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Abstract: Hard real-time tasks in embedded real-time systems cause fatal errors when the deadline miss
occurs. An example of hard real-time tasks such as motor control tasks is executed with high priority, short
periods and small jitter. Responsive Multithreaded Processor (RMT Processor) has a prioritized simultane-
ous multithreading architecture that has 8 logical processing cores for fine-grained real-time processing. Our
conventional real-time OSes can schedule and execute real-time tasks with ms periods but cannot execute
them with dozens of us periods. In this paper, we propose the Responsive Task that is a high-priority hard
real-time task that occupies one logical processing core by using the interrupt wake-up mechanism on RMT
Processor and that can be executed with dozens of us periods. Experimental evaluations show that the
Responsive Tasks have smaller overhead and lower jitter than our conventional software-scheduled real-time
tasks.
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Fig. 1 Requirements of high precision motor control tasks.
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Patch [7] %2%® 15N 5. ART-Linux CTl&, A7 Y 21—
WX BBIERHIRS 72012, YAZBAr T a—905
THESAVAT LAV EERELTWL, ZREHHT 5
Z LT oms BEDRMIFETEZEEICT S [4]. RT-Preempt
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BREEMATT Fav [9) ZEELTWE. L2 Ledh,
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Fig. 2 Task execution by a scheduler on RMT Processor.
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IS Linux 7 — AV ER—=AZHFIEN TV A 7201
F =N RAVRE W,

K12, RMT Processor ZxJ5 & L7z 7 V% A L OS2
DWW TS, pITRON4.0 LAk [14] ICHERL L 72 RMT
Processor [MIJICHLR E N7 TV 4 4 0S & LT
RTRON([16] 7% %. RTRON Ti&, AL Y24 %7
075587y y5%ERE&Ga Y 7% 2 MERT BB
HHOA Y F v TAE)THLIAYTHFA MY v 2 [12]
AHWT, 3 FFANAAL v FOF =8Ny F%&KIE
WCHI T A, LD, 3y 7FAMFyy a2 zfl
FILZBEIT BT 10us MEDRS Y2 —FDF—n
Ny F5EHE$ 4. 72, RMT Processor O [F 4 HERE %
WHT2HAD) 7V 4 4 0S[13] B L Tw
%75, RTRON k[ABEIC 10pus LEDAr V2 —F F =
ANy F2%EAELTLE) [5]. L7255 T, RMT Processor
EXRELIZYTNEY AL OSIZOWTHE 10 us HALT
DEMFATIIRNETH 5.

3. Responsive Multithreaded Processor

3.1 RMT Processor DHE

AKifge xR &3 57 uv v ThHsb RMT Proces-
sor [12] IZBF L T~ % . RMT Processor {3V 7V ¥ 1 L
WILAZ N— K7 =7 THZES %S RMT Processing Unit &
Faty v rrayicds, ar¥a—4M1/0 (DDR
SDRAM I/F, DMA 2> b1 —7, PCI64 I/F, IEEE 1394
I/F &%) 2HlfH1/0 (PWM Yz hL—%, /SVAAY
ZE) % 1F v TIZHEFE L 72 SoC (System-on-Chip) T®
5. AHIFETIE RMT Processor @ 12 T3 % Dependable
RMT Processor I (D-RMTP 1) [10] &3 RIZFELEEZAT .
D-RMTP [ O %3 1 IZ/R9. D-RMTP 11X 8 i
ME TR bRAKS ALy NETHEBEITIETHY,
gwmEHa 7oy $HHE U, 3RK1 DD
D-RMTP I &k 7ut v HFHAFE U TRk TH 5.
L2L%ans, £1 &) FAEGSEITES L UALU 0%
84 T A7, Instructions Per Clock (IPC) D&FIA
4%BzAHTLIITER Y, 72, ZNEN 32KByte O

%= 1 D-RMTP I O
Table 1 Outline of the D-RMTP 1.

Clock Frequency 62.5 MHz

Active Thread 8
32bit X 32 entry x 8 set
64 bit x 8 entry x 8 set

Integer Register
Floating Point Register

Fetch Width 8
Issue Width 4
ALU + 1(Divider)
FPU 2 + 1(Divider)
Branch Unit 2
Memory Access Unit 1
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®2 Al v FHlfdGS

Table 2 Thread control instruction.

TN/ % Sk
ﬁﬁv\ ﬁfﬁb

mkth [F7ICA Ly FEEKT 5

delth [fEEL7=AL v F2HlKRT %

runth [f§%E AL v F% Active Thread RUN {KEEISER S &5
stopth 8% A L v K% Active Thread STOP IRFEEIZERL S &5
stopslf |H & % Active Thread STOP IRFEICER XH %
bkupth[f§EA LY FZ Iy 7F A MF* v v v 2B 5
bkupslf HFZ# 2 7F A ¥ v v ¥ a~BilET 5

rstrth [JEEL7-F v v V2 ALy FeER3es

swapth|7 7714 7AL vy Fe¥ v v 2 ALy NEZHET S
swapslf|[HH LfREL72F ¥y v Y2 ALy FEXRT 5

WEFY Y 2T = F v v a, 64KByte ® SRAM,
64 MByte ® SDRAM % #&#, L T\»%. RMT Processor (&
BEREMNE SMT 7% 727 F ¥ CThH ), ALUSEDAL v
R CEEADET 50— ¥ = 7B %E 256 BB O #50
FEICED ALY FEFELTETTAZENURTH .
ZON= Ry = T HEROFEIHOONLERES [N —
RO 273y 7®FANOEEE] L35, N"—FoxT 3
CTXANOEREIY T b T THREL, VTV A
KA a—=) Y I TNT) RLDPPET S Y A7 FEFFD
BREL IR BNTA—FTH 5.

