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Abstract A control flow graph(CFG) is an essential
data structure for program analyses based on graph
theory or control-/data- flow analyses. Esterel is an
imperative synchronous language and its synchronous
parallelism makes it difficult to construct a CFG of an
Esterel program. In this work, we present a method to
construct over-approximated CFGs for Esterel. Our
method is very intuitive and generated CFGs include not
only exposed paths but also invisible ones. Though the
CFGs may contain some inexecutable paths due to com-
plex combinations of parallelism and exception handling,
they are very useful for other program analyses.
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Esterel[1-4]2 ¥Fg-¥(reactive) AA)7Hreal time)
A2dge AA87) 9% F714(synchronous) o
[5-7Telt}. 53], Esterel®] A:al#(imperative)$l 3
o= Qs == o] Ao]EE(control flow)e] &
Z“?'S]—E’_ o] olfs AEEZFEA(data flow analysis)

ZE“’ @31]‘:'“ static analysis)2 388 + Utk
Syt Fold ZI oo diF
2l = (control flow graph: CFG)7} ©83s}c}
EstereldlA ©@¢3tn E€39¢ CFG AAo] dg¢ &
BAQ ol{e HHSF(parallel execution)dE-o]t},
g T2 YR BT AMojsFol HEZ 3
2 & T2y X4 FE F F YN ==
a3 AA 9 AJEEE FAHIE Aol g4 ¥

AT, FES|oF & HL Esterelo] F7]4 29]0]7]
wjZel 28 F(clock)oll BHA F7187} o]FoR|a
Azge] Hix £ g2 Yepdoe Hojth o
ZA, 71E9 gukE QA CFG AAMPHC B3 AH 9

AAEEL F7HE F AR ZAR-AlYjEFaI=
(over-approximated CFG)E 4A4¥ + Ut

B =82 2736 A Esterelo] thdk 713 AAE &
I 3FeA FEE 71E Ay @I =93 Fo 4%
A CFG AW HS AQbst). 53FMe Adtd ¥
Hel 7¥7 Hd¥dnE RoFn e 2 &F W)
g =2 630N o]Fo|A}
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pause’,

12 ¢ emit s”,

Esterel “nothing”,
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4709 S EA3} signal test, loop, sequence, parallel,
suspension, exception handling 59 7/1¢ B=&%
o8 olfojx gtk FAAHA EHFA I e
2143 a3 14 &4 Utk A7IA pd v EF
£ Yehl3, s¥ signal, t& exception® w3t

2.1 Pure Esterel 2%

Esterel& 9% £¢o] 23A F7|8l7t o|Fojxith
ojw] “pause”& ol 5713 AFE AL EHA
ZHinstant)®] EES Aojd F U}k “pause’E ©Y
A2t WAEI, BE signald] AHE 2718 dh

Esterel Z2a¥e signale]l delo] wet 53
(reaction)#t}. signal®] AElE ©$lAlzbutch present
EE absent7} HEU, “emit s'd] €8] present’} H
B @9lAlzke] e wlAA] 1 At fAd

o 459 A 9= o 2} “noth-
ing"& oM dx 84 @1, ‘p;g"E pE FEF F
ZA(instantly) o9& 3@t} “present s then p
else g'v s9 A€ we p Ee ¢F FIT
T8+8](infinitely) ¥HE-3}z,
“plig"e pdt oF WA= £YP3l3, F EFo| BF F
grjojol HELdo] FIr} “signal s in p end’&
E FEsle 5ot signal s& FA(scope)dtAl F
t}. “suspend p when s"t s7} presentdl= ©9AIZH
E¢ pol $8E PEh “trap t in p end"E NBE
o) 2} (exception) t& AR 1, ol pE FH3= U
a3 Y, pollA “exit t7o) 3 eyt TAE}
W, I A po} $Y9& 9FI “trap”§ FEICL

2.2 Esterel0fM HOISE 2HE AlF

Esterell X A3 (preemption)[8]¢] Yolvke 7%
A% BE AolEFL G RHA &AHO
AR}, 5lA 9, “suspend”t} “exit”¥ Lo] o]F
ke Ay B g3 AAzEL uE 5 Aok

