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Typed Assembly Language for Conditional Execution

DAISUKE I1zuka, ! TosHryUkr MAEDAT!
and AKINORI YONEZAWA!

Typed Assembly Language (TAL) is a type-safe low-level language that serves
as a target language for compilers of high-level languages. TAL’s type system
ensures that well-typed programs do not violate high-level language abstrac-
tions, such as closures, tuples, and user-defined abstract data types. The orig-
inal TAL was designed for a generic, theoretical RISC architecture, and no
specific real-world architectures have been considered except for the IA-32 ar-
chitecture. We present a TAL for the ARM architecture that is widely used in
embedded computing environments. One key feature of ARM is Conditional
Execution facility. Conditional Execution is the mechanism whether an in-
struction is executed or not is determined dynamically by a comparison of the
conditional flag, which is specified in the instruction, and the value of the con-
dition bits in the status register of the CPU. More specifically, we present an
extension of TAL to support Conditional Execution with mapping types which

map a value of the condition bits to a type. In our type system, a single register
can have different types simultaneously, depending on the condition bits.
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3: jmp ri

001000 {r0:int, r1:{r0:int}} 0000000000 00D0OO inc0000OO
goooboobooodooooobcooooboooooooobOoboOooobboobooOobOoon
UincO00000O0O0OCOO0COOCOODOOroOOCOOO0rx1000000000O0OC
00000o0o0O00ooO000oo0o00ooo0ooo0o0oTALOOOOODOOOO
gooobooooooodooooobooooobooboOooooboooooOobOoOooooon
oooboobooooooooooooooooobooboboboOoooooooOooooooDooboo
[ 12),18),20)

TALOOOOOOOOOOOOOoOoOooOooOoooooooooooooooooooo
goooooobobobooboboooboooooooooooDoObObObOobObObOoOooooooon
inc000000000000O0OOO0O0OO0OOU0ODUODOOO{x0:int, r1:{r0:int}}
goobobobOootbooob2000 «add 0000000000 COOOOOOODODOO
roJ000000000000000000000 mO0O00O000O0ODOOOO0OODO
0000000000000020000000000000000000000 {r0:int,
rl:int} 000000000003 000 jmp00000000OO0OOOOOOOOO
Urigdobooboobobboobobooboobuoobbooboobbooboobo
gooboooogoooboobobobobob00UDO0l rObO0ObUODUODbDODbD30D
gogobooobboooobbbooobbooobo

3. DOgoood

000000® 000000000000000CPUONOOOOOOOOOODOOO
0000ooO000ooO0o0ooO0o0ooo0oooo0o0oooooooooooocrPUOO
bobooboooodbooobdooocoboooobooooboOooobooooOobobooDo
O000oo0o00oooOo cepUOOOOOOOOOOOOOOCPUDOOOODOOOO
O000ooO0o0Ooo0o0ooooOooooooocCcpUOOOOOOOOOOOOOOOOO
ooooooo

O0o0o00oooOoooooo ceUOOOOOOOD 100 ARMOOOOOOOOO
0O®O0ARMOOOOOOOOOOODODODODODODODO CPUOOOOOOD
O000000o0o0oOo0oooooOoocpPSROCOOOOOOOOOODO 400000
Ooo00oooooooooOoOoooooooooOooo NOZocCcovVOoooooooo
goooooooooooooooooboooooboobobo0oooobooboOooooooDboo

(© 2008 Information Processing Society of Japan



11 CcpUOOODOOOODDOOODOOOOOOODOO

01 00oogoooo
Table 1 Definition of condition code.
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1: label:

2 cmp rl, r2

3 movgt r0, #1

4: moveq r0, label
5 addgt r0, r0, rO
6 beq 10

7: .
01 0000000000 ARMOOOOUOOOOOOOO
Fig.1 An example ARM assembly program with conditional execution.
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1: label: {ril:int, r2:int}
2 cmp rl, r2

3 movgt r0, #1

4: moveq r0, label
5 addgt r0, r0, r0O
6 beq 10

7: .

