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Abstract

A Study on A Network QoS Control Scheme Based

on Autonomous Distributed Control

Hideki Hayashi

This doctoral dissertation, organized into five chapters, describes a study on a net-
work QoS control scheme based on autonomous distributed control. This study has
been conducted to give suggestions on the future high-speed network QoS control be-
cause the significance of the flexible QoS control will increase to realize various network
services and applications under the future large-scaled and broadband networks.

In the introduction chapter, the objectives of this study and its technological sig-
nificances are addressed through a survey of the current status of relevant studies as
well as related fields of QoS controls and flow controls. The key point is to introduce
the autonomous distributed control in any layers of the network QoS control. Then,
two network QoS control schemes proposed in the dissertation are overviewed in terms
of the autonomous distributed control.

In the next chapter, a self-timed priority-based queueing scheme is firstly proposed
as an autonomous distributed QoS control scheme at the inner node level of the network.
The proposed scheme differentiates Internet packet flows per class without introducing
any centralized control functions. Several variants of the scheme are also discussed to
improve its queueing characteristics, i.e., queueing delay and packet loss probability.

Furthermore, an analytical model based on the state-transition probability equations is
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formulated to evaluate the scheme.

Secondly, an autonomous distributed flow control scheme is proposed, in the third
chapter, to realize the inter-network level QoS control of the network. The proposed
scheme distributes packet flows to multiple links of relay nodes to avoid traffic conges-
tions as well as to reduce queueing delay. Especially, the scheme will efficiently work at
a heterogeneous network which is mixed both old low-performance routers or switches
(nodes) and new high-performance ones equipped with dramatically advanced technol-
ogy. Therefore, the scheme gives network designers flexibility even when they expand
the existing network.

In the fourth chapter, both proposed schemes are evaluated through simulation
experiments under various practical traffic conditions and network configurations. The
simulation results show that both schemes perform efficiently in comparison with several
related schemes proposed previously.

The final chapter summarizes the proposed schemes and their remarkable features
and then discusses future studies of this doctoral work and perspectives of it from the

view point of potentiality of the autonomous distributed control.

key words autonomous distributed control, QoS, flow control, queueing



O oobtdnd

gooboooobbooon

1] 0 00,00 0,00 00: “0000 QoeSOO0O0O0OOO0OO0OO0ODOOOOO

2]

3]

000, FIT20030000000000000000000, vol.2, pp.313-314,

Sep. 2003.

000,000,000 00:“00000DODO0O00OD0O0D0ODOODDOOOOOD

000, 000000000, vol.45, no.2, pp.426-437, Feb. 2004.

0o00,000,00 00,00 00:“0000D0O0ODOODDOOCOOOD

00000000000, 00000000000 B(OODOODOOO).

gbooboooboooobooboo

1]

[4]

Daichi Morikawa, Makoto Iwata, Hideki Hayashi, Hiroaki Terada: “Super-
pipelined IP-Address Lookups in a Data-Driven Network,” Proceedings of the
TASTED International Conference, Parallel and Distributed Computing and
Systems, pp.431-436, Anaheim, Aug. 2001.

Hideki Hayashi, Makoto Iwata, Toshihiko Hosomi, and Hiroaki Terada: “A
Self-Timed Pipeline Implementation of Class-Based QoS Control,” Interna-
tional Workshop on Embedded Systems at IEEE High Performance Computing
Conference 2001, pp.6-10, Hyderabad, Dec. 2001.

Hideki Hayashi, Makoto Iwata, and Hiroaki Terada: “An Autonomous
Class-Based QoS Control Utilizing a Self-Timed Folded Pipeline,” The jth In-
ternational Conference on Advanced Communication Technology, pp.469-474,

Phoenix Park, Feb. 2002.
Makoto Iwata, Michihiro Ogura, Yuko Ohishi, Hideki Hayashi, and Hiroaki



Terada: “100MPackets/s Fully Self-Timed Priority Queue: FQ,” 2004 IEEE
International Solid-State Clircuits Conference, Session 8.1, San Francisco, Feb.

2004.

gbooboobbboogno

1]

000,00 0,000,00 0,00 00:“0000000000000C
000000000000000, 0000000000 2001-DSM-22, pp.1-6,

July 2001.
00 00,0 00,00 0,00 00: “0000000000000 Diffserv

0000, 00 13000000000000000000000, pp.199, Sep.

