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Method for Graph-based Real-time Rule Scheduling in Multi-core Environment
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Abstract: Safety-critical systems detect external events, match the targeted event patterns, and give timely responding actions;
otherwise catastrophic results will be incurred. With the increasing demand for intelligence in the safety-critical systems, applying rule-
based reasoning to these systems has become an inevitable trend. Besides, rule scheduling is the key to assure hard real-time constraints
within rule-based reasoning solutions. In this study, a solution to the multi-core rule scheduling problem, named GBRRS (graph-based
real-time rule scheduling), was proposed. With the real-time rule reasoning process analyzed, how rules in safety-critical systems can be
modeled as tasks using the graph mapping is described first, and the graph-based end-to-end reasoning task model, E2ERTG, is proposed.
Then, a multi-core scheduling algorithm, GBRRS, is presented to guarantee each rule’s deadline via the control of the reasoning task’s
deadline. Simulation- based experiments have been conducted to evaluate the performance of GBRRS. The result shows that GBRRS
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remains a rule success ratio above 80% even with relatively high workload of the rule set and is superior to DM-EDF by average
13%-~15% in terms of rule success ratio.
Key words: multi-core; safety-critical; real-time reasoning; rule reasoning; rule scheduling
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Fig.1 Real-time rule reasoning system
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Fig.4 Reasoning task graph
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1: procedure assprec(adj_G)

2 if a task 7;; that completed is not the member of ActionNodes
3 store the non-zero column to be the succdt elements;

4 for each member 7 of succdt(z;)

5: store the non-zero row to be the preddt elements;

6 if 7;; is not the member of ActionNodes

7 preddtcompletedflag(t; ;)=true;
8 if allpreddtcompletedflag=true

9: ris=fij

10: end

11: else

12: preddtcompletedflag(t; )=true;
13: is=fij:

14: end

15: end

16: end

17: end procedure

Fig.5 Synchronization protocol
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ERR 1. BT I o B o HE BRAT 55 4R r={n 1 <i<n}AEAEFAE SR 5 ERTGS T2 v B 555,24
B TV 1 (ie[ln]je[Ln]) BT f,<duf; 2 7 0508 B )

WU TV g (ie[1,n] je L) H f,<d, WHLHE 5 2.1 5 b IR (4 AR S AR, B AR 1, =7 AL,
V(e )H f<d, Y5 S 3 AT 0,3 T B i ) i #E BT 4548 of £ ERTGS R U2 Al i FE 4T 4545

Lo SR RE T 1 ) g 38 g HE R AT 95 4 o/ ERTGS R U2 ] W B AT 45 48, AR 58 X 30 TV r(rie ) fi<d.
R4 A 2.1 A5 b ik pHEER AR S B WK S <[ B4 fi<d..

Zx BT IR 5 T I I v 20 o HE AT 55 2 o= { | L <i<n}EHE BT 55 R B ERTGS T A& il & AT 54,
M HAL Y0 TV g (e[l e [Ln]) A f,<duf;,; 7 (058 BN 1. O

B o()={r1,72,.... T} ¢ W ZI AT R BERNE BN A 5558, W R ¢« I R AR 55 o 3t 4, T N2 B AE I T

FRYGE B 1 HIWr A { v, 7, T O o, PR P U AT 254, ) o BN 5 U, 7, e 4 4,

LI, 7 1) 58 RN 8] mf 40 R A

ANYie{ 1,72, ..., T E IR AT SE FOHRHE T 175 B0 A 55 58 A BRI AZ AN EO m, B4,

o I vem, U

f=t+Ci(),Vie[1,v] 4)
o U v=m, N
t+C.(1), Viell,m]
il {,- min {/,}+C,(0), Vie (m] ®)

e, 2 K G)HIIE AT ST VE T 2 WSCHR[21], 7 LA FR BT A
ERTGS [HAEAFERIOh AT Wil 6 B s A6 1k, BUBE 72 T J5E (R 35 B AT 55 4R, Tnew A 0L 45 BT AT 55

1: procedure admissionControl(thew)

2 =T+ Thew;

