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PAPYRUS: A System for Program Synthesis
and Verification by Constructive Logics

Hipen KawaTta,b* Ko Sakar,tt Masayukr Funrra,itt
Yasuyukr Suirart and TO6ru Onrtusoltft.

PAPYRUS (PArallel Program sYnthesis by Reasoning Upon a formal System) is an ex-
perimental error-free program generation system based on the Curry-Howard isomorphism.
PAPYRUS consists of two major components. One of the components has two functions :
one function defines the logic, description format, and program extraction rules, and the
other checks proofs and extracts programs according to the definitions. These functions
are based on the TRS (Term Rewriting System) technology and the type inference of CC
(Calculus ofConstructions), a type theory. By changing the definitions, various logics,
representation methods, and realizability interpretations can be used for program
generation. The other component is a proof editor for making proof construction as
simple as possible. The proof editor has three major functions: (1) rule indication that
can be applied to the present goal, rule selection, and development to subgoals based on
the selected rules, (2) automatic checking of each partial proof when it is generated
(proofs created with this function are correct by nature), and (8) goal proving by the
prover (in addition, the assumptions and lemma to be given can be selected and para-
meters can be specified). This paper describes the basic principles, configurtaion, func-
tions, and specific operation of PAPYRUS.
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= uF—4
7/ EROEHET — 4. BEEXBILV-LOBR
TEEIN 3.

4. 7o s 5 L HERER

EHED? S 705 AN OEBBHROEE XL

NV—VDORARTEREINS.

3.1.2 BHESATSUES 21—
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72, CC OBREARIFT 22 & T, NEAEDOEN: X
F—2 R RBEEEFERLFATE 2RS4 R
LTW3. BEsA 759 TR, BANREELEM
TEYRFLSAT Y E, Ra—FHEETE54
75V BREIND. RO -FRESDF AT S
Y CRERHEARZBELSINER SN, oS
175 ) ORMBEEFIALLDESDS 475 ) cEE
Lic0d3CE38FIND

3.1.3 EREEED 21—

PAPYRUS Tit, ###A W ERF—4, =70
F—%, Tar 7 2 ERBIAEREREY 2 -0k

CROEET B KT -FRENTNI TR, sty —

XX Lemma Library Viewer XXX

delete >
to.editor
register primes
"""""" div_list_lemma2
match div_list_def
list_all div_list.lemma
AND cdr._lemma
first_.lemma
NOT nil.or.not
X<>Y equal._lemma
RUP last._lemna
RDN nil_divide
""""" divide_lemma
EXIT

3 WEFAT5)
Fig. 3 Lemma library.
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DATA BASE MANIPULATOR

Extract
Macro
Compile
Save
Load
Delete
Check
User

div_list_lemma
merge

primes

test2

Jan. 1994

MACRO >all([l;x:int) ..
$ (@ll2)*int® (lam x:int.. G)int™x*x)

X = X

MACRO >!TYPE.

TYPE >all([1lyx:int) .. X = X.
: prop

TYPE >}

4 EEIAVFY
Fig. 4 Definition window.

TENS 2ODEBICEL-TEERSINS. 753AER
BOMDF—F AT EDRLED (1D2DF—2TdH
FbH) T, PAPYRUS TOB/NDF—2 BT
BB, Nyr—IEi3y 7 ROETDT, AREZEH
LD 5 ADERECLERT S ETEEVEE
K3, &7 FART 5RE, Nyr—=YkKid2—-
FEHEFENDE 5 _XVEDF S, Nyy—vEa—+F
LI 1R LIS LR ghiis 580, 7 7 RicH
LCR%EDOMBT 5%y -V BRI BB ICRHE—
Dy FALEERLUTOLEDE.

YRFLIHE OB UD, “system” LI —HZ
Dy —TEBETEN Oy F—Yik, &
2B LUTHAT S, 72 2BET D0
DTH 3.

Fe B DAY FF VR, EEEHEY 2 -
BT E22 P4 VBT 2 —RTHIERIAVEFY
(R4BR) iTX->THFTS.

