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i Z: A 22| @ E0E} 8t

- =5 LEOEL: H52| 4ta 2HA M (predicate) 2 2 825G o5

A EYO|A (st: O MEN, st TS 2LEH) EYO|A OE (st = off) E80[|A O (st = on)
i st x1 xp st st X1 Xy st’ st x1 X st’
1 |off 1 1 on
2 on 1 2 on
3 on 2 3 on
4| on 3 5 off
51off 5 8 off

et El Eg 0] A
1:x1=x2 ASt’ =on
2:8t" =on
3:s5t' =on
4:x—x1#1Ast =off
5:st' =of f

[5] Learning Concise Models from Long Execution Traces, DAC 2020
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Learner2| B= 0| A| (Mine Pump 0| )

st

0 1 O\ U1 v W DN = ™~

Ready
Ready
Pump
Ready
Pump
Pump
Locked
Locked

* w (water)2} m (methane)2]
e Teacher0] 2|3} Bief| E&f|O| A7}

MmN T e
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Pump
Locked

Locked
Pump

w < 30 A

Learner

st’ = Ready

w > 70 A
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E Q! [ 20, Predicate

Z== Predicate

st’ = Pump
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start —» st’ = Ready

w > 50 A
st = Pump

st’” = Pump

i > 550 A
st’ = Locked

st’ = Locked
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Teacher2| E = 0| A

MO| s, » s; = teaching (st = Ready 0| Al w > 500| ™, C}=Z &FE|

1: while true do :

2: w:=ReadWater()

3: m:=ReadMethane()

4: if st = Ready

5: h:=0

6: if (m < 600) A (w > 70)
7 : st := Pump

9 2

« HQl:Ready & EHOf| A
- wolml| H2 4 =

8 :
9:

10 :
11 :
12 :
13 :
14 :
15:

else if st = Pump
h:=h+1
if (m > 600)
st := Locked:;| a := true
else if (w < 30)
st := Ready
elseif (h > 3) A (w < 50)
st := Ready

)
T

Pump 21717?)
16 : elseif st = Locked
17: if (h > 0)
18 : h:=h-1
19: if (—a)
20 : st := Pump
21: if (m < 550)
22 : a:= false

- Bt 22 (st = Ready Aw =51 Am =500Aa=true Ah' =0 Ast' = Ready)=
oM = =7t

& falseO|L}, Bt S EO{A = true= 718
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H==Z Boolean Variable (BV)= = T &

(m<600) b, = (w = 70)
EYo|A FAg) /2 ERO|AE BV HIE IS ZE O| Rl F
3} |2 @ EOHE Q| predicate= BVEL| =2| At
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A XAFS

Efo|A F=43}

HE=8 07 Ct2ar €2 8702l BvE=S 27| A A == 78
by: (w < 30), b,: (w < 50), by: (w = 70), b,: (m < 550),

bs: (m < 600), b,: (a = true), b;: (h' > 0), bg: (h' = 3)

2 Efo] & = Efo]&
i st w m alh st’ i st by by, bs by bs by b; by st/
1| Ready 31 548 F| 0 Ready 1\Ready F T F T T F F F | Ready
2| Ready 73 596 F| 0 Pump ] 2| Ready F F T F T F F F | Pump
3| Pump 28 548 F|1 Ready Symbolic » 3| Pump T T F T T F T F |Ready
4| Ready 75 588 F |0 Pump Mapper 4| Ready F F T F T F F F | Pump
5| Pump 72 544 F|1 Pump S|Pump F F T T T F T F | Pump
6| Pump 68 610 F| 2 Locked 6| Pump F F F F F F T F |Locked
7 | Locked 67 550 T |1 Locked 7\ Locked F F F T T T T F |Locked
8 | Locked 71 540 F| 0 Pump 8 Locked F F T T T F F F | Pump

Learner 2% BVE 7t2| =2| A4t (0Ol: and, or, not) N EE ZA A B 75



EE" 2;:_ I-_'§|.