02 TALOOOOOOOOOOODOOD
Fig.2 An example program using conditional execution with TAL.
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1 label: {ril:int,r2:int}
2 cmp rl, r2

3 ble L1

4 mov r0, #1

5: b L1

6: Li: {}

7 bne L2

8 mov r0, label

9 b L2

10: L2: {rO:int}

11: ble L3

12: add r0, r0, r0
13: b L3

14: L3: {r0:{rl:int,r2:int}}
15: beq 10

16: -
03 O000O0o0ooooooOoOoooooOoooooooa
Fig.3 An example of converting instructions annotated with conditional kinds to branch
instructions.
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1: 1label: {ril:int,r2:int}
2 cmp rl, r2

3 bgt Lgt

4 beq Leq

5: b Lf

6: Lgt: {}

7 mov r0, #1

8 add r0, r0, r0
9 b Lf

10: Leq: {}

11: mov r0, label
12: b r0

13: Lf:

14:
04 00O0O0O0OO0O0OO0OO0OOOODOOOUOOODODODODOODOO

Fig.4 An example of grouping instructions by conditional kinds.
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1: 1label: {ri:int,r2:int}
2: cmp rl, r2

3: b L1

4: L1:

5: movgt r0, #1

6: b L2

7: L2:

8: moveq r0, label
9: b L3

10: L3:

11: addgt r0, r0, r0
12: beq 10

13:

05 ODO0O000O0O0OOOOO0O0O0O0COOOOOOO0OOOOOOOO0O0

Fig.5 An example program whose instructions cannot be grouped by conditional kinds.
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movgt r0, #1
moveq r0, label

1:

2

3

4: cmp rl, r2
5 beq 10
6

06 TALOOOOOODOOOOODOODODO
Fig.6 Another example program using conditional execution with TAL.
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s=a|int | VALT | (77 mfm) | Baer | T
=0 | 1

s={li: 71, 0 T}

= {a,A

s={r1: &, ... 0 a1 i )

s={s1—11,...}

n=r | BRI I | 1r

n=l | i | T | w(T] | pack[T,w] as T’
n=r | w | v[T] |pack[T, v] as 7'
n=(wy, ..., Wn) | code[A]l.]
s={li = h1,...,ln— hn}

a={ri = wi,..., Ty > W, 1r — Wy}

::=0000 \ 0001 \ 0010 | 0011 ] 0100 | 0101 \ 0110 | 0111
1000 \ 1001 \ 1010 | 1011 ] 1100 | 1101 \ 1110 | 1111

cond :={s1,82,83,...}

L

m=aop(cond) r4,Ts,v | cmp 7, v ‘ unpack(cond) [, ra],v |

malloc(cond) r[7] ’ b(cond) v ’ mov(cond) rq,v |

1d(cond) rq[rs, ] | st(cond) rs[ra, i

aop :=add | sub { mul

I
C

=l | bl(COTLd) U, Unext | buv
1:=NZCV

N,Z,CV:=0 | 1

P

x=(H,R,1,C)

07 000 TALOOO
Fig.7 Syntax of our TAL.

000000000 0000000 Volb1 No.2 9-27 (Sep. 2008)

02 000ogogo
Table 2 Conditional kinds and their abbreviated names.

oo ooo

eq { *] k% }

ne { *0** }

cs { *ok ]k }

cc { *K()% }

mi { iRkt }

pl { Q**x }

vs { Hokk }

ve { **%0 }

hi { *01* }

1s { VA }
ge { 0%*%0 v 1**1 }
1t { 0¥*1 v 1¥*0 }
gt { 00*%0 v 10*1 }
le { *¥1%F v 0%*1 Vv 1%%0 }
al { kkkk }
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og200000000

000000 ARMOOOO0OOOOOO0OOOODOO0O0OOO0O0OO0O0OOOOOOOOooo
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ode2000000
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6.2 OJOOOO0OO

000 TALOOOOOOOOOO 30000000000 000000000000o
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oobb empO0O0O0O0O0O200000000r00o00000000000000C0O

03 000 TALODOOOOD

Table 3 Operational semantics of our TAL.