FRUAVIFYTHHATE 2 ERBELADT
Ea
o Ficli vy r — Y DIERR.

e IFicit s 5 ADMER (BFALB L7 7 4 V5

75 AEERT B).
® 7 5 ALY B F — & DBEBIMPHIR
o By r —VRBT B0 5 ADEMRN
o 7 5 ANBLEREDER.

o7 5 ADHIKRP -
X5,
o/ nEHRDY 7 AZEETIL, AJLIED=

7 nBEEYe s b iT - ERERRTES.

o HHEFBA - BT —2 D7 7 2EEETHE, A

FUBEORMRER D ERE B L2 RRTEB
(=7 nEHRDO 7 3 AEEELTBFIE, ANT?
Bicw 7 uzEATHLbTE3).

o Fu s AEBRBAEEETIE, AT UIERE

CHIET B us 5 62K RT3,

i, 77 RETEET L, RERBELFIATSLC
EWTES. WEBEELR, BEO/Z 3 XADERER
81507 R%EZLEERFATIOOTHD, TF
BB L7 7 A NVED 5 RARCEBRT BBRICHER
FRERETEI LD, BELKZ FRDEHRE
FDT 7 A NCEPNICERESDYICT 5 RAEIER
TRHELENTES. b7 5REEFETHE, €07
FREMERLTOS 7 S ADHENICEEZINS. C
DI, 5—& QAT 2 —FAMETE LS hER S
U,

3.2 EERATF ¢ & LEERAIBHNE

BT F 4 212, PAPYRUS D=2 —%4 v 47
2= ZAQHLCHBTELDOTHD, WEFA7 7Y
REDEY 2 —VOIFTH UBHE, EHOERPRSE
TS5 EREF M T 2. BICEHOMER, RETE,
BEV 2 —NOBEBEFIAL, ITXTUBEEL
EFHLTW3.

PAPYRUS T3, HATAIHEPHERBADER,
SRR ROERETH D, I 5 ICHER BRSBTS
EBRICLDEDTH B, YAFARRLEIELE
BXELFTALBEDI XY v P 2B 5.

TR, BRI 4 2OF -2 BHEGHEETFHX
BEEOMIREBRS LT 5.

3.2.1 HEATF 4 Y ICBITEF—5ERIEIE

LT 4 A TREBOTF — 25Ny 7 7 BfUTHE
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7 AERY ZF A PAPYRUS

set upf{current)

user name

logic

filter class
macro class
auto expand

rule args

end since number
top tab

tab

width

execute class
prover class
provar parameters
theorem name

type class
extraction class
do.it

cap
[system (mu) |
[systen (nu) |
BN off

show
show

L]

63
p_term_execute
call_prover]
125)

cap (primes)
cap (primes)
lcap (primes) ]

abort

execute class
prover class
prover parameters

set up(default)

user name

logic
macro class
auto expand off
rule args show
end since number show
top tab 7]

tab B

p-term_executel
call_prover]

[ 120) ]

save state on
do.it abort

5 Set UP 94V y
Fig. 5 Set up windows.
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BLTHWE. Ny 7513,

loa—¥%Z (EHEEZETES)

2. EBBY (CEERIFES)

3. mEARE REARERTIEY)

4. filter 7 5 2 (filter Y 2 — VD 5 2%, filter
Y2 —EFEHA LTV il BELTEL)

B.execute 7 3R (Fuf 53 rETESa—NDY

5 A 4)

CHEERERA - BE T -4 (8.1 iRl REBOE

BRI NBEAE, YAFLREDESRE

2—YFICEM L, EROEXNET = v 7 O, BN

%9 5)

w/sus 3R (8.1 HiEBR)

CBBIERZ 52 GEHEBHEY 2 —VvD 7 5 RE)

. Tu s AAERER (3.1 fiEBR)

10. BT —% (FEHRCBT 5, EHEEZOBAN
BlsEn7—4)

1L W=y 53R (FPN—=NET 2 —IvDJ 5 RE)

12 0B 7 2 W87 —4 (ZWEN BTEHETHA
TE2DOHET—4. BES—VTEHEIN 3.
MHTHABTEI L2 HELBES 175 90
LEGFLTEL)

13 ZERR GEEARIAVR. EERc B 3 7o v 7 BAr
WSO TEBINS)

4 e2—F BHEOHFE=—F, ERe—FLEHE
z=—F)

25, BHOLHERBIGRET 2 ENTE 3.