2001.
00 00,000,000,0000:“0000000000000SLAODO

0000, 20020000000000000,7 B-7-112, March 2002.
000,00 00: “0000000000000000000000000,

20030000000000000, B-7-69, March 2003.
000 00,0 00,00 0,0000:“0000000 QeSOO0O0O0O0OO

Ooopooooooogoy200300000000000000O00O00, B-6-78, Sep.

2003.
0 00000 0000 Obo0Oo ObO: “000boo0oobDOoboOoooooo

gooOooDOoDoOobOoboboooo, 200400000000 e6600000, 4J-4,

March 2004.



1.1

1.2

1.3

1.4

o220

2.1

2.2

2.3

24

2.5

030

3.1

222 00000000000 ...t e s e
223 0O00OD0O0OOODOOODO ..o
I 0 O
I
24.1 O00O0O0O0O . e e e e s e s s
242 [0000O0O0O0OODOODOOOOOOOODOO ..

I I R

OOO0OO0O ..o s e e e s e e

— Vil —

11

11

13

13

16

18

20

22

23

23

23

25

28

30

32

35



3.2 I O

3.2 OO o
3.22 0000000 . e e e s e
3.23 0000000 ... e e e e e e e s
3.3 I
3.4 OO0 . e
040 g 0O
4.1 OOOO . e s e
4.2 gobbooouobooooboooboobobooon e e e oL
421 0000 . .00 s
422 O000 . .00 e e e
423 0000000000 ... e e s
424 00000000000 ...
4.3 I 1
4.3.1 O000 ..o
432 0O00DODOODOOOOODOODOOOO ... oo,
433 0000000000 ...ttt
4.4 OO0 o e e e
gs50 g 0O
g 0O
ggoon

OO0 A D0O0OO0OSTPODOOOOOOOOD

Al OO0O000000 ON .. oo 0o e s e

— viii —



A1l 00000000 ONig « o oo oo e e 99
A12 00000000 ONitp « o vv oo e e 101
A2 00000000000 DP .+« o v v v v 102
A3 0000000000007 . o o o v oot 102
A31 OO00D00000 Fidgt « v o v v eoeee e e 102
A32 00000000 Fideq o v oovoeee e e e e e 103
A4 000000000 oo v v e 104






HREEN

21 STPOOOOOODODO ... e e e e e e e e 13
22 0JDbOO0ODOOODObDbObOOobDOobOOoOonoOoOonog oo oo oo 14
23 DOOO0ODOOOOO0OO0OOOODODOO .00 nn s 16
24 00000DO0O0ODODODOOOODOOODOO .o, 17
25 UDO0ODDOODOODODOOODOODOODOOOonOg oo oo oo 19
26 U0O0O0ODLODOOODOOOOOODOOODOOOn @ 21
27 ODOOODOO0OODO ..o s e s 24
28 UD00O0OD0O0O0O000O0O00OO0O00O0 .o 26
29 D0O0O0O0O0O0O0O0O0OODOO0O0O0O0 « o000 n s e 27
210 0000000000 ..o oo s s 29
211 0bhOooObOOoooooobbobooooooog s oo oo oo 31
S 2 I I I 38
3.2 0U0D0O0D00ODO0ODO0ODOOODO0 .o r s e 39
3.3 000000000 DOO0ODODOODOO0O0OOonoOognO —o oo oo oo oo 41
34 00000000DODOODODOODODO0O ... oo, 45
41 DOOOOOOOOOOOOOODOOOOOOOoOoOooboOo ... o1
42 DO00O0O00000000O000000 .« ..o 593
43 WFQUOOOODDODOODOODODOOOODOOOooDoooooOg & ... .. 61
44 WREDOOOOODOODDODOOODODOODODOOODOO @ ... ... 62
4.5 DO0000D0D0D0O0O00O00O0 .ot n s e 64

