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Flat GHC 7 0# 7 AOHERROL-HOEHR
The Semantics for Abstract Interpretation of Flat GHC Programs
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(BF) B = > ¥ o — AT

BE fETH.

Flat GHC 7w 7 5 o0 A8 S SR ERT 5. CofkiER Flat GHC 7w 7 & ol R

DE—AREEAENSRE LTHLAL POy, CCTHREXHITHNHETOERSS VEFOE-EHRC

HL. th, BIHENSRLOMRLERT I,

1. LS

EEotl, Flat GHEC 7 u 29 & OFRED S Beokm % o
FE5. COEERE Flat GHC e 5 AofgEE o~
—E MR LTiERR G B, VREWR
Lol (VR - Tl S

T HITREREE Flat GHC & £ 0{RRERIC 2
Wit kil ©rTRETIFEHATENNEEEL, B
VemmnEiy  oEEIRTE. RRCHIBHELY DS
CHHER IR DTG,

2, Al

ceTh, ZEvEb b AEN Bt onTE
#Ho. ThoofS{ Ui M0 vEREhTnE LD
THh 5.

Var ¥ 8 o0BE, Func 2EMICE0ME, Pred 10
EREEEOMY, Term % Vor b Fune P OEHEI RS2
TOHHOEE, Atom ¥ Term & Pred FOE@ERL 5~
TOT a0l Ld o BHEE T7Fia EHolR
FhANEHOMEL muli METHI L33, BHE KR
BRI ETOERORMEE wdE) vEDLT. LA Var
Bl Term -~ mapping T3 b, {V € Var | (V) &£
ViTtEEEL L ETO domain REMECHE 245, 4,
f @ domain ¥ dom(f) CEbd. h, RAFR{V ~
t|V edom{f)AB(V) =t} THEH 3 L5 % assignment

ORFERAATCEATED. TOR Uy cgompey var(9(V))

% 0 o range EFECL, ran(f) TET

Ex#Berdzd, ENEeB(EW R EFcBlbhog
WV ERAECEV) TRERASCLICL o THBRS
FHEFEDLTWE, 22004CA f } o @ composition ¥
foeTFEL, [B]A2[10] A ¥XoE@ML TS D LTS,
fEAR VWD 4 idempotent(T 2 1L, dom(d) Nren(f) =
b cem, DHEMETELCWE (TH3baLL (6.
FTiTd idempotent {CAOREE Subst ©FT. Vard
& Var ~@ bijection T$H 5 K 5 £{UA #49FIC renaming &
i LT renaming OHEE Renam CEF. Theo =
(Vet|VEmr(E) CoALIRAcEIDREE ~D
MER LPRTE, #p ET

B1,83,¢ € Subst ©H 58§, Subst LoBEF< 6, <
gy iff Je(the = 6;) CEFEL., instantiation ordering
LVFLL 7, instantiation ordering < ICBE B M AR
BE~THL, 8 ~ 8 iffl 30 € Renam(fho = )

PN E. A, 0, ~ 0, THEEE, Subst LS
B~ kX E modulo ¥ Subst;, vET. cockickh,
Subst;., F@¥IEFE Subst FORIEF < b HB TR
=E & CO¥MEAE Y $ A instantiate ordering & PRI, =
EEIF A LT A, wA, 0 EFERIE ~ B STA
DS (0 @ equivalent class LEERAY) ¥ 0., CRA. K
ERlopEdfvwiiE, HKf cETBS LD 3.

= b rERRERE D 20T (BCBRALFERL
EhBD), < boBRAETELTTEHAL, Subst U
{T}# Subst" cHF el ks £LT, Substi. ®
Subst], ICiEET 5 &, (Subst), <) RSEMEREEET 3.
{4]

#H Ey, By @ most general unifier[mgu)mgu(Ey, Eq)
T#H L, mgu(E, E) = 0 iff EyW = Eaf and W' (
Eid = Eof 20 = 8 wort, var{ £ Uvar(Ey) ) &EE
T3, A6 CHEIET 2 unification atom OME % Eg(f)
LEEERL, Eqd) = {X =t | (X — t) € 0} LEE
+%. unification atom D& UEfs = t1,.0.,80 =
ta} EF2 L, mgu([sy,...,80],[ts, ... ta]) & mou(l) T
#ic et a.

