ---E- - - class0-ES
—x— classless
0 0.1 0.2 0.3 0.4 0.5
Traffic Load
411 VS. 256



412 4.14 (Delay ratio)

CWA

1

Enforced switching

enforced switching
Enforced switching
0

delay ratio

5
—e—class1(CWA) ---9--- classO(CWA)
4 — — & class1-CWA+ES - - - A- - - classO-CWA+ES
o —m—class1-ES ---@- - - class0-ES
ISl
T 3 | —%—classless
[+
>
o)
2 L
1 ¥ ¥ % NN WTPEEL - X
0 0.1 0.2
Traffic load
4.12 (Delay ratio) vs.

-74 -

64



Delay Ratio

Delay Ratio

—e—class1(CWA)  ---o--- classO(CWA)
25 | —a—class1-CWA+ES - - - A- - - classO-CWA+ES
—m—class1-ES ---B- - - classO-ES
) —x— classless
15
1 ¥ S
0 0.1 0.2 0.3 0.4 0.5
Traffic load
413 (Delay ratio) vs. 128
3
—e—class1(CWA)  ---o--- classO(CWA)
”g —a— Class1-CWA+ES - - - A- - - classO-CWA+ES
—m—class1-ES ---E- - - class0-ES
—x— classless
2
15
1 ¥ e
0 0.1
Traffic load
4.14 (Delay ratio) vs. 256

-75 -



64 0 n@) 4 n (1)
6 64
415 4.16
4.15 n (1)
1
n(1)
4.16 CWA
0.4 n(l)>16
n (1)
n(@)=6
0.3

-76 -



Ratio of blocking probability:
class1/class0

4.15

Ratio of transmission
delay: classl/classO

0.3

o
()

©
[N
T

n (1)

1.05

—%—n(1)=6 —e—n(1)=8
——n(1)=10 ——n(1)=12 /
n(1)=14 ——n(1)=16
——n(1)=32 n(1)=64

Y. 5 '
0 ):)«:%””‘?‘é% |

0.1 0.2 0.3 0.4
Traffic load

VS.

0.95 -

’w
—%—n(1)=6 —o—nM
—en(1)=10 —+—n(1)=12 \v

n(1)=14 —a—n(1)=16 o
—a—n(1)=32 n(1)=64
0.85 ‘ ‘
0 0.1 0.2 0.3 0.4
Traffic load
416 n(1) VS,

-77 -




CWA CWA
CWA
enforced switching Enforced switching

CoS

CoS

CWA

-78-



-79-



OBS

OBS
OBS

OBS

- 80 -



PWA  OBS

[40-44]

PWA

5.1 51 4 OBS

-81-



46

NAK
Type 1
0 ACK
2
Address 6 OBS
Address 6
2
2
Burst Identifier 4 32

Survivability 1

1 NAK

MAC

-82-

MAC

ACK

2
AL 0, A2:1, A3:2, A4:3



5.1 OBS

OBS
OBS OBS
IP
IP Network Domain

5 2

g W OBS Network Domain , e@E
E,\gi;a e Node \% ® — ‘ E "2
& ¢ X< Ve

@ Core Node Edge Node

~ Y

7 TS e
i e’

-«——» Ethernet Link “=—— = OBS-based WDM Lin

5.1 OBS

52

-83-



Control Block

Filter {1310nm 2-8 DMUX 8><8TO-SW VOA 8-2DEMUX  Pre-AMP Filte

[
=

—o
>

—=

o

1.55um

1.55um
Aoy,

wi

=

4

<
-

—
>

R

e
-

>
>

¥
& | !
-

5.2

MUX/DEMUX VOA

-84 -



1500-1520 nm 0.9dB
0.6 dB
WDM

MUX/DEMUX  WDM

4
MUX/DEMUX 3dB
4
7dB 10 ms
CPU c-PCI
c-PClI
VOA
1530-1565 nm
0.4 dB
0.5dB 10 ms
MUX/DEMUX VOA
EDFA
AGC APC 2
AGC EDFA
APC LD
1551-1557 nm 1
dBm 0dBm 30dB

-85 -

1529-1562 nm

ITU-T
1510 nm

/
200 GHz

PCI

G.692

0.1dB

-30-(-20)



