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Abstract Malbolge is known as one of the most esoteric programming languages. Although it became possible to
write programs in Malbolge due to the development of the low-level assembly language, we still have a problem that
the programming in the low-level assembly language is difficult. This is because for each variable, instructions that
take the variable in their arguments are allowed to be placed just above of the variable in the low-level assembly
programs, and control-instructions in the low-level assembly language are only unconditional jumps and flip-flop
jumps, where the latter alternate jump and no-operations. So far we have to design control structures, i.e., layout
of control-instructions, by hand, which is very difficult even if we have an execution tracer for low-level assembly
programs. In this paper, to solve this problem, we propose a method to design layout of control-instructions of
the low-level assembly language efficiently by using state-of-art SAT solvers. We define a control-instruction layout
problem, and propose a SAT encoding for this problem. We also evaluate the performance of control-instruction
layout tools based on our method.
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MOy IV ERIERNICEOEETO 0SS5
VENEBICEA LS ICRHENTETHS. ZOLILE
ECEINE 0SS LIRGEREEERORYD, TudSh
DT ABFIER AR EDFRBICBRIDLEX SN TS,

Malbolge [3] IZHERSIBOF THLRICHEMBL LTHSGNTS
D, ZORBENSTOYS LORHRREELZFTELTad
SIVILIERICEHBTSHS. ThETIKEERTEYTY O
55 1% Malbolge 70175 L BT BERT VT T
N (5),[6], Malbolge DIV—FTF TS LOFEISTATHE
T Eote. LHALENSEET YTV a5 L0
RITERE UTES TR,

NETOTOYS LHARFEEE, ETERTEVTVEE

OHEFNEDOIDRITLERTEIRLAFITRIIL, TH
BEZKT LTV SO SLca—T 4 T LTHEY (1), 5]~
7], TOFECBIZRUMFTORIZZETHY—IVEM
EEhTW3 2. ERT LY TV 0TS LTEIERES B
‘ THAMLSIFOEHEEOEMIR L B NI RS RHen
SHENS D, BRI LDI—F 4 Y TREALHRE
BBEETT 5 1-HOETHENLERARTHS. LHL,
R 7Y T EEOHEG R ERG Y Y THT I/ AD
BICO v YT ANV—BANEDE 7Yy T7ay Vv T
GFF v ) LHEERT, FF Vv Y TORBRHHIET
HEOKBSEEDS. ThETTORBRIGFEERTITD
nTHY, BETLYTY Y5 LOET L— (8] £F
RALTVW3600, FREICEETSH .

W, T-NVEBERFLRETERIAVRERDF R ATHE
# (SAT RIFE) Z¥5F 5 SAT VIV DAL TRERIIC A L
U7-C L %21F, SAT MIEANOZERIC X 3 HEREAEA TY
%. AT, Malbolge DIEHT 7TV i LEREO—
BTHB, FF Vv TOREEREC SAT VILERIET 5.
ZF0iz%, TORERSNi SAT MEANERT 2 FEE2RE

L, BUSSTIN SR T LT s S LAOERY -V

BEETE. ERICED, COYV—ILOEEERGT 3.

AROBBIIROEY TH 5. 2. HiCEHEFEL LT, Mal-
bolge, BT > 7V BIE, FELH4S, HIC SAT FEICD
WTBIHT 3. 3. BT FF Vv Y 7OREMERERILL,
SAT MEADI—F 4 Y FERRRT 5. 4. HTRRELE
T—F 4V TEREVEERY —VOEERRNG. 5. HiTR
FEH L T2V — VO MEREIT, 6. HiTekkElds.

2. %

T TCld Malbolge, {Ek7 > 7)) B8, Sllard, YT
SAT B DWTAR CTHELFTDHEZHHIHT 5. Malbolge
LIERT LTV EE, BUARICOVTOX D HIEBIE
XHik [5], [6], [12] ZBRE hizw.

2.1 Malbolge

Malbolge [3] iZ{RAABH L TEIET 2 BMEETHD, 12
T R K> TEHRNEDLN TS, REERIZ=DDLV R

# 1 Malbolge DRIy
Table 1 Malbolge Instructions

i | B

Jmp v 7. C:=mem|D].

MovD | D LY RAZDOEH. D:=mem[D].