feA 8,6 ke LT, var(fi) N var(fz) = dom(8;) N
dnm{ﬂg}'ﬂ!}iﬁ. B k0 E¥FELTvE LML

(Subst], <) REMHEBELTwEOT, Subst),

A E I least upper bound{lub) & greatest lower bound(glb)

R0 chbolubpglh B3kdE TATY Kok [4){7][10]
#cloTthreifEEhtwd. [10] KEFwTR paral
lel composition{T T#E % #.86) & parallel factorization(]
THEEND) EFFENE Subst),
Subst;,, — Subst;, BIMERBREINLTWE. Tk tCT
ik, Ehbofferso, 1 6 = b(d, 6+ | 6 =
glb(fy 0 DERFENBH S C LHRERTINE.

HEe2o0DRAFEPENCPFHETIZRECTEBAYEL
L5, bt f)=Todaerds Lo Rl LAWE
B, #£8, TEL

fRA b € Substy., ERTLEWT<TORAOHEEF
OFCA LT, . Ehn O ERGRT S AL RICA (@
equivalent class D) MET {F] € Subst;, [ 6. £ 0} L
EEshd. o

o, [10)THATRAE2>O8EEparallel compo-
sition * parallel factorization FMEBICEEEEL X 5. ;) k



By #{EA 0 equivalent class 2435, 8 T 02 4 mgu(
Egi(f) U Eg(f)) EEEE NS Ehk, 8 | 5 Hfoc-
torization algorithm PR ST AT T8 TR
ARTWE, coTAaslXagl-onfAd ki, nR
%% binding oBHFEIVELRIBwTW{ZLE k>
T, MM, BREAEDNA L theta & 6y LiCHHE
LTHET A0 & ox RERT S chboRAOMH
iCitnry = 6 and noy = ty OBEFRBBEC EHTEH
Twi, fo Dol oA o, o ®oaide fRA EFE
ATnd, KETHRa (Ehik o) #REC, (M) D
&y (or ) @ most general difference(mgd) &PFRLE,
mgd{fy, 02) (F R med {0y, 02)) TFI

3. Flat Guarded Horn Clauses

3.1 FGHC 7o+ 5 4

FGOC e 2% 4t flat guarded clause IS0, flat
guarded clause (& 7 BT clause) i1, BIFOEE LT
&.

Piti, ) = Gr,...,Cm | By, o, Bo(k,mon = 0)
ZET, p€ Pred Tpik kI [WMomiBES, 4,...In €
Term TG, ., G, By,..., By € AtomTh 3. 3k,
Gy Gy B guard goal &, By,..., By i body goal &
PRI E. T FLop(ly, ..., t) t head EFFEEH, head P
guard poal & #hdAEO % guard &, body goal D
i body EFFHERE. Rk, 2000E uily +3AHO
25| B0 RFHECS ‘=" A8 built-in & LTH@IATE
D, "=" k& geal # unification goal ¥R & guard
goal (3; 1 unification goal 7% 5.

3.2 Flat GHC OB EHRS

[14] # [11] £ L& # =T, FOHC offetyiiskist tran-
sition system TE#LTA L 5.

FGHC 7w # 7 4 F @ transition system % configura-
tion & trapsition relation #fAwC@®T 5. configura-
tion it var(BYUC CV @A TES S goal @ multi 1B&
B E (environment & FREERS) FHMES V 48 © unifica-
tion 7 b @ multi & C 2o (B,C : V)eRbih
5. rr™, CHigeal Bichdd & BEEEL V RED
Bl - AREMELHBLTWE. TulX7
LPIKEGD By g =t 270 ?d LT
RLUETCE#EL L configuration Lo 2HBE (- — -
#HIH) TERINE.

(1) &L (B, C, : V) — (B],C] : V])} kb,
Bz, Oy Vi) = (B{U By, C': V) ©H 5.

(2} 4L3ee P((H -G|B)=cnp) Ty Vnvar(en) =
B EES LS Rrenaming T {A=H}UG =, T
2 EV.(C D 3(var(C,) \ var(A))C,) TH SR LI,
{HALC: V) = (B,CUC; : VUvar(en)) THE.

