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Abstract: Programmable Logic Controllers (PLC) operated by ladder programs have been widely used for
factory automation. Large-scale plant control, such as semiconductor manufacturing, requires fast PLCs be-
cause their complicated manufacturing processes require higher response time. For this purpose, CPU clock
frequency improvement is unsuitable since PLCs require high durability. Therefore, parallelizing ladder pro-
grams is a promising approach for improving the performance of PLCs. However, due to the small task
cost in a ladder program, the parallelization overhead becomes a critical issue in conventional parallelization
methods. This paper proposes a method for exploiting parallelism from ladder programs and speeding them
up by the OSCAR compiler. Besides, we propose a highly efficient method for exploiting parallelism from
ladder programs. We developed an automatic translator to derive a C program with array access range in-
formation from ladder programs. The OSCAR compiler then takes the output C program to parallelize it by
utilizing the newly proposed task fusion method. Performance evaluation using three real ladder applications
and an ARM multi-core board confirmed that our proposal improves the performance by up to 1.4 times on
two cores. Also, we confirmed that our proposal improves the compilation time by up to 8.4 times.
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Fig. 1 An example of a Ladder diagram.
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Fig. 2 An example of a Ladder instruction list for Fig. 1.
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Fig. 3 An example of MTG.
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MTG DA, OSCAR I v %4 S1Z& MT O3 A b
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Z ZC, Para (&WHIE, Seqld 70 YT LDBIRFITIA
b, CP I MTC ORENAEZZNENERL DL, C
OXTEE SN L WHEIXIEF LA — NNy FO 7 EH
B EHEE 22 5. K 4 ICHHIEOFERZRT. Kbo
KAER1E MTG ORE/SA%#T. ERoRIZHTIED
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Para = (25 + 25 + 50 + 100) /100 = 2 (2)
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MT 1
cost=25

MT 2 MT 3 MT 4
cost=25 cost=50 cost=100

HEIHMT
cost=0

LERMTGOIEFIE = 200 / 100 = 2

B4 MTG OIEFIEEES
Fig. 4 Calculation of MTG parallelism.
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Fig. 5 An example of macro task fusion for applying static

scheduling.

K 6 WFLt— "~y FEIEO=DO~ 70y A7 @s

Fig. 6 Macro task fusion for reducing parallel overheads.
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*REE.
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D120 MT X ##lOHFE MT & LTHR->TED,
BORM I A N EED T 2MT ONEFESTa
A ML) D 2MT O3 R b DBEFIAVNE WA, 3MT
YA

X6 2Li 220 MTRIGDORERT. TNHDF A

BEICE Y, TSRS L o THEHNFETOTE R\ MT

TOT = FEEF =N~y FRHETE L. /2, MTO

T A RANE L WHULA — NNy RASEHIARIC & 5 S

EH-S>TLED L) 2WHHLLIHITE 5.

4. Z4—-70775L0OCEEERFE

REETIE OSCAR HERIETMLT > /31 T2k o TT 5 —
Ta7 I AQENEERTBT A0, F¥5—T0s T
L% CTUr T ANERT LUIRICOVTIRRS, K
e cHihd 5 Ca— KNk, HEWEYMLa /81 F12&
LA A R— 3257075 A5 HHTH S
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b xi {
MPS if (X[0x2]){

AND X2 =
+  K2D1 }
MPP if (X[0x3]) {

AND X3 D[2]
D3 D2 1

7 MPS, MPP @4 ® C Zipi
Fig. 7 An example of MPS and MPP translation.

% TNA AL C FrEOWFINER L7z, 7351 AT % AL
W, TONAAFGEEIIRTET A LICL o THEMR
BWTOT— 5 KIF ORI HBEZATZ B, 7272L, 2ET
WA TINA A KAEK A DTN AFTOHMEE o7
&, FBHITIZ AR TN AFT HARNZERL L /2.

4.2 ETEHEEHOE#H

2.3 Hi Tk 7z MPS iy 455 % & F 70 W Bl 2 AT 4050
GEAHEEOF RT v Fae R Fo if Bl L7
BkoEBY), 51 FHNEABREAY v 7Ty
va§hHMPSEE LAYy s~y FEO— K45 MRD
WAL Ay v 7 DRy THITH) MPP v e s 5. 7
F—DILIEINL DS HvA T & CHEEBEI TN
HEEOBREZMALTBY, a—FExHlBL T, 72
L2132, M1 oEk 7Ty 7 2 TIELD X1 OfH% MPS
fr4r & MPP a5 CHAM T 5 2 & T 2 D0FEf T 4ioxt
LT1oDalz#Hi L TWw5b, K% TS L 2240
WLFEATIZ MPS, MRD, MPP @42k b5a > ha—)
TH—% CEED IO MEE~NERT L ETT
57— L ARSI E OFAH 247 . BB T
3 a2 ToEBIH.