Opr FNHE|. A,mem{D}:=OP(A,mem(D]).

Rot Ho—F—*F. A,mem[D]:=ROTR(mem(D}).
Input | AJl. A:=getchar().

Output | H7). putchar(A).

Nop RIRE. FISTTDRV.

Halt | #87. 70Y5 LORTEFL.

FOfts | Nop’ $RHRME.

<o;x\;~u......-.i

# 2 trit HH op(z,y)
Table 2 Trit Operation op(z,y)

& (A,C,D). £ A€V (mem) ZFH, HIZ=ERTHT (10trits)
THEBEEIN%. Ko THHEIX 0000000000t ~ 2222222222t L 7%
D, AEVDT FLAZEME mem[0]~mem[59048] TEHI N
%. % 1IC Malbolge D@ETRY. Opr DB OP(X.Y) i&
X LY Of/KELTZE 2 O trit HE op £175. LUTICBR
OP &, Rot TAWVWSNZME ROTR OHEFIZRT.

OP(0120120120t, 0001112222t) = 1001022212t

ROTR(0001112222t) = 2000111222t

2.2 ER7ELVITVESR

{E4% 7 & 7 V) BB [5) i Malbolge £FI U A€ U ZEMZ#
SEEBKE LTERENS. LYAZIEPCLAD2DE
b, fEIX 10trits TREINS. PCRIOITS LAYV ET
5. ERT7 LTV TOTS LIERT YT [5] 2RV
T Malbolge a7 S LICEMTES.

EBR7 LY TVERBOGRERIICELYDE. [X]E XN
7 FLACKBHENEEEZLTED, ARALYREZD
%359, IJMP_UNIT & MOV_PC_UNIT, FFi, FLIP, ZLT%D
EaAaaEHESS, ThzEREGa LTS, KT,
Hic@Ha b BV ESRIENEaSEIEYT. FRIZT7UYTT
OvFIv v 7 (FF Vv V7) LEHEN, T ADEICI ¥
VI ZN—DANEDS. FFi D% FF Y4 Y TORELH
U, BFCE> THEBO FF Vv Y T2EHET 3. BFEIA—
DFF vy v 76id, BEBMBICEINTVIZELTE, 7
T 4S5 LDEFRICEIC ON, OFF H—HLT\5. EDOFF
Jx v TLERER ON THB.

BRT7 2 TVTadSLE, AEBYT RLAERTIN
BEBUHINT RGP0 L ERERH OHRE I NS, K1
Tuss LR, «" OEMNRSNNVTHS. “ENTRY”
SAVHLY M) =RV b E2ERT. R1OT0F5 LTI,
BHID FFo DT 7 £ AT S NIV 0PRY IC V% VT F B
CERRYYy LRV, THICEDE 1 OFEDX S ICHmah
#FENB. TudSLPEERE N FF I v TOREE
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Table 3 Low-Level Assembly Language Instructions

o 113
ROT.UNIT X A,[X] := ROTR([X])
REV.ROT ROT_UNIT DT

' OPRUNIT X A,[X] := OP(A,[X])
REV_OPR OPR.UNIT frrD#IT
INPUT_UNIT A:=getchr()
REV_INPUT INPUT_UNIT DM
OUTPUT.UNIT putchr(A)
REV_OUTPUT OUTPUT-UNIT #pHDOMT
JMP_UNIT label PC:= label

MOV_PC_UNIT label | PC:= labe!
REV_MOV.PC MOV_PC_UNIT DI
FFi FFi # ON & : PC:= label
label FFi 5 OFF OIf& : b Ly
7 22 ADEIC ON, OFF BAh#bL3

FLIP FFi FFi 7V v 7&h3 (ON-OFF)
END 8T
ENTRY:
ROT.CON2: ROT.UNIT CON2 —
RITRA
CON2: 2222222222t
. ROT_UNIT CON2
REV_ROT
. REV.ROT
OPRX: OPR_UNIT X
OPR_UNIT X
Xz 0000000001t
REV.OPR
REV_OPR
OPR_UNIT Y
OPR.Y: OPR_UNIT Y
REV_OFR
Y: 2222222222t
OPR_UNIT Y
REV.OPR
REV.OPR
FFO
END
OPRY

