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Stochastic Models of Bus Arbitration Delay for
Performance Estimation of Multiprocessor Systems
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This paper presents definitions of stochastic models of bus arbitration delay
in order to estimate performance of multiprocessor systems in short time. Three
arbitration policies, first-come first-served, fixed-priority and round-robin, are
modeled. We verified the model by comparing with Monte-Carlo simulation,
and evaluated effectiveness of them by estimating performance of a system on
an FPGA.
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Fig.2 Concept of fast performance estimation method.
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Fig.3 Assumed situation of memory conflicts.

Bt

I x BRI Twd, BHT 72 ABT 7L A3 IfRfENs0iE, K3DkHiC
RiXl t-1 Dl 5 ERBH D, »ORZ t 27 71 2 3 B AL, b L IR
B [t-1, t1 NIZT7 72 A 3 DERPFKET 256 TH 5. FLHIFA [t-1, 1 W72
YA 3 OERDFAET 2HAOHRKIE, T7A3DT 7R AMK [T f(t)dt 1L,
—77, R t-1 DA S BRk23H D, 2oRZt 27 72 R 3 BELCHAR, HilicK
HREH7 72 A (REEH7? 72 A) 284 -1 ICHET 2 &, KEEHT? 72 A0
x+1 RSN EEICE LV, 2% 0, REEEHT7 72 X% 1 BARHETOMEICT
5LEDVS, FNWICRRLREZFHEL TWIHE, RO ZMERIMESN S,

BITNTlE, FCFS (First-Come First-Served), FlEE/EE (FP: Fixed Priority) , 77
¥ FrEY (RR: Round Robin) @ 3 DDOFEARZNZIUCOWT, HERNEAE TV
DEZRERT, BFEETNVIE, FCFSDEFLZIEARE L, Z2n%zET 22 L TFP, RR
WG EE T 5,

%73, FCFS DE TN Ircrs(f,n, k,t) BEDX Wrers(f,n, k,t,2) 23, RO51H1E
ZnEn, fBXEY 77 AROMREERE, t 2MEHT K4, n 23EH PE BSto,
Rl t DARGIC 7 7 2 AER %479 PES, Z L Ck W ¢ 2 £7:< (¢ DIAfIc gk
, -1 DRI I NB) AEY T 7 ADEEET, 213, kHOAETY 77 2A0H
B % £ 7 CHAI, HH7 72 A0 SN B HE OSAFEEERN) 2£3, 22
T,z k>00DEE, k& K3IFIZRLE x ZHOT kl4x ERTIENTES, k
=00DLER, 2=0TH2%. Wrers(f,n k,t,2z) B3, NAFUHEILIRHDS 2 & 7% SRR
%523, Ipcrs(f,n,k,t) 1Z, K HOATY 7722035 504t 2 £/ CHERE 5 2,
Wrors(f,n, k,t,2) ICBWT z=0 &% 5MEEZRD 72 DOHMBBEIKE L CHwo NS,

(© 2011 Information Processing Society of Japan



Vol.2011-SLDM-149 No.26
TEHAE - AT Vol.2011-EMB-20 No.26

IPSJ SIG Technical Report 2011/3/18

Ircrs(fin, k, t) =
(Lilﬂﬂhﬂg n=kAO<k
1, n=kAk=0

n

(fjoo f(rydr)™ — Z(IFCFsUa n,i,t)),

i=1

Ipcrs(fin,k+1,t—1)
k

k<nAk=0

+ E ((7) xIpops(fiiit)xIpopg(fin—ik—itl,t—1))
i=1

E<nAO<Ek

+(§§) xIpops(f.k.kt)xIpcps(fin—Fk,0,t—1),

Wrers(f,n, k. t,z) =

Ircrs(f;n,0,1), , k=

— n—1 —
nx f =1k @) x (f7 L seann 0<k=n
Wrcrs(f,n,k+1,t—1,k+ )

k—1

t .