DEMUX

VOA

5.3

CPU

VOA MUX

WDM

MUX
OBS
CPU
OBS
DEMUX

- 86 -



CPU Boara
CPCI bus
DSU TO-SW  #1 MUX AMP
WDM i |
LineIn
5 -[>-—Z
cl [mc
] l_T._I
I
" \L"ﬂ """" | B ."J(‘ '= I
H CPU L
1 | Transceiver Receiver ! FastEther
H i
P H
[R] [w] [r] [r] BurstTRANSCEIVER
GbE GbE GbE GbE . .
Clientl Client2 Client3 Client4 *MC:Media Gomverter
5.3
5.4 FPGA
3 FIFO
FIFO
2 FIFO OBS
1

-87-

wDM
Line out

FIFO



2 FIFO

2 FIFO
3 FIFO
—
CPU Transmit control packets
» Routing Monitoring
Output link decision Wavelength decision

Output link 1

+ T — )~
—li—b:l:l:l:'—v — :I:I:D—» — _I_m—u Tr: A3 —

Output link 2
I — T—{renl-

1St FIFO ond FIFO 3rd FIFO
(nput buffer) SV (burst generation)SW (Output buffer)

Input GbE lines

54

- 88 -



CPU

To
10ms Ts
Tg

Ts Tg (Ts+TQ)
Ts

12 Te

Te>>To

(@)
55
to

(t0+T0'Ts)

-89 -



(to+To+TptTy)
Ty
(to+To-Ts+n*Tj) (n=1,2,3...)

t
(t+TeTo)

(b)

NAK

(tO+TO+Tb+Tg)

ACK/NAK
Type

55 t= (to+To-Ty)

(t0+To‘Ts)
b (to+To)
(tO+To'Ts)
n=1
n T
t (tr+Ts+Tp+Ty)
(t+To)
ACK
to
(to+To-Ts)
(to+To-Ts)

-90 -



ACK/NAK

-01-



time

New burst

Burst reservation period

Burst data

(@t

time

Al

t+Ti

o
<

New burst

A3

A4

(b) t

5.5

-92-



OBS

5.6
OBS
2m 1.25 Gbps
72 15
OBS
A B CcC 1Ip
EN-1 A IP
Bab Bac
EN-2 Bab B Bac EN-3 Bac
EN-3 C

Bab + Bac

Er S T R R B
Client ClientB ClientC

5.6

-03-



5.7 EN-2

EN-2
EN-2
72 15 1.25 Gbps
57 2
Bab + Bac
UL L] ]
Bab
) +
Bac
U L] L
0 20 40 60 80 100 120 140
Time (ms)
5.7 EN-2
(@) (b) ()

5.6

OBS

-94 -



58 EN-2 Bac -
EN-2

T 3ms T
EN-3

Control signal I time i
arrival ’
|
Control signal : ﬂ
departure i ff !
Processing
Switch r_’! delay
confi i 1 g
iguration | — fj i
le Switching delay "
Burst | 3 ms) ' Burst
arrival ! fj(
TL Offset time N
D >
5.8 EN-2
Bac EN-2
1 4
4 1 4
15 ms 15 ms
14816 50 s
3ms
1P 5.1
1P IP A
B c WDM

-05-



Bab Bac
12 ms
51
ms
15 20 25 30 35
Bab 27.237 32.234 37.238 42.238 47.242
Bac 27.239 32.234 37.238 42.238 47.242
OBS

- 96 -




OBS

OBS

-97 -



-08-



WDM

WDM
PWA
PWA
PWA
PWA
CWA
CWA
enforced switching CWA

CWA

-99-



OBS

- 100 -



-101 -



-102 -



[1]

(2]

(3]

[4]

[5]

(6]

[7]

(8]

[9]

R. Ramaswami, K. N. Sivarajan, “Optical networks, a practical perspective,” Morgan
Kaufmann Publishers, 1998.

T. W. Chung, et al., “Architectural and engineering issues for building an Optical Internet,”
http://www.canarie.ca/~bstarn/optical-internet.html, Oct. 1998.

F. J. Westphal M. Jager, H. M. Foisel, and A. Gladisch, “Evolution of optical networks and
management aspects,” International topical workshop on contemporary photonic
technologies (CPT 2001), pp. 35-38, Tokyo, Japan, Jan. 2001.