(1) MPS : I F T8 i BAR % FvCif 8 % AR
L, DEOZHE R %2 2o if N~ H 3 5.
(2) MRD : EHl E TOEMEERRZ AWCif &z B
(3) MPP : Al & TORREER R Z AT if fiz 7).
ZOBEBOMHFETMOBMDET#, if iz 1 oM

L5%.

M1 CRLARK Ty 7 228 L202K 7 IR
F. T, BROOLD @4k MPS 2 & » TF /N A
X1 O if fiAER S NS, Hid AND fid &+l Lo
X1 o if HiNERIC X2 o if fi & EAH I ENE. 256
2, MPP x4y, AND @4y, - mllL o TX3Diffiiie £
OWEROWHEmSAII S, RIMI X1 O if {2 L 5
NA. COEIICHHOFA MEZEZTH VA ETXLD
MO H I Z 1 HOKRIZ LTS, T A MEEE Hwv
LWIiGE, FFETEHII LT X1 OINE L &M A4
BEnTLED.
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temp_Y0 = 0;
0 . if (tX[OXO]Y)o{— y
ouT YO ) emp_rt =14
Y[0] = temp_YO;

8 OUT s D%k
Fig. 8 Translation of OUT instruction.

4.3 @WSETHOEH

T E =D FEITROEAFIIR 7 TRLAZ L) ICFEE
DO CERBEHCTER L., ZOFRTEHRLIADWLED
%5 OUT @54 ic oV T 2 CIEFEL 3T 5

5 —® OUT fyaid 22 i TRLIzEBY, FETERME
W72 ENTZHEEANRT ¥ FE LICREL, ET58M8
W ENEVBEEEART LV P20 CRETLIHHTH
b, T, REFFECHSS L2 TR 8 1R
I CEFEDI—-FIZOUT s &L, ZoXiE
M1 FoRETay 7 1 2ZWT 2608 o Tn5, Zil
WEEZR S OUT s &2 B3 2133, OUT s &
7Ty 7 OB T—RERE Loty 5. 20
%, OUT S FELT SN DEATIC—FHEHE~D 1 KA %
BB 5, REICEE 7Oy ZEEDOE 2 AHIC—HEBD
WNE % TN ARBEAEMNT 5 L e EHmL 2 & TOUT s
DEWDPSE TS A, TOERIZE 5T OUT s DFEITSH
A7z SN2 HEE, —REREN L TTNA A1
RASND . WIZEATERMDS /2 SN WAL, Y uw
Bbasn7-F FO—EBZEN L TT /N AN0HBMRA S
ns.

4.4 OSCAR T2/ FIZ & B AFIMERE IC@E I /- E#
KETIX, 95 —707 50056 C7Tar T L~D%EH
2B LT, OSCAR I /%4 F12 X B CHI1EHH % #Bh+
% d— FERFEIZOWTHERS.
4.4.1 FT7t€y TN IDOEH

FTT7ky PFNARALIZAN TEBANERL 2. &5
12, FNAADF T Xy b7 7 ARBTRFEOMNE % H
WTERH L7 728 21E, DI10Z5 D X 9 %7351 A3 ES)
D & AN TEKZS * T D10 + Z5]| ~NE#fEn G, &
DL BN TEINIHIER TR O A % RO/, OSCAR
AU TN KD T — KGR DB & 2 B
4.4.2 FERSHEZIMEIGSDE#R

58— 07T ADGFIINIFBOMBDTE L >
WAREIPIIET B, 72k 21T ¥ —OMEASI1E5 1 5%
2 875 28 il £ TOHPATZITHD 2 E AT REL 72 > T\
%. L L, Parallelizable C[14] Tl& C SO LA RS [
BRI N TR, 20720, RFZE TS L 7225 L
HATEINS OMPERETIBOMBUIZL > THITAH S
CICEWVHEESHEH W C I— FRAERLTWS.
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if (D([l%)g){
if(D[2 s
: DI1] = DI[1] + 2 ;i } BH;]Q]
if(D[9D{ .
#%:D[2
} D[2] = D[2] - D[9] ,;g : DH, D[9]
}
if (D[1){
if(D[2D){
D[1] =D[1] + 2
} F3% : D[1:2]
if(DLAD){ 28 : D[1:2], D[9]
D[2] = D[2] - D[9]

9 Ly 7 7 & AFEPHERNT OB

Fig. 9 An example of array access range analysis.