END

1 EBR7tE7V 7075 LoflRTENEHRERT
Fig.1 Example of Low-Level Assembly Program

FF Oy V7ORBEBLHET, TOHFEED/NYI— 3% FF
Ty TOBERLER. H1OTuSSLOFF VY70
EEERIL 1, EENL 1 TH3.
K1D&S5EAETRINCBOTHEAASEIABHTIE L,
UFTHRRZ 0TS0 7 LOFEI 66 NI26DT
H3b. TTTTaJ S LOREHERTRERHIERVZED
BEZBLICLT, ThERUGS[5) LR, 1 0%
RIIRLG ST EZRAVTE 20X S Ic5E2 605,
BERT 2TV aT S5 I FITIEROFIRHES.
BIBR 1. ZOLEE—EHRICULHAEBTERN,
HIBR 2. EEETIKELTIGHE, ZTOLEREROEINCINR
Lz s,
ﬂﬁs.memrazm,wuxﬂDﬁ%%ﬁ%u KiczD
WREERTTIMCTOETHB/EETT A &S it L
hEx s,
B 1,2 &b, A—ZEBEFIRLTI2H2ZRDELETTS
BRCEETHENBEL 3. K7 7Y EEICEFF
/?/7&%%# Jv YT U EWEY, FOTudSIvEY
T@FF/?/7@E§E%#§&&%.it%m3%ﬁn
L ICETEHBEBEYNCHRTECLLEETH 3.

ROT CON2
OPR X
OPR Y
OPR Y ‘
END 3
2 REblaRHiofm A

Fig.2 Example of Pseudo-Instruction Sequence

2.3 SAT P9

SAT FEE LIS, 7—»2&&%OEE%U?§W8?%CNF
REXANEZ DL ¥, ZOXRBIERTEE (SAT) HESH
DREMBETHS. SAT MEEMELS V—IUS SAT VibsLm
Eh, A SAT &I L R D2 EBADOEEID YT EIKET,
ESy fiL RFHHDOVFSNDS5E, Bx 5 8 kEEFH true
WKERENB LE, HDOZORICIEYD, ZOHH true ICRRRE
NBHOT L THB(11]. V7T U,...,lm B5ES ES, &
% {l1,...,lm}es, CTET. k=10DBPEDES, HZLTFOG
BALEMTHS.

V“ A /\ -l V =l

1i<jsm

3. SATIYaA—-F«14v¥

I TREMURBTDSERT LTV IO T S5 hNOEH
FEERKTS. 3.1 B TRCOERBISZFF v 7D

- EERREREMEE LTRSS, 3.2iT, 3.1HT

EWUIMER SAT BBlca—F« V7T 3BICHV3 T —
VEBICDOWTED, 3.38Ta—F 1 Y FEICDNTERS.
3.1 HHGAEERNRE
B 7TV dS I ek 3HEa4 BEEF‘]@&
X2 DX 5 ERELUGHFIERTRINETIR 1 DL S5 EET

Y7V TaT5 LOFERES DTHY, ROLS CER

ha. -

4 N
et RERE .

AVARA VX . END TROZFLGET QI, =>0BER
# FKIND & PNUM.

#2 . FKIND fEELITO FF 3 */7%PNWME&T
EELT, HTEh3G9R0° QI L3 ERT LT

Y FOYS LAEET B 2
),

AR TRREDORIT DSR2 BT,

&1L SRl TOETHH/ETLHZEOTHRY, T
ORIHERFERE LV, LB TRAESL B I TIO
I-F7ayrzETe0LT3. BIXE ERX KHTS
OPR.UNIT f33” LIFRDIA— KTy r%&§EL, THIKELSs
4 “OPR X" EXET 5.

OPR_UNIT X
X: ...
REV_OPR
& 2. SHA/MEC, FEOREZS 0EULDFF Yy T2
RENRIRICES K5 ICERET 3.