3 flag=isSchedulableTaskset(t'); I*JIWi ¢ & 15 0] I FEAT 45 5%/

4 if flag is true

5: admit 7pew;

6 updateFinishTime(t');  I*UENJG 5 507 22 Gt Hh AE 55 48 1 56 J It 8] 475 50/
7 else

8 reject Tnew;

9: end

10: end procedure

11:

12: function isSchedulableTaskset(t)

13:  calFinishTime(z); *HR 5 2 20 (4)F1 A R () TH S HEHLAT 45 1) 58 B IR )=/
14:  scheflag=true;

14:  foreachtask 7;in ¢

15: if f>d;

16: scheflag=false; [*H34k & HL 1 FI K /& 15 AT R B AT 5 4/
17: end

18: end

19:  return scheflag
20: end function

Fig.6 Admission control

K6 e
AR BEZS AL A KN, SR A8 A KA N O s 280 3 B 55 R 2 BRABAT N Rl AN 077 B T i ) B 1 L
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55 SN AN B (S5 I D00 P 4% fid 2 22 T 7= A 22 A J0 04 BT 55 1) 49, 6 T sl g o 38 o A BEAE 84S0
HEFL AT 55 A9 BUE R w, T84 DM-EDF J7 72 I8 /3 2 R 1 (1) 52 4% 12 2 O(1)(DM-EDF J5 i /2 HI DM J5 ¥4
I I 6 B 5 AR W S e BRAE 45 U FH 42 J) EDF A3k 2800 HUEAT I 1), GBRRS 75 BUSR 5 N\ IR R L
JF AT I 2 AR BT & O(1);DM-EDF JrvE L Se e HE P 1M 5 2% B 52 O(nxlogpn),GBRRS Ji i 5 iy I &
g S O(wxlogow);DM-EDF J5 iHE NI 2% fE /2 O(mxn®),GBRRS JrikE A HIMI LIS O(mxw?).
T & DM-EDF J7vE 15 245 2 O(1)+O(nxlogyn)+O0(mxn?), 1] GBRRS J7 % 1) 5 22 % & O(1)+0(wxlog,w)+O(mx
wP) A, AL BRSBTS 4h A m h BB TR R 00 A 2 £ 5 1, D) P 4 e e T A )
T RUHC S ] 5 1R R TR AN T 1 it 38 i B 55 S0 ke 3, HL 1A 45 S B U R w B
ST RO 5N B TR 5 5 i 1 B2 20 8 T A AR BB s (5 LN T R Ui 2 7 v e e 10% LA b (1)
VU8 55 8 T 256 T A o R 5 ) S R 4 v A SIS o P v (00 SO B ABR I, BRI 3 15 5 |\ BRR HE BEAT: 55
HEAT 1 A59).

2.3 WEEH

P Ab BB A% AN B m=2, ] DM-EDF J7¥:F1 GBRRS 77 13K 1 25 & 2 = I3 W48 R(R={R1,R2.R3}).

DM-EDF J5i6 R #:4k % r={r.(3,40,42),7(3,19,43), 75(4,39,43) }3E 47 I i , orF 3fE FEAT:- 45 (00 447 55 2 1
7@ Fr7n o, 7 PR 58 BN Z0 (O 61) %8 1ok I 48 55 A 1= 30 (- 47 ) B 48 43k N R 48, R AR B R U Ry 7F DM-
EDF J5vE TR BE N B 28 G40 2640 AT H0 D0 UG 15 # 1=.