+ E ((?) ><WFCFS(f,n—i,k—i+1,t—l,k—i+z)x(‘/‘til F(r)dr)t)
i=1

+(Z) XWpops(fin—k,1,t—1,2)X
k

Z( ()< 7T rmamix [T seankd)

j=1
+(z) x(f; Wrors(fin—k,1,t—1,7)dr+Ipcpg(f,n—k,0,t—1))
xlcxf(t—1+z)x(j‘tinf(-r)dT)k—l) O<k<n

RIZ, FP DE TNV Wrp(f,p,n,k,t,2) 2R, p IZFH PE DN EEREL KT,
p€0,n] THY, p=0 VixEBERELRT, ETNUHEEDD, #HBIEE LT Irp,
Irp;, Irp, Wrp, D 4 DZER LT, Trp 8L Wrp, 1&, HEHT 7 & ADRASEIEE
DHEEDETNTH S, Irp, 13, WA tyre BRICRAET 22 7 7 L AZLROPEEE
BT 2ETNTHE. FPDETIN Irp &, Irp ZHEARLL, 772AT2MPHOEE
SFICED, HHT 7 2 ADBEREPRE TR LEAOMHEREZ RO 5,

1, n=k=0
oo
ft (F(rydm)™, k=0
IFPf(f7 n, k7tpTeat) = k ’ . )
g ((';) Xﬁpre(f(r)dr)lxlppf(f,n—i,k—i,t,t+i)), k>=1
i=1

n—1
Ipcrps(fin,0,t) + E ((:}')XIFCFS(f,i,O,t)XJ;oo(f(f)d»r)n*i), k=0
i=0

k n—1
Ipors(fin b, t) + ZZ(

Ipp (fin, k,t) =

=1 =l
1
(’j) XIFCFS(f,i,l,t)Xf IFPf(f,n—i,k—l,t,t#»l—l#»w“)dr), k>=1
0
Ipp, (f,m,0,t), k=0

Wrers(fin, k,t,k—1+x)

k n—1
+ E g ((’;)xWFcFS(f,i,z,t,l—Hm)

1=1 i=l
xIpp (fin—dik—Ltt+l—1+z)), k>=1

Wrp, (f;n, k, t,z) =

Ipp (fin, k1), p=n
p+1
1- E Ipp(f,pyn,i,t), p<nAk=0
i=1
0, p<nAk>p+1
n _ (n—p)—1

(Ipp,(fyn,i,t) X ), p<nAk=p+1
Ipp(f,ip,n,k,t) = Z L

i=p+1 (7;) X
(n—p)+k—1 ( ﬁ1) N (:L::) (= 1)

. k
> trp iy x (1)

i=k
v (173)
trp (Fmn = pt k) X
(i) xmpti)

p<nAk<p+1

Wrp(fip,n, k,t,z) =

Wgp (f,n, k. t,2), p=n
icPri(f,p,n,0,t), p<nAk=0
0, p<nAk>p+1
" (n=p) x (20
i—(p+1
E (WFP,(f,n,i,t,x-F(i—l))Xﬁ), p<nAk=p+1
n) ..
N X
i=p+1 (1) ’
—pt+k—1 —
noPp (kgl)x(y_g)xm_m)

Z (Wrp, (f,n, i, t,z + (i — 1)) X

(") X i
i=k *

(153)
+Wep (finsn—pt+kt,z+(n—p+k)-1)) X 7———"——, p<nAk<p+l1
(n,erk)X("*erk)

(© 2011 Information Processing Society of Japan



TEHAE - AT

IPSJ SIG Technical Report

%12, RR DET N Wgrr(f,n, k,t,2) 7. RR &, FP IZEW TEEEIHITRC
P Fb->TW ZELRZ%LEEZ, FP DETFM L Y BEELEICOWTRD HHERDT-
Bt LTEFIMLL .