3.2 AL v REIEEE

F9, RMT Processor D2 ¥ 7 F A MF v v ¥ a (12
WELTHBL, RiCary7F A bFy vy atHwizA
Ly FHBEBREICOWTHT 5.

IVTXFANY Yy, U I L0070
HLYRAGEDT Y 7% X MERERMNT 5 LHRER
RMT Processor DF »F v T XEYTHY, AL v il
MHOBMGA I >Tary 7 &% 2 MEHROBE DB X O
JHEAT) T EHUEEIC %R A, RMT Processor T3 ¥ 7 ¥
ANAAL Y FRITHIEE, AEVT 7 A5 EFTT 25
HE590 70y 2 A 7 VEET L5, ALy Rl
RFHATAHEE 470y 74 7 VCEBRWEEICR 5.
RMT Processor 132 = MDAy 7FAMFvva
EHERLTWS720, SEOmBaTHIZHLAL Y FE
ARFLT40fBoary 7 XA 2T aty FAIHEET S
CEDERICR S,

% 2 12 RMT Processor [EA DAL v Fillfflér4, 3
WZZNHDAL v Fiilfl# 412 & 5 RMT Processor |28
JBAL Y FOREERNZRYT. ALy FTEiZaryr
F A2 MEFEL, Active Thread RUN IKEED A L v FIEHE
1TIREEIZH A . Active Thread STOP JREED A L v Nida
TR ADNERFONETINT, Cache Thread JREED X
Ly Fidary73F 2 bFy v 2l BESN TS, RMT
Processor 13, JWHH SN TWAGEERITTA &,
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runth

a
Active Thread
STOP
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Active Thread
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swapth
swapslf
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\d‘elth
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Fig. 3 State transition of thread.

ALy ROIREZERTHZENMRETH 5.

¥ 72, RMT Processor (&, EAAIZL > TAL v FlRE
T 5 2 LA RE R ELA AR 2 F5>. RMT Processor
D EARFEER L, Active Thread STOP DIREED A
Ly FICERREAADEE LA, JROAL v Fid
1270y 794 7 V1iIZ Active Thread RUN JREE 2B
L, ET2faT 5. 2F 0, SHAARZAERICE 2 ITRT
runth A% FE47T 5 2 &4 <, K 3 1R runth M4 &
FEkOREERZ 1 70y XA 7 VTITHIN=FT7 27
DIERETH 5.

4. Responsive Task

AW THZE T % Responsive Task £, 3.2 #i Tik~7z
RMT Processor DEAARIRERZ A NTY A7 & AT
Va—IhbEL, BORB»OY Yy s OREW) T
YA LFEITEERTEIN-FITVIA LI AT ThHb.
Responsive Task I& RMT Processor @ E]3A & FC IR =
HWTCPU ¥ A ~DEARIZEY 1780y 7% A4 7L T
IR L, R A7 D)) —ZA%479) 2L TEH =N~y F
D/NES VI T AT H. RMT Processor (3wl =
7 ZEIZCPU ¥ 4 &> TWwh 728, Responsive Task
BB a7 SRR LD A %)) - AT A
EOSTRETH B, T 72, ELAAERENZ AWV OERT
TP =Ny FEHIET 57200 TRELT,
1 18 @ Responsive Task 25 RMT Processor @ 8 {fl & % i
BWa7o 1 l2HATL2 LT 5H. ZO%FHILEST
Responsive Task D KFEATH FEEIE RMT Processor
TIE S MICHIFR &, 9Ll Eod % X 7 % RMT Processor
LTHEATT B4, Responsive Task DA% HKR— 9 5
VT7NIALOS TEITRTDY AT ZFETTHIENT
EWVEW)ENIEL L, COMEOMITEE LT,
Responsive Task DI KEITIRERTH 5 8l %8 2 554
DY A7 % FEITT D4, Responsive Task & L THEATT
XV DY A7 % Real-Time Task & L TEATHRE &
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:
:
1T

RT: Real-Time Task

4 RMT Processor (2317 % Responsive Task & Real-Time
Task OH|H4TH]
Fig. 4 Example of assignment in Responsive Task and Real-
Time Task on RMT Processor.

5. 20L&, B4R £ I2 Real-Time Task % &l
DURCToHa@mBAIT7TH VELELER720, 9L LDy X
2 % RMT Processor I THATT %54 Responsive Task
RO THEATL, 50 OFIE I 7 12 Responsive Task T
%\ A7 % Real-Time Task & L CHEIN KT, 20
4, Responsive Task |Z Real-Time Task & ) & & W g
EREYD LB THLIET, N—FY 2 T7TEFEOHAICLDLY
TN A LEOT 2 5 5.

