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Abstract

In this paper, we proposed a new packet
scheduling  agorithm  for  proportional  delay
differentiation (PDD) model called Longest Waiting
Time First (LWTF). The time complexity of LWTF
isO(N), that is better than the time complexity of
Advanced Waiting Time Priority (AWTP) agorithms
[27], O(NZ). Simulation results show that when the
link utilization is moderate (60%~90%), LWTF
obtains more accurate delay proportion than the
Waiting Time Priority (WTP) [5] and AWTP
scheduling algorithms.
Keywords. Packet Scheduling,
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.
1. 3

DiffServ, relative

d AR PR L R AN g Fo R
* ﬁ%&*?.&}&ﬁ%ﬁﬂ-ﬁ FARkAXF > B WFE A A L
(Best-Effort Service) [3,6] 77 & k4% #PR7% 2 & 2
WE o Z T EX AR -ﬁi“ff*?‘?kﬁ%q@%?]ﬁﬂ%-ﬁ ’
,T‘ud»/}? ETa iﬂ‘;{ TH e RIS & o FPt o BT
AECEG G FRAR D kRAE B AN
& 2 pRF% & (Quality of Service » QoS) F-# e1F I«
[2,15,16]
Sopb e wE e p 1 47 1 0F 4F 9 -] % (Internet
Engineering Task Force: IETF)4k ) 7 = f& % B %
K #& & Q0S’ — f&E_A & ;X PRFx(Integrated Services)
[1812] » @ ¥ ¢ - f&a & % R ;' JR 43 (Differentiated
Services: DiffServ) - & DiffServ [7,9,11-14] PR 7% #

B e - BES ¥R L R (Absolute

service differentiation) » ¥ — B £ Ap IR L B
(relative service differentiation) o %% #4;VPRG+ £ B
PR FRERY G R IrN R o BAp
AR LR Y T REIRIE R SR iR Y
— GO IRIE R BRI K R o A
WEHNIRBLEX T A S e A WA i
B GEDEIE A DL R ot BN L
Z(PDD) o H ¢ i b8 g B L B fice > 7 U f* £
L Syl R AR F N RIEZ R o R A B
P BHCE[A5]T adte ARF R > T U
PFEHOBAERALTBETAREZTI R E R
2 BT s FEEFE - Tt @ 2a AT
AP S R L R g KA e T LA KR T
Fend 4F o

2T kA% - &Y dd ik PDD R cdp B R
A0 MEFEHAS BALEd PDD chite PARF
B o 528K LN Pt BiFE 2
LWTF % w & Rl3E ¥ o F % 0B 7 k5% & LWTF
Yofmig £ WTP 2 AWTP { BB choir » Befé$k

IEN LI

2. AR B pREFE

Constantinos Dovrolis % [5] # ! & PDD #-%
gl T R

(D.£F N@pEs 5@pEamg - frs
ORARH B E P KRR R B e
% — 1 (head of ling)3t & -

(2). % B % & 0% 5] (Queue) 37 EHk * A A
(First-Come-First-Served) -

(). %7} & mendt e @I FF i F e g ] ¥
e WAEST g B o 4 %&L{,ﬁ‘s e R
A Lo

(4).5 Bixs| L B L& L 7&{7 £33t
IR DFAAES o
PDD fce# ¥ 2 B S o2 BPenTo% Fp R

CE SURE 1L S
SERT S5 A% I BEaouwlE R S i(Delay
Differentiation Parameter » DPP) - ¥tz - ¥t & % i %
J R RS BT A eniE i

F B EsnT

j;ijz—i(lgi,jsN).. @



PBHARM N & B (@ P PRIIARSF o 4 R E
i & (delay)pr P 4% - & 7 X % %% 1 ¢ DDP>
O,=1°-REPR{ZEAR DA TR KRETH®B
%5 DDPr kA4 L BEEFuUBE W HIFELR -
He Parw b 2 F e B RS s F A E
BEHZFNIBLEIFEF AL E BT
et Y s & DDP vt mend e Fpt o & T Ok
NP RS ed AL it e AT E 2 o

