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RMd2-SIP: A Real-time Scheduling Algorithm on Multiprocessors

SHINPEI KATOt and NOBUYUKI YAMASAKIt

The goal of this paper is to improve schedulability with few preemptions on multiproces-
sors. For that goal, we propose a fixed-priority scheduling algorithm based on the new scheme
called portioning. The portioning scheme comprises of the allocation phase and the execution
phase. In this paper, we describe the SIP algorithm for allocation and the RMd2 algorithm for
execution. The schedulability analysis proves that the least upper bound of the schedulable
system utilization for RMd2 with SIP, so-called RMd2-SIP, is 50%. We also prove that the
bound becomes 100% that means the algorithm is optimal if the given task set is harmonic.
In addition, we describe the exact schedulability test for the algorithm. The simulation shows
that RMd2-SIP achieves higher schedulability than the existing algorithms without increasing
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preemptions.
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Input: taskset 7 (T4 <Tb < .. <Th)
Output:

Initial states:

per-processor task sets {A;}
i+ 1,5« 1land Ay <0
1. A — AU
2. if U(A)) < Unn(4j)
3. Aj — AU

if U(A}) = U (A7)

4

5 Jei+1

6 A — 0

7. elseif j=M

8 allocation fails;

9. else

10. split 7; into 7{ (T3, C;) and 7]’ (T}, C.") where
Ci = Ti{Us(A}) — U(A)} and C] = C; — Ci's

11. Aj — AjUT;

12. je—Jj+1

13. Aj —0QuT;

14. ifi=N

15. allocation exits;

16. i«— i+ 1;

17. go back to step 1.;

01 SIpOgooooO
Fig.1 Algorithm SIP.
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Fig.2 Allocation example of SIP.

0000000000 00O00Oo0oooOoooooo
000000 8OODOOOoOoSIPOOOOD 2000
O003000000000000000O00000O0
300000000 Ay = {n,72,73,74(1,10)}0As =
{74 (4,10),75,76(1,12)}0As = {6 (1,12), 77,7} O
O000oUooOon U(Ar) ~0.830U(A2) ~0.730
U(As)~08800000000000O0000O0ODO
00 52000000000000 Uw(Aq) ~0.830
Urub(A2) ~ 0.780 U (A3) ~0.92 000 O |

SIPO EDF-tm 000000000 0O0OOCOOO
0000000000000 0OEDF-fmOO0O0OO0O
ooOocpUOOOOOOOOCPUOOOODOOOO
O0000000000O00oOooooOoooosSIPO
goooooooooooobbbbbooodn O
p;0 P, 0000O0D0OOOOSIPOOOOOO
o0o0oooooooooo

max{7; | n €A;} <T; <min{Ty | T €Aj11}

00000 s500000000000000000
O0000O000O0OO0OEDF-imO00O0OOO CPU
0000 50% 00000000000 ooUoOon
00000000000 CcPUOODOO 100% 00O
000000000000 EKGOOOOOOOOO
heavy O light 00000000000 OOOOOO
goon

4.2 OO00O0ODOOO0OO

ooOooosipO000O0O0O0OOOOOOOOOO
0000o00o0o0oO0o0ooooooooooooo
O Rate Monotonic with a restriction of division-2
ORMd20000000SIPOOOOORMdA20000
0000 30000000000000O000O00O
000 p,0000000000000000O00O0
0000000000000RMd20 P, 00000
division-2 0000000000000 DOdivision-1
gboboboooboobooboooboobooo



274 goooOoOoooOo0oooooooooboboOoooo

Definition: A is a set of ready tasks in A;

1. select task 7 from A;- based on RM where ties are
broken in favor of a division-2 task;

2. if 73 is a division-2 task on P; and is running on P;_;

3. execute a task that has the second priority in Aj;

4. else

5. execute Ty;

03 RMd2O000000
Fig.3 Algorithm RMd2.
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Fig.9 Success ratio as a function of system utilization with generic task sets.