HNy 7y OBEHETEF 2% Set Up w4V Fw

(521 KK VEETILENTED. COF—

2DHL, 2—¥4, REEREL, FBETE S v—

o

© ® =3

%, execute 7 5 R, £FE—F, BEe—FicBEL
T, F74 v MEEBGL T CENTESE (X
5BR). &, HRHA, BRI, o5 AER
FAE, REARLZCHL, BBNICREINE &
EHAEE).
3.2.2 EERAIBHERE
PAPYRUS L3I K& LY T2 DODIEWEMDH 5.
REE—-F1IDOR3#EE— FEFEh, +XTO
BHAETHOEEL VT VR TFLHBEET 5.
2Pk, BERACEBOES, BmETS. C
DE— FH PAPYRUS ofkE—FThbh, ¥
RFLRTNTCOEPREBETE D200, 3%
FRFTEETICENTES. $5—21F, F7FX
FE—FEETN, HEHET vy s EBEICL—
FIBEKT S 2 —FREOBELBEOLT 4
2EFEIBEHETERL, EERVRATFLICX A E
AECF = v 7 AR THEEE-FRERTIEL
SFEEE LY. BRI 2HET v v 7 OBHO
EERIATHETH 2D XBETICENTE
A AN
e FFX bE—F
FHERAME-FiE, b23EHT vy 7 ohicEE
E— FORMT IREBRETILETETORE
WRELULEE, 2—-¥BZ0Tay 7 2EEL
- FEEAERTICEICLDBITTS. O
B, 207 ay s PAOEIER s 8ha—9
BEDT vy RO, BEO EMACS =574
2 EABOREERTOICENTEDS. RBEOKT
%, 1—FR YRFsICEEE-FNDOBTO
ERETS. COBYRFLRZEOT vy stk
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PRUOE ED1TOR

B assumpTiON

~ (~ €0=0))

clear
do it
abort

- load -
Theorem Name >>primes

Loading proof ... End.
type definition (cap(primes)) object exist.
Over load (Y/N) %y

lam p:i_list ..
al ([winlyz:1i_list->prop,x:int) .
(~ (x=0) I\
(~divo1ist™x™p /\
(some ([win2], y!int)..x=y) /-
Load (some ([1,k:i_list)..k=cons x p Az k))
Save A4
seT up div_1ist*x*pAz"p)
A\
Utility x=0/\ (some ([win3],y:string)..y='0K"))
lemmA ~
deFinition '0b’)
Helip \/
] Mode 0=0/\ (some([win3l,y:string)..y='0K’)>.
since by or_elim.
5251585
0=0\/ ~ (0=0).
Delete since by univ2_elim.
refresh
Prover
tRee since by’cap#equal_lemma’.
end_since.
Extract
end_.since.
execute 1;2;1;1;2.
macroO assume 0=0;

T LeEMMA POOL

'cap#tequal _lemma’
‘cap#div_list_lemma’

Jan. 1994

VARIABLE

‘Ba'ri_list->prop
'8b'ii_list

B 6 fHEgEEELiles

Fig. 6 Selecting a region of a proof.

L, HPD LELTOBXF = v 7 21T, 0
% CCILL BTWAL LTOBK L AVF = v &
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PAPYRUS OE#FEEE—FTHE. ZOE—
FTRIEHOBELERT 5. RET— FTRH
3 AEEE DI TICE T
(a) FVF47°Y v Mk
PDL it X 2R E Ny 7 ricBEE&Ihic
FRE—F AL, FEZTOKE PDL
OEXF=v 7 2BEbO0THNIEFFR b
= FTHFIFTE 3.

7 a7 iEERRE
PDL TOHRBRX T ay 7, #EHTav s %
vy RIC X DIBET BBk EEShT

(e)

(b)

(d)

ay 7 3REERCEDS (R623K). %
FTYIRDERE VA7 Y v 7T BT ET,
ZYRDELTOEERA Y P EEDB/ANDT
ay 7BEEING. DBRERZ LV OE TN
2V w2ick, 207 vy I E2EUB/ND
Tay s iKEEINL T uy 7 E2RF . F
T, MREZVDETNI Yy KD, Th
VBIOERE2 Y OET v Vw7 K KXY IE
goni-BEEb EOBEBICR T C EBT
x3.