GBRRS J7 VWK R %Ak A HEIAT 55 B G 4 & 4 FT R ARS8 2.1 715 o 5 P 0% oty 280 o AT 25 15 284w )
FAAT 55 B AT 55 938 0 S 503 2 P iARR R SUE) Vs A e LR S 80 (EE 2 W R AR SUE) FR AR I 28 2.2
T HR AT 45 R BE ST G AT R BE, o P AT 55 (R AT W ) 7 (b) BT

(a) DM-EDF

T

14

ek . . ; :
L 1

10 30 50 60 1
(b) GBRRS

Fig.7 DM-EDF and GBRRS scheduling examples
Kl 7 DM-EDF Hil GBRRS 77 V24 B 52 i

M 7(@)FIE 7(b) AT LA s 4 R Ry (IF RER), Ry(BRZR) R Ra (S RHER) M PRAT U5, el b ] L B 4 R
DM-EDF J5yEANRE# I B i 2h, T Bl GBRRS 5 v2: M) B W 45 1 5 i B B AR U, B 7 IR B 45 R B R, R, Al Ry
I 5¢ BN 8] 7E DM-EDF 7575 T Lk GBRRS J5¥E F#BHEET T 17 AN 8] B 6. 0% )2 K28 GBRRS 77k H A LU M

o HJG,GBRRS Jyik B L ICRHER AT 55 7, BEWE HT A0 53 LR A 2R 5% 1 2 P B . L AR i,
(1) GBRRS JjiAfu¥r Lt 26 (M) AR 55 7y £ o WLEE WU T AR AT, SE 4 s R R 1 b B85 1) 225 R 1), 9k

© PEBEERKEFIFEU  hapy/ www. jos. org. cn



490

Journal of Software #AF3 %% Vol.30, No.2, February 2019

DT g AR AL 7(0), 7ys Mzye AR o MEEETTAE e=1 B =3 IR B AR P4

BT

(2) GBRRS Jj ik v ) HI i 2 AT 45 1] (¥ 45 A AT AH F) B 42 0 4k 10 2 AN HE 3R 11 25 T AT 3 I A
iﬁgg,%ﬁﬁT Ti EI/‘J%EEW‘ @ﬁﬂ lg[ 7(b)"|" yT1,2 %D T11 ﬁf#ﬁfﬁhﬁfl 73,6 %D 735 Hjﬂ#ﬁﬁhﬁ,l)lﬂ 71 *H 73

149 56 FSCISS T 23 S B2 05 7 14 ASFT 3 AN (] 52 ¢

o JLIR,GBRRS 75 ik il LA KNy 3t S WA BEAT: 55 7 AT IS T) 0 50 25 2140, DA TTT J5 1 08 D 5o Ak 38 45 % 90 7 5K
BN AS AR A, B 1 T U B e Th 28, Lt GBRRS Jy vl i 5 | N B TAT 45 H2 R I 2> SR I 74T 45 (1)
STARAT TR T HEBEAT 55 (K 56 BN (). 201 B 7(b) Y, T4 55 71,5 AT 58 B, 1L A RIER K 74,3 BT 58 FK.
KL, 7o F 75 23 01920 T 11 ASFT 16 A I [ B 50 1) 58 AT, L 50 G I TR 0 48 42 7T

Table 2 Parameter initialization of tasks and sub-tasks

*2 SN TALS S EHIIRIL

g 1 26 1N 1) AHOS A8 139 2 0] #1391 BERE EAS IR PAT I 1)
o 3 42 45 1 - 40
o 3 43 46 & - 19
7 4 43 47 4 - 39
71 0 - 45 1/45 1 2
7, 0 - 45 1/45 1 4
713/ D4 2 - min(45,46)=45 - 2 2
T1.4l T2 3 - min(45,46)=45 - 2 2
T15/ T3 0 - min(45,46)=45 1/45 2 4
Ti6/Tas 0 X min(45,47)=45 1/45 2 4
717173, 1 - min(45,47)=45 - 2 4
Tig Inf - 45 _ 1 2
Trol Tas Inf = min(45,46)=45 - 2 3
Ti1dl o Inf - min(45,47)=45 - 2 4
oo Inf - 45 - 1 4
Tii Inf - 45 - 1 2
Tiis Inf - 45 - 1 3
oy T 0 - min(46,47)=46 1/46 2 2
Tog Inf - 46 - 1 4
T Inf - 46 - 1 2
T34 0 - 47 1/47 ds 4
T35 0 - 47 1/47 1 2
Tas 4 - 47 - 1 3
Tas Inf - 47 - i\ 4
T Inf - 47 - 1 2
73,10 Inf - 47 - 1 4
Ton Inf - 47 X 1 2
7312 Inf - 47 - 1 4