3. IVRI—RAY M EBOOGEOMEICFF Vv V7
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DTV TRERLTE I,
Ztr 4. Eff2,3 &ZWifeE L EEG SRR LA,
A VARVAD QLIEDWTE QI FILRNS EOEET PR
& ROT BADE KT T ERELEV I EFZRT. Thid
BEERIZE [1], [5]~[7] Ie 35 TE4IC OPR & ROT P72 18 5 ¢
L SFIA DI THS. (EHED QI ZHEM LTz SAT T
O—F ¢ Y H e ONTIRT A EEEE LD T [13] 25|
Ehizw,

3.2 aA—Fa VY IERTRT—IVERK

MO I—F ¢ ¥ F THAT 3 7—IVEHZREATS. QIO
HATIE L GaOERZNF N LENG & IKIND T&7. f
%2 2 O'LENG I35, IKIND &4 TH3. UFTE, 77—
WIS 2 ICUT Tz P) EWSEEERAY, PORETSHS
L, HOZORICED z B true 27535 T LRET.
pos, ; : (&7 LTV Tugs LT p HEOMGHN i TH
%. ik QI Ti BEICHRT 2RUSHTERNETEMFLT
%. (0 <p<IKIND, 0<i<IKIND)
PC,p: SATY TR TS LAY YED p BEHOmNZ
$ELTWA. (0 € s < LENG, 0<p<IKIND)
s A7 v FHICHT i #HETTS. (0 £ s <LENG,
0 £ i < IKIND)
ffset,,: pHEHEp+1 FROMAOMICIRE f OFF ¥v
VTR (0L p<IKIND -1, 0< f < FKIND)
ff-branch, ;. : pHEEHE p+1 HEHOMOOMOERE f
O FF v ¥ 7 O5IE%H p2 FHOGHRTHS. (0 p <
IKIND — 1, 0 < f < FKIND, 0 < p2 < IKIND)
Ficond,:; "8 AT Y FENCEHREE f O FF ¥ % > T OIRED
ON THh%. (0 < s <LENG, 0< f < FKIND)

3.3 MEOIA—FT1VT

SRR LT TR B Fl A FZ T iR EEtOf por
THEES. A—VOHEE, —HORELOFIRT. 2TO
i (13) ZBEE iz, LIEET, HBFp LRERT LT
Y 7ads Lo p HEHOGHOMERTEY.
%4 esl_posl: EOBIC&MFIEX—D UM ETEW.

erey ;i :

IKIND-1
A\ {pos,;|0<i<IKIND}es, (1)
p=0
&%) esl_pos2: EODMHE—DDIEFANIC Ui Eu.
Hl#) esl_pe: EORTv T TETaT I LAT Y 2OETAI
E—DoTdH 5.

B4 esl_exe: EDOATY T THETTELMHIE—DTHS.
K4 es1 ff.branch: FF J% v 72ELELIE, 7070
—DTH5.

H1%] check: HEITETNEMBORIIN QI THS.

$I# execution: FATY T TTOTSLATVEANELT
WAHFRCE M N SR FHTT 5.

LENG—1IKIND-1 IKIND-1

/\ /\ /\ pe,p A pos, ; = ezesi  (2)
p=0

s=0 i=0

B4%) control_pc: ZATY T, TO¥ S LAYy 2O -

LZEDBAICRBENE FF Vv Y TORENSRDAT v T
OFaF S LAY ZOMBNEES.

LENG-2IKIND-2

A/ pe., = hand(s,p,0) (3)
5=0 p=0
T T T hand(s,p, f) £ BEHEEROBHERZELTVS.
187 p LT p+ 1 OFICEHRT f O FF Vv Y THENTSHD
sAFvTETON B, s+1 ATy FHOTOT S LAY
VADMETIRFIZEE f O FF ¥y Y705 [HO S )bDD0n
FRFTH 5. TOMOHEER hand(s,p, f +1) &5,
e (< f<FKIND — 2 DR

IKIND -1

/\ ff-set, ¢ A ff-cond, ; A ff-branch,, ;o =
p2=0
FKIND—1

PC(gp1),p2 N /\ (Jff —cond, g <= ff -Cond(a+1),f2)
fe=r+1

A ff_cond_cons(s, p, f)) A

(fF-set,, ; A =ff -cond, ; = hand(s,p, f + 1) A
(—ff -set,, ; = hand(s,p, f + 1)) (4)