S. J. B. Yoo, “Optical-label switching, MPLS, MPLambdaS and GMPLS,” Asia-Pacific
Optical and Wireless Communications (APOC 2001), 4585-02, Beijing, China, Nov. 2001.

I. Chlamtac, A. Ganz, and G. Karmi, “Lightpath communications: an approach to high
bandwidth optical WAN's,” IEEE Trans. Commun., vol.40, no. 7, pp. 1171-1182, July 1992.

R. E. Wagner, R. C. Alferness, A. M. Saleh, and M. S. Goodman, “MONET:
multiwavelength optical networking,” IEEE J. of Lightwave Techno., vol. 14, no. 6, pp.
1349-55, 1996.

L. D. Garrett, et al., “The MONET new jersey network demonstration,” IEEE J. on Selected
Areas in Communications, vol. 16, no.7, pp. 1199-1219, Sep. 1998.

B. R. Hemenway, “Terabit per second all-optical wavelength-routed networks,”
Optoelectronics and Communications Conference (OECC 97), pp. 86-87, Seoul, South
Korea, July 1997.

P. Gambini, et al., “Transparent optical packet switching: network architecture and
demonstrators in the KEOPS project, “IEEE J. on Selected Areas in Communications, vol.
16, no. 7, pp. 1245-1259, 1998.

[10] J. S. Turner, “Terabit burst switching,” http://www.arl.wustl.edu/~jst/projects/

TerabitBurst.html, Oct. 1999.

[11] H. Chaskar, et al., “A framework to support IP over WDM using optical burst switching,”

-103 -



Optical Networks Workshop, Dallas, TX, Jan.2000.

[12] M. Yoo, M. Jeong, and C. Qiao, “A high speed protocol for bursty traffic in optical
networks,” in SPIE’s All-Optical Communication Systems: Architecture, Control and
Network Issues, vol. 3230, pp. 79-90, 1997.

[13] A. Sahara, K. Shimano, Y. Takigawa, and M. Koga, “Optical burst data switching utilising
GMPLS signaling,” IEEE Electronics Letter, vol. 39, no. 17, pp. 1267-1269, Aug. 2003.

[14] A. Sahara, Y. Tsukishima, K. Shimano, M. Koga, K. Mori, Y. Sakai, Y. Ishii, and M. Kawali,
“Demonstration of optical burst switching network utilizing PLC and MEMS switches with
GMPLS control,” European Conference on Optical Communication (ECOC 2004), pp.
896-897, Stockholm, Sweden, Sep. 2004.

[15] R. Ramaswami, and A. Segall, “Distributed network control for optical networks,”
IEEE/ACM Trans. Netw., vol. 5, no. 6, pp. 936-943, Dec. 1997.

[16] H. Zang, J. P. Jue, and B. Mukherjee, “Review of routing and wavelength assignment
approaches for wavelength-routed optical WDM networks,” Optical Networks, vol. 1, no.1,
pp. 47-60, Jan. 2000.

[17] T. DeFanti, C. Laat, J. Mambretti, K. Neggers, and B. Arnaud, “TransLight: a global-scale
LambdaGrid for e-science,” Commun. ACM, vol. 46, no. 11, pp. 34-41, Nov. 2003.

[18] H. Zang, J. P. Jue, and B. Mukherjee, “A review of routing and wavelength assignment
approaches for wavelength-routed optical WDM networks,” Optical Networks, vol. 1, no. 1,
Jan. 2000.

[19] I. Chlamtac, A. Ganz, and G. karmi, “Lightpath communications: an approach to high
bandwidth optical WAN’s,” IEEE Trans. Commun., vol.40, no. 7, pp. 1171-1182, July 1992.

[20] A. Birman, and, A. Kershenbaum, “Routing and wavelength assignment methods in
single-hop all-optical networks with blocking,” IEEE INFOCOM, pp. 431-438, 1995.

[21] E. Karasan, et al., “Effects of wavelength routing and selection algorithms on wavelength
conversion gain in WDM optical networks,” IEEE/ACM Trans. Networking, vol. 6, no2, pp.
186-196, Apr. 1998.

-104 -



[22] D. J. Blumenthal, et al., “Photonic packet switches: architectures and experimental
implementations,” IEEE, vol. 82, no. 11, pp. 1650-1667, Nov. 1994.