4.6 DO000O00 ... e s s s 66



4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

goo

0000000000 000o00oooooooOO 1/LlPODDOODOOOO
I I 68
gbooobobooooeboboobooooboooon oo e 69

ggdboobooobbobobbbooobobbbbboboboooobbbon

goooboboooboobooboboooooog oo oo oo 70
ggooobobbobbooboooooboobobooobuoooboboan

OOOO .o e e e e e e 72
I 1 1 74
ggoboobouoobbobobbooobobbobbbuoooobobooo

I P 75
000000000000 0000000000O0D0D00O00 ADOOO

I I 76
0 P 78
000000000 20000000000000000000 (low0) . 79
000000000 20000000000000000000 (flow1) . 80
I 0 81

I P 82

— xi1 —



HREEN

41 0O0O0O0ODODOOODOODOObDOODbOObOO

— xiii —






010

1.1 0O0000o0ogd

gobbooobotbooobbooobooobbbodoobboobb boobooo oo
gobbobbdootoooboboodobbobbboobboodUobbooOoo
ggoboboobouoobobboboobooobbbdoobobbooobbobooobOon
0000000000000 00D00 00 0OVoIP( Voice over IP(Internet Protocol) )[1]0
E-learmingD0 0000000 ODOD0O0O0OOO0OOODOOOOOOODDOOOOOOOOODO
gooobbodoobbbb bbb b b oobo
ugodooobooobbboooobboooooobooboobooobog

upogbooboobobooooodooouoboobuooooboobboboboooob g
ggobobobboboobboboooboboobobobooobbooboouboboboobooo
oo oo ooobnoo
gogoboobooobbboooooooooooooboboobbbbooobboboboooon
oo doboooogooooooboob booooobbooobbooooooon
oo booooo oo oo ooo
godobobgoobouobooobouoooooouooooooobooogn
000000000000 0O0 QoS: Quality of ServiceOO OO OOOOOOOOODOOO
goooooooobooooboboooooboobuoooooooooooobooboob oo
goobboboboooobobooboboobboboobobbboouoobbboo

00000000000 000000000 QoeSO000D0000D0000O0nD QoSOooo



010

gboobboooobooooooobooob bbb bbobboobDboooLobo
gbhodoobobuooobbbooooooooooooboooooood

b ouooooboooobbobboobooooooooooboooon
0000000000000 O0000Do0ooOoOU00DOoOo0oUoOoOOoOoOoOO 2|00
ggbobtooododobobdootbobob bbb obooboUub oo
00000000000000000 [3]0000000000000000000O0O0O0
gdoogoooooboboooooobooob oo obbLuooa
gobboodouoobbooobbboobbbboooobbooobobooobbon
goddobboooooobobboboobbboobobboob oo UoLDbo
goobbobooouoobobboboouobobobouboboob ooobooo o
gboooooogooboooooooooboobobooobobooooboooooo
gobobboooooboodobooobooobooooobbobooooboobooobooonoo
gogogod

gobogogooobboobobouotoodb bbb boob oo
gogbobooooboobboobobobooobbooooooooobooboboobobonooon
ggbotboodooboooooobooobobouoobbbbooobbbooooon
gdooboooobbobuooouobbbobbUobbbooobbbboobobboUo
gbooboobbbtbooooobodoobbootboobo oo bbb bbb
ggoobobodooodooobooooobobbbuoooo b boboobooooo
goobooobooggoooboobobbbooob bbb oo oboooboboon
oo obobooobobuobboobobbobbbbobobboboo g
ﬁﬁDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
ggbboobboobooobboobbooobbobodoooobobooboooboooon
ggooogno

gobboooobbbbooboooobbbooooobobbbooboobouobbboo

gojobobobooobobboobbobbbbododb bbb boob o



1.2 000000 OOOOOODOO

gobbdoobdoboooobobbuoboooboodooob bbb bbbooOo O
gdoogooooooooooguood bbb oo ooobooboa
uddoooboooboobooobbooobbobbbooobbbooobbboooa
gobobobbobboooobbotbodbooooob bbb obbooobL O
goodbobobodoooobooobbobbobbbbobbboooobbobUobbbobooo
ggoooobobbooboooobobbboobbobbobobbooobooooboobooon
gbbodooobotbooooobooooooboobooobbobooboobbobobooboboo
ggogobbboobbbooobobboboobooboobboboobobooobog
goodobbboobobobbob bl bbb ooL O
gbooobbbobboobobbbooooobbbooooobboooobboboobobo