2.1 Waiting TimePriority

Ao mEF LS e PRERT R
B F S RPER U R R
e oo % ,-_,IE““'_,,-‘?-'B;—T:&I P - BaE hE
EERAW(E) - BN EnimpigP@):

R®=ﬂ@, @)

j =argMaxR(t). ©)

ie&(t)
QN E D APR R £ B He irrl e
B Rl - £ 4 ()5 - %*ﬁ&*mi*j
_‘r,'—,f;‘;—i[#*j'é"‘@i""—,ﬂ ()
& ,___l'r)”I

§E @@
2.2 Advanced Waiting Time Priority

WTP d 55 4 f % - B41e % Gl - &
B E B ERERF > J N E i e gt )
Pl Fl At nBERERS 72 F o ite B
A RERTE Y He nE ERFRF S T
Yuan-Cheng Lai fr Wei-His Li %[17]#% ' - B 4%
WTP :zig e ;2 5 Advanced Waiting Time Priority
(AWTP) -

S
) 1

WTP RAd (28 &% B EohPifE
AWTP R 8 & & B & B % & 3% (5 chie o
5 @
(X =0, 1f J=1: X, =T0) 1 1 1)

71)-

LBERMAEBEE | pEahs - Be > ple
$m ] BARV/()A W @E D29 T():
| R - Bie GG pER .

MR (1) = Max 1), ©

?{i“"p NipEm L2 BE@EsiBEnd
(5)F 1B N EX Emi BFEONBE aNpLE

C(t)=argmin{MR(t)}. (6)

I<i<N

Y <k

BTREBEBMELEHLION 5 4
TEXENBEELBEL m'F—’I ELSOR BCE
MP,MP,,---MP, » £ 4 (6):%45 ! N B %5+ & |

s B C(t)i&:{ﬂr-@ B s o
3. Longest Waiting Time First

AWTP + gate BEpFRF{S8AT LRtk
AR A R ERLITES PRy 3
AWTP fj ¥ e © it it 5]8 AWTP & i s
oo L BWPPEL L > A4S B R RER TS
Bihti- BREGHEE > RiEED Y FBRT
i & fifﬂ"ﬁw G Bl o F) L 20 E s B A
AT LA S (L A 3
Cla RN b R

31 7E2

Longest Waiting Time First (LWTF) 2 ¥ g 3t ¢
SERFTARENERRBE-FF NBEL TR
X W) s8I BEEd 5 Bie ndmE P
o 7o Tt) 2% [ BEnY % Bie i3
BOLPER o L3 “‘iﬂ}%ﬁfa (I<i<N) #d #2u
Eaay- B ALBE KB Ad S BE D
EPEO RN B RBNE - B HF R FOER

ZT ©

j=1,j=i

RigEd FFMERAFE > £I5 1 BEED

B4 R()

£ ()5 B % il £ 4E P(t) wt

j =argmax{R}. 9)

I<i<n

g (B b % Heh®E B - B il .

32 LWTF 5]

BFER- B LWTF d6)F > BRRET = B
$ 29 W(t)=06, Wy(t)=08,W,(t)=14 = %
By - BHESDEFTER
T,=06,T,=005T,=054 % 5= B %5’ ¥
Bate #r 2 BEPFRF > & = B %% DDP 4 %] %
5,=1-6,=2~86,=4-49 (8% 11 #7 B(t)=115

P,(t)=0.95 > Py(t)=0.4125 > k15 d (9)is = T % &



PERRAELR A hE RN L FPERHF I E
Bl kgt o

33 PBRFRE IR

WTP ¥ g2 BEBhEFETF d 2 BE%
ha FRERL PN NREAE > TSR
O(N) - @ AWTP &4 & 35 Bi% s 5
B AR R o KT hE BT & At
mgagsek s ON?) - @ LWTFRI 4355 5 %
Bg - B E FER o g AL > RS
FoE B E s T LIWTF avgse i+ £
O(N) = d *t LWTF ¥ B3l adté § 4 b % | B o
F A IR F] w0 Dl AWTP 4p i e
Yk o XY ERAFRAE S AWTP 4 o