(H,R,I,C) — P where

if I =

then P =

cmp 7, v; I’ (H,R,I’,C") where C' = setC(R(r), R(v))
b (H,R,I'[¢/A], C)

where R(v) = I[¢] and H(l) = code[A]".I’
else if C € cond and I = then P =

aop(cond) rq,rs,v; I’

(H, R[rq — R(rs) aop R(v)], I’,C)

unpack (cond) [a, 4], v; T’

(i, Rlra — w. I'[7/al,C)
where R(v) = pack[t,w] as 7’

malloc (cond) Ta, [T1,---,Tnl; 1’

(H[l— (?7T1,...,?T0)], Rlra — 1], I’,C)
where | ¢ H

mov (cond) rq,v; 1’

(H,R[rq — R(v)],H,I',C)

1d (cond) rq,[rs,i); I’

(H,R[rq — w;],I',C)

where R(rs) =1l and H(l) = (wg,...,wp—1)and 0 < i< n
st (cond) rs, [ra,i); I’ (H[l = (wo, ..., wi—1, R(rs), Wit1,...,wn-1)], R, I',C)

where R(rq) =1 and H(l) = (wg,...,wp—1) and 0 < i < n
b (cond) v; I’ (H,R,I[v/A],C)

where R(v) = I[¢] and H(l) = code[A]".I’
bl (cond) v, Unest (H, R[lr — R(vneat)], I'[¥/A], C)

where R(v) = I[¢)] and H(l) = code[A]l".T’,

else if C ¢ cond and I =

then P =

bl (cond) v, Vneat

(H, R, T[/A], C)

where R(vnext) = lnext[?] and H(lpezt) = code[A]T. 1’
otherwise then P =
I’ (H,R,I',C)
R(r) when v =1

where R(v) =

w

R(v")[r]

when v = w
when v = v'[7]

pack[r, R(v")] as 7' when v = pack[r,v'] as 7'

[T1, T/, ...

van] = [r1/ai]. .. [Tn/am]
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04 O0OO0OOOODO
Table 4 Judgments.

ooooo oo

AFT O 7 0 well-formed 00O

' Oooo v O well-formed 000

AFT goooooooOo ' 0 well-formed 000
A}*leTQ DTluTQDDDD

ATy =T gopooooooo r, 0 . 00oo
AFm <7 n 0000000000

AFE 000 ¢ 0 well-formed 000

AF g <& 000 ¢ 0 & 000000000

AFT; <T» 000000000, 0, 000000000

FH:VU 000 HOOOOO vooo

v R:T@C 00000000 ROOUDODOO cUOOODOODDODOOO TrooO
U h:7 hval gooo ARO0O0 7000

;A Fw: T wval Ooob0 w0O0O 7000

U; A Fw: 7% fwval 0000 wODOODOODOOODOO 727 000

Oie,w 00O 00000000 wO 77000000000 o0 00000
U, A;T F v 7Qcond 000000 cond 00000000000 7000

U AT o= AT 00 .000000 ;AT 000000000 ¥;A; T 000

U, AT T 000 IO well-formed 00O

=P goooo PO well-formed 000

gobooobooooobooooobooooooooooooooooboo™@oooOoooo
goboboomooooooooooooooogooboo 20bb00oboOoOoOOoDO
oooooOOoo0o0o0o0o0o00ooOoOoOog TALOOO0Ooooooooooooooooo
goboodooboboooboooooooooooobooooooboa

6.3 OOOOO

040000 TALOOOOOOOOOOOOOOOOOOOOOOOOOODOOOOO
gooo
001 +-POO0OOP~P OO0 POOODOORP OOOOO
0000000000000 oo0oPO wellformedOOODOOOOOOOOPOOOO
gobooooboboooooooooooooooboooooOoboobooOooooo

6.3.1 ODO00OOOOOOOOO

0800000000000 0O0D00O000O00O0OHAHORODIOCOO well-formed OO
0000000 HOOOOO vyOoOoooooooOoOOOOOOOOOO0OO0O0 rROO
goooooooroooooooooOooooooooooooOOOooboogoo IO
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FP FH:V WER:TQC |

FH:U v+ R:TQC U1
(PROGRAM)
'7 (H7R7‘I7C)
U U F h;: 7 hval U={l1:71,...,0n:Tn}
(HEAP)