goocpuOOOOOOO 20000000000
goboooooooooooooobooooonoooo
goobooboooooooboboooooooo
gooobobooooooobooboooooboooo
O0o0O0O0ooOooooRrRMOOO RM-USOOOO
o0o0OoooooooocpUOOOOOOOOOO
ocoooOooooorRMOOO0OO0OOO0OOODOOOOO
oooUooooooUoUOoUD 1/MOOOoOoo
000000000000 M =20M =40M =8
00000000000o000 50%025%012.5% O
gobooooooooobooooboooobbooooboo
100% 00000000000000000oOo0oO
OoO0O0oo0oOodooORMd2-SIPOOOOOOO
goooboooooooooooobboooooooo

ooooboooooooooooboooooooooo
ooooboooooooooooooooooooon
OORMd2-SIPOOOOOODOOOOOCOOOOOO
gooooboooooooobooooooooo
gooobooooooooooobooooooooo
gdoobbooooooooooooooooooo
utbobotoooooooooooooooooaa
RMd2-SIPOO0O00OOOOOOOOOOOOOOO
000 100% 000000oooooooooooo
oooobooooooobooocoooooooooon
0000000000000100% 000000000
O0D0000000C000000000O0RMd2-SIP
O RM-FFORM-FFDUORMORM-USOOOOOO
0000 22%013%030%037% 00000000



282 goooOoOoooOo0oooooooooboboOoooo

Aug. 2007
M=2, U;;;=0.01, Uy, =0.1 M=2, U;;1=0.01, U, =1.0
T T T T T T T T
! ELS 1 LI 8 . BRC R a:
o h PRl SIS Bag
Y u,
\ N L o
08} % - 08 | . b
1 -
o } o AN
8 i 8 xo* N
5 oer 1 s o8 ><‘X % %]
8 i .
o i o X
3 : S <
04 IS 04 ke E
i X
RMd2-SIP —+— \ RMd2-SIP —+— ¥
02 RM-FF ---x--- H 02+  RM-FF ---x--- Y4
RM-FFDU ------ RM-FFDU ---%--- é&
RM -8 RM -8 S
AM-YS —=) ‘ ‘ ‘ ‘ RM-YS —=- ‘ ‘ ‘ ‘
0.3 04 0.5 0.6 0.7 0.8 0.9 0.3 04 0.5 0.6 0.7 0.8 0.9 1
System Utilization System Utilization
M=4, Upr=0.01, Upnay=0.1 M=4, U;:=0.01, Uy, =1.0
T T T T
1 i i e xx ';‘ 1 -1-1:?;“;1\3;;__1['
LS \ o
L3N 2R N °
n i X
08 | u s 08 | N o g
ot N o
° " \ ° Bg
g AN S ;
T o6 w & T o6 0.4
2 w v 2
2 . ¥ 4
S . : g
@04 u i o 04 B
- \
RMd2-SIP —+— LN | RMd2-SIP —+—
02| RM-FF ---x--- u 02k  BM-FF —-x—- i
RM-FFDU ---%--- - RM-FFDU -
RM RM
RM-US --®-- RM-US --=- .
0 1 ! ! ! ! ! 0 1 ! ! ! ! %
0.3 04 0.5 0.6 0.7 0.8 0.9 1 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
System Utilization System Utilization
M=8, U;;;=0.01, U ,,=0.1 M=8, Up,n=0.01, Up5,=1.0
T T T T
1 < * 1 et T Ty XN
"..\. ! ® g\ﬂ e By X T
'\\ 4 h . - EI‘R
08 | ' b 08 | R R
il .\'\ '1, o '
2 \- | ] ‘\
T 06 \ I T 06 "
2 \ 2 N
8 4 i 8 L
s j s \
® 04 L X » 04
\ )
\
RMd2-SIP —+— ‘.. RMd2-SIP —+—
02 |  RM-FF --x--- " g 02 |  RM-FF --x---
RM-FFDU ---%--- \ RM-FFDU ---%---
RM & 'Y RM @
RM-US --®-- A RM-US --®-
| . . . . e | . .
0.3 04 0.5 0.6 0.7 0.8 0.9 1 0.3 0.4 0.5 0.6 0.7

System Utilization

System Utilization

010 0O00O0O0O0O0OO0DOOOOO0DOOOOOCOOOO0OO0O0O0O0O0CO000O0

Fig. 10 Success ratio as a function of system utilization with harmonic task sets.