HiBREs AR
(D)ickdbd7 oy s BEEIhTHNS &
&, z07 a0y s E2EUR/NOERT 0y
DH>BLOBRROBHET vy 7 ZHKRT 3 (T
DL E2—-FiLHEREE D).
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fPROOF EDITOR

oo 1T nnont oLean

ASSUMPTION

~ (~ (0=0))

all ([1,xti list).. (~ (~ (0=0))=>"@a"'"x)

INPUT
Loading proof ... End.
type definition (cap(primes)) object exist.
Over load (Y/N) ?y

- prover -
Please input by prover menu.

abort

Fa) 5 sy 257 PAPYRUS

.y='0K").

all{fwinl; x:int) ..
(~ (x=0) A\
{(~vdiv 1ist™ %™’ 0b’ A\
(some ([win2], y: int)..x=y) /-
(some ([1,k:i_list)..k=cons*x~'Bb’'/\'Ga’'"k))
Load \V3
Save div_list™x™'0b'/\'02’'~'0b’)
v -
JTiz;zL x=0/\ (some ([win31,y:string).
since by univ_intro.
1 emmA 1523231
deFinition
Help
k Mode ” (some ([win2j,yrint)..v_1=y) /=~
(some ([}, k:i_list)..k=cons™u_1~
Delete Jiv_list v_1~ 8b'/\ Ga ™ Ob )
refresh
Prover v.1=0/\ (some (Lwin3j,yistring)..
tRee end_since.
2 Extract end_since.
1 end_since.
J execute
E macrQ

‘cap#equal_lemma’

‘cap#div_list_lemma’

137

‘Ob '\ '@a’"k))

y="

T GLEAR  ALL ON

__ VARIABLE

‘@a’ii_list->prop
'Bb’ii_list
v_izint

o

B 7 Fv-~oRBERE SEOEE

Fig. 7 Running a prover and choosing assumptions and lemmas.

FHANOEEES &I, h—VvEBET S
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OREDH —V W& BB T 2RIEHD
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O I NET ZRIEHORERX Ty 27
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CBEDH =Y VDB BT uy s ORFIDIE
By 5270y s 0 EBichBET 2RE
K7 vy 7 KBET 5 BE

CBREDA -y VvDHBTuy 7 ERLLN
NVORBR Ty /T, A—VWVEDTFIiC
MET BT 0y 7 KBEIT 2k

CHREDA—v Db BTay s LRELLN
NVORBR Ty 7T, A—v iy kic

(e)

NMETE7 vy 7 icBET 5KEE
CHAEDH -V VDEBT vy 7 D—D4H

ORERXT v v 7 KBET 58k
EIBhEERA
PAPYRUS T, NV —NEDA VR T 2 —
ZABHEBINTVS., ZOAVET 2 —RAD
R T T —BHABEIH, BOZED
FN—=I37 5 RPNy 7 2 CBFEINTV S
&%, HEEEHETIRER 7 0 v s 2i8E
TBHCET, HEFEWBELRIMAT 2 &
T& 5. HEEEAISRIIT S L, Kuisia—
FICBMINEABEHBICT £ X b LIcE
Hahs (HA78K).
ZDNy 7y LOWREE TSN —OBESMEIT
—FRRRE LR S (fEREh
TEMDF = v 7 BBEBNICITON 3720,
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HRARZRHR X

Load 152325131,
Save Vv_130\/ ~ (v_1=0).
152525152,

seT up assume v.1=0;

Utility (~ (v.1=0) /\

TemmA (vdivolisttv 17'0b’ A\

deFinition (some ([win2], yiint)..v_i=y) /=~

Help (some ([1,k:i_list)..k=cons*v_14'8b'/\'Ba’ k))
Mode

div_list™v_17'0b’'/\'0a'~'06b')
AY4
v.1=0/\ (some ([win3l,y:string)..y="0K’').
since by or._elim.

Jan. 1994

voi=0N\/ ~ (vll=0).
since by or.elim.