4.4.3 BRI Oy 7 NOERSIESE - SREFEBFHROFFE

FH =TT T A ETTNA ANEE - SHBEINLGE
B+ 71y b7 72 2%, 1 ZEACOEERT
7YX AT NA AFEFICEBEO AP OND . 4.1
TRz EBY), TRHDFNAS ARZEREDO C Tar s
LIIMHNE LTI SN, 75 =707 7 205
1Z 2 NS EHIR 2 G HD N 72 EF R OARAEIRHT I & ) 4T
b, Thbh, OSCAR I /84 T, MUk EEIEF AL
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10 REFEZTHCZWEGEOFMAT ¥ —7077410
MTG [16]

Fig. 10 MTG of an evaluation Ladder programl without the
proposed method [16].

MT MT X MT MT Y
[ | —
MT MT Y MT MT X
MT X
MT + MT
MT Y
— S
MTY
MT MT +
MT X
(1 (2

B 11 WA — Ay FEIEO 7200/ MT #ié (1), (2)[16]
Fig. 11 MT fusion methods (1) and (2) for reducing paral-

lelization overhead [16].
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(3)&ATH A2 % 1207 F, hBroE@OkEEs
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Fig. 12 MT fusion methods (3) and (4) for reducing paral-

lelization overhead [16].
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Table 1 Summary of the evaluated programs.
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C ZHath o

T —ATy TR BRFETIO I

Tur 5 A1 1,766 1,614
TUT T L2 1,872 15,232
AV FNE 1,896 14,864

ND. ZDH, 1 AT v 7TH2) OFEENIRKEV, —
FHTTa T SA1IETIV—Fra— EgEnnizol
AT v TH)OFEENTO T T 42 3 EIERTHE
W, DEoBEICEIYTu a1 E7u s 42, 3
FTHE—=ATy TETIRFAETH L0, FETIIrrbray
JBIZIIH OREDENRD L. FloTusrI A28 3L
T, 7827582 TEIF—REFOHEYELEHRS N
L7ay 2 EHSMbT A7y arTay s 2T
T =TT T APRRBEINT VLS, 707743 Tl
Trrraryay serHnTwWinwIEd, Turss
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13 70792410 MTG[16]
Fig. 13 The MTG of Program1 [16].
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Fig. 14 The MTG of Program2.

OSCAR I » /34 7 ®F4T8¥Ei & L T Ubuntu 22.04.2
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Fig. 15 The MTG of Program3.

®2 aXSA IHPHMLIFMGT 077 20Ty 273X b
Table 2 Average task cost of evaluation programs estimated

in the compiler.

YA AAMNEY A7 aANFY

(RETFHAREH) (RZETHEH)
VA=A PN 236 1,394
A/ A NN 2,289 8,698
PA=E AL R 2,288 8,697

R 3 T FPER LT a— FIZEENL RGO R
Table 3 Number of synchronization codes in the evaluation

programs generated by the compiler.

GEEE CIEEIEE
(GRETEAMA)  GRETEEM)
ZA=R AP 17 4
TUT T h 2 11 2
TUT T L3 11 2

K4 VA IPHEBLAEFM T T 7T 205 E

Table 4 Parallelism of evaluation programs estimated in the

compiler.
AHI ALH
REFEREH) GRRTBEH)
A=V A PN 2.5 2.0
AR AN 1.7 1.7
Tar N3 1.7 1.7
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YA VIR OFHiFE R 2R 9. ROFUEIX OSCAR =~
A THAROFETHEERL TR, FHlNOHEIZL R
MBLZDFEITHEER LTS, F72, EEIA 44.3THT
MAR72FEE VWS, A 4.4.3 TH TR Tk
EHWIGAE Y ENENEKL T 5.

F2 LD, KL TRELZMTRAETEICL->TE
i 7a 7S A0 MT O3 A MNEHIETE 7541 TH9
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237 EITY Ay 7R
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X 16 ZCU102 ETOFHIM 70 75 L DI FEITHER
Fig. 16 Parallel execution results of the evaluation programs
on ZCU102.

x5 FHETOZ T ADT S VIR GEIRPIE T — FZEHERRE)
Table 5 Compilation time of the evaluation programs (Code

generation time is shown in parentheses).
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®6 3.22MHL 52H T/RLA MT BEHFEICL S MT E#0

21
Table 6 Difference in the number of MTs with and without
MT fusion methods described in Section 3.2.2 and

Section 5.2.
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RT7T FHETE T AIEEINLEHT 7 & AHHTERO M

Table 7 Number of array range information in the evaluation

programs.
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