"{ll)—>h1,...,lnl—>hn}qu

U - Flr: &,-(0) i = &(C)

UE{ri—wi,...,Tm = Wn,lr —wi}t:{ri:&,...,rn— &, lr — &, }QC
(REGISTER FILE)

U; - - w; o 1 woal (1<i<n<m)

08 O00O0OO0OO0O0OoooOoo
Fig.8 Typing rules for abstract machine states.

well-formed 0000000000

0do0o0oDo00o0o0oodoodDO0oo0ooO0oDODOoOdD ROODODODOODODO CcOO
dddooObOoOo0bobOoOoooobObObOooobooOo roooooooobooooooo
0000000000000 000000O00DO0O0OO0O0O00O0O0ODO0O0OR((r,)00ODO
oo0oUo0oo0ooOooooooooOoooooOo cooooooor(r)(C)yoooo
oooogoogod

6.3.2 0O0O0OOCOOO

o900 l1o00000O0DOODDOOOCOO

0000 b»b0000000000O0w0000 cond00OOOOOOV]I,O000OO0DO
doooooooooo o r.0oooooooOOCC0OC0OOOO0OOOoOOgOgooog
0000000000000 000o0ODO0O0U00O0oD 200000000000 ODOOO0O
ooooood

O00Ocond00000 000000000 1100 120000000000000
doo0ooooo0O0000o0o0o00oooooooooOOoooDooOoooooooog r
0000 condD000 +0000000000O0CO0OODOOO0O0O0O condO0O0DOO
00oo00oo00o0o0DOo0 rO00DO0O0ODOOOCOODOODOOODOOODO 130000
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U AT HT

AFT; <Ty U; AT o V[).T2@al

(LAST BRANCH)
AT Fbo

A Fl{lT : &T} S PQ
U; ATy o V][ T2@cond

U; A; Ty F bl(cond) v, Vnest

& = update(T(Ir), al, V[].T's) AFT; <Tj
\117 Av Pl = Unext - v[]r?,@al

(BRANCH LINK)

WA T Fe= AL TY
U ATl

AT T

(INSTRUCTION)

09 0D0oooooooo
Fig.9 Typing rules for instruction sequences.

0000 get(€,cond) DD O 0000000000000 cond00D00O0DOO0O E0ODOO
OoooooooooooooooboobobooOObOOb0O00O0000d runigy 0000
goooooooooooooooooobooboobooboooooboobooooboooDoDboo
goboooobbooooboooobo40poooooDo
gooobOOoO0o0owviO0O0O0000010000000000000 cond000000O
gobooboooobooouoboboo 2000000wsd00000000O0C0O0OOO
000000000000 00O000U0O010D00OU0oOUO V[0 000D0DOODO
000000 20000000V Is0000000000ODO0O0O0OO0ODOO condOO
gboodooooboooooob 2000b000b000bO0O0oo0ooboOobOoOoboboOoDo
oooooooobDO0OO000 000 2000000000000000DO0OO0O0OO
's0000000000000000000O0O00C00B00 cond00O0O00O0O0DODDO
oooooooooo WWooooo0ooO0oo0oo0oo0oo0oo00b0001000000000000
oooooooooooooooooooooboobooon,O0o0000O0O0O0DO I(PO0O0O
g2000000000000000000DOO01000000DO00DOO00ODOOODOO
gobooor.ogoooooboooooooooooboboooooooooooboo o
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| AT = AT

U AT r:intQal
& =unify(T(r:),al)  (1<i<n)
U AT Femp ryo = AsT{ry : &, ..

U AT R o int@Qal
&ir = unify(I'(rir), al)

yTm o b §n7 Tlr - glr}

(COMPARE)

U: A;T 7y @ int@Qcond U: A;T v int@Qcond &r, = update(I'(rq), cond, int)

U; A; T F aop(cond) ra,rs,v = A;T{rq : &, }
(ARITHMETIC)

U AT o 7Qcond
U; AT F mov(cond) ra,v = A;T{rq : &, }

&r, = update(L(rq), cond, T)

(MOVE OPERATION)

U AT Frg: (180, .7, o Y@cond

v in—1

&r, = update(T'(rq), cond, T;) (0<i<n)