4 12 RMT Processor {231} % Responsive Task &
Real-Time Task OFM4 TH 2R . @wEHI 7 LO; 121
Responsive Taskl, #HL 7 LCy 1213 Responsive Task2
MENEFNE Y LB TE5NE, T LT Real-Time Task
(& 1 OFEL 3 7 % H D Real-Time Task THA L THE
T3 5720, M4 OFITIZEHEI 7 LO; 121F Real-Time
Taskl & Real-Time Task?2, &Pt 2 7 LCg 1213 Real-Time
Task3 & Real-Time Taskd 25FNZENE Y B THN 5.

5 |Z Responsive Task % 1 il & Real-Time Task % 2
FFEEEICEATT 22 RS, K2 EEKICK 5 O ERE
[V)—=AJ @GS A7 7 D jFEHDA LV AY 2 ADI) ) — A
Wil e, ; 2R L, TREDITY 74 2137y K74
¥ d;; #3F. $72, Responsive Taskl % i, Real-Time
Taskl, 2 % Z NN 1, ™ &3 A, P TEEHNE TR
FIDER>TWwADE, M2 LRI A7 O T, &
Ty FIA4 Y Dy E LW, A7 O HFHD
AR L AD)Y) =AW vy 58 AT 1, D j—17FH
DA YRY VADHMKET Y FT4 v d;jq E—FHTHZ L
% £ . Responsive Taskl [EEAARKREENE L VT A7
Ta—INOaHET 5720, NS nd =Ny FTHELTH]
HETHAH. ZiUxt LT, Real-Time Taskl | Real-Time
Task2 L[ UigBla 7 CEITT 5720, A7 T a—J12&
b =8Ny K05k T 5.
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Ty T, T3 T4 Tis
Task 1
d1,1 d1,2 d1,3 d1,4
Scheduler I I I I I I
Kernel W | | | | | NG
Dl Tl Dal Dl
el W Jm )
Task 1 | i
o d,, d,, i ds
ERE ; R
Real—TimeT . I.
Task 2 5
>
d,, time

T =R

5 Responsive Task & Real-Time Task O [a]FF5E4T
Fig. 5 Simultaneous execution of Responsive Task and Real-
Time Task.

l?wpa4>

Real-Time Task

[MEF 51 BN ABRLE |
’

Responsive Task

| CPU 21 <RIV ABRE

1. 18RI

2. A7V 1—ZDFUHL
3.WAIT + 1 — DR

4. FERT B2 R Y DFEIR

5.2 2% DISHR

6. 2 R DIRAERRTE

7.READY F 1 —H 5 RDKITR XY %5HIR
8. AV T F R MAA v F ¥R

9. N\—=ROx7aV7F X DR

10. AV TF R MRA v FDRIT

AR R DET BHR XY DET

6 JHMFEITIZBT S Real-Time Task & Responsive Task O
Bk
Fig. 6 The behavior of Real-Time Task and Responsive Task

on periodic execution.

4.1 %5

RMT Processor @A AR % 2 T Responsive
Task # FEZHT 5720 DUFHI DWW TS, RMT Pro-
cessor |Z S HDFHI T 71ZxF LT CPU ¥ 1 % £ 4§D,
Responsive Task (T EH AT L3 27 D CPU ¥ 4 <O F|
ABDEERET H L RMT Processor @ A A R AR 12
& 5T Active Thread RUN KEEIZER L CTHMIFEAT % B
ML, 3 2 1R stopslf iy s = W CREMEST 2T §
HZLETAT Va—Ih oM L EMET2FEHT 5.

6 |ZEHAARIEAERFIZ BT S Real-Time Task & Respon-
sive Task D EjYE% /R 3. Real-Time Task Tl READY
Fa—& WAIT ¥ 2 — CTZNENETIREIRED ¥ 2 &
EFRRIRRED ¥ 2 7 % 8P4 4. Real-Time Task O ;&
T AREABDIET B L, FARNRT § D BHEGERICA
rYa—7 & FIT. AT Y a— 13T ORI % KR
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a7\ LTI .

(1) ¥ A7 D WAIT ¥ 2 — 2R L, BIKT L5 X7 %%
EINER- R

(2)BIRL 724 27 2 FEATTREIREEICHEHT L, READY
Fa— 2N 5.

(3) READY a2 =2 56FE 7§55 A7 2EIRT 5.

(4) Ay TFAMAA v FOFEEZHEL, LEIHNL
AVFFANAIAL Y FEIT.

(5) AL v Filifles s 5 A7 OFETERGT 5.

T/, ATV a—F1&F 2 —OfERIc T v 7 S
T 5.

—7J7 Responsive Task TI¥, FEATHBE TOF —/3A
N EERBR VN2 572012 CPU ¥ A4 Y ELARFE AR
EARNR T & 7006 DIIFIED A % 1T . RMT Processor
TIE CPU A XEAARDFEET DL 170y 7% 4 7 )L
BAZENAR T Z 7H3 o) T &N, BRI B TREFET
WCIRZ ZEDURETH L. FAARD O DGR L L 723
A3 2 O runth & ERIEOEEL T 4720, R
\Z runth iy 4 % 9247 L 7% < T Active Thread RUN JREE
(BT 5. AHiTlE Responsive Task % EMIESTT A
DN 7 CPU ¥ 4 RELARIZDWTORIBRTWV 575,
ftid 1/0 S DEAAIZ & 1) Responsive Task %2R &5
CELMRRTHA.

