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A Fair Scheduling of Heterogeneous Multi-Server Systems
by Cumulative Extra Capacity Sharing

Kyeongho Park’ - Hoyoung Hwang"

ABSTRACT

In this paper, we regard computer systems as heterogeneous multi-server systems and propose a cumulative fair scheduling scheme
that pursues long-term fairness. GPS(generalized processor sharing)-based scheduling algorithms, which are usually employed in
single-server systems, distribute available capacity in an instantaneous manner. However, applying them to heterogeneous multi-server
systems may cause unfairness, since they may not prevent the accumulation of scheduling delays and the extra capacities are distributed
in an instantaneous manner. In our scheme, long-term fairness is pursued by proper distribution of extra capacities while guaranteeing
reserved capacities. A reference capacity model to determine the ideal progresses of applications is derived from long-term observations,
and the scheduler makes the applications gradually follow the ideal progresses while guaranteeing their reserved capacities. A heuristic

scheduling algorithm is proposed and the scheme is examined by simulation.

Key Words : Fair scheduling, Heterogeneous multi-server system, Long-term fairness, Cumulative extra capacity sharing

1.M 8 A A 2AEY s AgE
Qurdew shtel ARE Aswe T oldd v
AT MHlaE 2AEY Fod e Fo sty ER 7Y Azgor mdgd F otk o & 5W UE
otk o] wRelAE B AME gan wEeln w92 Ael 3l AuE CPU Ae gEeE CPU AW,
o A 2AEY dudEd vs MW Ao adz A 3¢ gEES dietE taa Ay, BAS g9gdiE o
£ o BT F de TAPE AHsta, ojdHd ogF Ea AwE 49 oldd b5 Au Alzdlo|th 1y
Aw BN 4NA wde] B Avag Free pd ¥ $ES ANES ol ARES WAAYINE, 83F

o A&7 sEoz FART + U

# 0] QL 00PIE ATk AT AU vol SR, 7§80l ke A (weighyol 7Iukgh Aul 2 o of& ot
4% A s Dl Aoke Aulag ABLE Yk 99| A A
EEAS 2006 8¢ 109, AAFEE 1 2007 109 159 oA AgH= A Ze gAE vE F AUS Aot &



452 EMeIEsl=2X A M14-AT [7=(2007.12)

H A JAAAME o] 7tFA ol Mu2agS ATTL
2M dotE MHlAE BAE 4 gl dukdel #dn
3 (work—conserving) A= & o] & & FHAd

B2 Sol7kA @3 A% AHs TPtz kA nhet
BAs ok sl o 9k 2 (reserved capacity) #w ol of
FETS AT P £ Jo]EFextra capacity) =
AH] 2ol Abgeb=], o] JofgFe] Euligo] AH| 9]
AR A FAANE Hate Hol Fo3 988 3}

gd M T4 2AZY 7|Hel UEsiAE UES
23 Z2A 2 2AEFE FoblA B AT o gtk
71E9] YRR 34 2AEY duFEY 7|uke] He
GPS(Generalized Processor Sharing)[11[2]914 &, A ol
2 A e (backlogged) S-&ESolAT wg] o eke 7FFx]9] H|
o web A¥e] 7HE&S st o] o SE&ES U
wrolol &= @ﬂ"“l‘“/‘ 019101] YALHFE 7F5A] o u] g5t
A=A gol AR 2E WX

W] BAgs WA ¢k
&-(instantaneous  extra
o 9tk o] e &
AH] 2 Relth, 1)
= Aow 7}%4 = o])\l—

capacity sharing) "W2lo]2} 1
A #AA A BHA 7 FAS
o7 $E&& SAl An2E
x4 2ol GPSE Nxﬂi 75]_%_3]_7
S8 daARE MU ~E Fhe X2
[1I[2][3][4][5]& AMgatAl H2z, ~A=H —ff*i ] w}a}/ﬁ
7 g8 A WU AdA AsEF

a9 o]dA o AW A&
FHFEES 4 A NEAoR ALT 73—°r, AAH o=
Hol tal Mu 3o A9} e g AF3A
%o %%O] 2AE

;o8 AMEe AA

230 )y o

o2,
il
rlr
:;1,
o
=
_>.:
£
D)
re
>
r

|
=
rO
(e
to
)