0 QoSO00000000DODOOoOoDoooooDo

1) 000000000000 D0UO0O0O0OO0OD0OD0O0ODOO0O0DOOD0OOOOOO
ggbobouoooobobooouoouobobbobbbooonooooooobbon
ggd

2) 0000000000000 00U0O0DO0O0DO0O0OD0OO0DOO0DOOOODDODOOO
gobooooboboobbobdo bbb ooboboo

ggobooooobbdoogoooouooooobooobbooooo o

gogoobuobogoobobodobobooodbobobobbbuooobboobogo

gooo

1.2 000000 O0OQO0oooon

ygoooooogobogboboooboobobbobodoooooooooboobooo
gbooddobooouoboodobobbboob bbb bbbooobbbUooo
goooooooobbobbboooo g booobbuooUuob oo boo

gdgobobooogooboooobobbodoo b0 oooooooboobooogo



010

0000000000000 0D0O0OD000D0O0 Drop TallOOD ODOOOODOODOOODODO
000000000000 000000000 000 FIFOO First In First Outd 0 00O O
bbb oo oo b oo oo
000000000000 0000000D0000QReSO00ODODO0OnDooooonog
0000000000000 o00ooO0o0bOo0booooon Drop TailOOOODO O
oo bbb oo booooo
0000000000000 00000000000000000000QoeSOODOODOO
goooooooooooobobood

goodooobooobob bbb boobooooooboooboooon
dotdoooobtuotuobodoooodoodooooooooooouoooon
0 ODrop Tail 0 000000 O REDO Random Early Detectiond [4] D OO0 00O 0O
000000000000 00O00O000000DODO000O0000000000Od0FRED
0 Fair Random Early DropO [5]0 RIOO Random Early Drop gateway with In/Out bitO
[6]0 WREDO Weighted REDO[7] D0 000000 0OREDOODOODDOODOOOO
000000000000 000000000FIFOO000OD0DODOOOooDOooooog
ggigoboooooobooooooboooobooboooubobobboouooobog
OO000000O00o0oOoO00D0OoOooOoOooooO0oOoo0DDo0O0OWREDO OOOO
do0dodooooooooooobboobo oo b oo oo oo booOon
0000000000000 000 0000000000 0QeSO00000000O000O
00000000 AQMO Active Queue ManagementO [8] 0 00 O

oo bobbobodobo oo boooobobooooooo
000000000000 00000PQO Priority Queueingd 0 FQO Fair Queueing
[9, 10, 11, 12, 13, 14, 15| 0000000 0PQOU 0000000000000 00O0
000000000000 000000000000D00o000oDorQoOo0oooon
o000 ooooooooooobboobooboooooooooooo

gdooboogbobbbbodobobboobobbboooouobbooobobo



1.3 0OOoOoDoooooog

gooddoboobobotboobbbbooobobood

AQM D ODOO0OODODOOU0DDOODDDOO0DO0DDODO0DO0DO0DO0ODDODOO0DO00DO0DOoOoDoOOo
00000000000 QoeSO0000000000OO0O0O0O0O DiffServd Differentiated
ServicesJ[16]0 00 0000000000000 DOO0OOUOOOOOODODOOOODOO
godbdoobdodtbootbbooboobuoobb oo bobbUooUoobboo
gooddboogooboouoobooooobooooobboobuoouooobooooa
0000000000000 00AQMUOFIFOOODOODODODOODODODODOODODOODO
gobbbboooobbbbooouobtbooobobobobbobooUUuubbbobooo
gbboooboobooboboobuobuooooboobbbobboooboobobooo
O000000000oo0obOboO0obOoo0oo0 WREDDODODODODODDODODOODODDO
gooddboodgbooboboooobooobboboobobooooobbooobbobbooo
goboobogbbobobobooooooooobbooobobooooooobooon
gbboooogobbboooobbobboobobbbobobbbboobbbobobooon
gogoooobooood
gbooboobbooobbobbooooooboboooboobobbobobooboOon
gogbobogooooobobobooboobobbobooooobooobobobooobboobooa
ygodobooboooouobobooobobobboboboobbobbUoobon

gogooboodogn

1.3 UUoooogoood

googobbobdooubbobboooooooboobbobobboooooooooooooao
gooooooogooobobooubboboboooooooooboboooooobooog
gooooooobdogboooboooooo bbb bob
goobbbboboooboooobbbbboobbbboobobboboobbbooo