3 ERILE

ATOR I R AU SRk B UE GBRRS J7 ik HITERE, JF K H 5 DM-EDF 75 #8647 4 L.
3.1 BIULEIRE SMHREIRIR

N T Pl IR 1 B (AR SC AR 55 2 B T 2 A M O 28 48 v O U A L o R e A i 7™ 2 1) T 22 A% A 8 R
T P 1 s 28] g S I 55 8 P2 O80T B 9, DR 0, A 9 3 BERIE 5T e A1 A1 9% 1) Benchmark S48 48 1 AT ), A8 52
XLV RR T3 A B 22 4 A0 ZR G R 1 S S B 3 AR 0, AT RSSO BEAT 55 1) A A, O B 0
VG E 5 P A 5 10 2 KR B s 80 B, A T AR 400 22 4 A0 2R GE IR ). S 6 v 9 e (R 2 0 L3 3.
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Table 3 Parameters

x3 SH
g4 Hili ik
penum BT R AN
indegreemax FAEAT RONSE R d5 K AE
outdegreemax AT R R R
topdowndepthmax FI0) 7~ 1] v B ) e KA
cminmax AR R A 1 BAAT T IR
dminmax4rule 0 - AR T 8 1 390 ) B 96 R
totaload MW BAE M s, = (C, /D)
m I RS
aveload FHU AR 1) 2 5138, B Ur=Sk/m

FAE (28 et FE R
o DR LN penum AR T & RN ABENLIE (AN B outdegreeman, LN 1 B B[RS
T R SR T AR IR BRI A R R T AR R A R I ) F s R AE) s T R R
PREAE R PAT I W (YE B eminmax) A KT 050 L JER 1 S5 S (1) 20 578 I R (6 A2 A RS o0 A L S 40fE
100~250 75 [l P ), 5 2 40 e i3 345 1 A 8 249 1K 248 JERU -1 A (1 398 71 a2 4 FH R B8/ 1 1 B ) 5 ).
. IR 2: BR824 w0 1 P R = B (OB topdowndepthmax), 24 1 0 1 P 2 24 515 BIEF 2B R i 3
WWﬁfﬂw%E
o UUR SBENLIERCY AT AN MIINE indegree(FAT AT IS I 2R A B RGZA B FAE R RIE
I AN IS indegreemax), N 24 11 (P45 3£ i B8 L B indegree A5 3 19 ﬁ,ﬁLl&*}Lﬂﬁ%H}%ﬁE 7
G AR YT A b R A U 2 A A o B T 2 TR D P v B S R A
HEOR 1 T A T AR
o IR ATERIPIR 3, H AT HN T K = E ik B topdowndepth— LML, H AR T ELAE AE R I AR
R RN 7 P ) Bl A T A A, R T 1 T A R B L 2R T R A S A 1 0 (Y R
dminmaxdrule), 3t 535 B EE 1) 2 7 3R 1 35 £ 4
o WIESTEE LI 2D 4, BN AL K G AR B 1 A
SE P BB AR A T B AR ) 2
SUR=Nsu/ Ny (6)
FLA N 2 10 A 11 391 617 50 B IRT R0 D) A0, N 2 48 U B2 T 90 ) 5
32 XWERSN
AT T 0 R R AR B U R IR S AR B U AR IS, A ] B(FEIREF m AR TR N i
Sp BBl U i B AP O(FERFF Sp AR ATEE NI m i Bl Uy 398) T /8.4 penum=1000, KR 45 - — 35 i
TR (0 v A e BE ML A 4, 943 3 | DM-EDF J7 %1 GBRRS J5 o6 Hdt 47 B I 8 R 9 44 i
M EEH 2 TEAT T 5 RS0 B L P B 5 1) 45 L.
th €] 8 7] )., DM-EDF 77 72: R GBRRS 7772 T I KU 1 & R B 22 #5 - U 1) 185 0 1T 328 387 ik /D> . GBRR'S 1 4L 1)
W R L DM-EDF (#8000 3 J32 1 B 4 S 1 i Y 14.86%, 31X /2 K GBRRS 5 5k AE W% Bz INF 5 e 3l B A 4% 4,
AT I 18] (1 B 725 AR A, AT B IS S5 et 0 D)6 Ak B2 25 W Y0 75 SR P 20 28 A8 A, 2> T i S92 IsF [) 365 0 T 00 0 38 88 i
TN Up<< 100%H, 5 Fh 5 2 A0 T 18 & 1 T 26 40 2 100%;4H 2 U =100%H] B Up 384 i, 95 3 2 [8) ) 22 B
SEHE RGP IS R R HE T ARG AR R LI MRS BE U (038G I i 385 n, DRI b, GBRR'S 5346 1) 0 )8 88 p )y 261
R A V- 5%, P 5 22 BE B W R 24 Ur=350%I , XK1 A1 45 B 75 GBRRS 77 1 th T ™ A I AR 35 kb T b 3 45 8 U
[0 A0 T 8 A 5 1 R T P 2 B SO D 1 R LR L AE U B8, 0 350% 0, GBRRS {3 R #: 80%LL I
V1400 0 PR B Ty 6.
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Fig.8 Average rule scheduling success ratio as a function of Ui when m=8
K8 m=8 INKH Up A4t T~ 2R U3 2 p Dy 2
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Fig.9 Average rule scheduling success ratio as a function of m when Sz=50