N
B
2

i,
S)

=2 op

wEolth. E3 GPSelA = Aue] o
Wl A dA Aol AAd &

=, °l “H 8350] Az oo gare

T A e L.
o

[
oo
1o

[0 oX

2
at

g2

rl

]_

o EEAAE ol d

Aol aZely] A9 teen tE Anee Aze T

A Aus BAE Akdth of Bue dergas wael

WA A B FARoE JolgBe RHPoRA
2AZY A WS oA neksta Yol

2] H

Aol 43 2AELE
5

<

S 3
olt}, o] el FHd AFS T 7+
BEA FolAop & A & wdE AAs =), o
nde 2g8o] ol oR APd ¢ e FHFH HL9
AME ofu|stA "t ga A ARS o kg s BAE)
= Y UollA $8E50] o] RES wE F JEE 2AF
A @rh o] =RAE w3 o] el THS 97 F
o) =
[s}

gt 9 ofebH, Atste FAA 49LF T (cumulative
extra capacity sharing) W& ©

71E] W] Hla] A" A =
QA 2AZH A oF FGeA | s AAE AFE T
dojt},

Fo =] TS v 2tk 2%ddAe 71Ee
? WS oldd tE /Wﬂ V\Eéloﬂ !

o

2% gaelFel of HH 7 &a, 5ol E 492
BoR 69olME aoF ¥ AES P

71F8 GPS 71HE dd An AN EE AR A
cHH s AT AHaE Awsty] A7 oA A 2
A(fluid modeDolth. GPSelA 7z S-852 B Hu|2E
S g glon] B AuAEd FashA 51 AR aE
flasas GPSOﬂ/HL A Ftell AAE S8-S0l v ook
g 7FA, 5 ookl vl ueh v Algel 7HEE A
#ol & wj gt webd V2o w o okggEel B

034«
g Mo~
r—{m

FHH, ol SFAIAL FE Y]
A

wel ZejEch 7FEA7F r2 S8 AT T (4, )M W

2 A=) FE Silh, tg)a‘r.ﬂ 39, GPSAlA &= ¢4 A7}
(t, t) T A% A= oS

Sb) S h 510 N

S,(t.t,) 1 1)
< RHES1]

add GPSE M f4 RS sWto R segw

< Fgte] 24 ¢ gite M AR AEEHE o] F
Wolng d4ol 2AZFY g A8 = gl
kA, o] & AA A8 AMEE F dEE sizl Edd

283 duglEE5o] v My o] vk PGPS(packetized
generalized processor sharing)[1] E==WEFQ(weighted fair
queueing)[2]E= o)Al GPS RS #A mdd A 83}
gt AEolth. PGPSv A EdedA 7+ 839 AlZ H)
TI(start tag)9t £F BlL(finish tag)S AXtste], F7 )

9] Fro] He AL SMHow AAZEYdINY, 28 A9
A AL B3, Dol A% A7, TR A0S 2
af, L, S, Flgn Agata, Azgel AdAe voz

Ve o) B 29 AL WS ohE ) 2k
S{ =max{F*"V(a)}

Ff=sf+—

o]3o] fZ®E  SCFQ(self-clocked fair queueing)[3],
SFQ(start-time fair queueing)[4], WF°Q(worst—case fair



weighted fair queueing)[5] 5 S 40
BT GPSe Hehg w2y 9low, ol WHES Td
FEE Fola AAAZ ¢l(delay bound)E #AA17]E
AEE g ZoltH6][7]. FrAFE A FACBFS(credit-based
fair scheduling)[8]%= ¢gAIZtelct 20 A#RNE AH A=A
of AMgsh o9 Wu HEE V|FoR 2AEFYS Sk
CPU A9 #A Hulo ALHE stride 2AZY
[9][10]& PGPSe] W28 Z2Alx 2AZE0] H&3 o
o]t} Hellerstein® A[11]E UNIXOlAM 4 AlgE+=
decay usage 2=AEH 9 WiNHFE At T3 24
oS A EE deld, ZE 380 &4 CPU dig 2%
Jojof drh= Alekzrol Qlrh g ti~AS ¥
Sk 5 A7 ATk ot

thel

rir _I}ﬂ: i

S
;O

> R

L

Y
N
o
tlo

i}

12]