n

w. ypsmy kyt,
WRR(f,n, k, t,2) = E %

p=0

3.2 HEETFIOZYMERE

ML L 7 FERNWECEE TN OZLMZBGEET 2729, €TV L AKORIHRICHE I 2V T
Arvaral—=rary7ur I EENLL, Yalb—Yaryyurs s ali, B PE
MOEDI VI LEAE)T 7R AICEIDEHPED 1 BIOXEY 77w A3 N5, &
WHIRMZE L HOBTET R, Y IaL—vary7ur s sz~ EREET L FRoMER
e, METLETNCKDE IR M2 KL 72, B, S A FHHEIER
% 0.01 AATHMS 7 & ZDRBEIMEAK (CDF) o 7my Mk bif>7, 22T
SR F N 2 PEDEER I OB E Y, 1IZEAEITE OV Tn»E, 20EE7ay FL
TREM»DDDI2 Wi, PIEIRTTIE, logio(l — CDF) IZ& VR,

K 42, &#EHRD, ¥ aLb—va SEREEFAGERREORRESM O % R
T. K4ahoer 5713, FPEDOXAEY 77 AMERE 0.1 & LEGEDOHEREZRLT
w3, 79, B4(a) B LUK 4(b) I, FCFS IZ & 2 FHFREORES RO R 2 R T
X 4(a) 134 PE 525 3 (n=2), X 4(b) 134 PE 234 (n=3) DEFATH 2. Kz, B 4(c),
B 4(d), 8 X UOBR 4(e) T, FEEERESRIC K ZHEELD, BRENZNZNO0, 1, 2
DEEOREN i ERT. PEHIZ 3 (n=2) TH 2. i, B4A(f) i, v v FrEey
TR & 2 PUHELED RS 2R, PE#d 3 (n=2) TH 5.

R, Y2l —vavick VBN RESMH LT T 2 RESH & €T IVElRIC
0B oNLI ERRTENA, XoT, FUNEMERT LI ENTELES LS.

3.3 BEMERELDY—ILTOERAE

PR AEL DIcBVTL, Yo A0ETREE &, EfThoxeY 772 AN
N ZIFDEHTH 5. 772 AMERIZOWTIE, 1 HOEFHICBLT—HEIMHTH 2 LR
EL, Fil2#EEZHCT(t) =N/E L35, HEDPE»SDXAEY T 7 AHRIZ,
EFNETRHFEICHERTH 2 EREL TR, FEEIE—ATIRRVIEADS Wi
&, HEHPE PO 7Ta e AMTT7 7 AMREFH LK) 2L ET D

FEEERE R D D TOETAMAHICH D, T, RETLETADS, N AFTUFEERE

Vol.2011-SLDM-149 No.26
Vol.2011-EMB-20 No.26
2011/3/18

MOHIRHE D 27 7 AT LICHINCEIE L T . Xig, RiEb D TR, #ED
Tk ZADEFHIUINATHbNBKET, 7reX LI, i7ae 207 7 AREZHE
T3, NAPEBIEREZNE L 725 L 70 AETHBZ Enew ET3E, Epew 13
TI7RARIHIGLZ D EXEBYT7RALAT VY L, BEUERAEY 77 AR N %
FALT, Brew=FE+DxLxNIZXbfEonz,

4. FF il R B&

TERIBET TV 2 SRR S Yy — LIk UGl L 22205 2 31l 9 5 7200, 3
{SIIEDS AT 22 AT L% FPGA ECEIfESE, MERAMD D 217o7%. 77 2 AHR
BRRE)ZIEARVIZ, TI7RALATYID16 A 7V TEDAEY) ZHWE, 2
DRAEVIE, K1Y A7V TinAEEWEAEAEY (FPGA @ BlockRAM) DL A 7
VIR 16 YA ZNVICERLTERLE, TEFLVORRICART2HBNZXAEY) TH 5,
FPGA LTI, 7uatky¥ & XE Y13 Point-to-Point TERZ 115, Z D78 ZFREIZ
FEL RV, HE X VINCGRIERESFAZINS (AL —7HEFRE) . Rk, A
AFEE AL —TRFHEIZFEIC & A Lz, SRERIEE, 77y FrEery AR THEE21T