B9 Sp=50 Il m A2 A - 85 0 i B2 1l s %

9 K W],DM-EDF J5 %A1 GBRRS J5 i I [0 JH ) 1 J3 Fle B 2 ¥ B ma 110 385 Do 7 442 v, e 3 2 B U 20 1 42
151.GBRRS [ I £ e D)y % Lt DM-EDF [ K1 )18 255 % By %7 34 15 HH 13.05%, 3% 52 BB o GBRRS 12 (1 1 5 F
TC A HERL AT 55 1, 5, G605 58 70 7 b R FH Ak 2 45 1) 2 PRT 8 0. B 4 Adk 0 288 A% 1100/ 50886 T, 8 387 ) 222 P38 T 1K 3K
ST IR A B A A B %A% AU AN B 0, GBRRS J7 72 HEBRAT 45 FAT oy Y A B 2% ) J L 2R 38 K, T 2 B 40 0 B A 3y, I
I, P 3 1 22 BRI K.Y m =18 1 ,GBRRS AT LAl Th 1 5 JI U 4E FL 1) Fir A M I ok 3 22 0K 3] 100%.

25 b, U - 38 7 3 W e[ A8 1K, GBRRS J5 YA #S Lt DM-EDF  J 2 76 B0 U0 3 25 je sh 2 13 v

13%-~ 15%; 1M H. GBRRS 77 ¥ 7E HI I 4E 11343 47 230558 v (U1 350%) i T3 PR 3845 80% LA = 1169 J90 U1 38 J3 ol o 2.

4 ZERIE

N TR R 22 RIS AN U R JE i) A, AR SCHR Y T — R P X U 2 7 75 (GBRRS).
o ¥55L,GBRRS J7 A M I T S It B P I S T s R R HEAT T B T T
i ) g i BT S5 A5,
o SRJALE T HERLAE S5 I R B SR M L I R LU B AT 55 R 5 B2 HE U DG IC L5 HAT IR, A T £
E T U B2 e 22 4
o IRJEHHAT T RIS SRR 4 R W] ,GBRRS U7 kAR MU L & AL T DM-EDF J7 ik, HAE R

AT P33 47 3808 v (T 3509%0) Fif, 1 DU 1 J5 i Dy R AT AR FEAE 80% LA L.
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FER 25 TAR R JAT TR 25 RE Ak ke LU P A [ 3

o U AERUN R EENE AN A DUR  EAT AU S8 I 3 5 S RS U A AN [ R T R U DL A
el SRR A AR S P S AL

o BT EFRMIIN 2 AL B AR FREE R D MU S5 O A BRI G P R AN [F] Ak B 2 % _E AL B A R 2 S
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