’ ol
ol
o —

auf
no
o
2
I o
rﬂ

r oo

o 4
ox ¥
o
fru
>
>
B
pacd
o

o[> o e
)
N
ar)

=

=L orlo

>

[>

o
24
o
o
o

1 oox -

e ®
o)
il
o,
o
[0p}
|
"~ tjo
2 K
[
ol
N
rl
&2
fd
o,

e}
o
>
o
o

w P

>

.2

E

ok
oy

> o

"oy

D)

)

05}

%
ko gt
o M

2
=
XN
AU
% w
f olo
o
>~
é—':,om

)
qr
x

= Agstd,
= REE!
9 A el
gt BHoH By
9] ol AFHAH, o]

Y >
O—‘_'
o

mi
>i-1>_1>ﬁ1:m§1u

k)

a}

olo
o
o
o
2
2
o

1

= ol

2 o

(o3

r1r > m> Arown

N
~
-~
=
ox
o
o

o, 1o
2,
2
il
dlo
ko
o ot
o
oE 2L

L oy £ of
Sl
-3
o

o
A

o
ftl
A cle

2
=
>

4 0

¥o, & H o2 0 o > omN R
N
o, o
o
=
rir
o
o
ok
o
i
i
o
2
2
fe
-
i
2
l

S

F(1
ol o2
Nooo o ok e
ok
o )
o
o n o2
S
oo oX, o
of
ol
o
o
i)
=
~
i
z
Q
g
w2
o
i)
=
>

ox

o 1
rlr ook

14
o
— 4
oo flo
£
0,
Qo
ofo
o
oo
oz
=
2
o
ot
&8
o
O

ol
-

B
mlm‘;;:
N

RO
£ 3o
&

3L oo oo o
o,
e
£
olo
ofo
E?
rlr
_Lz
=
%!
&
N
>~
>
&
i
I

—-

- o oo

o
o rlr

o H oo

EO A
y e
5o
oo
N lr rlo 1:0 i
Ir

S Wtk &8 Ae o—?— MH S-S Eﬁo}i
= dAEFE *}%ﬁ}tﬂ, S8 Ak 37 A
2 9o ggs uy F
= old ARl =Fstrete S0 &3] A
o F S8 Sl disll 3L A A
Eeta 71wl Al s Aujs

2 TbEAE

= S8 = AEe] AAl A Fol &
Aar, 2AEY Aol wekA 24l Y FRAE @
Aok webA o2 MHES e7be §89 A s Mu=
o] sz Alfo] o] Aule] A el webd debd
itk o= 2ol Aol EFeh= Algle] && AAll <
Mt A @ My @ e dgelth
o] =& oA = =114 AR e AH 9

ol A Algtah=

AA el oA Rt &F Euj7b o] FolA = WA |l

A7 FoA e A e o] ARl S vHgsta o
o] Aulx HPS mdgste] ofF Fxd ~AELES
BlEig=4

ts AW Al2=ge T4 AAEH AR 7S 4
T7F kel e, ol vA w2F ts MY AzH
(homogeneous multi-server system)¥@ ©]Z2 2 t}& Ay
Al 2~ ®l(heterogeneous multi-server system)o. 2 TE&
Atk 524 tF AH A" ¥4 ZAEH
3 A2+ SFS(Surplus Fair Scheduling)[13]5 <] &
4 At} SFSAAE tEZ2 AN A|2dox] 2y
Ay w A4 278 FAES 7HsdHfeasible) 7HE
AR AzxAsi 4 ZZAMNE SHAA GPS AW E md

goto] ~AFY Tt 1o o] e BE AWt 52
Holmw 54 a7o] 54 Mol Farojol dri= A
ofo] gl7] wjitell, & =EolA o e o]dA e
A mdoll= A3sbA] gt

oldA tE AW RIS UEeRE e dATFES
MTR-LS(Move-To-Rear  List  Scheduling)[14], PCFQ
(Prediction—based Composite Fair Queueing)[15]9} 28 o7} )
th MTR-LS9 A5, 2AEY AAAY Fo] = 3t
AHEE oy AAAZEY a7t FAE= TAE 3
Asta 9o, o] WA TG ddgF
FA o] lom JojgFel dairs B 1y
opg EX L8o0] oJojgIS Wo] HrEoTH oA =