73 A% (strong preemption)

MPzA B FA Holdle FHL HFn
Aol dgele Y& Y oItk “suspend p
when s”o|A] s7} present] A$ 1 FA| po] &

W23, so] Ael7} absent7} € W7kA] 7)ok of gith

“loop p end’& pE&E

L V]

o>

¥

nothing no operation

pause consuming a clock tick
emit s signal emission

exit t exception raise

g sequence of statements
plig parallel execution
present s then p else g signal test

loop p end nenterminating loop

signal s in p end
suspend p when s
trap t in p end

1Y 1 Pure Esterel &%

local signal
suspending program
exception declaration

o}3t M ™ (weak preemption)
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Fo} wl2A “exit t"d o FRHISS UEH
HuzE 49 59 #A8le] $5 "o

3. @ o7
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(predicate)® =402 Aojige HHI ol B
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AHgslA] ghetin s AExrE AHRE W i
7% (scoping rule)oll €8] FHHE A= FEIA
$A Heg a3 23E 53 olE AAY 4 vk

283, Estereldld #8312 & o9 td dig
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Control Flow Graph = (s, f. N, E, W)
s index of start node f:
N : asetof node E:

W oasetof (z, 4, [~]~])

index of finish node

a set of edge

node = ty;ae
type = hothing | pause | emit s | exit t
| B (entry node)
| E (exit node)
edge == i —lv]' (nortual edge)
| i (parallel edge)
| imj (exit edge)
| i (nay exit edge)
| i-mj {unreachable edge)
i, j u= indexofnode I u= e€|s|—s
s u= signal identifier t := trap identifier

a9 2 Alojsga=

ssfE A AF mES £ xEo QY9AE Y
Wi, N3 Ex 47 xZ(node)?t AA(edge) AT
oltt. k=% A AE€E A € HF dd2()9}
E(type) 22 FAED =9 elglde 9YEARAS
gvshe 4709 §9% 59 A2HB)% E(E)E ¥d
3= B9lol EgET dAE 5%/ sled, ik
EO A=), 2ADE olFAZR normal AA
2 SLxTel gye=2T o|FoA parallel, exit,
may-exit, unreachable AA7} U3 24zt HEHFY, o
ALA, AN E, FHEIVE T HAZE guigth
F21L signaldl EXHRE EASAY B8R gl B¢
ols AMS-8lA] ghet) We “exit”ola WAEE o 9)(t)
9} WA ==l ulx(p), AXY AP, wel &
g dsiMe 42383 43-0A Ayt

4.2 4M7E

#0130 programell th&EE CFGE A4
oo} T2 Aoz FHHC

program > <s, f, N, E, W>
a9 3oA 4 23] g AAFEE Jehdd.
“pause”, “emit s” & ZZE& vl
== 3htE o]Folxd CFGrt |t
- fexit t'E FMEE 4] o) £3E R gow

2 exit t RE(s)% TURE()E o] &IN F k=

Alol & unreachable QA Z AZAZT} “trap t”9] ut

2o AEES oloFo} tug, A¥al 9} v=

Ae2, exit AT TAHE FEHL Wl FU13
- ‘pid’E SEF p9} ¢ HEHE CFGE ¢4t

I po ()3 g9 A3, AFIE normal AR

AAs Foh po AA(sp)ol AFe] A=} Hi g9

Eol Axte] E(fyo] "tk
- “plig"E 4.3FGM AA4E) chEch

e FHe

- “nothing”,

AfEe A4 2 #H- A 15 A A 1 ZQ000.11)

{nothing) nothing b (i, i, {nm';xng); o, 9
(pause) pause b {4, i, {padise}, B, 0)
(emit) amits b {i, i, {enit 8}, 0. B)

(ezit) exit t o {3, f. {oxit t, é), {s» £} {{t.e,~)])