E TN TS

4, FRBEBANF

BT AR %Y o @ WTP fo AWTP %4r
LWTF b f » 24 i@ @ % NS2-2.27(Network
Simulator 2)ssk & o F B * = B E %> m DDP
AulE 8 =1-86,=2~86,=4>4F& #ifiE & (packet
arrival rate) Rl &_* tp £ Bl (Pareto)» # k 2 4 > H ¢
shape -8k ¥ 5 1.9 3¢ </ F B E %% 5 40%
endt & 440 bytes ~ 50%:4t ¢ £_550 bytes 2 10%
enit @ §_ 1500 bytes > ji‘b{(.m—l Yachit s 4o H
441 bytese ¥ *H 3 4F 53K %5 2646 bytes/sec ¥ i fir
¥ (Buffer) =& B & & 34 4 rj&{% S
S E A > E B % shit e 5@ % (Packet
Arrival Rate)*% 143 HFE 44 KT R B
Huofskd > 5B Enite g Fdk o
% % P ¥_#5 30000 ¥ %) o

41 EERBRLE
Bl lEarpi? FnlfmT %% 3

fo $m 1 EEERO ER S EK 2 o B

1EEEF N ER,

d
i 10
Ao d i 5iBErhTng Eprd d DDPV 12
., O o)
FR R, B :E 2=4>a R, izs 2=2-

5 5

i * F i 95% FpF > WTP -~ AWTP %
LWTF = B = ;2 »c % & fRdkiTee & * & 85% v
90% P LWTF* AWTP % — 2L 2 WTP 4% - &
it * F L 60%-80%pF LWTF ¢ v WTP 4= AWTP
BRAF AT LWTF M R BRAERS % %
PO R PR IR o

5 -
45 * ¢
. . o
L n
4 X
L] x n
35 - % .
L]
o 3 X -
g 25 ) . )
. Iy a
2 & X X X %
2 | X N A A a I
X 'y A o
X o °
15 % ° o o
1r o WTPclass 2/class 1 m WTPclass 3/class 1
05 A AWTPclass 2/class 1 x AWTPclass 3class 1
’ X LWTFclass 2/class 1 ® LWTFclass 3/class 1
0 . .
60 70 80 0 100

Link utilization (%)

B IWTP~ AWTP 2 LWTF en% #Fpfff ot i@
42 FEREREuty

BERREIFER gL A -
WTPE‘E%?F%@;;-C%%&E‘;W—L
HEFER LS LWTF % FpER > & LWTF fe
AWTP % @& i ec £ 424 % A-L
EEPER O LS LWTF % @ w

LWTF 4r

> H P W S WTP

¢ A% AWTP

40
35 # (Classl
* A4 . B Class2
30 . A (Class3
s 25 i o Xtotal
g
g 20
2
o 15
g [ | | | n ¢
— | ]
= 10 % -
2 s x %
X 'Y
A =
5 S W B PP & M 95 100

0 %
-10
Link utilization(%)

B 2WTP v LWTF &% (& pF i ez &

B 2Ed LWTFf-WTP = i = j2 & w4t = B
S PRl aRav i NEd = BE R
LEPET ROk F R FRER L AR S R B
279 75 LWTF B 2 ehd @prff ¢ 0 WTP 4>
Mo FARF ARG 0 2 B RS §ARRIT 0 JL
Bl 29750 LWTF %% 3 % F@w L pk
o 2 s 1 feEs 2 hE BEF R RE T
5 LWTF h Ry dsiT 4 § B 3hE R

v Ry » f 34 o



Bl 32 d LWTF - AWTP = i = 2 & B # =
BEBNEFEF LI RRETVR NI D =2 FE
BE FERF O 'fr‘j\ T EERERFL R
feom B @36«155’,,;]”: o pE s LWTF
BEaleia2ai IF-:"’K g3 AWTP > AWTP
F 5z end RPIEN LWTF ESEAEX L - X ERE
LWTF v AWTP $&v8 & 3t 3% iR g cnif A 8 4
B3t d oM fid * FARF pF L LWTFﬂfrAWTP
T L% 5eho