o}

(A A Y

F7ge Agto]l WA 4 itk PCFQY A5, &
vy Azl AHE 1A SAdE AA Ay
ki z7]o @R ~AEHS 7 AW A= FIFO
(first-in first-out) A2 AB]Ashs WHORA FZ
EfA HEAY 7 dFlo] CPUE AA vtz YEYAR
HuUlxj= Ao EA¢ S8 Ajtelw, BE A 7
HHoR ~AZY0] o|FAX = E AFetE Mgt &
2291 Aol 7k gith.

of AellM= o] m=AlA A= 2AEY 71 whg
of ¥ Fxg&F Bdo onjgt of& Tk Wl dis

olate] elol iz qgﬂ e A A Axge
el oldAel AME S
&%eﬂ4ﬂli7vwm—4°%u4LHMswﬂm
kg3 /e AT $ A AWEels dde A%e
AL

%

o

Gage um, ol o] AuE Ao erhe

NG 5 otk 2Pn AHES GAHe] it
LR A% ANAE e Agudden FAad. o
A B A WA Bl A S0l oles e
| 1me Aow Qelggel Wl Hel $gEe o

et —
oo
ok
-
X0,
_u

HAQl 8o HHA BH, o FItse AuaE i



454 BEMe|El=2X A M14-AT [7=(2007.12)

(2% 1@) XA BE AHEZFE 189
A Aolt}, g S8

o = ] o1 2 N
of FolA Aulel olH kol elA gtk 279
ERAT AEEFS Bal 7 939 FRAGE T 5
93, e S8 Aol olaHol FAF wdle]etn
@ & oo e 2 AndAe] g85e AA A
webd Sl Wi g9 Aulz 2A} HhaY] B
A9 AxddAE oeld olaHel el v A

FE floh wekd 2 BelNe 2AFY Qwe o
% wEm, AAlS 2AZ o3

A% Atolel FolB Axststur AU Sgo] o4
AYS ARF BE 5 Y8 2AZYSHE Rolth(2

SuA =N N A D U
=
g
i
BN
o

&% (reference capacity)o]l& 249 Z2A|7E

F@sA S&o] ZigstE /A e &S g

LTS v FoA dokggy A HAAgA K

M og dA He do&wge Fom FAHT. &80

W o)Al Yo 3 AA 3 <tellA dA s oF

s, TAAE A Ao F & disA 1Ee
o oF-&- gkl ] sfoF EIGE Alolth

kA S8 A7 AW SEFE B o8 ¢f = arf

2 33 5 stk oA7A g Srid e AR EHE g
&

= =
S| vl 59| oofgake] ugl golof 3
(1" 2 ool 747 0.,

EFEEH BRI

M SN

Elll. INE
(b)

(32 1) (a) S22 HHM = 0|4z 2d

(b) £7|&2{e| HHM 2 S22 T

)=

A g #He Mol AA &

ol
£ m
SN
S
ax

-4
1k
>

oMMiErz
02

=
) olN
2 o
12
= ofo >
ol r":l:
_\Tﬂ; A2
0%
2%
olo oo
o o
IHi o
e
rlo
>
=
[>
1o
o2
o
N
N
=y

o
Ol:O {":N
o

st 2(a) #x). 28 FxEF 2
A7b A k8T Yo gFoR e Aujse S
R Efolgt sk (ad 2b) #x). 289 9199
Iel disl

N
N
) o

his KRS ) 2R )
7F A EskaL, gl os)

2ES =2 Eljand Y R =3 R, 3

ot} whehA
2E,
a; = i 1
2R ()
[
9] kel a3k ArE fleiA = A Aue] &Y ol
Aol gy el AA AAZINA o] AWE e
AL BEd Hgol @ & Jonm TAYY AE 9
A AW E TARSEE siZl ME mdo] A" S gl
% A 2RAY A4 PR ANSRE REE A5
el AA 2AE" FAHANAM 2H o] AAH U= S
z43t3 R ) Al o gh& oA AgRk el
2E YR = DL
i i all _req_in_Sj (5)
olm=
dL
i~ zal::jrzzifilnnisiha_tarr) -1
aII_req_inI_Sj (6)
7h ) o] W L 4o Zololx, £ Mt 247 oy
o ®AANE FRAZIL o AS Ri/7F AA ghurt A
A SAH= =