O0000000000000 TCP/IPO Transmission Control Protocol / IPOO O OO



010

O0o0oo0oo000oooooo TCeOOO0O0OO0O0OOOOOOOOOOOOODOO
O000oooOoOoO0obooooOoooOoO0OOCcOoOOO0OO0bOO0OO0OOO0O0OO0OOBOO
0000000000000 00000

0000000000000000000000000000O000000000000
000oo0oooooO0oooo0oooooooooooboOoooOooboObOobOooOoooO
000000000000 ACKOODOOO Acknowledge packetD0 0000000000
OoooOo0O00OOooOoO0O0O0O0O0O0O0O0OO000000O0O0000O00000000
0000000o00o0oUoooooo [17,18,19,20, 21|00 0000000000000
0000000000000 00000O0000000000000000B000000
godooboogobobobouoooobbbooobbouoooboobouooooooo
O00oooo0o0o0O00000b0o0o0O0000ooOoO000o0oooooOoocOoO0oOoboooOooO0on
0000000000 O000000C0O00O00000000O00O00000C0O0000000
godbobogobboaooagoobbbooobouoogooobobboboobbonbo
gboboogbbboobooboobobbobobobbouobbbbobuoaoobobobod
0000000000000 00000000O0OD UDP/IP (User Datagram Protocol
/IP)00000000000000000000O0D0O0O00D0O0O0OOOoOOOO
O000o0o0oO0O0OO00000000000000O0OO000000000000000O0
000000000000 o0oo

Oo00oo0oooOoOoooOoOoOoOOooOoOoOoOoOOoboOb0OoO0oOOooooO DDOS
O Distributed Denial of ServiceOO OO0 0000000000000 OO0O0O0DOOOOO
O000000000000000000000000000OO0O0CO0O0000O0O0O0O0O0
O0ooooO0O000000000000000O0O0O0O0b0000000000B00O0
00000000000 000O0000000O0000O000OCOOO0O00OCOOO0O0OO00
000

0000000000000 000000000000000000OO0O0000O00O

0000000000000 [22,230000000 [22/000000000000000



1.3 0OOoOoDoooooog

gooobooobobobooobobobboobbobboboooobbbooobbboooo
00000rFQUOODOO0O0ODOO0DOODO0ODOO0D0OOODOOO0OODOUODOoODODOd
ggooguobooobobooooboooobbbboooooboboboooooon
gododbooboobooboboboboboobobbobbbobobobbobbbobobob g
gobooooobobboobobooobbbboboobbobuooobboobooobo
gbobboogooooobbooobobobooobbbobooobooooboobooooboo
gboogooobodobooooooooobobooooobooboobboboooboobobobo
goboboobbuoouoobobobbobbboooobbboobobobog
bbb bobbooobbooboooobobbbbbooobobo
goboobboooobobooobobb bbb bbb oobooo
000000000 0OFQUODO0O0OOOOO00OOO0ODOODOOOOODOODOUOOOOOO
ugbboooooobobooobobooodoooobboooboboboobboobboooOon
gobbdddoddooobootbogbbooboobUbobbbbooUb oo ooOoo
goboobdooobbbobboobbtooob bbb bbooooo
bbb obobooooooobobooobooboboobboooooooboboon
ugboobbboooooboboooobodbbooouooooooboboboooon
bbbt bbb oobLobOobo
godbbboooobuoboobbbboob bbb boobboooboo
gobboobobboooooooobooboobboooobobobbobooobLbbonooon
000 [24000000000000000000000O00000000O0O0O0O0O0O0O0
gooboooobobod
goobbbooobbooooooobooob bbb bbb bobooo
ugoobbodoboddoooobooooooobbuoobbbooobbbooooon
ggboobododgbbodooouoobuoooooboob bbb ooooboboOon
gooboboooobbooobooouooobbboooboobbooobboobooobo

ggoooboguobboooooou bbb oo ooobbobboobobo



010

goodbobooboboboooouoobbob ooboooboooboboboobogo
gboboodoooboobooooooboobbboboobbooobuobbobobobooOon
uboooooooooooooobooobon