P b (sp fo, Npo Bpy Wo g b (g, fq. Ny, Eq, Wo)
Pig & {9 fo. NpUNg, BgUEGU U — sq}, WpU W)

(sequence)

P> (500 fo: Nov Bp, Wo) g (5q, fa. Noy Eq, Wo)

(pardliel)  pl1g o (ap, fon NpUNgU (B, Eb BpUBQU{a v a5, 5 3q, fp 1. fu = I}
» addmay(W, Eq, [} U addnay(Wy, Ep, fp) }
where, add map(W, B J) 2 WU U {sj) | =S €E)
(rhmjew v (j— k€ E* Apafise € N)
ke
V(G — k€ E’ Aexit ¢’ At is outer than t'}}

P> (oo foo Ny, Bp, Wy)

{loop)

Toop p ona b (8, £, NpU (B B}, EpUls— 5. fo = 5o fp = f}. W)

P> {3p: for Nov By, Wo) q > {89, fo, No. Eq, Wo)
(present) presant s then pelse g b (8. f, Ny UN;U{B, é)
By UE U s B0, s R ug, fu— f, fy = 1}, WoU W)

P> (op fo Np, Bp. W)

sigal s tnpasd o (s, f, NpUlh, B). B 0fo— sy fy—Jh Wy)

{signal)

P o {8y, fp. Np, Ep, Wp}

anspand puens & {5, £, Ny U, £}, admust.edae(Np. Ep)U (s — 49, fy — £}, Wi

(suspend)
where, adjust_edge(N, E) = Vpatse € N. V(i » jY € E. (E/{i ~» jhu{i B, i 2 )

P> {sp oo Noy B Wy}

(trap) traptinpend b (s, f, NpUiB. B}, addewit(s, Ep, Wy, )0 {5 = apy fp — f}
s Wl - - W [t/ =t}
whers, add-ezit(t. E.W, £} = EpU i ~ £ (6.4 m) € W) Ui £ (6,5e) € W)

ad¥ 3 CFG 34

- “loop p end’& F3MIES R/ 9, po €
)@ A2 sp)E normal ARAZ AZAFTE A
A2 (s} po] ARHs,)& AEsn, pY BT 2
o] E(f) Aol unreachable <AA7} @th

p% g Wigsle
CFGel dis] d=e] A=)z po AlHsp)e =2
s7t 2FE normal AA7} AT, g9 AEH(s,)
daiMe £ -s7} TP z8m, 7o 3
A7) g8 dFsdh

- “signal s in p end"&= AEZR}le] FHS gloE
g& olr rizlenz %‘:}—E— Z4 glo] po AR
(sp)# B(p)& A3, foll a7t

~ “present s then p else ¢'&

_~ “suspend p when s"& WA pd| AMLFE CFGE

e, dae] AlFs)H B(f)S pd AFs,)H
E(p)el A4 28, pdl TR EE paused
& signal s7} present?] TS F8o] Hjds|o]o}
3= “suspend”’® 9WIE FAT F YTE 59
presentE = AAAA(I—)E F713ch FA9
pause® EWE = AAG—HN WEHME 59
absentE® 2O F [EA Fr}h

- “trap t in p end"® OE EEEAHY pd A2Hs,)
T BE 3, ol |43t a8, polA g
A A9 W F AR 1A A Wi HE
sjolol gt FE e disiNe drF LA
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4.3 Wty CFG MowE

2244 dFHY x|, Esterelollr] Hgo] LAgH
A% 7z 49 oule] @A Hslor gt 1Y 49
d8 BY, “‘exit T"$ “exit U"E ZL WeA7hd)
8 g}t “trap U7} “trap T"E T JoBF,
“exit U7} ALYt =3, AA Alole “trap U”
e g i,

1: trap U in

2 trap T in

3: emit A; pause; exit T
4: Il

Y emit B; pause; exit U
6 end trap

7 end trap

¥ 4 %“%‘;“8 trap

AAZ “plig’el] Y3l poll A “exit’o] == AY, q
A4 YNARA FHE XD FREA, T
AN BE go] EAR| Astn Fa ok ek gof
& “exit”o] 2 DA R HS F
Zo A ©] ¥pPAZ “trap”o AP “exit” S X8}