U; AT F 1d(cond) rq, [rs,i] = A;T{rq : &, }

(LOAD OPERATION)

AT Frg: (700,70 YQcond U; A;T F s 7;Qcond
&, = update(T(rq), cond, (180, ..., 78, ..., 7" H)) (0<i<n)

U AT = st(cond) rs, [ra, 3] = AsT{rq : &, }
(STORE OPERATION)

AFT; <TI2 U; ATy F o V]].T2@cond
(BRANCH)
U; A; T F b(cond) v = A; Ty
U A;T o Ja.r@cond (a ¢ A) &r, = update(I'(rq), cond, )

(UNPACK)

U; A; T F unpack(cond) [a,ra],v = o, A;T{rq : &, }

A &, = update(T(rq), cond, (1, ..., 7))
(MALLOC)

W; A;T Fmalloc(cond) rq, [T1,...,7n] = A;T{ra : &y}

010 DOoOOooooo
Fig.10 Typing rules for instructions.
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U A;T - v 7Qcond Uhkh:7hval U;AFw:7T wval
U AFw: 7% fwval

get(L(r),cond) =7
U; A;T 7 : 7@Qcond U;- kw1t fwval

Uk (wi,...,wn) : (77, ., 78) hoal

U AFw: T wval
U: A Fw: 7Qcond

AFT U AT HT
U + code[A]l.] : V[A].T hval

AbFT U AT+ Ve, A'l.T@cond
U AT+ of7] : V[A'].T[7/a]@cond

=7 U+ h: 7 hval
Uk h:m hval

Akt U A;T Fov:7'[r/a]@cond

A"’H STQ \I/(l):’ﬁ
WAL woal

U; A;T = pack[r,v]asIa.7" : 3a.7’Qcond

U A;T o TQceond

U: A Fi:int woal
AFT1 =7 U A;T v 70Qcond
U A;T F o 1 Qcond

ArT U Ak w: Ve, A'].T wval
U; A+ wlr] : V[A'].T[r/a] wval

011 0000000

. . /
Fig.11 Typing rules for values. AT v, AFw:T [T/CV] wval

U; A & pack[r, w]asIa.m" : Ja.7" woal
000000 1300000000 update(§,cond, ) J000O0O0O0OOOOOOOO

¢0000 cond0000000000000000 +0000000000000000 Ak T U AFw: T woal
00000000

U:AFw: T U, AF?7: 70 fwval U:AFw: 7% fwval
0000 ecmp OOOD0O0OOOODODOO1000000-,000 2000000000000
000000000000000000000000000000000000000000 Abrm=r WAFw: wd
goooooooooboboboboboobooboooDoobobobobo WBooooo U AFw: T wvdl
000 unify(,cond) D0D00O0O0O0O0OODOOO get(E, cond) 000 update(&, cond, T)
000000000000000 ¢00000000 cond000000000000000 012 0OOOOOODOOOOOOO
000000000000000 ¢0000000000000000000000000 Fig. 12 Typing rules for heap values and word values.
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get(&, cond) update(&, cond, T)
uni fy(&, cond)

getgoond) = [ycomab(®)
where
L,mn=nuUmnu.--
Ta UTy =
T (ff 7o =7)
T (otherwise)
update(&, cond,7) = E{s— 1} (Vs € cond)
uni fy(€, cond) = update(&, cond, Tunify)
where  Tunipy = get(&, cond)

013 00 getDOD updateD D0 unify 000
Fig. 13 Definitions of the functions get, update and unify.

| AFE ARG <& AFTI<I, |

A"Ti
AF{s1:T1,...,80 : Tn}
ArT1 <7 (for1<i<n) AFT (forn <i<m) (m>mn)
AF{s1:7T1,c . y8m :Tm} < {s1:7T1,...,8n : Tn}
ARE <€ (for 1 <i<n) AR (forn<i<m) (m>mn)

AbF{ri &, orm €y <{rm &, ..., &)