FUEBIEDFEET BV AT LELT, XEYT V7R ADAREIT) 70t A% 4 DFDOY
AT LEER L7, 4D 7k RZZNZN, BEINLAETY T 72 AR, XE
VTPV ReR%E 7V LA IV TTHI). FRLIEVATAIE2 7uty HHTH 5.
B 5 ICER L 723 257 L 08ifE%2 Y, CPUL Eo7axx (X5, readerl, writerl)
X 1 RIDEEICOEXEY 771 A% 100 [AlfTH. CPU2 LD 7B+ R (reader2, writer2)
12 1000 M X €Y 772 2A%179H. CPUL»5®D 100 HD XY 727 & A%, CPU2»5
DAEY T 7R AEMEL I 2IRAEZER L, £70 vy I DRoDAEY 77 AR,
20%, 25%, 33%, 50%, 66%, 80% O 6 FEF DI E CTilHlli % 1T 7-.

R 62, RET IMELRNEEET L (97 FrEvik) OWHAEMIC X 2 I TRERED
NEEDOEERT., ZITOMMELIE, TueXEDOXEY) T AHET L (“readerl”
& “reader2” DOfffSEA L) DONAFREHEER O RS h#HED, FHETH L. M,
“w/o model” DMMERMNECEE TV EWEH LR WIEE, “w/ model” 2355 L 7254 DFER
ZRLTVS, ERNEEEETFLVZEHA L 20EAE LR, &7 225 LicgrL
TobL—R%EZDOFEEH T, NAFUERLEE AL 7- D DERTH 5.

X675, MERNBEFETFVEEMTS I & TRZEEMSHIRI 1, RS D3 0 % 12
FOTWBE I EDBDLD S, KRS, 70y P »oDAEY 77 ARMENGAICE, 1%k

(© 2011 Information Processing Society of Japan



log10( 1 - CDF )

&

Vol.2011-SLDM-149 No.26
Vol.2011-EMB-20 No.26

0 ! 0 0
05 0 0.5 1 15 2 25 05 0 0.5 1 15 2 25 05 0 0.5 1 15 2 25
 Simulation =  Simulation = ® Simulation
El z 1 )
X Model X Model X Model
15 s Qs
- -
2 s 2 s 2
% % '
25 &as Bas
3 3 * 3
s * »*

-3.5 -3.5

Bus arbitration delay Bus arbitration delay Bus arbitration delay

(d) FP, n=2, priority 1 (e) FP, n=2, priority 2 (f) RR, n=2

B4 HERNBAETNVEEYTANRY T 2L — a VICX DI N &iE sk 1 2 HEHELRH O 1ogl0(1-CDF)

Fig.4 CDF of bus arbitration delay for three arbitration policies obtained by our models and Monte-Carlo simulation.

R LUBEIE S Phee e
IPSJ SIG Technical Report
0 0 0
0.5 1 15 2 25 1 2 3 4 0 0.2 0.4 0.6 0.8 1 12
:'1 # simulation o2 # Simulation :'05 # Simulation
S, X Model S X Model S 4 X Model
- g -
ER £ g
g ] W
< % = * 2 *
- 7 *
-5 -8 2.5
Bus arbitration delay Bus arbitration delay Bus arbitration delay
(a) FCFS, n=2 (b) FCFS, n=3 (c) FP, n=2, priority 0
Bus arbitration dela:
CPU1 reader1 % Writer1% reader1% Writer1%
cpPu2 | reader2 | reader2 7 writer2 Z writer2 %
B 5 i s 25 L o@i
Fig.5 Behavior of a system for evaluation.
20% 25% 33% 50% 66% 80%
1% 0.0%
—
.g n 4% re B 5% — | E‘,
g £ - 2.9% L 3.3% Hw/o model
g £ 9% T2% L 1%
. |
E T a9 S— w/ model
-19% -17.7%

Memory access rate of processors

B 6 fERNEAT T VERAIC X 2 HEES ) EGE0 2L

Fig. 6 Estimation errors of with and without bus arbitration delay models.
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