e f=FKIND— 1D

IKIND-1

/\ ff-set,, ¢ A ff-cond ¢ A ff -branch, ; o =
p2=0

PC(ss1)pe A fE-cond_cons(s,p, f)) A
(ff -set,, ; A —ff -cond, ; =
PC(s1),(p1) N F-cond_cons(s, p, mAa
(—Uﬁ’_setp‘f = PC(s41),(p+1) N ff_cond_cons(s, p, f))
: (5)
T T T ff_cond_cons(s,p, f) £\ 3 B RORAR 2 E
LTWS., HEEM FUTOFF Yy 7Ico0T, Hifip &4
fip+1OMICBENTHEEEE s ATYTHE s+1 ATy
7HT ON/OFF #AANEDY, BOTEVESE s A7y T
H& s+1 X7 v 7HT ON/OFF 3ZDH 575\,

i

/\ ((ﬁ_setp,_m = (ff-cond, j, = -ﬁ_cond(s_i_”_f.“,)) A
f2=0

(—ﬁlsetp,jg = (ff-cond, j, <~ ﬁ_cond(sﬂ)!m))) (6)

E4 setff num: FF ¥y 2 7H PNUM BILLFRdEE N5,
PNUM

\/ {ff-set, ; | 0 < p < IKIND — 1,0 £ f < FKIND}gs,
k=0

(7)

H)4 starting_pe: 7055 LAY ¥ ZOFMHEAMLE 0.
#l#] end_prog: END X704 T LORZICHS.

POS(IKIND-1),(IKIND~1) (8)

08




4. ® #

BET7XTVTOTSIVTTR, ATRVOHBMS, 7
Oy SLADFF Vv v TOBBER L EBRZ TE3RIDk
KT 3EREBHIROENS. ChIBECREL LTRAS
LW TEB. FC “E#SET?T“&&,‘&?‘ 41 HTREMETHS
FARSREBIIERZR V-V EEEL, ZTLT4L.2HiTZD
V—VEBDRLUBWAZ L TFF Yy Y TORRBBERHCET
HRECRERRL VIV EEET S,

4.1 REFEERSY—IV

3.HTIRELE SAT TV a—F 4 V2K, HEaaie
BRIEZMR < V—V LAYOUT-BY-SAT (LBS) %%%#7 5.

~N

LAYOUT-BY-SAT

AZA: QI, FKIND, PNUM. :
H73: Success BB T TV TS L, HBNE
Fail.

TIWVIAUX L

Stepl: ANDSHMER pqi BEKT 5.

Step2: @qi & SAT VIV ICEX 3.

Step3: VIVIHSAT ZRUELIE, TOMEHAHHUT
MOEEDEHRT LTV TS5 LE Success ZIRL T

87, UNSAT % 51F Fail #iE L TIKT.
\ J

Stepl THERKEThZHEBADOILIE, Step2 THERT S VIV
IKIELT, CNF OH# M ES, HiZ#F L7 CNFICYIDEX 5.
3. 3HTRURENDOH T ES, fiZEELNHDITDIONTI,
%7 execution i&5382R, Hl# control_pc I Tseitin 4 [10],
H% setff_num {3 Totalized [9] ZH T CNF ICE#T 3.

4.2 BECRBERCY—IV

BB REREZRVELBES T LICK > TE DM
BohBTENESNTVS. 4. 1EITEELY—VEED
BLFIFT3C LT, FF Vv Y 7OHERR, H3VIIEEK
EZBU/NCT ZEERHICESOERT TV 0 sS Lk
RDB Y-V EEETS.

-

MIN-FKIND W
A7 QL

HBh: EFRIHS QIT, »DOFF Vv SOEEHER
INCT ZEERENCEDOEERT 2T adS L.
7Iv3AU XL

Stepl: Z¥ FK, PN IZZFhFh 1 ZA.

Step2: QI, FK, PN ZAJ1& UT LBS ZE{T.
Step3: LBS #* Success ZiR L7761, ZOEEKET £
TV LEHALUTRT. 6451 Steps .
Step4: PN H(IKIND-1)xFK & B/hXWiasiE, PN
BAUYIYAY B UT Step2 RS, b7 < E Steps .
Steps: FK ZA>YJ7YAY L, PN IKZhZRAL

T Step2 NR5. J

/NIIN—-PNUM

AB: QL

H7: KITRIIH QI T, MO FF I+ U 7ORREER
INCT BEBERFCRINERT TV Fuys),.
IV XL

Stepl: E¥ FK, PN IZZThTh 1 Z{KA.