13252313151,
Delete 'Wari'\/'Var2’.
refresh 1252515152,
Prover assume’'Vari';
tRee v_1=0\/ ~ (v_1=0).
152523435133,
Extract assume'Var2’;
execute voiz=0N/ ~ (voi=0)
end_since.

macr0

} i

~ {~ (0=0)>

all ([1yx:i.list).. (~ (v (0=0))=>'Ga’" X)

INPUT
clear

do it
abort

Mari >>§

‘cap#equal_lemma’
'captidiv_list_lemma’

_EMMA P

VARIABLE

‘@a’ti_list->prop
'Sb’ri list
v_1iiint

(1)

B 8 FEFRE

Fig. 8 Automatid refinement of a proof.
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PUSHo & &, BATE HERBAL, KE,
fMEE A =2—E LTERT S CDE
&, 2—-VRHERANSERINI 2=
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&, FORAOBEH LY ZDOT 0y 7B
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EUODHILOS PROOF WINDOW

Y(Llyx:int) . x=0V~ (x=0)
(univ2_elim{})
0=0V~ (0=0)

Fu s s ARy 25 s PAPYRUS

OK=0K

—(exists_intro{})
J([win31, y: L).y=0K

{0=01

0=0A (I ([win

139

(and_intro{})
31, y: L) . y=0K)

(~ (0=0)A (~div_listeQe®bA (I([win2l,y:ir

0=0 [~ (0=0)1
—{(bot.intro{}>
bot
{neg.intro{})
~ (~ (0=0))

Becovozrve-sses

{1, (uzii.list~>prop.Ap:i_list.al (lwinl,z:i_list->prop,x:int).

(~ (x=0)A (~div_listexep

mu_introiei_listenile (Axii_list.~ (0=0))c (Ral:iport-> (Ix!type.

{131),~ (~ (0=0))}

( (i_list—>prop)—>x§

[{(1;2),#'([min],x: int). [BayAxti_list.~ (~ (0=0)),pz:i_list~>prop./\p:i_list.al([\uin],z:] 3

ASSUMPTIONS

B9

Fig. 9 Tree window.
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BRI BEEA1TS.
SEERARDZFER (EUODHILOS vy 4 Fw)
FNOABEEZERY « v FocHEBERE
UTHRRT %8 (R9IBK). RT3k
BEISK B20EBo b o0BIRTS
5. ¥, BRINCBER LORHRERT
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Tay OBEHANR 7 u -V & E B LR
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4. Bl

EARERYA ¥ ¥y

T us s hER

Ny 7 P IBEINI T v S5 AERBRIIK
BT o s 5 ARERT 28 (flter 75
ZMBHFEINTHEEZICRISKZDZ 5
AR XTI ADEBETS).

EfT

Ny 7 7 ITBEINT execute 7 5 RiT, A
BRINie7vs 5 A0RTETHOE B

22}

DTopEsb Lic, PAPYRUS vz 5.0
Blarg.
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Pb)=3b ZFEHL, w5 A2ERD W

1. PAPYRUS TEHHEHA V7V r—vav - u
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(a) F—4& + N—2ERK remove_operator((’=>’)).
BEIHEI VSV r—va add_operator((’=>’) ,xfy,700).
MV DTk use_package(system_pr_ref).
R—RXEMERT . FT— class implication_logic has
% - R—ZPERIBRD LS rele_name(_,Goal,RuleName,_,_,. ):~

Y . rule_name(Goal,RuleName);
172, i‘ji’ %%774’

:rule(_,Goal,RuleName,RuleArg,UserList,SubList,1,Num,Num, (], _,_,):~ ¢,
WEERT S, 7 A VRH rule(Goal,RuleName,RuleArg,UserList,SubList);
BRPToEBD. Wi,

local

E#EV 4V FU(E13 R rule((A=>B),imp_intro, [4,B],(],

KEDET A NE VI ({03, 1{A1,B}D);
43 B, rule(B,imp_elim, [A,B], [AY, [{(}, (], (A => B)},{(1,03,A}]);

rule_name(A => B,imp_intro);

evsuy—2% rule_name(_,inp_elim);