gbobooooobuodoobuoboob bbb booobbobou oo
gobobobbbboboooobooobobbooooob bbb boob O
ubobodoboobooooobobobooobbboob oo bDooooOoo
gbobbbooobouoooobooooobobooboboboboooobbbooogo

goobobobooobbobooon

1.4 0O0O0O0OO

ydbooooboobooooooboboobbboobbobboobobbbobod
gootbbooobooboooooobboooboboooboboodobbobobooog o
000000000000 00 0000000000 D0o0o00oooDOoOooOD QoSO
0000000000000 000 QoSO0O0O0O0DOOo0o0oooooooogooogoag
gobboodoobobooobbobuoboboouoobuoooooo o

gobobooboli2gboo0bbooooboboboooboooobobooboboboobooog
ugbobddodogoooooobbooboob bbb oo booooooobobouoobon
goobodoboodbooodooooouobboobooooobDbbboooobobooo
gooboboobobobbboboboooobbbbbuobboooboobobboooon
gododoboooboobobobobtoobbbooooobbboboobbboobbobobo
ggboooooooboooboobobboooooooobdoooboooouooobobooboooo
gooobobobooooobobooboboboob oo ooobbooobbobbooo
ggbbdooodobbooboouobuobbobboobobo bbb ooooooboobo
god

gooboobol3gbooobobooobooobbobobobooobobooobooboboon



14 O00OO0OO0ODO

ggobooboboobobbobobobbbboobdbdoobooboouoobbbboo
gboboboooooooooboboooooodbboboooboobooobobbobooon
ggoobbooooboobobobooobbooboobobooooboooo bbb oo
gooooobtbooobobootoodoboooboooobboboooobobbog
gobobobooobbbbooouobbb bbb ooooobbUooUobboboo
ggogobbooooobooodbobb oo bobbooooooooon
ydobododooobdoobobbooboboooooboooobbooobboobooOo o
goobtboobbobooooobotbobooooobbboooobouUo o
000000000000000000000000000 QeSOO000oOoooooon
goobodoooboboobobobboogbbbboboobooooUuobbooob o
ugooooodgbobooboobooboooooobobooooobbobooobuoo oo
00000 QeSOO0D0O0O0O00U00o0oO0o0o0oo0oooooooogoogooo

gboobobobboooooon






0 20

JUoobobbbobbbbd
Joooododooddodddt

21 0O0OO

0000000000 000000000000000000000000000000
0000000000000000000000000000000000000000
000000000 0000000000000000000000000000000
000000000000 000000000000000000000000000000
000000000000000000000000QeS000000000000000
00000 QSO000000000000 [25 26,27, 28)00000000000000
000000000 0000000000QeS00000000000000000000
00000000000 [29/000 0 0DiffServ[16] 0 OIntServ[30]0 000 0000 00
000000000000000000000 QSO00000000000000000
0000000000 (31,320

000000 DiffServ00000 QeSO000000000O0O0000LSIOOODO0DN
00000000000000000000 STPO Self-Timed Pipelined([33]0 0000 O
0000000000000000000000 [34,35, 36,37,38,3900000 000
00000000000000000000000000000000000000000

00000000000000000000000000000000000000

0000000 AQMO Active Queue ManagementO (8| 0 00 000000000000

— 11 —



020 0O00OOOOOOOOOObOObOOOObOObOOObDOoboOoOon

00000000000000000000000000D000000000000000
000000000000 00 FQO Fair Queueingd[9, 10, 11, 12, 13, 14, 150 00 00
00000000000 000000000000000000000000000000
0000000000
FQODOOOOOO0OO0OO0O0O0D0DO00D000000000000000000000000
000000000000 0000000000000000000000000000
000000000000 000D00000000000000000000000000
000000000000 40000000000000000000000FQOO000O
00000000 AQMOOOO0O00D0000000
000 AQMOOOO ORED[4) 000000000 RIO[E)OWRED[7] 0000000
0000000000000 00000000000000000000 FIFOOOOO
0000000000D0000000000 FIFOOOOOOODOO00000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000 0000000
O0D0DO0OFQOOODO0O0O0O0O0D0D00000000000000000000 0AQMO
00000000000000000000000000000000000000000
000000000000000000000000000000
00000000000STPOOOODO0O000OOOOONOONDOO00000O0DO
0000000000000000000000000O0000000000O000000
00000000000000000000000000000000000000000
000000000000000000000000000000000000 STPOO
0000000000000 D0000000000000000000000000000
0000000000000 0000000000000000000000000000
00000000000 230000000000000000000000000000