() ti =12}, C: V) = (B, CU{t; =1z} : V U var(t, =
ta))

€ — cp W NI O R79 748 POTT e K

TRELEES. ik, BRI oFodlidHecEes

L fe transition relation SR SFCEBI L 2 WRCRERTE

{ﬂ1 L

hicisLT S, S & "SR roRkiEv2. Ik,
— @ reflexive T transitive ZF14 (closure) & ~ THL,
SRRl S —EXETERAL, ThAE (0EDH 58
hEws) S 2@AT e oTHLhANE S &S
{2k S rpEgts.

goal b & clause el LT, ({}},C : V) & %3
environment ¢ : V * configuration ¢ SEELT 36
O Ve 3o LT 5% % environment T
BLEnS. ¥R, C:VicklsboBlcHLTH
4% environment CH D Fodho (el X B b oBHICH L
) A environment O V' iESwT O =2 OV MR D IE
=26, O % clause ¢ KT 3 goal b @ most general envi-
ronment (mge) & FE&R

PR —A By @7 034 P OFCORTREN con-
figuration {Bp, @ : var(By)) CHE & (MEERICH < 2 % 04
I )transition Ol LTEHCE S ThiEL, o
Og = .— oy — Ty oy = (B, B ovar{ By)) TH B
C g% configuration i > 1) & (¥ & F4H POTFT)
goal By b SEEOTREA configuration &TFHH 5.

4 TERGEEA

Cov, THREENTSE poal RHFFTICRTTE 2398
& X% % goal @ multi S T OEITEE goal THEHLD
WO interleaving L LCEFA{ET S, T/, E0LS
EEFTARCCTE#RIND ERERORFEAE LT
R E D EERT
4.1 Atom Reaction

dREATH IR FORAK 4" £~ D annota-
tion FHHINL A & ©F unit reaction EFFLL, 6+ ARG
Lo+ s, h&Re, 6 % input unit reaction &, E
#. 07 % output unit reaction *PEE. ¥4, unit reac-
tion & = 8° &= b annotation H DB WRICA S ¥+ 8] &
fditd 5. F<4Toinput unit reaction WS {#F | 0 £
Subst} % UReactt &, +-2T D outpul unit reaction @
W5 {0 |6 € Subst) ¥ UReact™ &, F-4T @D unil reac-
tion M MReact™ U UReact™ % UReact » 0B+ 5.

i, reactive REWEOIERARIEFE IS THAL.
F?JLE%&WJ: Loy '-I-l'j‘r -l-u;‘; Lar TCrhbiRENE
k%, reduction &ML  unification B, dead lock %
FELTWE, %4, Ll = [Leg] = [Latl = '
|Lugl = TTH& {L, | a € {suc,rf,uf di}} & {1}
E, UReaciJ{L} % UReact, L2#+ 3.

unit reaction £ ot TR R ER L ACA
LEoBFEAwcEZET 5. § % unit reaction, # B{TA
&3 &. unit reaction @ domain 4 range i, dom(f) =
dom(|6]) # ran{§) = ran(|f]) EEREEHE. A, mgu

= mgd &, mgu(b, o) = moul|6], o) ® med(§, &) = mgd(|5], )

+ mgd{e, 8) = mgd{a, |8]) LERENT.

& € UReact & unit reaction O A £ LT, 51 <
P nAA = 616y, ..0,) DR 6 €A EREFL, &iZTAK
#3 EPEL unit reaction MK A £ H BERD unit re-
action &, 8 K LT, 34§ cAlA=6. . fhnl=i<
J=n) o, & = 455 e A Ef2HEL, ﬁﬂ-ﬁ‘lﬁfﬁ;ﬂ{;

— 2 —



ORNe &L LA unit reaction DIBOWTEE O kidik+
&
BB < 6 € AKHLT, dom(&)Ndom(s;) = 0
T dom (6 )man(é;) = B CHER, £0 XS5 K unit
reaction @i #ERIC reaction sequence MRS F2TO
reaclion sequence MRS E RSeq LR+ 5. A € RSeg
@ domain i, {V | 3 € AV € dem{f)}n V&' €
AV & ron(d) ] £ EHOMET, dom(A) LEME
H. K, IWMTERLARCALRAEAETE LWL
#1 CO domain DE#EFAWTICA L reaction sequence
* G'_')EEE, reaclion SEUece = reaction sequence 'F'Jﬁf!f
~EPHBIEEETE S £k Hibs.. 8, £ ASeg T A =
bp.. .0, ETBLE SCALERAHMm.. .6, THD.