ooooooooo
goooooooooooooooooooobooo
goooooooooooooooobobi1o0ooo
5000000000RMdA2SSIPOOOOOODOO
00000000 100% 000000000000
OO0OO0OO0ORM-FFOOO RM-FFDU O RMd2-SIP O
O000O000ORMOOO RM-USOOOODOOO
000000 0oO00OoORMOOO RM-USOOO
ORM-FFOOO RM-FFDUOOOOOOOOOO
gooooooooooooobooboooooooo
00000 100% 0 0000000000000
00000000 Umee, =1.0000000RM-FF
OO0 RM-FFDUOOUODOOOOOOOO RMd2-
SipPOO000O0OC00O0O0OO0OOORM-FFOOM =20

M=40M =800000000000000 57%0
65%062% 000000000000 00 100% O
gooooOOoO0OO0ORM-FFDUODOOOOODODOO
00 75%070%070% 0000000000000
0 100% DO0D0OD0DO0OD0ORMOOO RM-USOOODO
oM OOOOOoOooooooOoOboboboooooo
gooooooooooooooooM =8000
OORMUOOOOOOOOO 35% 000000000
00o00o 100% 00000RM-USOOOOOOO
00 40% 000000000000o0o 100% 00
goobooboooooooooooooooooboo
0000000ooooool% ooooooooo
gooooO0ooooooooooooOdRrRMd2-SIP
0 RM-FFORM-FFDUORMORM-USOOOOQOO



Vol. 48 No. SIG 13(ACS 19) RMdA2-SIPOOOOODOOOOO0OOOOOOOO 283
M=2, Upy=0.01, Upoy=0.1 M=2, Upy=0.01, Upay=1.0
1.6 T T T T T 26 g T T T T T
RMd2-SIP —— w3 RMd2-SIP ——
15 F - RM-FF -~ | 24 ! RM-FF ---x--- |
o RM-FFDU ---x--- i W B-g RM-FFDU ---%---
- RM & 22k | e} RM g ]
w T y RM-US --=— ] ” i © RM-US --m -
c i g c 2k i 4
2 13} 't E 2 !
£ 4 g s |
§ 1of e 1 87 |
o o o 16 | B
S 11+ / - s i
] A 5 14r ] g
£ 1 - Xk B € i
7 L i 4
2 ¥ - o * 2 12 |
09 ’./x%fxvx--**/ X . 4 " i
/ Koo x K “/l;(k:_*
08 gy b 08 i..»....(/ XKk ok 1
07 L L L L L L 0.6 L L L L L L
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
System Utilization System Utilization
M=4, Upy=0.01, Upay=0.1 M=4, Upyin=0.01, Upyy=1.0
3 T ] T T 24 T T T T T
- RMd2-SIP —+— RMd2-SIP —+—
P 4 RM-FF -~ 228 oo RM-FF ---x---
- RM-FFDU ------ n ; RM-FFDU ---%:--
25k A RM - 2 L%y =} RM @
” ‘,l’ RM-US --m-- ” B B RM-US --m--
s - 5 18 & i
= - 2
L - | L i
§ 2 Y § 16
Qo - 3
a e o 14r g
s w =
5 15( E 5 12f g
o - o
€ €
5 5 1 e
=z z %
1 e ey 1 0.8 Fx ¥y b
XX . o Koy
XX oo 06 | R R xx 1
05 L L L L L L 04 L L L L L L
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 3 0.4 0.5 0.6 0.7 0.8 0.9 1
System Utilization System Utilization
M=8, U,;;;=0.01, Uy, =0.1 M=8, Up;jy=0.01, Uppgy=1.0
6 4
' ' RMd2-SIP' —— ' ' RMd2-SIP' ——
55 - RM-FF ------ RM-FF ---x---
- RM-FFDU ---%--- 35 P RM-FFDU ---%--
51 ey Ri a8 e RM &
” g RM-US --m-- ” e RM-US --m--
2 45 P k 2 3t b
i<l el o L)
E_ 4 b ./.I i ,é_ IS
g i
8 a5 » 1 g 2s5%
o .,’ o
s 3 T s 2| 4
] - 5
S o25% - 8
£ £
3 2 | 4 3 15+ g
15| E
1 i
13 i
05 L L L L L L 0.5 THETH R KK XK % L L L
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

System Utilization

System Utilization

011 0000000000O0b0OO00DO00O000O000O00O0D00ODO
Fig.11 Number of preemptions as a function of system utilization with generic task sets.