gogooooogoboboboboboooodoobbobob oo bbb booo

- 12 —



22 DO00ODOOOOODOOOObOObDOO

Forwarding Waiting Forwarding
m Send /Se:(éf
O OO

\
Ack [¥==/ N Ack LSe=2

Direction of Queue Movement

Send: Send request signal Ack : Acknowledge signal Oi queue

021 STpOOOOOOOO

o000 400000000024 000000000000000000000O0OODOO

ggboboobooboooobbobboobbbooobobooobbobod

22 J000oo0ooboooooooood

000000000000 0O0O0Ooogo STPODOOO0DOODOOODODOCOO
ggoobodoboooooobbooddooobobobooooobbbboooobobooo

dooddboooboobooobuobuooobobouoobobbooo

221 0O0OOO

0000 STPOOOODODOOOOO 21 00000000000000000DOO
goboopobobdooooboooboobbbobooobbboobboooooon
OD000000000000DO0D0000D0000000Send000O0OO0ODODOO
00000000000 0000000000Send00000O0OO0ODOOO0OODODO AckO
000000000000 000000 AckODOODOODODODODOOOD AckODODODODO
00000000000000000000000000000 Send00/AckOD00O

gooboboobbuobobobboobbobbboooboboboboboog

~ 13 —



020 0OO00ObOOoboOobobObObOOobOOoOoooOoboOobOoOoobobOon

sabe)s pseminQ
sabe)s pJemawoH

L L

Aoud
MO
A

g8 8

High

priority :
Input ‘ Output

[> :Forwarding route ‘ :Bypass route
[> :Queue I/O :Pipeline stage

022 00000O000ODO0ODOODOODOOODOOO

O0o0oQoOoOoSTPODOOODOOOOOOOOOOODOOOOOODODOOOODOO
ggbboooobboodoooboooobbobuoobbobboooobooooon
gobboboobbboooobbboobobbobubbbbbooooboooOooo
O0000D00ooooooooooo 3310

O000D0OO000O0OOO0ObOoOboOoOOg 220 STPOOOODODOODOOOOOOOO

— 14 —



22 DO00ODOOOOODOOOObOObDOO

0000000000000 STPOOOOOODOODOOOOUOOOOO/OOO0OOOOO
gdobooboodoobooooouoboboobobobobbbooobbobooobbooa
0000000000 000000000000000Y000000000000000
gobdoobbooooobbdoob bbb bbb oo bobog
goobobobioboooobotboobuodobooooobbobobobbboooboboo
ggobbooooboooobobootoooobbboboboooooooboboon
god

goooobobobuotboooobooboobbboddob bbbooogbbobooo
goddoobbbobb oo bbbobbboob bbb boooogg
gobodooboboooooboooobbbboooboobboobbboooooboboobg
goddooboooobobbbooooobboooboobbooobobboobboboobo
ugooooogbooobobobboboooooboboboobobbooboooboa
godobbboodobooobouoobboobbobbobboboboogLobboobo

ggbbboooobbobboooobuobdoobboobuoob bbb oooood
o0o000ObOobO0o0obOOoobo00ooobooooooboooboboobog POO

00 k,MD000000000000D0O PRODOOO k,OOODOD

1) 0oo0o0o000 R,O0D0OODOODOOPR,0DD0D0D0ODOOODOOOOOO

2) 00000000 P,O0OUO0OODODEK >k, 00000 23()DMO0O0O0O0O0O0OO
000000000000 000000000D0Send00O00O0OP, 0000000
O00AckODODOOOAkODODOODO PR OO0ODOODOOOOODODOODDOPR, 00O
00000000000 0000 AckODDOOOOODOODOODODOOODOODOOODO
OobOobOoODOopR00000O00ODOO

3) 0000000 P UO0ODO0O0O0DOUkK, <k,00000 23(b)I0 P, 0000 Ack
oo00o0o0o0o0db0O0bO0o0d0dbO00o0oooooooopP,00bDO0ODOOO0ODOOOD