—Al-

20
15

n
*

70 75 80 100

A ¢ (Classl
B (Class2
A A Class3

X total

Delay improvement(%)
b o
— T XS T
X A
X
X
X
x &
b
PSX B
»

Link utilization(%)
B SAWTP fo LWTF &% #Fpr i cec &

43 PR EBF 2 it RER FHE
R & e 5

i

*EEZ §F B E Kot $KiE i F (Packet
Arrival Rate) 5 pF > 41 & (FpF I et (8 orig o ehl

W LB BB R K5 T0%-
57 *WTP2/1 = WTP3/1 A AWTP 2/1
X AWTP 3/1 X LWTF 2/1 ® LWTF3/1
41
% 3 ° i ¢ ¢ ¢ * .
% x x
I L L -
2 X % I3 & X *
. . . . . . f
1
0

T T T |
60.55- 55.55- 44.44- 33.33- 2.22- 1111-  6.11-3333-
3333611 33331111 33332222 3333-33.33 33.33-44.44 333356555  60.55

Bl 4 a3 fFenite g FAFTEERT
®
MAv 5 @0k LWTF &% Fprf et @

R,y fr Ry v WTP 22 AWTP it ¢ 1t fifsif 2 fr 4«
¥ b LWTF 1% % Ry, 4 1555 1.87 2 B> Ry /i
%296 3] 3232 o @ AWTP :h= 2 R, 4 % 1.65
$] 1782 > R, % 1825 2512 fF « @ WTP
¢ 2 Ry /% 1345 1542 B > Ry 4% 2.06 1

'JF|: LWTF 4= WTP 2 AWTP Ap vt
IS it e iE g =2 :'3 °

4.4 #E’ﬂ
Fi%

AEERE R BE schit e $Aid i F (Packet
Arrival Rate):c 2 pF > ¥+ % B pF I g & 9 = el
= %.?Eé;ﬁﬂiﬁf}‘{?fi{% ¥ &L T70% s F A B

E WA A O I N e

FrkHemdddnsEp

> 1
; °
47 eClasl mClass2 aClas3  xOveral
35 4
30 . . * *
25 1 .
8 20 . - -
5 ¢ .
15 A
g .
2 10 A
.E_ x X " x x X x
g 5] .
T u
o o T T T 7'y
5 60.55- 55.55- 44.44- 3333- 2222— 11.11- 6.11-
) 33.33- 33;3- 3383- 33.33- 33.33- 33.33- 33.33
.10 641 1111 22.22 33.33 44.44 55.55 60.55
-15 A
-20 -
B5 &7 b chdts it T WTP o LWTF £ &
PR e
20 -
151 - []
10 q : ' . .
54 .
0 . . T .
¢ 57 6055 5555 4444 3333 2222 1141 6X-
g -10{ 33.33- 33.33- 33.33- 33.33- 33.33- 33.33- 33.33-
= -159 611 1111 22.22 33.33 MAM 555 6(f55
8 27
§ ]
2 - 5 1 A
-40
-45 -
-50 A
55 - ¢ Class1 m Class 2 4 Class3 X Overall
-60 - A
-65 -
F16 &7 kb edfe fidid A % T AWTPHo LWTF

% EPEE e i

%l;i"?;“{ﬁw.z%wam;@w g
o 1 frRm 2 HE EREET G PR G
2
v

F_
.H_»