0000 45%030%065%060% 00000000
oobooooooo

6.3 D00O0OO0OOOOOODOD

01nogooooooooboobooboooooo
00000000 RMd2-SIPO0O0O0O0OOOCOOO
0000000000000 O0RMdA2-SIP-INFORM-
FF-INFOOO RM-FFDU-INFOOn —oco OO0
gooooooooooooooooooooooo
goooboooooooobooboooooooooo
goobOoooooooboooboooooboooooboooon
goooboooooooooooboooooooooo
gooooboooooooooobooooooooon
OORMd2-SIPOOOOOOCDOOOOOCOOOOOO
gobooooboooobooobooobbooooboo

O00Unme. = 01 000000000O00O00C0OO
O0O0O0ORMd2-SIP OOOOCOOOOOOOOO
cpUODOOOOOO 0.1 000Odivision-1 000
O division-2O0 00000000000 0O00O0COOO
O0000000OUnme:=010000000000
goboooooooooooooooooooooa
gbobooboodoooooooobodoooooooboo
go0oo0oo000o0ooobO0oooobo0oo0ooM =2
000oUooooooon 35% 000 RMd2-SIPO
RM-FFOOO RM-FFDU O000000O0O0O0OCO
o00 pO000D0OO0OOCO0OO0OOOOODOODODOO
000000oo00oo0ooo00ooooooO 35% 0
O0OO0OO0ORM-FFOOO RM-FFDUOOODOOO
P, O00000000D0OO00DODOOOO 20000



284 goooOoOoooOo0oooooooooboboOoooo

000000000 00O000oooOooOoRMd2-SIP
goooboooooooooooocoooooooo
gooobooooooooboobooooooooon A O
O00000000000000RMd2-SIPOOOO
goooooooooooooobooooooooon
goooooo A0 RL,OODODOOOOOOOOO
gooobooobooooooooobooooooobo
OOO0OOO0OOORM-FFOOO RM-FFDUOOOO
oooooooooo 6% 000 P, 000000
00000000000o0oo0ooooo0g RMd2-SIP
gooooboooooooooooooooooooo
0000 RMOOORM-USOOOOOOOOOOO
gooobooooooooooooooooobooon
oooooooooooooo 2000000000
gooobooooooobooobooooooooooo
goooboooboooooooooboooooooo
goooooooooM=4000 M=800O0OO
ooOD0ooo0O000O0O00ORM-FFOOO RM-FFDU
gooooooooooooooooooooooo
0000000000000 00000 RMd2-SIP
O000O00OO0oOoOoRMd2-SIPOOOOOOOOO
OO0O0O0 RM-FFOO 110000 RM-FFDU O
0120000000RMO00 RM-USOOOOO
gobooo2000000000000

Umaer =1.000000RMdA2-SIPOOCOOOCOCOO
oob0 RM-FFOOO RM-FFDUOOODODOOOO
00000 Unee =01 0000000000000
O00oo0o0ooooooo ceuoOoOoOoOoOoO
000000000000 O0000o00o0RMd2-SIP
000000000 division-1 0000 division-2 0
gooobooooooooboobocooooobooooo
OCOORM-FFOOO RM-FFDUOOOOODOOO
00 division-1 0000 division-200000000
gooooboooooooooobooooboobooo
goooooooobooooooobobobobobbobooo
M=800O0OORMd2-SIPOOOOOOOOCOCOO
oo0O0RM-FFODO 170000 RM-FFDUOO 1.6
O000o0ooo0ooOooRMOOO RM-USOO
gooodoobo3bboooooboobooon

620000000RMd2-SIPOOOOOOOOO
gooooboooooooooooboooooooo
O00000o0oo0ooOoOoORMd2-SIPOOO0O
gooooooooooooobooooooooooo
gooooooooooobooboooooobooboooon
gooobooboooooooooboooooooboon
goooooooooooooooooboboooooo