oty =2 Al (0] s, - s;= teaching 2FCFE 7HE):
* (st = Ready ANby A—=b, A+ A\ bg A st’ = Ready)

start —> st’ = Ready start So st’ = Ready
w < 30 A w > 50 A bl/\ —lbz/\
st’” = Ready = Pump Symbolic I st’ = Ready st’ = Pump
st’ = Pump l Mapper = Pump
w > 70 A m > 550 A bs A —by A
st’ = Pump st’ = Locked st’ = Pump st’ = Locked
st’ = Locked = Locked

Teacher &% BV HIE| Zghot EHMGIH E
(%l BV7P n7H':'=| Z[CH 2n7He] F=4 gty = 8)
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A
30|

« Teaching worst-case =& = (iteration 212%) x (2 O] 0| &) x 2(BV e
e Mine pump 0| & :
e lteration 1: B = {by, by, b3, by, bs, b, b7, bg}; 10
e lteration 2: B = {by, b, b3, by, bs, b, b7, bg}; 10
e lteration 3: B = {by, b, b3, by, bs, b, b;, bg}; 10
- X|25376H2| = 7158 AL

» 7 %28 =1792H2| HAL
;o 7 x 28 = 17922 AA
# 7 %28 =1792H 2] HAL

1 4> 4
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s4Al O1O|C|Of 1: EX Al 22| Ij&

- Why SH? S{x| ZE/E 0|A0 YIH BvES SHOE HA|
« D 7|8k gy HA|: DAX| st5 =l @ EOLELO| A A2 &=l By= 20y & €
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* lteration 1:
- 23 7|8k BV FA: BReady — {bz}; BPump = {b1; b4}, Brockea = {bB}
e Teaching B E: (2x2)+(3%x22)+(2%x2Y) =20

12



sHAl OlO|C|O] 1: EX Al=2 2l O T

- -1

« Why S&?3X| RE/EO|A0 LA BvE2 SEHLE H
- D 71dt gy HA|: SX| ot =l L EOEIO| A A =l Bv= 28y & €
o« HiY| 7|k gy HA|: XY £ =l Y E L ES = Y= X[ ATHO| gviEEE

* |teration 1:
- 23 7|8k BV FA: BReady = {b,}, BPump = {b1, b4}, Brockea = {b3}
e Teaching ST E:(2x2D) +(3x2%)+(2x2Y) =20
* |teration 2:
¢ |:||_|'F'_2|| 7| Hl—l- BV XO_lx-”: BReady — {bZr bs}; BPump — {bl» b4» b5: bS}' BLocked = {bBr b7}
- B3 7| HF Bv JSX.”: BReady — {bz, b5}, BPump — {bl: bs, b8}r Brockea = {b7}
e Teaching SR E:(2x29)+(B3x23)+(2x2Y) =36

12



&A1 0t0|C|0f 1: SX A =2 o

| | =1

Whyo& X ZEI/EO|AN LB A BvEE SHCE HA|
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. HEY| 7|8t gy HA|: AKX =T E U E LRSS Q)= x| ABo| pyDt =
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Iteration 1:
- 23 7|8k BV FA: BReady — {bz}; BPump = {b1; b4}, Brockea = {bB}
e Teaching B E: (2x2)+(3%x22)+(2%x2Y) =20
Iteration 2:
- e 718k Bv S A Breaay = {b, bs}, Bpump = {by1, by, bs, bg}, Brockea = (b3, b7}
* EE” 7| 2t Bv 8 X-”: BReady — {bZr bs}; BPump = {b1; b5: b8}r BLocked = {b7}
e Teaching SR E:(2x29)+(B3x23)+(2x2Y) =36

Ilteration 3: Breqay = {bs, bs}, Bpump = {b1, by, bs, bg}, Brockea = (b7}
»+ X% 20+36+60=116H2| =& 758 AL ¥ SHH H