Step2: QI, FK, PN %#AJj1& LT LBS #%47.
Step3: LBS 7 Success ZR ULk bIE, ZOBET
Y7V TasSLERALTETY. T4 Stepd A\,
Stepd: FK H PN KH/NEWEBIE, FK #4245
AV LT Step2 NES., E 575 Step5 .

Steps: PN %A 7YXV L, PN £ (IKIND-1)xn

Iz TR/AID n % FKITIAAL T Step2 NRE 3.
. J

5. W— LT HRER

4.2 HTHELY—IVOWETFMEREZITS. ERIEX0O
ED0OHEEIKDWT, &Y—IVEICTS.

1. FZHE O

2. ERFMLIRICERTE S QI DEX DFAM
3. QIHDHEDEHEOSEHEMRICEZZHE
MEOYAXRBEUGIFIOGRINELGAIOEH
DTS5 X (LENG, IKIND) L &Y. RRIIETRER .
# (CPU Xeon W5590 (3.33GHz/4core 8thread/L2cache
4*256KB/L3cache 8MB) 727 )V, AEY 48GB) T175.
LBS /' Step2 THV 3 VL2 Minisat2 (ver 2-070721 simp)
[4] EL, FhICADET Stepl TEREThZHREARIE CNF D
HOERLTB.

5.1 RER1:FETNEOLE

EER 1 TREEETITH I ERE 4. 2fiTEELEEY I
KX BEH]T, EESHFF Vv Y TORER - BEBEDE<
MXTERTEHHZRETS. ZRIIBEDIZ (1), (6] TEK
TV IS L a—T 4 v T ENRLUGHT copy,
carry, sum DEDITDWVTITS. BHEDY A X, copy A
(12, 6), carry A (10, 6), sum A* (18, 8) TH3.

ERERERALICE LD, RRIBZERHETHEOREM
WARNDI—F 4 Y IRV FF V% V7O EE - RN
ZET, AROYV—IVIZERICELURELE L. HEOY
A ZHNE W copy ¥ carry TIRIFEROFHNBVEREL-
T3, ThZAETRICEX R ENMHLIERCLZRL
THD, ARICREEREDIEE > LARWEEE - ERT
DEBMNATRETH BT L RZRLTVS. EOY A IHKEN
sum TIRFTORBRUDVEETH B0, FHOY—IVEH
BWERZHLTWS.

5.2 RER2:TRTES QIORTDORAIE

£ 2 TREY—IVTERTES QI OHLFIRDOBKEZ
AT 3. ERIZZY A X 10 BORELGENES VX LICH
BLY—VCEX, 10MP 5 U EXRAS LTI McEBET
YA P U TERZET S, —RDRA LT R 86400

-29 .-



Fav ?E&tv—zvaoﬂ:&

Table 4 Companson between hand and tool

- K&?‘J‘ﬁﬁ EH | copy|carry | sum
BE [~ Fzm r| FKIND | 2 | 2 | 7
LEjme MY PNUM | 5 | 3 | 1
: time(sec) | - - -
MIN-FKIND | FKIND
Ckkop | PNUM |6 [ 5 [ 1
e le em . - |time(sed) [095 | 041 [1886
- MIN-PNUM FKIND | 3 2 4
NELI“E o« T I"PNUM | 6 | 5 | 11
S S tlme(sec) 1.06 | 0.72 | 57.05

o C i 9 T
e m i 5; K&'C-«*s% QI OEéwﬂkfﬁ
Table 5 .']2“?« Qm&lglgm of the length of QI that tools can convert

— MIN-FKIND MIN-PNUM
Size | Solved/T.O. | Median(sec) | Solved/T.O. Median(sec)
08 10/0 177.41 10/0 1427.74
(18| 9/1 274.92 6/4 216.58
(228)| 8/2 606.88 5/5 893.30
(238)| 6/4 612.46 - -
(248)| s / 5 1309.50 - -

ﬁ 6 éa‘*a)@ﬁd)ﬁftb‘iﬁtc.%x -7 -3
Table '6j “The irifluenice for conversion that the change of the kind

. of instruction in QI

MIN-FKIND MIN-PNUM
Size | Solved/T.O. | Median(sec) | Solved/T.O. | Median(sec)
(20,4) 5/5 17.44 5/5 35.32
(20,8) 9/1 60.79 10/0 934.99
(2016)] 10/0 18.26 10/0 37.27
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