B =794, ol& ZH37] A3t may-exit AANE
7189 Y. may-exit AAZ, HEFYAA & T2
I A “exit”e) o3} 3Po] FRE AY ¢ IF
zzagel Aozt £8¥ 7tsA4el de & A
AR g ofv gt

a3 39 “pliq” WAL BY po g dg3h=
CFGE A%, zzte) A, s)% B, )& 2
#e} NZHs)H BP parallel AX2 445 Foh 1
23, poll TFE exitd] JFY Wyl thisl, g9 AR
9] AYQ E5 FA=st g 2t =6 may-exit
AAE F7HE

- g9 HA ke AYPE=())

- g9l ¥H pause?] HAIPXE())

- g9l FFE exit t F $HACHYI 2 =)

Wosk Epoll qsiAE 5dg g et

4.4 MME CFGY oMM (soundness)

B =g AgE Wes CFGE AXY o, o
dola dFE HIFY F “exit’"S IXFF AL
mav-exit QA2 QA& dA2= £Y8F dAV} F7t
2 = glth 3A9, Estereld] ol F29} &vj[1-4]4]
Z1WtEle]l BE 3 7153 A28 wEY glo] Tt
n glenzg <tdsitt oEly, o el EFHE
A5 AEid, A4 43 Fo e F Ae 22
9 54% CFGE & + Utk
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. ”
“exit

k=3
1=}

= 53 AA 879

&

5 7

E =FdA AlgtE CFG AAdWHe OCamlz 73
HyeH o8 REz ANE Z2aHde CECHOIE o
&34 3o REZ F3cHdismantle). HAo] ol F
ol HEEE Esterel F7HEHEE Pure Esterel2
ol(de-sugaring) WolEol=E T

ad 5= a9 49 T2 e CFGojth A4,

o AA, A4, Jte A4, 7t 44de 4 normal,
parallel, exit, may-exit, unreachable A& 2jv]3ic},

® 12 Esterel Wxnl= =273% Estbench[15]%}
Ramesh's case study[16]e] thdt A@AFo|tt. may-
exit A7} FUE BAFHA &S mca2008 dixe] 7
¢ mca2002 HIEFPE THI “trap’S ARGEA R
gew, dixe “trap” AAE AHEIIA YT tcint,
ww, fbuse ZHzb o8] Fele] “trap”& ARSI SIA
ot WSS TPAA “exit’o] FHHe FHE
AzywE g2 okskrk kA9 atds100% mejias AA|
AX| 9 oF 13~14%7F may-exit ©12}3 Ao} HAYE
H, ol ¥ 69 mejiad] o9} Zo] “trap”, WHF
8, “exit’Eo| ThE3 2JFo 2 FAHo0] Q1Y) wEo]
t} “await’= Q3= signalo] presentE B wW7lA]
Jittele FHEAL, 178 £ “exit”o] 2, 6, 10
W Z “await”9] A3 xrzo} Zt WALPRY ol
F 9709 may-exit AANE 4&AsHA et

EE ARz 39 JFsAel sle dACY IR
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a8)m, APz A E wid ¥ AATF
ZAHapproximation)7} HE4HAE 2 ¢ 5+ A
Ak EF, CFG AdAAS 237 d=ix] gar, 98
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[11]

(2]

[3]

[4]

[5]

[6]

FEATFI A HAFL A F e A 15 A A 1 5200911

IY 5 $H4E trap® CFG

1 49239
Programs Size | Lines | Nodes | Edges | May edges
atds100 22,038 622 987 [ 1,716 223
mca200 227,599 | 5,354 | 1,037 | 1440 -
mejia 9,782 361 510 782 94
teint 9.364 353 504 779 33
w 11,952 360 591 861 14
dix 7.862 [ 334 426 618 -
fbus 6,237 285 673 943 21
Total 204,857 | 7,673 | 4,728 | 7,139 385
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