A= &8y, 6, € HSeq @I, composition [§])é]. ..
|6| % A @ compogition EFFIE, comp(A) LIEREZ.

A g AdlomTdh2 A £ Rﬁeq T dnm{i‘u] o t'a:r{.-'!]
THEE, T F4oA E reaction sequenced 3% atom
reaction & FFIE, (A, A) E8gi+ &, £/, atom reac-
ticn (A,A) @ reaction sequenced DEFHICH FiS EH
MLAYod ¥k atom reaction EMFERE. o0, +
LT @ atom rteaction OIS E Alect TH LT T
fE%, AReact = {([A A8 [AE Alom AAE RSeghd €
UReacty} ©& 5.

A6 k atom reaciion A 2 ETELTwWaE, 6L
(4 A dFAEFELTWELEES. FA, reaction sequence
Ay & A R EFELCTwER, atom reaction (A;,4q) &
(A, Az) b ERBEZLTWELES.

stom reaction (A4, & 8 . .. &, ) BELF oS 5 485,
FeXFa PE LT oorrect TH S EFRLL
(0) n=0, FHRES, §6...6,=07T5.

B ={A}lCC = 0CHoR, 80l =i < a)eH
LT, mgu(Cy, ) ~ & &386 &,

(1) & € UReact™ R blE, C)=CiUCs 0 By = (B\
{H})UB % & transition {B;, C : V;) % {Bi, Cly, ¢
Vibvar(en)) #FETI. ccv, (H-G|Bi=ey
T 1 b renaming T & 3.

8 € UReacl™ 264, C;=C! T Gy = GUCH, T
Hiyy = B\ {i = s} % & trapsition (8;,C; @ Vi) =
(Big:, Clyp s Vittwar(s = 1)) HEET S 25w,
fne{L}R6H, #8Boil<i<n-1)cHLT,
EfR(0)-(1) owdhdboffEE#BrL, 2, & =
Lo OFf, B =017, 6§, = L., OFf, f£EDbe
By (H = G| B)c PEsLT mgu(C{_;) s
mpu({é = HUuG)©, & = Ly ok 35t =
$E€ By LT, mgu(C!_,) % meu({l = s}) T,
b= La OB (Baey,Ch_y Vo) 7 THE.

4.2 Topdown FEN S EHR

¥7, atom reaction ~DRADEHAPEETE. 81
fCA. A =4§éy.. b, Hreaction sequence @, & Al
HMELTWE LTS Lol oA ~0ffl, =8
Ty = mgli{cr.;_l,ﬁ.-} kL ARy, 55-;[] = i = n) lcH L
T8 = mgd(6;,e:_1) & 5 unit reaction MWL & 6. .. 8

(3)

°hD, (A LiZRTE. T o k& REWICHE
LTwd kt+ad (A4, A) % atom reaction L34 & &, fUA
0 (A,A)~OEALTABECES. THiL(4,A)0 &
Bt X, (A8, (A8 EERERSG.

Lemma 4.1 P#%FGHCZeZ74tl, (4 AR
atom reaction T 8 i (A, A) EFETSIRATH S LT 5.
FoF, (AA) 12 PICBELT correct TH S T (A, A)F kL
PrEMLT caorrect TH &

Wi, WO reaction sequence B H - £l Th oo
interleaving ¥ 287 3. reaction sequence DS (A,
v A} OEEIES V Eoo interleaving B, int(dg, ...
Aphyy EfEf & h, BIFUE&2 1 d unit reaction MilELL
OEETHS.

{6-A| 3i€n(d=6-AN
(A=DAd= 1y
if & € [ React™ a V C dom(§)v
A=D0OAab=6& fTA;E {J.r_r,J_u_r,J-J]}V
A =mt(AVE,. .. ANE ) vs, NE=
if A = Al L, ¥iEnld; = ﬁ._:-’-.]_,“}'l.-f
A=l Afy, A AR s A
& =& nt.h:-:ru"lﬁe]}.
Lemma 4.2 £EOFEEHS VLT, 2L A, A,
v AL METWICHTE LSS reaction BequUence b,
A € mt{dy, ..., Ay )y & D unit reaction AR reac-
tion scquence TH 5.