12



mel 7|4t gy M|

N BHOIM st Y BRYZ, UHZ ABE VSR M

O:”: BReady — {bz}; BPump — {b1» b4}: Brockea = {bS}

Z|of 4o EF J7ts8 AT ER

=4 2
start @ st’ = Ready
st’ = Ready st’ = Pump
st’ = Pump
bz A —bs A
st’ = Pump st’ = Locked

st’ = Locked
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« EGO0|A ZE: €2 st S Bv HE &{S 7HXIX| 2, M2 CHE st’ 40| ==
st by by st’
Pump T T | Ready
Pump F T | Pump
Pump F F | Locked
Pump F F | Pump ¢ MEH &2 & g
. BEE E20|ABS HABOR TEY 4 Uk ML pv T A
st w m al|h st’ — o
Pump 68 610 F | 2 Locked HHl & S0l 272 EYo|AT A8
Pump 68 599 F | 2 Pump =38 21k bs:=(m<600)
st bl b4 b5 st’
Pump T T T | Ready
Pump F T T | Pump H¥E BV Ao XA3tE E 0|~
Pump F F F | Locked
Pump F F T | Pump

Al
()
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54 Al O}O|C|Of 2: M2 ML F 2

Y Itsd A Bl A A - Teaching A2 A
7|tk By SH[0| LRt O M| o~ &2 - Learning A|ZF A4

- 0|2 & AH =FEE =+ U= LH T StLt= Bve| M2 K (granularity)= =& St= A

@
—_
o

AutoCL
/_ . . . L] .
Fine-grained Learner Dynamic Symbolic Mapper Coarse-grained Teacher
T Pred Model Abstraction Completeness
rans. Predicate Pass ;
r Synthesis M g é b, é M > Checking M
Initial traces SFA Abstract Fail Sé)Pl{id
(D bl A —4 (bz \% b3) SFA bl _Ibl
; Trace Abstraction X X
Predicates 0 x X y
> < +— ® O _0 T 7'y
P Automaton D abs new e E o babs Check
Reactive ; stract traces 2 A0 o Abstract
progEm Construction 0°|° CE Feasibility Checking
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Coarse-grained Teaching

o« DO 718t By HA| Al coarse-grained BV

=9 AH A
== O O

e O: M2 BVby = (=by Abs) H byy= (b, Vh)= AN

» SXE BV & Breaay = {bo}, Brump =

=& 28 (Fine-grained BVs)

start —{ So st’ = Ready

(b1 Vbg)|A [ ][(=bz A bs) A
st’ = Ready st’ = Pump

st’ = Pump

b; A
st = Pump

-bs A
st’ = Locked

st’ = Locked

{bS: blO}» Brockea = {b7}

o 2 (Coarse-grained BVs)

start —> st’ = Ready

b1l A by |\
st’ = Ready st’ = Pump
st = Pump
b’] /\ —|b5 /\
st’ = Pump st’ = Locked
st’ = Locked
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. Hi3| 7|8t gy MK

° 7|—7':— BV I|=I-O|;I- BReady - {b9} BPump

e Fine-grained BV & &t: : Bready =

Fine-grained Learning

INPS

I -

CtA| BV

=& Eg|0|A (Coarse-grained BVs)

st bs by (b1 V bg) st’
Pump T T Ready
Pump T F Pump
Pump F F Locked
Pump T F Pump
Pump T T Ready
Pump T T Locked

0

v gdol 371e] g7t EHe

= fine-grainedotA| Lt=
= {bSr blO}r Brockea = {b;}
{b,, bs}: BPump = {b;, bs, b8}r Brocked = {b;}

=& EYO|A (Fine-grained BVs)
st b1 b5 b8 st’
Pump T T F | Ready
Pump F T F Pump
Pump F F F | Locked
Pump F T F | Pump
Pump F T T | Ready
Pump F T T | Locked
2% 2712 g2t Ha
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Al
= O
RQ1: AutoCL vs. Baseline

RQ2: Dynamic vs. Static symbolic mappers

RQ3: Coarse- vs. Fine-grained AutoCL variants

A0S & 1207 cZ2 O
e Simulink: Baseline == 0l|A] AL =l O A| (F 457H)
* SV-Comp, LeetCode (&<} 257H)
* Embedded: €2|H[O|H, XIZ, 22, QS 2E, E&2 X0 0| K| (T 257H)