Aug. 2007

goooooOooooobooocooooobooooo
0000 RMd2-SIPOOOOOOOOOOOOOO

7. O g

goooooooooooooooooooooo
gooopooooocoOooooooO RMd2-SIP OO
goooooOOoOoooO0oooooOoOORrRMd2-SIPO
goboooooooobooooobooboooa
000o0oo00oo0oo 50% 00000000000
0000o0oo0oooo 100% 0Doooooooooo
gobooboooooooooboobooooboboooo
gobobooooooooboboobooooobooboo
g00oocOO0OO0OO0ORMd2-SIPOODOOOOOOOO
goooooooobooboooooboooOobooooo
000000000 O0ORMd2-SIP 00 RM-FF OO
O RM-FFDUOODO 1601.70000000000
goboooooooobooooooooorMOOO
RM-USOOOOOOOOO 02~03000000
gobooooooooooooobocooooobooo
goboooooooooooooboooooooooo
gooooo

gobooooooooooooobooooooo
0000000o0o0ooooooooon (12)o000
RMd2-SIPO0 000000000 OOOOCOOOOO
gooOocpUOOOOOOOOOODODODOOODOO
goboooooooooooboooooooboobooo
gobooooooooboooooooooboooo
gbooooobooooooooooo1ooobooa
gobooooooooobocoooooobooOoboOoa
gobooooooooobooocoOoooooobooo
goooooooooob4200000000000
gbooooooooooobooocooooooobooo
goooooboooooooboooobobooooooon

OO0 0O0O000COOO0O0OOoOoOCRESTOOO
gooooboooooooooobooboooooobo
gooood

o o o o

1) Anderson, J., Bud, V. and Devi, U.: An EDF-
based Scheduling Algorithm for Multiprocessor
Soft Real-Time Systems, Proc. 17th Euromicro
Conference on Real-Time Systems, pp.199-208
(2005).

2) Andersson, B., Baruah, S. and Jansson, J.:
Static-priority Scheduling on Multiprocessors,
Proc. 22nd IEEE Real-Time Systems Sympo-
stum, pp.193-202 (2001).



Vol. 48 No. SIG 13(ACS 19)

3) Andersson, B. and Tovar, E.: Multiprocessor
Scheduling with Few Preemptions, Proc. 12th
IEEE International Conference on Embedded
and Real-Time Computing Systems and Appli-
cations, pp.322-334 (2006).

4) Baruah, S., Cohen, N.; Plaxton, C. and
Varvel, D.: Proportionate Progress: A Notion
of Fairness in Resource Allocation, Algorith-
mica, Vol.15, pp.600-625 (1996).

5) Bini, E., Buttazzo, G. and Buttazzo, G.: A
Hyperbolic Bound for the Rate Monotonic Al-
gorithm, Proc. 14th Euromicro Conference on
Real-Time Systems, pp.59-66 (2002).

6) Calandrino, J., Leontyev, H., Block, A., Devi,
U. and Anderson, J.: LITMUS®": A Testbed
for Empirically Comparing Real-Time Multi-
processor Schedulers, Proc. 27th IEEE Real-
Time Systems Symposium, pp.111-123 (2006).

7) Carpenter, J., Funk, S., Holman, P,
Srinivasan, A., Anderson, J. and Baruah, S.:
A Categorization of Real-Time Multiprocessor
Scheduling Problems and Algorithms, Hand-
book of SCHEDULING Algorithms, Models and
Performance Analysis, pp.30.1-30.19, CHAP-
MAN & HALL/CRC (2004).

8) Cho, H., Ravindran, B. and Jensen, E.: An
Optimal Real-Time Scheduling Algorithm for
Multiprocessors, Proc. 27th IEEE Real-Time
Systems Symposium, pp.101-110 (2006).

9) Dhall, S.K. and Liu, C.L.: On a Real-
Time Scheduling Problem, Operations Re-
search, Vol.26, No.1, pp.127-140 (1978).

10) Goosens, J., Funk, S. and Baruah, S.: Priority-
driven Scheduling of Periodic Task Systems on
Multiprocessors, Real-Time Systems, Vol.25,
pp-187—-205 (2003).