%w‘v‘%“&3mdﬂ$E¢F’WJi~—€« s
—Jﬁ»ﬁthm;«:x Bl 6 #TLR T hit % 8 42 & eh
BRI ae

d Bl 5-F 67 i LWTF % e

F AN WTPfe AWTP 2 fF > e £ 8% 1{r¥E &%
2nE FpER Y AWTP kendd - & % 3 AWTP



™

e

Lo g4 d3Ee 3 "‘,Efﬁfﬁgzﬁ,jg
EEERFaLE & AWTP 4 &5 T[}QE&F %
ﬁg’ﬁgi"”ﬂgi'lm‘*%* Frd2 8- % -

Rl

45 RIRFIRE THOLEFRFF a0t @

*%EL’*’/F
o D AEFELBIHE Y- TN FR
Fa'”“fg_ » IR EE - R ‘fu;‘L = T iamE &
PERL EfoR ¥ - F Bae NP - X THEMEEF
PR E  RBBE I BE & % 5 00% A
DDP # %% 0,=1~06,=2 -~ 5,=4

OB SE © HE 2k )

TREF R X FER L oty 3

B

“;M > DDP8, =1 5,=25,=47

2
'1—51 dr §+§ Xlz ﬂ_}_g 1—2 » F] gL T o34
5, 5,) 2 \2°1)°2

'y

£ERER I EARET 20 )AL AR amek o 2

—

WO e BRI A T 0 MR SR A st T ek
LA Sl = A Effey 2
PR

WTP

21 ¢

19 A

)y

18 t .
17 t
16 f

15

Average delay ratic
*

14

13 ¢

* 25% u 50% A 75%

12 ¢

11 ¢

1 10 100 1000
Average timescale the nuber of packets

10000

B TWTPRIE Fjpl 108 Bl ant &

W7 wﬂp_ﬂﬁwwanﬁgﬁ
BRI o B b G- 5 BEE R R %
L3R i ant fE/i*v:“l.Gﬁ ] 1.87 2 F > ¥

hd BT7H L kB E
B4 -

il

SR I - B ESTE T BT IHE FERF D

T FEARE € F fTared

AWTP

24 A
23
22
21 a

19 ]
18
17 ¢
16 *
15 r
14
13
12 + * 25%

Average delay ratic
*

u 50% A 75%

11 ¢

1 10 100 1000
Average timescale the nuber of packets

10000

Bl SAWTP B & B B T 39X (FpF i aut @&

d Bl 87 updi AWTP Zipl & B iE r*‘rfip?ég
FARfE Ak o om b F BE- F B RIESD
Fv LI EpER gt fﬁf*“ 175 1| 198 F"* ’
Fobd B 7B 8- 7 g itk AWTP joac™ - 2
B AR F B WTP - o

LWTF

27 1
26 A
25 |
24
23 + a
n
22 L] -
21 | .

19 .
18
17
16
15
14
13
12
11

Averge delay ratic

* 25% u 50% A 75%

1 10 100 1000
Average timescale the nuber of packets

10000

B OLWTF Bl & FFje& 30X Fpr i ot @

d R 9F g LWTF ’E_‘)E']f&_ B REAR & ¥ €

3 :L%' R 0 @ s i + it plE DY

55;“ li’:liérfﬁ?"ﬁ’w'*fﬁ/‘ 21132282 0 ¥

‘hd Bl 1L feRl 125 7 U g t'! * LWTF iz acendf
37 AWTP £ § R v WTP -



18 I T T L LYYV
“‘AAAAAAAAA
A

[ a

R -

average delay ratic
=
2]

—— WTP u AWTP A LWTF

0 3000 6000 9000 12000 15000 18000 21000 24000 27000 30000
time

B IOWTP~ AWTP~ LWTF L 355 #F R/ ant @ 4
7 fe crpE

B 10 2 & 500 &~ = > @& * 55 70% -
d BT g0k WTP g2 £ Pl g 2enig » e
cdk it AWTP e LWTF £ > & LWTF v AWTP £
FIAE T it eh o e £k vt WTP 4 o

doAE R T I BRI R T 0%
EEm e Bt B FRRERETARE Z a0
AR AR - RE o kS AR o T b A E S
SR T Lg Mk > F F % T 30000 FhpF iz
WTP « AWTP fe LWTF 38 ¢ i 5|48 % i) o