[23] P. Gambini, “State of the art of photonic packet switched networks,” In Photonic Networks:
Advances in Optical Communications, Springer Verlag 1997.

[24] F. Masetti, “System functionalities and architectures in photonic packet switching,” In
Photonic Networks: Advances in Optical Communications, Springer Verlag 1997.

[25] F. Masetti et al., “Fiber delay lines optical buffer for ATM photonic switching applications,”
IEEE INFOCOM, pp. 935-942 1993.

[26] draft-ietf-ccamp-gmpls-architecture-02.txt. work in progress, Internet draft in www.ietf.org,
2002.

[27] M. Kovacevic, and A. Acampora, “On wavelength translation in all-optical networks,” IEEE
INFOCOM, pp. 413-422, Boston, MA, Apr. 1995.

[28] F. Borgonovo, and L. Fratta, “Deflection networks: architectures for Manhattan networks,”
Computer Networks and ISDN Syst., vol.24, no.2, pp. 171-183, Apr. 1992.

[29] E. A. Varvarigos, and J. P. Lang, “A virtual circuit deflection protocol,” IEEE/ACM Trans.
Networking, vol. 7, pp. 335-349, Jun. 1999.

[30] X. Wang, H. Morikawa, and T. Aoyama, “Burst optical deflection routing protocol for
wavelength routing WDM networks,” SPIE/IEEE Opticom 2000, pp. 257-266, Dallas, USA,
Oct. 2000.

[31] X. Wang, A. Saito, H. Morikawa, and T. Aoyama, “Distributed wavelength assignment
algorithm for optical burst in WDM networks,” Optoelectronics and Communications
Conference (OECC 2001), pp.191-193, Sydney, Australia, Jul. 2001.

[32] R. Ramaswami, and K. N. Sivarajan, “Routing and wavelength assignment in all-optical
networks,” IEEE/ACM Trans. Netw., vol. 3, no. 5, pp. 489-500, Oct. 1995.

[33] Y. Zhu, G. N. Rouskas, and H. G. Perros, “A comparison of allocation policies in wavelength
routing networks,” Photonic Networks Communication Journal, vol. 2, no. 3, pp. 265-293,

- 105 -



Aug. 2000.

[34] S. Subramaniam, and R. A. Barry, “Wavelength assignment in fixed routing WDM
networks,” ICC ’97, Montreal, Canada, vol. 1, pp. 406-410, June 1997.

[35] Y. Mei, and C. Qiao, “Efficient distributed control protocols for WDM all-optical networks,”
International Conf. on Computer Commun. and Networks, pp. 150-153, Las Vegas, U.S.A.,
Sept. 1997.

[36] F. Baker, J. Krawczyk, and A. Sastry, “Integrated services management information base
using SMIv2,” RFC 2213, Sep. 1997.

[37] K. Nichols, S. Blake, F. Baker, and D. Black, “Definition of the differentiated services field
(DS Field) in the IPv4 and IPv6 headers,” RFC 2474, Dec. 1998.

[38] M. Yoo, and C. Qiao, “QoS performance in IP over WDM networks,” IEEE 1CC’00, pp.
974-979, 2000.

[39] M. Yoo, C. Qiao, and S. Dixit, “Comparative study of contention resolution policies in
optical burst switched WDM networks,” Terabit Optical Networking: Architecture, Control,
and Management Issues, vol. 4213, pp. 124-135, Boston, U.S.A., Nov. 2000.

[40] Y. Xiong, M. Vandenhoute, and H. Cankaya, “Control architecture in optical burst-switched
WDM networks,” IEEE Journal on Selected Areas in Communications, vol. 18, no. 10, pp.
1838-1851, Oct. 2000.

[41] L. Xu, H. G. Perros, and G. N. Rouskas, “Techniques for optical packet switching and
optical burst switching,” IEEE Communications, vol. 39, no. 1, pp. 136-142, Jan. 2001.

[42] L. Dittmann, et al., “The european IST project DAVID: a viable approach toward optical
packet switching,” IEEE Journal on Selected Areas in Communications, vol. 21, no. 7, pp.
1026-1040, Sept. 2003.

[43] S. J. B. Yoo, et al., “High-performance optical-label switching packet routers and smart edge
routers for the next-generation Internet,” IEEE Journal on Selected Areas in
Communications, vol. 21, no. 7, pp. 1041-1051, Sept. 2003.