Responsive Task & Real-Time Task @ HAFI1ZD Tl
~%. Responsive Task & Real-Time Task £, & 2%
A < ELARFEERE IR EAT 2 G T 5 720 O 2 1T
. FDRD, INH2O00MBEEHREE T AHTD
WAZHIE &I L S LB & T 1), A — NNy R85
T4, ZOF ="~y FxHlET 5725, RMT Processor
DIEBEEZFIH T 5. RMT Processor T3yt 5 X OVEHA
AESIERFIC, BERENZT KL ZIBIFEB X LA A OF
BB U724 78y MeMR 72T FLVARIZTR T I L707
Yy EBY. ZoOfiEE AW, Real-Time Task i RMT
Processor NEDHIHH 1/0 TH B8V A 77 » 5 &AM
\F% 4 <& LCTHlif§L, Responsive Task H DEHAAIZIE
BT O CPUSAYEMHTLE. CnobDy A~
EHAAIT EFCCHB LA 72y NOEPRL L7720, Bl
DERA L L TIPS 2 & & THGE & I ASAN T2 7
), Real-Time Task & Responsive Task ? 345 % R L
DOF =N~y REHIKITRETH 5.

4.2 EE

4.1 i TR FTIZHE D W T, RMT Processor []l)
D) TN A L OS[13] 12 Responsive Task DEZHE X179 .
Z® 0S 1213 Real-Time Task % AT % 7230 OFHEAS
FTIZHEEEINTED, 41 HTRRZI)IIMIT sy 1~
EAA D EAAMLELT Real-Time Task D) V) — A %479 .
%4 O 2 7 T Real-Time Task OV 1) — AMLHZ 4T 9
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% 3 Responsive Task H® API
Table 3 API for Responsive Task.

API # N
create_task_resp Responsive Task DAk
resp-wait_period |Responsive Task DJAT% KO £ Tk
CPU ¥ 1 Y D%EB & UHH

resp_start_scheduler

Yitr, N— R 2 T EHROBREIHEIIEAL, V) —X
WELDF =Ny FHPRE %> TLE) [5]. Real-Time
Task DV 1) — ZMLBLD F — NNy REWRELR R ) /NS ¢
L7z, KROSIWEAT V2= T 1 MomHaT%
HAEL, A A70) ) —ABLV0ZICEL %) HA
rTa—1) Y 7O EIT 9. Real-Time Task D) V) —
ARFIATON MBI 6 DEBY THAH. 727201, K
ONAHT & A <ELAAFEEE TIXFETHOY A7 05T L
TN T AR T ECAT V=IO &
b, £oT, KmBa T LC, 5 LOgs NFEATT HHNE L
DToE)i%5s.

o LC:FAI ) ) —ARFTIAr YV a—7

e LC3;~LCy : Responsive Task % 721& Real-Time Task

ZDFEHEIE, RTRON[16] DAY V2 —F DFEET k%
BEIZLTVA.

A OS 12 Responsive Task % EH T 524725 T, Real-
Time Task & Responsive Task D &5 6 % KT 5 2 —
FALEIRTHE L 95 728, Real-Time Task [A]17 API & 13
B2 Responsive Task [A]17 API #3223 L 72, 3=/ 3 (2583
L7z API Z77°F. RICE APT OFEENEIZOVTFEL L
% & & 12, Real-Time Task [} API & D75 |25
WS,

o create_task_resp BI%k

Responsive Task DA %17 -) . POSIX [3] DAL
& % pthread_create BIEL D5 14% 2% 12, Responsive
Task Z#1) 4TA5# 27 ID, RMT Processor [E4
FRRETH B AL v FOBLE L, FIETICLERTE
WTHLHME EFETHERMEZIFRELTHATE
Y, Real-Time Task &£ T 5 API D5 [$ L L.
L, FMISEATICLE R 1A Real-Time Task &
Responsive Task TN WH &, =2 API 4
BEWT LT TERT S5 A7 OFFE % V) 2 e
E$5720THA. Real-Time Task % ER T 5 API
AR L7ZEM Y 27 2 &@mBa 70y A7 Fa—
23 A3 4. Responsive Task (3 E]A &R %
WTAT V2= 0560 L TwA70, Kmia7
ANDEYTRY AT F 2 —~OFAZLIIANETH 5.
X 1) 12 Responsive Task [ZIZFHa 72 5 AT 5 &
) IZHESET 5720, Responsive Task 25 E DI 7
FEAEL TV EERT LT — T VERET L. K
API I¥ Responsive Task £RIFIZZ OEHT — 7L %
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ZH L, $8%E L 72imH 2 7 A% Responsive Task 12 & -
THA SN TV W4 1E Responsive Task DA IC
B, EHF— TV A7 OERE BT 5.

e resp_wait_period FI%XL
Responsive Task DJ47%, KD CPU ¥ 4 ¥ DE|A
AEEAEF TS A, AR AP T stopslf a2 547 L,
Responsive Task % Active Thread STOP IKEEIZ B
EH 5. 4.1 Hi THh<72L 912, Responsive Task (&
CPU % A Y& AADFEET % & RMT Processor D%
FECHBIMIZ Active Thread RUN JREEICER T 4 72
O, ATV a—J 20T 2 L& ST = FH
T5ZEDNNEETH 5. Real-Time Task B EHHEAT
T L7z ST APT T, RO OB
TGRS ED & 2 715 HMEEHR LAY ¥V 2 — 7 2
.