Benchmark |P| # Nest LoC  |Dom(t)| |X| # Bool # Enum # Num

Simulink 45 5 236 3.7 7.0 1.2 4.3 1.4
SV-COMP 25 5) 1,526 4.6 34.8 1.6 11.0 22.2
LeetCode 25 17 186 5.2 25.9 4.4 1.5 20.0
Embedded 25 16 1,242 5.0 19.1 1.3 3.5 14.3
Avg. 704 4.5 19.2 2.0 5.0 12.3




Rate (%)

100 A

I AutoCL [EE Baseline 88.9
- 84.0
68.0 68.0 68.9
_ L _ 58.3
N l

80

60

20

RQ1: AutoCL vs. Baseline

100.0 100.0
97.8¢5 ¢ 98.9

All (120) Simulink (45) SV-COMP (25) LeetCode (25)Embedded (25) Simulink (45)  Except Simulink (75) Completed (99) Incomplete (21)

(a) Active Learning Completion (b) Specification Pass

AutoCL2 & 997|, Baseline= 677l O| Nl MIStA|ZE BAIZH L et &
Simulink?| LIHX| #HIX|Of 3 52| 8& &2 73.3% (AutoCL) vs. 32% (Baseline)

SHEEl QEOEIZ T2 A (assertion HEN)S M3t HARSH A},
ostg 43809970 X2l 3@ B AHO0| 2t T2 ZMO|AM St

19



RQ2: Dynamic vs. Static Mappers

e XN O E 2HSI0] MBS 2D 12070 OK = 21700 A EH|O|A ZEZ Qls| ALy

« 21702 5= A0| 27 2+ S S =, & O 2f 997l 0f| = X O] (63 + 21 = 84)

» Hat34.47l12| Bv =2 25, M O (B 6.57l) 0 H|3H teaching d50| =5 22!
5]

. 8HE, S5 0§ 0| By WA QHSIEE R X HER S 2o

Mapper Completed Trace conflict  Learn Teach # BV  AM) A(T) Refine(M) Refine(T) Overhead
AutoCL 86 — 121.8s 1,646.8s 6.5/1.5 | < 0.1s 6.1s 8.5s 19.7s 34.4s
Static-Mapper 63 21/120 4.1s 3.991.4s 34.4 < 0.1s < 0.1s — — < 0.1s

T These statistics exclude trace-conflict cases (excluded: 21, remaining: 99).

20



RQ3: Coarse- vs. Fine-grained

* AutoCL: Fined-grained learning & Coarse-grained teaching
* AutoCL-Coarse: Coarse-grained learning & teaching

e AutoCL-Fine: Fine-grained learning & teaching

Variant Completed  # Iter # BV (learn/teach) Learn  Obs. usage BV synth (#/time) Teach | Tinf|
AutoCL 99 36.6 7.7/ 208.1s 14.8% 15.4/65.5s 1.977.2s 31.2
AutoCL-Coarse 96 31.6 11.2/1.7 847.8s 49.5% 30.4/664.8s 1.592.7s 29.4
AutoCL-Fine 94 21.4 9.1/8.7 293.3s 17.2% 10.7/86.4s 2.495.3s 627.1

* Obs. usage: ™A E&|0|A %= Ci{H|, BV 80| A2 El EF|0|A £=2| H| & ()
o Tl EE E7LSTH HH S E T4 (H D)

21



£l =01 £FH (FSE’26 Major Revision)

Embedded 8l X| 013 =7} A S
- &8 7|Z= 57 O MOl A 2570 7HK| =
MN O vs. X O H| 1 A
- 22 Codex2 O| 83810 A|CHt i 2 A HE OfIH 73
NZ28H 27X S25tE= running example 28
« 2t2. Mine Pump 0| X| & ALE

1 2|F soundness 5%

Related work 224
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