2, g A% gt ok 24 Ad
S



3t 3H(exponential averaging)E &3 WA oZ ASc)
new __ old _ measured
aj " =ca; +(-c)aj 0<c<l 7

Id d
o U’H ajnew7 ajo ajmeasure [ 7_}—7_11- /\Hi ﬁ])‘\lﬂg %}(, 0]@
o
=

o g B B AoA golx, ¢ g A HAA
2

Qo] o]Hel EFaARY (8 g

A+a))r’ )

gy dA 2AZAAME 7 Fele ~AEYeR <l
3 BAEE AQARE T S8 M o] FA Fx
wel apole] o]z} wRAbETE FO9) AAl FEAIZE £ 3}
o2 s= FIsIH

Anch wEAY = A4

o
SN 8ol Aalo] o 4A A Y

—
~

=
+
‘_SD
N—r
-
—
-
S

2AEdE (7 g e 2Ho] 7} o
olZ AMuelsle] Aujxshd @k ey 2AEHE =
el 2 &80 AME FAHsA 2 &
(starvation)S do7]v A& ook gt} o] 7]EA
7t &89 dokgHde AAFTH AAdxagA SAdHE
ojtt. o oFg S HAsy] fF aFo] AR ofef

=
7 e A S s

oN

} 7

o,

¢

op
2
X
A
o
o
Moo g % |d
oz

ol
Qi
re 2 b

e}

olt}. webd FEAQl 27z A4

e e ¢
g A 2 W9 DA g "e £ ge A
[e]
K<

20IBY TRE ST 0IZM OE MU AIAHO BH A7

o
N

o] HojxE 349 mdS 4 Ao wE
&S AHEEIY AlEY oS B3 HES 2
s ARS8 E 2AF

@
qe) Zolg} o] aAEe] ATt oF S| 7
AAE 49 24 Ao, ge B

o o] 25 AN 0% A7k DA ok WY o

SELEDEE

e o
o -
(S

_O\L

L

i

2

Qi

o

P

e
2

123 455

LI/ )

©

> rlo r
30 &g
ful

(2" 4= gAY 8 A, Ay Az Ay Aol AF

£ quze) FAE FE 1l Rolth 24 359
o

ot g5

o wE 1Mo Agath aHe T4 sl ALew
o=

[¢]

o] z}zke] XH el A

>4
Lo,
o
2,
o
2
rO
oo o
o
z O
=
i
2
=

A, Ay, As9] A &S 27 01, 02, 032 7H4g gt

el ME Sy, S0l thgk Aol Feh e 12 =

7Hg s,

A9] 7% 35, A9l A% 58% 7pdeted, o] gES Y9

2 Aeg Aselt o] A%e Fal 4 S
F Aulze ge o] $gEe
2 5 g

(2% 6 95k BUT AgelA Abl 5ol

Fol At

g

olo

&

il

o]



456 ZEMIE=2X A M14-AT [T7=(2007.12)

B At in S
WAl in 2
OA1 total
OA2in st
WA2in s2
B A2 total
B A3 in ST
O3 in 52
W A3 total

ZF72 (x1000) =X T2+ (x1000,

(22l ) M T (22 5) MB 2

;

T AT reserved
BAT extra
O A2 reserved
O A2 extra
W A3 reserved
BA3 extra

~op

gl Ay

6.2 2

o] =AM E ol A TF Aul AzglAe FA A 34
291%% 718 AT, GPSAY S3H4 ROl &3
& FREkE P NE 12 dueFES oAH 0
ABjol 1ol A g3 Aol AFeA Shrke A2 AAHL,
o2 A SAs) A7 Bl Ae] FRYE F e ¥
HH §3 FH RS ARG o] Wl AE o gHe
g AW 2E B o|F B 89 o4H 2
Y& wE5a YA S8l olF BE F YEE 2
F9she PYE AGAL 18T o)g FAS] AT Fels
Y dnelEe wEw, AdAe B AEad

[1] A. K. Parekh and R. G. Gallager, “A Generalized Processor
Sharing Approach to Flow Control in Integrated Services
Networks: The Single-Node Case,” IEEE/ACM Trans. on
Networking, Vol.1, No.3, pp.344-357, Jun. 1993.