e resp_start_scheduler B4
A% L 7245 Responsive Task OJFE#I2Ie U T CPU #
A ROFERAT, BTy MERGT A, AR APIFEAT
B, a7 T ICEELZEYTCPU 24 D
FIAADFSE L, 3JI 3 % Responsive Task 2SR
% . Real-Time Task HHOFEED API TId A7 ¥V 2 —
TRIWHMTT 8 A ~ DRk E ATV, AT T a—TF &I
T . KRAPI OFEEEIZL T, 4.1 i ThR72L9
|2 Responsive Task & Real-Time Task ##7%: % % 1
~ DEAARTUIT 5,

5. FF

AT, Responsive Task O H %1% D-RMTP 1 &
flity b2 HWTEHET 5. D-RMTP I O+ v + k
T Responsive Task & Real-Time Task % [[EF (25247 L,
Real-Time Task ® 7O+t v HFIHFELZH L2 20D
Responsive Task & Real-Time Task OVEREZ T 5.

5.1 FHEIRIE

7 (2T A D-RMTP 1 5F-ffi % » b DALl %
<9, D-RMTP I:Efi¥ » +ix D-RMTP SoC, SDRAM
% Flash Memory % % 4% L 72 D-RMTP SiP (System-in-
Package) ### L T\w5b. D-RMTP I OH:A:ZF 1 1R
L7z BN THAH. SiPDIEPICIEZIET/O ¥ 2R FPGA,
F L=y ERER L T\ 5. Responsive Task & 29
BUT NV A L OSIE SRAM IZH3ICHBTE B9 4 X
THhbH72%, SDRAM L ) XEY 7 7 £ ADRBIEHE W
SRAM FCTHEATT 5. Gk RICET 57— %13 SRAM
T E RV A X070, FEAKEV SDRAM 1215
My 5.

KU, EBEFMICH VKI8T A —F 12DV THhRB,
48] Responsive Task D %2 % 47 - 72 RMT Processor [f]
FUTVE AL OS[13] 1, 4.2 i Th~_7zXH Ay
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I/O pins

Oscillator

D-RMTP SoC

D-RMTP SiP

7 D-RMTP I H&Hili+ v b
Fig. 7 Evaluation kit for D-RMTP I.

Va—I 0T 1 ORI T 2 EET 5720, Respon-
sive Task % Real-Time Task % 479 Aamfi 2 713 76 &
% % . Real-Time Task DELTIEF XA 7 D71t v ¥ 7|
SR U, L&#HE 7070ty FRIAE Upe, 75 e
Eh, T T X LTI worst-fit algorithm [2] & v 5.,
F7-, %l a7 D Real-Time Task D A7 T a—1 » 7
ICIERM 7V T AL 5. Gl 4 2 713 ALU (2
L ANNE, WA, EE, BEEITHWARER Y A7 &, 5
TRICFL AR S HBIAT ) BANHE Y A 7 0 2 flifH %« &
T5. Gl A 7 ZURNEE ¥ A 7 LEAEBE Y A7 D&
B 50— DAHFEITL, Responsive Task D% 1 fH5 5
31H, Real-Time Task # %) B TAHGmIEI T % 1, 2, 418
AL s, Tty FRHEE 0.10 205 1.50 £ T 0.05
BETHRETAH. 72721, Responsive Task & Real-Time
Task DEL LTy FIA Y I ALREEL, Fok
So7aty FRHAEREOT— 5 25HliE L THWS.
¥ 72, Responsive Task OFI O T O 70t v 4 F
HFE 2 %E L72%E1d Real-Time Task 28428 S L v 7z
B, T L) HTaty SFFAROFMIIAITL RV, A7
Va—7 0 tick Z 5ms, aFiilFHE%Z 100ms &5,

K12 Responsive Task & Real-Time Task @/ X — %
IZDW TR %, Responsive Task DX, Responsive
Task DB L T50us 225 T0us TT10us BETHRET
%. 72k 2L, Responsive Task 2% 1 fHO5E13FH 50 us
@ Responsive Task % 1 ], Responsive Task 7% 2 fH§ D3
AL 50 us & A 60 ps O Responsive Task % 163D
A § 5. Responsive Task D EEEATHEMIZEE L < 3pus
LB EHICREL, Taty RHEEENOECIRIC
0.06, 0.05, 0.04 &7 %. Real-Time Task O, &%
A7 DO BNAER (NA 78— E D F F) & 5Pl R
OB ET BT, A7 Y 2—F 0D tick IZx LTI,
2, 4, 5% ©FH 5, 10, 20, 25ms 2> S MWIELICPET
5. ZOLE, £y A0 Tavy FFIHFEHN0.01,0.10]
DHIFE 7 5 & 9 % EFATRE M AR A 1 SET 5. L
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BOERIZIEA VY X -4 25 [8] ® VT, ¥—
REIZIEZ D & 2 RMT Processor D7 > # % v
b. TICHMIATIZED 4T 55 Real-Time Task
DENZDVTIEARD, K3 7~ Real-Time Task O
H)2Y T2 worst-fit algorithm % V5720, K a7
DTty FFHE U, 13IFFHELVERET S L
TE5. mBITHEImBETHL720, FwmBIT7DT
Oty HFAEE U, =U/m &b, %5 A70OT0
oy BFHE U; 25[0.01,0.10] L% 5 L) 125 AT % AR
TAH, K 7I2E ) YT 55 Real-Time Task O
#32 ULc, /0.10~ULc, /0.01 £ 72 5. 72 & 213 Real-Time
Task ZE ) YU CTLHHmEa 7Oz 2, 70ty FFHE
%080 LT 5L, K TIZE Y U THND Real-Time
Task O 4~40HTH 5.