11) Kuo, T., Chang, L., Liu, Y. and Lin, K.: Ef-
ficient On-Line Schedulability Tests for Real-
Time Systems, IEEE Trans.Softw. Eng., Vol.29,
No.8, pp.734-751 (2003).

12) Kuo, T. and Mok, A.: Load Adjustment
in Adaptive Real-Time Systems, Proc. 12th
IEEFE Real-Time Systems Symposium, pp.160—
171 (1991).

13) Lauzac, S., Melhem, R. and Mosses, D.: An
Improved Rate Monotonic Admission Control
and Its Applications, IEEE Trans. Comput.,
Vol.52, No.3, pp.337-350 (2003).

14) Liu, C.L. and Layland, J.W.: Scheduling Algo-
rithms for Multiprogramming in a Hard Real-
Time Environment, J. ACM, Vol.20, No.l,
pp-46-61 (1973).

15) Lopez, J., Diaz, J. and Garcia, D.: Minimum
and Maximum Utilization Bounds for Multi-

RMd2-SIPOO0OO0O0O0O0OOOO0OOOOOOO 285

processor Rate-Monotonic Scheduling, [EEE
Trans. Parallel and Distributed Systems, Vol.15,
No.7, pp.642—653 (2004).

16) Lopez, J., Diaz, J. and Garcia, D.: Utliza-
tion Bounds for EDF Scheduling on Real-Time
Multiprocessor Systems, Real-Time Systems,
Vol.28, pp.39-68 (2004).

17) Lu, W., Wei, H. and Lin, K.: Rate Mono-
tonic Schedulability Conditions Using Rela-
tive Period Ratios, Proc. 12th IEEE Interna-
tional Conference on Embedded and Real-Time
Computing Systems and Applications, pp.3—9
(2006).

18) Oh, D. and Baker, T.: Utlization Bounds for
N-Processor Rate Monotonic Scheduling with
Static Processor Assignment, Real-Time Sys-
tems, Vol.15, No.2, pp.183-192 (1998).

19) Oh, Y. and Son, S.: Allocating Fixed-Priority
Periodic Tasks on Multiprocessor Systems,
Real-Time Systems, Vol.9, No.3, pp.207-239
(1995).

20) Olukotun, K., Nayfe, B., Hammond, L.,
Wilson, K. and Chang, K.: The Case for a
Single-Chip Multiprocessor, Proc. 7th Interna-
tional Conference on Architectural Support for
Programming Languages and Operating Sys-
tems, pp.2-11 (1996).

21) Spracklen, L. and Abraham, S.: Chip Multi-
threading: Opportunities and Challenges, Proc.
11th IEEE International Symposium on High-
Performance Computer Architecture, pp.248—
252 (2005).

22) Strosnider, J., Lehoczky, J. and Sha, L.:
The Deferrable Server Algorithm for Enhanced
Aperiodic Responsiveness in Hard Real-Time
Environments, IEEE Trans. Comput., Vol.44,
No.1, pp.73-91 (1995).

23) Taira, T., Kamata, N. and Yamasaki, N.:
Design and Implementation of Reconfigurable
Modular Robot Architecture, Proc. IEEE/RSJ
International Conference on Intelligent Robots
and Systems, pp.3566-3571 (2005).

24) Tullsen, D., Eggers, S., Levy, H., Lo, J.
and Stamm, R.: Exploiting Choice: Instruction
Fetch and Number on an Implementable Simul-
taneous Multithreading Processor, Proc. 23rd
Annual International Symposium on Computer
Architecture, pp.191-202 (1996).

(00190 10 22000)
(00190 60 6 000)



286 goooOoOoooOo0oooooooooboboOoooo Aug. 2007

o0 Ooobooooo
19820002004 0000000
ogbooooocoooooda2006 0

E gooooooocoooooooo

\ /. goooooocooooooooo doooooooooooomo
- oooooooooooooboobooo gooooboooooooo1eesn
ooooooboooooooooooooo ooooooooooooooobooooooooon
ooooobo 2040 400000000000000
goooboooooooobooobobooooooboobo
goooOoOooOo0oOoOoo LSIgooooooood

ooboo

o0 ooooooo

1966 0001991 0000000
boooooooooo199e OO
gooooooocoooooooo