~m)

E AR - B PDD BCE T it e
W2 LWTF @ i & 2 erp Bag e 5 O(N) » 4p
4 AWTP eps 47 32 2 O(N?) » 510 ji e s

Kg o LWTF Zt AWTP §f 5 93 2 o

LWTF #* L 2 FFFamit > a AWTP
A bl TR RAGEE > AL R
FEAlFI L 4fe E’v’ﬂ@ﬁﬁlﬂﬁﬁ* C T BT IR R
Fent @ amick F LWTF 2 AWTP dp i 5 4 12
sk @ 2 LWTF st AWTP i w20 4% B % ehif
AL B Eocnite o T FABE B K
EE F R ApEOTE B A E > LWTF &7

IS E A

$4 %
[1] Abhay K. Parekh, Robert G. Gallager, “A
Generalized processor Sharing Approach to Flow
Control in Intergated Services Networks: The

Single Node Case”, IEEE/ACM Transactions on
Networking, vol. 1, no.3, 1993.

[2] Charny, “Delay Bounds in a Network with
Aggregate Scheduling”, Tech. Rep. Draft version 3,
Cisco Systems, 2000.

[3] D. Clark and W. fang, “Explicit Allocation of Best
Effort Packet Délivery Service”, IEEE/ACM

Transactions on Networking, vol. 6, pp. 362-373,
1998.

[4] Dovrolis, and P. Ramanathan, “A Case for Relative
Differentiated Services and the Proportional
Differentiation Model”, |EEE Network, 1999.

[5] Dovrolis, D. Stliadis, and P. Ramanathan,
“Proportional Differentiated Services. Delay
Differentiation and Packet Scheduling”, ACM
SIGCOMM, 1999.

[6] J. L. Boudec, M. Hamdi, L. Blaxevic, and P.
Thiran, “Asymmetric Best Effort Service for
Packet Networks”, in Proceedings Global Internet
Symposium, 1999.

[7]J. S. Sahu, D. Towsley, “A Quantitative Study of
Differentiated Services for the Internet”, in
Proceedings Global Internet Symposium, 1999.

[8] J. Wroclawski, “the Use of RSVP with IETF
integrated Services”, RFC 2210, 1997.

[9] K. Nichals, S. Blake, F. Baker, and D. L. Black,
“Definition of the Differentiated Services Field
(DS Field) in the IPv4 and IPv6 Headers”, IETF
RFC 2474, 1998.

[10] K. Nichols, V. Jacobson, and L. Zhang, “A
Two-hit Differentiated Services Architecture for
the Internet”, IETF RFC 2628, 1999.

[11] M. May, J. C. Bolot, C. Diot, and A. Jean-Marie,
“Simple Performance Models of Differentiated
Services Schemes for the Internet”, in Proceedings
|[EEE INFOCOM, 1999.

[12] R. Braden, D. Clark, S. Shenker, “Integrated
Services in the Internet Architecture: an
Overview”, RFC 1633, 1994.

[13] S. Blake, D. Black, M. Carlson, E. Davies, Z.
Wang, and W. Weiss, “An Architecture for
Differentiated Services”, RFC 2475, 1998.

[14] Stoika, and H. Zhang, “LIRA: An Approach for
Service Differentiated Services Network”, Tech.
Rep., TexasA&M University, 2000.

[15] Stoika, and H. Zhang, “Providing Guaranteed
Services without Per Flow Management”, in
Proceedings ACM SIGCOMM, 1999.

[16] Stoika, S. Shenker, and H. Zhang,
“Core-Stateless  Fair  Queueing:  Achieving
Approximately Fair Bandwidth Allocations in
High Speed Networks”, in Proceedings ACM
SIGCOMM, 1998.

[17] Yuan-Cheng Lai, Wei-His Li, “A Novel
Scheduler for Proportional Delay Differentiation
by Considering Packet Transmission Time”, IEEE
Communications Letters, vol. 7, no. 4, pp. 189-191,
2003.