RIN=FT7 2720 7FAMOBEEDZEIIONT
X% . Responsive Task (22 TILEHAAT 50 us O Re-
sponsive Task iz B E L L, BIHOEFE\ Responsive
Task |2 EBEREZ|MCHRET L. FAKIZAT V2 -5 D
S 133X T Responsive Task & ) K { F&%E L, Real-
Time Task DB T RTEHELL, AT Y 2—T7DE%
BEXDIRCEEET 5.

5.2 FHEER

A TIRZ L 72 Responsive Task (&, W EHI 222/
EWY Y Y TEITTHEN-FYTVIALY AT THS.
Z D728, FHiliTlE Real-Time Task @ 7 1t v Y F] =
% { L7z & %12 Responsive Task DFEATIIx§ 5508 %
IRTLENH L., F2T, ¥4 TERARIEEDNSL Y A7 )8
HIRT 2 E CORKRA =Ny F&, M) —2T v %
% FEFRIZE & LTV 5. Responsive Task (ZH & ® CPU
Y A<XDH 7 FfH, Real-Time Task Id AT T 2 —F D
CPUSARDAY Ik ZNTNIIE L, &4 ~EHA
AWFE LTS FM S A7 IR S ETOY A 7V
BAEGHIL GRERA — ANy FeT4, M) ) =2y
Zik, FHlL7SER A — 3~y FZ2HWT 2.1 i TEEL
oA HEN T 5.

x5 1213, Responsive Task & [AFE3247 9 5 Real-
Time Task DT b B OHNT A7 2 lvb, U T
FANAF Y a—=) 7T hIT) XANELTHMATSRM
TUTYZATE, FMSRGECS ZA2 0V Y 413 HE
EOTHAH[1]. £oT, FmBla7 TR HHOHE
Real-Time Task & Ilb#3 % 2 & T Responsive Task DF
ExE T,

5.3 1 %227 ETEFOFHE

Real-Time Task ® 70t v 4 FH=EEZ Lz & &I
Responsive Task & #ix I D> Real-Time Task Z 11
FNICHZ 5B % LT 5729, Responsive Task % 1
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K4 1YAVFEIRORRS =AY F
Table 4 Overhead of wake-up of executing 1 task.

A7 | wAME [ps] P [ps]  wOKAE [us)
Responsive  PYHI#H A 0.928 0.928 0.928
Task FC A3 5 0.944 0.944 0.944
Real-Time PUHIGHE | 18.432 18.444 18.448
Task FC A3 5 18.656 18.668 18.672

K5 1YATEFHOMS ) ) -2V v ¥

Table 5 Relative release jitter of executing 1 task.

YA | /M [ps] CFIE [ps]  OKAE [ps)
Responsive  PUHI#H A 0.000 0.000 0.000
Task [ b 0.000 0.000 0.000
Real-Time PUHI#H 0.000 7.803 x 1073 0.016
Task FC A1 5. 0.000 8.207 x 1073 0.016

fH D AEFT L7246 L, Real-Time Task % 1 ff D AEST

L7 aORKS =Ny FERxF) U =AY v & Dl
EHxFT-o7:. % 412, Responsive Task = 1 fHOAFEITL
72354 & Real-Time Task % 1 fHD AT L 72356 ORE
F—=N~Ny FzmRL, ‘RS ICHT)V =AY v ¥ ZRT.
# 4 £V, Responsive Task IZIUHIEE ¥ X 7 & BLFIHEA
BRI DWMFDY ATIZBNT 1 pus Kl DOFE A — /3N v
FTHY, BIKEF =8Ny FORME L i REICIZED %
W, — T, Real-Time Task (ZPUHEF & A 7 & BLHIE
WY A7 DWSTDY A7 12BN TRKEEF —/3~y F
18 us FEETH o7z, F72, £ 5 LD Responsive Task
DMV ) =AY Y ZIEF AL ST 0us TH - 729,
Real-Time Task &)V — AT v # 1Ei K 0.016 us T
Hot. 1 XY D-RMTP I OB)ERE#EE 62.5 MHz
ThHhY), 20L& 178y 7% 470 0016us TH 5.
&£ 5T, Real-Time Task TIZ AT TV 2 —FDULIIZ 1 7
Oy 7347 VOO EREL TN A,