F-2T @ atom reaction QS AReact O<FPBEE Den

THEHL, ChEPDHEEROEELTE 7o XFapP 2
A (7 HE L bR Teg : Den — Den #
LForsEs4 .

Teell) =
{(G,o)}u
{{s=4,07)| (s=2, 00Tl =mgu(s, 1)}
{(Bib,,0)| 3(A,0)eIA3H - G|BEP

fg = mgu({A=H}UG)ATB; € B} U
{(A0}A)] 3A,0)elAdH -G|BeP

iy = mgu({Ad = H} UG)A
VB; € B3(Bifl,, &) € TA
(Biby, A;) BIHEWICEHE
A= int(AL Az . An)jear(ay )
{(4,0} Ly) | AA D)€ TA _
WH - G| Be P30, ed|
§=mgu({A=H}UG))}
Den it bottom element @ & top element A React #F0
HEoESHR C Kk TREHTERBET .
REHME Teq() REIT IR ®F T 4 0D atom reac-
tion @O union & LTEHL LTI,
(1) unification atom s = t HBSEIC binding myu(s.t) ¥
mz 5.
(2) F—A ABREDYF=—A kLT Biob, HEMT .
(3) ¥k, T2 ARO]A LD reactive RENEETE 5.
ThiESL, F—A Adbinding 6, ¥WS KXY
£ D& 7= A reaction sequence O E[EEA inter-



leaving @—2CH 3 A XFEHT B8t ES T L
EREELTHE

() T—n ABEDH—F{Ad= HIUG 2 C LTE
% binding & incompatible % binding 6, KRB L /R
i, A suspend 3 3.

Lemma 4.3 M#8 Tp; HBETSE.

Lemmad.d X 98 bhic Tpg REETHEOT, Tpe
REETE fp(Tec) ¥Fb, 22, fp(Tee) = Trot
w 9] TH 3.

P#FGHC 7 m72aCGha—abToL, Ip(Thg)
FTEFFLPOT—A G KT 5 topdown TR ST
PR &R, [FPle E#EE+ 5.

T CTREL % topdown FEYGEER L 3.2 #C84L
B EHNOMBL O WTR2E. o TRELEWD
RETFoRHETe 4.

Theorem 44 P# FGAC ey 3avGia—ak
35 &, atom reaction(G,A) v ¥ 3 L P OTFT cor
rect TS i lfp(Tre) i (G, A) BT

Ll ]

T, HFore 27 4% HwT topdown TEAE
BRI 2 WTEATE. FufFLQ LR LR ¥Rk
ELXA.

o
q(X,¥) :- | %=a, Y¥=b.
P] =
pla, Y} = | qly).
qlb).
qle).
Py
pla,¥) := | g1y},
pla,Y) == | q2(¥).
qi(b}.
q2(c) .

T fa={X —a),bh={X — b} Oy =0 UDy &
Ly (A0L)={(A,eley)|occb} 3.
[Qhixy) B
{(e(X, Yj-’aa_ﬁ;J-mcj.- (2 X,Y), 0,05 Loue)}
ThLH (TCT (¢(X,Y),0)%(gX,Y)6) ¥Ry
WTng. )
iy [Plpxy)
{(p(X,¥), 07 6F Louc), (p(X,Y), 0507 L,u.),
(P(X.Y).6F 05 Log), (p(X,Y), 02 Loy),
b
=% [Palpexyy B
(X, Y), 6285 Loue), (X, Y), 0405 Loy),
(p(X, YLﬂ;:I-H:J-:un}n (P{X:Y}rE:E-'-J-rI}u
(P(X,¥), 00" 1y))
~hz.
rzie, PQ :pg - p(XY), q(X,Y). #MA 3 &,
[PQUPUQL, 1 [Qlyxy) @1 2B & [Palyxyy @42
H @ atom reaction @ & reduction %8 (F4 B, dead

lock) OFREESBINE RS, LiL, [PQUPUQ], K
K & D EREREL A

65U

Flat GHC 7o ¥ 7 LAOFE A EHBT TR L, #Em
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