[2] A. Demers, S. Keshav, and S. Shenker, “Analysis and
Simulation of a Fair Queueing Algorithm,” ACM
SIGCOMM 89, pp.1-12, 1989.

[3] S. Golestani, “A Self-clocked Fair Queueing Scheme for
Broadband Applications,” IEEE INFOCOM 94, pp.636-646,
1994.

[4] P. Goyal, H. M. Vin, and H. Cheng, “Start-Time Fair
Queueing: A Scheduling Algorithm for Integrated Services
Packet Switching Networks,” IEEE/ACM Trans. on

Networking, Vol.5, No.5, pp.690-704, Oct. 1997.

[5] J. C. R. Bennett and H. Zhang, “Hierarchical Packet Fair
Queueing Algorithms,” ACM SIGCOMM 96, pp.143-156,
1996.

[6] H. Zhang, “Service Disciplines for Guaranteed Performance
Service in Packet-Switching Networks,” Proc. of IEEE,
Vol.83, No.10, pp.1374-1396, Oct. 1995.

[7]1 P. Goyal and H. M. Vin, “Generalized Guaranteed Rate
Scheduling Algorithms: A Framework, “IEEE/ACM Trans.
on Networking, Vol.5, No.4, pp. 561-571, Aug. 1997.

[8] D. Pan and Y. Yang, “Credit Based Fair Scheduling for
Packet Switched Networks,” IEEE INFOCOM 2005, pp.
843-854, 2005.

[9] C. A. Waldspurger and W. E. Weihl, “Stride Scheduling:
Deterministic Proportional-Share Resource Management,”
Tech Rep. MIT/LCS/TM-528, MIT, 1995.

[10] D. L. Moal, M. Masuda, M. Goshima, S. Mori, Y. Nakashima,
T. Kitamura, and S. Tomita, “Priority Enhanced Stride
Scheduling,” IPSJ Trans. on HPCS, Vol.43, No. SIG 6(HPS
5), pp. 99-111, Sep. 2002.

[11] J. L. Hellerstein, “Achieving Service Rate Objectives with
Decay Usage Scheduling,” IEEE Trans. on Software
Engineering, Vol.19, No.8, pp.813-825, Aug. 1993.

[12] S. R. Seelam, Towards Dynamic Adaptation of 1/0
Scheduling in Commodity Operating Systems, Ph.D.
dissertation, Univ. of Texas at El Paso, 2006.

[13] A. Chandra, M. Adler, P. Goyal, and P. Shenoy, “Surplus Fair
Queueing: A Proportional-Share CPU Scheduling Algorithm
for Symmetric Multiprocessors,” USENIX OSDI 2000, pp.
1-14, 2000.

[14] J. Bruno, E. Gabber, B. Ozden, and A. Silberschatz,
“Move-To-Rear List Scheduling: a new scheduling
algorithm for providing QoS guarantees,” ACM Multimedia
‘97, pp. 63-73, 1997.

[15] F. Sabrina, S. S. Kanhere, and S. K. Jha, “Design, Analysis,
and Implementation of a Novel Multiple Resource Scheduler,”
IEEE Trans. on Computers, Vol. 56, No.8, pp. 1071-1086,
Aug. 2007.

eI
e-mail : kalynda@archi.snu.ac.kr
1991 A&t A5 et At
1993 Aguleta 2 FE T 4}
19939~ A Agdigta 7177 3FE
B uhaayg
Flok: 2~AZR, e Toj | 28 F

85 o

e-mail : hyhwang @hansung.ac.kr

19939 A guistin ARE eI o)

1995 A& it 757E &5k
T

20033 Aokl A71HFE 28
Fopui}

20034 ~2007 QMJeietin cErciofal:
ST

20075~ AA s AEv ol 2t s

AL 8 kel

ek AR, A % olFEAY, AenTolA 2Y 5