# 4, £ 5 OFFFER LM AT 5 &, Real-Time Task O
Yitr, WHAREE & 27 L) SEHNER Y X 7 O F H3E
Reho/z, TNED-RMTPIDOXAEY T 7R AL=y
FIE LD W EDRHERATHY, HBIIAE) T/ &
A AT EHIHE Y A 713 ALU 12 X A 8 0%\ Y HIE
BWHY A7 LT, L) REICEVERHI L % 2 1012H 5.
Responsive Task D56, VHHEEE ¥ 2 7 L ELHEE ¥ 2
7 OREF =N~y KPR 170y 794 7 VERE LD,
4.2 ffi Tilk-X7z resp_wait_period BT CPU % 1 ~ %]
AARFEERAT ) IR & A v Y EORAR RS DT T
AV A IHERTHL. D-RMITPID 7 = v FilgIZE 1
L) 84S THAH. FD720, resp_wait_period BIEPY D
BIRWEE 7177 » Y EOPHREEABFELE8 T — N7 714~
AV INOBGERERKFICT =y FEN, Re2L8T—-F7 5
LAY POBEIFERIC Ty FENLZW., ZOEE,
W OBIIE A Y v Y EOR G 3 23 FAT SN DRI 1
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Real-Time Task (Avg) -X-

Responsive Task 1 (Avg) -X--

Real-Time Task (Max) —+—  Responsive Task 1 (Max) ——

100 100

Overhead of Wake-up [usec]

Overhead of Wake-up [usec]
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P " et

Overhead of Wake-up [usec]

i L] seeooocoouaaaooaont, o | 1 E e
0.1 - - 0.1 - - 0.1 -
0 40 80 120 0 40 80 120 0 40 80 120
Utilization [%] Utilization [%] Utilization [%]
(a) P27 1 1M (b) a7 2 M@ (c) M a7 448

8 MHIHE ¥ A 7 oK+ —/3~ v F (Responsive Task 1 )

Fig. 8 Overhead of task of array access operations (1 Responsive Task).

Real-Time Task (Avg) -X-- Responsive Task 1 (Avg) --X--

Responsive Task 2 (Avg) --%-

Real-Time Task (Max) ——  Responsive Task 1 (Max) ——  Responsive Task 2 (Max) ——

100 100

Overhead of Wake-up [usec]
Overhead of Wake-up [usec]

3
8

5

Overhead of Wake-up [usec]

X
1 L ><,><,r><--><--><r-><»><-><>><-><‘><‘><'’><"><‘'x'X'){')('X'x'XVX-XJXWX‘>< | 1t xrx-xxxrx-x'x’XX'**‘X'xXXXXXXX ol
0.1 0.1 . 0.1 .
0 40 80 120 0 40 80 120 0 40 80 120
Utilization [%] Utilization [%] Utilization [%]
(a) FiBEa 7 118 (b) #F2 7 2 (c) HPa7 418

9 MHREE Y 2 7 OfER 4+ —/3~ v I (Responsive Task 2 fil)

Fig. 9 Overhead of task of array access operations (2 Responsive Tasks).

Real-Time Task (Avg) ->--  Responsive Task 1 (Avg) -%-
Real-Time Task (Max) ——  Responsive Task 1 (Max) ——

Responsive Task 2 (Avg) -
Responsive Task 2 (Max) ——  Responsive Task 3 (Max) ——

Responsive Task 3 (Avg) -

100 ¢ 100 ¢

Overhead of Wake-up [usec]
Overhead of Wake-up [usec]

=)
8

]

Overhead of Wake-up [usec]

0.1 . . 0.1 .
0 40 80 120 0 40

Utilization [%]

Utilization [%]

Utilization [%]

(a) #FLa 7 1 {H (b) #FE2 7 2 f (c) @7 4 M

10 FEHNEFE Y A 7 OHERF — /8N F (Responsive Task 3 1)

Fig. 10 Overhead of task of array access operations (3 Responsive Tasks).

ray A7 VOESELDL, THUEY A ZEETIE R
{A=T A THAETHY, T 23 VEFIZENTRET S
5, UEESFZCIVREDEEZHET L7720, Dk
AR & A 7 % F4T L 72556 OFHIi 2 R T

5.4 FRERA—/NAy KOF

Responsive Task & Real-Time Task (ZDWT, £ Z
N Real-Time Task O 70+t v FRIAREZE L LBHE0
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FRA — /Ny FEFHI L7z, 5.2 i 123E0WC, FHElEE
i 100ms @ Responsive Task Z & O H & i Kl % 5F
flifEH & L THW7z. Real-Time Task (22W T, imil
A7 TEICIREBELRENE ) BTNy A7 OFE
i RAE RS L7228, 1RIEE DA E R L2720, b
FHA/NSVEREL T 7 OfE % G R & L TR, 8
|2 Responsive Task = 1 {5247 L, Real-Time Task % 3
Ty remflarel, 2, 4l LHEORIER Y 22
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< 20 | e
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11 8 (a) DHEEEO T Tt v HF

Fig. 11 Actual utilization of Fig. 8 (a).

DOFERZIRT . HEEIERRA — NNy FEZRL, M7
oty HFHELRT. OS54 TH 9 12 Responsive
Task % 2 f#l, X 10 |2 Responsive Task % 3 ffl324T L 7235
GORREIRT.