014 OO00O0ODOOOQOOOOOOOOOOOOCOOO
Fig. 14 Subtyping relations for mapping types and register file types.
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Or,000000000000000CQC condOD00OO0OCOOOOOOODOODOOCODDOO
oboodotdbOmevOO4OOoOOOOOO100C000O0r,000000O0C0OODOO
O00 cond 00000000000 condOOOOO 2000000000000000DO
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ooooooO condOOOOOOOOODOOOODDODOOODOOOO0:00000000
good

goboboooooboooouob ssodboboobo0oldbbooooono 2000000rg0
Oo000 cond0000000O0O0O0O0O0COCOOODODODOOOOOODOODODODO 30
ooooooo<«:oooooooboooooooooooooooooooooooobooo
goooooo«:00000000001000000,,0000000000 condO0O
oooo0O0O0ODO0O00000000C000 1000000 condd0O00O0OOODOOO
O:;0000000000000000C0CO0O0C0O0002000000000000D0DOO
cond000000000:;000000C000000CO010000000000000DO0O0O

unpack JO00000000000 3000000000000 condOO0ODOOOOO
gobobooooooooobooboooooboooo10bboobebbogooDo
gooooooboooooooooooooobooobooboooDbbobobooDoboo
O2000000r00000000000 cond00000000O00CCOOODODODOO
uoboodoobobod -~oooooo

0000000 mallocOOO0OO0O0O0O0O0 1000000~0000000C0000 cond
goooboobooodoooooooooooooboboOooooooooobcOoooooDoon
uoboodoobooooboocooooooooobbooo

7. 0O0O0oo0OoOOO00O0oOOO00OooOoOoooooOooon

000 TAL? 00O0O00000000000006000000000 TALOOODO
0000000000000 00000000000000 TALOODOOO TALOOO
O00000000000000 TALOOOOOOOOOoOoOOoooooooooooooo
00 al00 2000000000000000O0C000DOCOOOOOO0OODOOOODOO
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OO000OO0Morrisett 000000System FO?2 00000 TALOOOODOO2 00O
O00D00OSystem FOOOODO TALOOOOOOOOOOOOOO

0004005000000000000 TALOODOOOOOOOCPUOOOOOOO
0000000000000000000000000000000000000000 15
O0OCPUOOOOOOOOOOOOOOOOOOOODOOODOOOOOOOODOOODn
0000 CO0O000O0D00000 1500gec® 000000000 -020000
000000016 00000000000000000000O0gecd0000 4.1.20
0000000000000 0000000000000000MO0000000000
000003000 ldne J00O0OOO r3 0 <int,int> 0000000000400

struct st { int f1; int £2; };

int f(struct st** s, int** i, int c)

{
if ()
return (*s)->f2;
else
return **i;
}

015 CcpULOUOOUODOUOOOOOOUOOOOUOUDOOOOLDOOOODOOOOOO CcUDOOODO
Fig.15 An example C program which can be compiled as one register may have different types
depending on CPU states.

1 f: {r0:<<int,int>>,r1:<<int>>}
2 cmp r2, #0

3 ldne r3, [r0, 0]

4: ldeq r3, [r1, 0]

5 ldne r0, [r3, 1]

6 ldeq r0, [r3, 0]

7 b 1r

016 CcPUOUOOOOOOUOODOOOOOOODOODODOOODOODOOOOOODDOODOOOO
Fig.16 The generated assembly program one of whose registers has different types depending on
CPU states.
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O O

Al 001000000

00 1 0O Unified register filed

v - R:T@ O00000000D0DO0O 0000 econdDOO0O0OT = T{r :
unify(D(r),cond)} D00DO V¥ FR:I'QCO0DDOO

00 VY FR:TQCUOUOOR ={r1 — wi,...,rm — Wm,lr — w:}0T = {r :
Elyevnyrn 2 &, lr &} 00000W;- F w; : &(C) wuall1l <4 <nO00d=1r0
0000000000¢ = unify(&,cond) D0D00DE(C) =&(C)000 TOODOO
ogoooo :0oo0d COTLdDDDDD‘I/;-l—wi:&(C)w’l)alDDDDDDDDDDDD
VFR:IY@COOOOOO O
00 2 0O Unconditional register file(l