000 AckODODODODOOOOOOODOO0OOO

*1 DiffServ 000 OIP OO0 OO DSCPO DiffServ Code PointD0 0000 OO

— 15 —



020 0O00OOOOOOOOOObOObOOOObOObOOObDOoboOoOon

Waiting
= & i 3 - NS
w DAsS
o /N B A 3 : > |3 R
& - 2| Y2 e
Send> 8 Send ’o - (o)
; (
% \ !
Ack S
[ ] [ J ®
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(a) a case of higher priority (b) a case of the same
(k, > k) or lower priority(k <k, )

Send: Send request signal : Outward queue

Ack : Acknowledge signal ; Homeward queue
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)

( i) Dropping at the
T 5
: :

internal stage

"X" Class upper
limit stage

D i
R

Seﬁ @, Waiting
=)
=)

(ii ) Dropping in front
of input stage

@pping

o=

Input A i Output

e cacacacaocaomomememomommommmmemm e
[}

'Y" Class queueing limit infomation

Send: Send request signal  Ack : Acknowledge signal
: Forwarding route ‘ : Bypass route |:> :Queue 1/0
: Priority "X" queue ® : Priority "Y" queue
[ ] :Pipeline stage
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Class
k=2 ,
TL  bypass

stage

Ll Output

0000

@ k=1 1,

Input
k=2

-V

(b) Different input stage
configuration

o000
seees
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| l/I

]
Class
k=2
bypass!
stage

Remark
priority
(k=0 to
k=2 e.qg.)

k=0

r Lr

=)

r 4t

eeeee|
ssesee

4[:> @ Output

(a) Original partition configuration

k=2 T L

| B =
\ Input fQueueing infomatiory Output
- | (remarking trigger) |

(c) Remarking configuration

‘ :Bypass route
[ ] :Pipeline stage

E> :Forwarding route
) :Queue I/O

----> :Route of class k=0 ———> :Route of class k=1

— - —=> :Route of clas

s k=2
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y number
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A
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\ V4 X y
Seo N~

[ —— 0 :\\\\\\
1 Bypass ° ,W_
! flag OFF 3081 @)

. Packet, o :
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° Class-based memory
° A B C
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flag ON
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(a) A case of bypass flag ON
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(b) A case of bypass flag OFF
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(c) A case of discard flag OFF
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(c-1)

I"-\\
1 O
\
\\-—’
x
N

0210 DO0OOODOOOOO

— 929 _



020 0O00OOOOOOOOOObOObOOOObOObOOObDOoboOoOon

goobooboboobobbboodobbbooooboobobboboooobbbooo

gobdbobooooobboooboobobbboboooboobobooboobooon

gooooogoboooon

oot dogoobobbooobboboobbuoooooobobUobnboobnbOon
googoboogobdoobuoooouoobobotdoooboooooobooooooooona
gobobooogoooboooobuobooooobobdoobobuoooobobouob oo
gootoboboobotbbotbooootbobbbobooooobuodooUoogb o
bbb oobboobob oo bbb bbboooO
gobogoobooobooooobbbooobobuoooobobobboobboobon
ggooooboodobooobooooboboboboobboooobobooobbooog
goboboboboodbooooodobdodb bbb o bbb o
goodoobotboboobodooob bbb boo
udobooooooooboobooboobooboobobooboooood

g2ll1000000bobboobbooooobuobooooooobooboobooboOon

gooboood

() DO00ODO0ODOD0OUO0OO0OOO0OODOBOOODOOOOODOODDOOOOUDODOOOO
ugobobodoooooobooobobooooboo

(bp) D0OODODODODOOODOODO0O0U0OODDOOODODDODOOODOOOOOO0DOO
gobooooboboobbbotbooobboooooobbbooooobog

(¢) O0OOOOODOODOUOOOOUOODUODOOODOOOUOOOODOOOOOOOO
ggdobbbooobobooooboobboooooooooooobboobobooog g
uggooooad

(d) 0DO00D00D0O0D0D00OO0O0DO00O0O0O(e)DOO0OODOOOO

() D0O0O0O0ODODUOOOUOOOUUOOOD(c)DO0DOODOOODODOOOOOO

— 30 -



24 ODO0O0OOO
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Input L] fiag oN Output

( J‘) :Reset packet for recycle sequence
DF: Discard Flag SN: Sequence Number
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