8, 9, 10 £ ¥ Real-Time Task | 71 & v 5l
RPN ETORES — /NNy FIZE 10us BETH
D, Tuty FHENIE %5 LRKT 200 us FEET
Hoitz. F72, K8(a)~(c) &£V, Real-Time Task & Ff7
THME T TESE R B ERIERT — 3Ny FATRE L
b ZEDgaA. UL, Real-Time Task * E4T 5 i
BaOTHEPEZDEI A X2 D2, ArPa—
TN AY F 2 — OAERAT ) B 2SR L 722 &
b, FRFFETTLAL Yy FEDMZ /-2 TALy FHEO®
N= R 2T BFEOHEDVE L holcZ EFEHTH L.

—J T, M 8(a), ®M9(a), M 10(a) L 8(b), X 9(b),
10 (b) & ¥ Responsive Task DR A —/ v Fid Re-
sponsive Task DEIZMKAFE T, Real-Time Task = 11 %
72X 2O 7 TEATTALHILEFIE—ETHLHT &
Mahh., T LT 8(c), K 9(c), K10(c) &0,
Real-Time Task 2 #A7§ 2l a 7 H e L2561
w7 ut vy SRz & &% T Responsive Task DFER
F =3~y FASKE W, Real-Time Task % E1T9 % il
I 7R 2 % & Responsive Task & FESEITT A AL v
REAHEZ 5. FHECTHWZRYEE Y A7 3 AEY) T2
T AERMHEIATH) Y AT THY, £ 1 L) RMT Processor
WEAE)T7 7 A=y bEIELIRLZW. 207
O, FRFEITT L ALy MDA R 5 LSEE S 27 D
LVBRREIVA YT VT RIATDGERIAE)T /&
ALZy PRIV AY 7 LR, N—FT T HEJRIZZE
ENLVIATREMED (D, 2D & & Responsive Task 7°
RS BE, AEVT 7 ALy MIEEDPELLET
IZ Responsive Task (265 E2 X EY N5 T v FTERL
b7z, BIRA =Ny FOKECRLREEE % 5.

K2, M 8 (a) 128\ T Responsive Task O 7' H 4 v H
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AL 0.06 THLIZH20b5T, &R0 7T 0&y HF|

FALI0 FTHESNTNL, FAZ7OT Oty 47
AZFIE 21 HioERL ) U, = C;/T; T, T C; lIREHE
TR 2R LT A, ¥ A7 OFEATREENIIAFE 4 2 BT
B4 2720, B, EBOS A7 OFITERIZC L) HE
, FEDY 2 707aty FHMHFRU, LS <%
b, ZOFEBEOTOLy FFHREE, Ta T T EICEH
55 A7 OFEBEOETRHMZMEL, TORKEEF X
7 OFEHTH - /ETHS. 22T, W11 1K 8(a) D
FEBRIIBITL2EBEO 7Oy FRHEZRT. K11 Off
i [ Actual Utilization ] (ZFEBEO 701 v S FIHZEZFT.
B11 &0, 7oty HHHRU =11 0L SOEEDT
Tty FFEIE 106 FREE 2D, 0.04 FES Ty H
M EEBRO Ty FFHROETH L. 2D 1.06 D
Tuat v HHHZED S 5, Responsive Task O 70t v
FIHIZIZIF0.06 TH o7z, F72, X 8(a) THWZHEER
RTIE, 70Xy YHHRU=11DEEDAT V2 —
T OFEATRERNI 100 us BETH o 72, A7 V2 —TF D tick
E5ms D72, A7V a—JOFHZFIZ0.02-EL L.
DExFlosr s, M8(a) DEBRICBNTU=110¢%
EOFEBEOTO Ly HFIHZEIT 1.06 T, ZOWNFRIZLLTD
EBHNTHA.

e 0.06 . Responsive Task

e 0.98 . Real-Time Task

e 002 AT a—7

D X912, Real-Time Task ZE| ) 4 THFH I T DT
oty FRAE U, WERTHZ 1 2BLHEE5TYH,
EBo7ut v HFI AT ERE TH S 098 Th - 7272
O, effo7aty HHHAEU = 1.1 ™50,

8, 149, 10 OFHiifE R AT 5 &, [AFRFIZHE
179 % Responsive Task D L 1) 3 Real-Time Task % %
75 A5 2 75D )5 55 Responsive Task DFEFTIZH-2 5
WEMNKZ {, Responsive Task D /N— K7 = 7T EFD
WEEHFINL W e ns. T2, kb EMOME
VY Real-Time Task (357 0+ v HFIHERD & & 1RE
=Ny PO KT 200us FEEAE L 5. Z1UZxf LT
Responsive Task 1%, Real-Time Task @ 7 1T+t v HF| =
PEWHEAIZBWTORKAT 10us LFORE A — /3~y
FTHha. 518 CihxzeBh), X8, M9, X101
Responsive Task & Real-Time Task D EE 57 v N T
AV IALGWT Oy FFIHFIZBITBRERA — /Ny
F OGS % /R LT\ b 7%, Responsive Task 13 H; [
R 272 LoD 10 pus BAZLO M ET 2 EB S 5 2 &
DI TH 5.

5.5 v 2O
5.2 fi 1I2HDOWT, FHULEKRA: — Ny R 54
1)) =AYy v EEH L, FHIEER 100ms (2B 5
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Fig. 12 Relative release jitter of task of array access operations (1 Responsive Task).
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Fig. 13 Relative release jitter of task of array access operations (2 Responsive Tasks).
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Fig. 14 Relative release jitter of task of array access operations (3 Responsive Tasks).
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