A=)>B{~(=))"A"B. end.
o MiERIRAl - BT — 4 10 RBAEAIZ 5 REHOH
prop: type. Fig. 10 Example definition of a proof refinement class.
(=) : prop-)prop-)prop. 3. MEAZEBAL, SeRkX 5.
true: prop-)type. THAAER T A I RBSRIc L 2 b O
imp_intro : (pi p : prop--pi q: prop-- CHEEERBREIc X 5bDE 2B b B (8.2.2
(true”p-)true”q)-)true™(p=)q)). EBR). BEERI VSV y—vary-ndy s
imp_elim : (pi p : prop- pi q: prop- HEHOAV—1"EERELTHBERNE, ThiEF
. true”(p=)q)-ptrue”p-Htrue’q). Hd3., Y2R574LTiE NJ, 42 ©2D20F—ss
o o T LAERER EABRLTV S, BEIEBI VY r—vay .
imp_intro™_"_"(lam C: D-- E){-lam(C, E). aVy7id NJ K&shs07T NJ 2FHLT
imp_elim”_"_"C"D{-app(D, C). SERRALER T & 3. COPEOBAIR, YRFa
(b) ZEHREMEEY - — AR DODEBLIES =N XD by T e LN GEE

SFEAEEY 2 —Vv— & LT, BEEHIV
FPY =gy eudy s EEDLNIL Y

a=> (a=>b)=>b.

27 2 —ARHE-T ESP 7 53 RDERTE since by imp_intro.
#£792 @I0BR). T2, Ny 7> DER L1
TRRMBHIY 5 ACED ) 7 AERBET " (a=>b)=5D.
3. COFFECLD, BEBICRREANELT since by imp_intro.
EHFLI7 5 ABFCHINB. 1151
assume a=>b;
2. FEEAERT 5. y
9, EHTLHRER a=(a=2b0)=b £ 27 1 2T since by imp_elim.
ABL, ITEBLTF -2 RN—AZPRSE 3. 115151 b
a=>b.
Ny 7y OEBT B HRER - KT -2 2CE since by assumption.
EULROWERIARET S L, ZDI FRELT 4 4 end_since.
DEBHICERT 5. Z O, &7 722 ST 1;1:1:2.
B, a—FHAbEELE &b, HBIICRE since by assumption.
BRREZLEEBD 7 7 AEZRET B, Tus 7 ulkE end_since.
BRHEACDWT OHEE. £, COEHEEDOERK :“djsince‘
LUTUTFO b DR — 2 iCBnEHT 2. et oimee
a: prop

11 a=(e=b)=b DI
b : prop Fig. 11 Tne proof of a=>(a=b)=>b.
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BHRIHETH 5.
5E8k Lo B 11 icig g

4. s s sEERL execute 7 5 RICET (ex-
ecute 7 5 ANEHET IEAE).

5 & H b I

AR T3, Curry-Howard Isomorphism #F|fH L
7wy MERFEERROY 7 b U T T ERICH
AT 3-D0EBYR5T4ELUTER LI PAPY-
RUS oW TilNfz, iz, "= EB3BHER
U, Y27 L0, BEOERICDWTHE L.

PAPYRUS kB 2X B2 FHT 2 C &ic
Lo THFur 5 AEEMERED XS KA LT 5%
ARG ERELND, ERERCE-TORE, AL
B, BT 102 (2,3,4,5, L0 HRMIID LR
oI EERTZ2 705 8) ORBERTHERD
ERE, Bicx7 g 22 FA LB~ 20 20
1 OERBETERTE . dbAACOERITIER
EBORIPVYRAFT LICHT AMBRIc LV ENTBTH
53, DL EEDRVOHERHNENRATNEC
ERHENTNTH LS.

&T, PAPYRUS CTRHHLS T v 5 LERT
5EREAFZE T 5H5, Curry-Howard Isomorphism
RRA L HELS, EBOV 7 v TEEFEEL
THYT 21K, SSEPTOLOBBRETHZ LR
bhs.

1 el LT o RBRE LT oA ER
T 27D OF BB
2. fER A hicFns 5 83— FEPHROBN S0 S
5 b3 — FICERT B HE.
1BELTR, V7 by 7ITRCEY 5B
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