- 106 -



[44] J. Li, C. Qiao, and Y. Chen, “Recent progress in the scheduling algorithms in
optical-burst-switched networks,” J. of Optical Networking, vol. 3, no.4, pp. 229-241, Apr.
2004.

-107 -



[P-1]

[P-2]

[P-3]

[P-4]

[P-5]

[P-6]

[P-7]

[P-8]

v , vol. J88-B, no. 3, Mar. 2005.

Y. Sun, T. Hashiguchi, V. Q. Minh, X. Wang, H. Morikawa, and T. Aoyama, “Design
and implementation of an optical burst-switched network testbed,” IEEE
Communications (submitted).

7

T. Hashiguchi, X. Wang, H. Morikawa, and T. Aoyama, “CoS-oriented wavelength
assignment algorithm in burst switching optical networks,” Optoelectronics and
Communications Conference (OECC 2001), pp. 371-373, Sydney, Australia, July
2001.

T. Hashiguchi, X. Wang, H. Morikawa, and T. Aoyama, “Improving CoS-oriented
wavelength assignment for burst switched photonic networks,” Optoelectronics and
Communications Conference (OECC 2002), pp. 406-407, Yokohama, Japan, July
2002.

T. Hashiguchi, X. Wang, H. Morikawa, and T. Aoyama, “Improving CoS-oriented
wavelength assignment for optical bursts in WDM networks,” Asia-Pacific Optical
and Wireless Communications (APOC 2002), 4910-25, Shanghai, China, Oct. 2002.

T. Hashiguchi, X. Wang, H. Morikawa, and T. Aoyama, “Burst assembly mechanism
with delay reduction for OBS networks,” Conference on the Optical Internet (COIN
2003), pp. 664-666, Melbourne, Australia, July 2003.

T. Hashiguchi, X. Wang, H. Morikawa, and T. Aoyama, “Performance evaluation of

- 108 -



[P-9]

[P-10]

[P-11]

[P-12]

[P-13]

[P-14]

[P-15]

distributed wavelength assignment in WDM optical networks,” Asia-Pacific Optical
and Wireless Communications (APOC 2003), pp. 480-491, Wuhan, China, Nov.
2003.

Y. Sun, T. Hashiguchi, N. Yoshida, X. Wang, H. Morikawa, and T. Aoyama,
“Architecture and design issues of an optical burst switched network testbed,”
Optoelectronics and Communications Conference (OECC 2004), pp. 386-387,
Yokohama, Japan, July 2004.

Y. Sun, T. Hashiguchi, V. Q. Minh, X. Wang, H. Morikawa, and T. Aoyama, “Design
and implementation of burst switching nodes for WDM optical networks,”
Asia-Pacific Optical and Wireless Communications (APOC 2004), Beijing, China,
Nov. 2004,

5
i) 1 H i) £ COS
77 , SSE2000-294/IN2000-250, Mar.
2001.
CoS 7 , PNI2001-16,
Nov. 2001.

, PS2002-12, Apr. 2002.

CS2003-54, July 2003.

Y. Sun, T. Hashiguchi, V. Q. Minh, X. Wang, H. Morikawa, and T. Aoyama, “A burst
switched network testbed for future photonic Internet,”
, , NS2004-167/PN2004-63, Dec. 2004.

-109 -



[P-16]

[P-17]

[P-18]

[P-19]

[P-20]

[P-21]

[P-22]

[P-23]

[P-24]

b 1 ] b “< COS
v , B-10-107, Mar. 2001.
H 1 1 H “ COS
v , B-6-188, Mar.
2002.
v , B-12-14, Mar.
2004.
v , B-10-58, Mar. 2003.

Y. Sun, T. Hashiguchi, N. Yoshida, X. Wang, H. Morikawa, and T. Aoyama, “Design
and development of an optical burst switched network testbed,”
, B-12-13, Mar. 2004.

e , Mar.
2005.

V. Q. Minh, T. Hashiguchi, Y. Sun, X. Wang, H. Morikawa, and T. Aoyama,
“Bandwidth guarantee for optical burst switched networks with periodical

wavelength sharing,” , Mar. 2005.
3
, , Mar. 2000.
, [N 9 COS ,,’
. , Mar.
2002.

- 110 -



[P-25] , “F
> ’ , Mar.
2005.

-111-