Uk R:TQCOVr € T.T(r) = unify(T(r),al) 000000000000 ¢’ 00000
VFR:T@QC' O0OO0O0OO

00 ¥+ R:TQCUOOR = {r1 — wi,...,Tm — Wm,lr — w00 = {r :
yevytn i &n,lr 1 &} 000009 Faw; : &(C)wvald1 <i<nO00:i={r0000
0000000& =unify(&,el) D00000&(C) = unify(&,al)(C) 0000000
00000 wnify0O0O000OOunify(&,al)(C') =get(&,al) 000000&(C) =&(C0)
000 TOOOOODO0O0O0OV;-Fw,:&(CH)wal 000000000000V F R:T@C
gooooo O
00 3 0O Type substitiond

(1) Ua,A;THIOODOOWA;T[7/alkIl7/a]000000

(2) V;a,A;TFv:7@Qeond 0000V A;T[7/a] Folr/a]: 7' [r/a] 000000
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00 o0dooooobboobooooooooooo O

00 4 OR typingd

\I/FR:F@CD\I/p;I‘Fv:T@cond[lCEcondDD[l[l\I/;~FR(v):vaal[IDD[IEID

Ud Ooo0000O00DbOOObDbOObb O

00 5 0O Register file weakening(

AFT<TIYOOYFR:TOODOOVRR:IYOOOOOO

00 0Oobobooobobooooboog O

OO0 6 0O Conditional canonical formsO

FH: 9OV R:TQCOV;T'Fv:7QconddC €cond D0 O ODOOODODO

(1) r=mt0000Rw)=i000000

(2) 7 =VAOODOORW) = IQ]0H() = code][AA I IOT = I'[¢/A]O
AN FI000000

(3) T={(rf", ..., 7¢")Y0000RMW) =I0H() = (wi,...,w,)0F; - Fw; : 777 fwval

gooooo

(4) 7=3ar 0000RW) = pack[r" , wlasIar'0V;- Fw: 7[r"/a] wval 00O
ooo

00 ROODOOODOOOOOOOOOOOOOOOOOOOOOOO O

00 7 0O Heap updatel

FH:9OU{l:7}Fh:7 hwal0-F7<¥()0000O

(1) FH{l—h}:U{l:7}

(2) UFR:T@QCOOOOW{l:7}FR:T@COOODO00D

(8) ;A THIODDOOW{l:7},ATHIDOODOOO

b gdooboooooboboboboboobdg ]
00 8 O Heap extension]

FH:9OU{l:7}Fh:7hal0l¢ HOODOO

(1) FH{l—h} :U{l:7}

(2) ¥FR:T@QCOOOOU{l:7}FR:TQCO0DOOO

(%) ;A THIOODOOW{!:7};A;THI000DO0OO

b oOooboooboobobobobobooog |
00 9 0O Preservation

FPOOP—P OOOFPOOOOOO
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00 P=(HRIC)OP =(H, R,I''C')OODOOIOOOOODOOODOOOOOO

gooood

(1) empOOO0OO
F POOOW;T F emp ryv; I’ 00000000000 Ocem OOOOOOO
0000w = I'0D00000000OT = T{r : & € Dom(')O
€ = unify(D(r),el) 000D0ODO0O 000 20000 - R:I'QC’ OO
O00D00O0DO0OR=ROH=H 0000O00OFP OOO0O0OO

(2) 0000000
F POOOW; T F aop(cond) rq,7s,v; I’ 00 0000000000000 DO0
DDDDDDDD\P;';F'I—I'DDDDDDDDDDF':F{m:{Td}Dfrd=
update(T'(rq),cond,int) D0 OOO0DO0OC € cond D00DD0OOOOR (rg) OO
000000 j00000C € cond000 update 000000E,,(C) =intO
0000000, - R (rq) : T'(ra)(C) woal 000000000000 Y F R :
recooooOOOODOOOR POOODOODOOOC ¢ cond0000000OO
Vr e I.T(r)(C) =T'(r)(C)000000¥FR :IY@C 0000000000 P/
oooooo

(8) movOOOOO
FPOOOW; T F mov(cond) rq,v; ' 00000000000 Omev 0000000
0000w I"+-I' 0000000000 =T {rq:&,}0%,TFv:7QcondD
&, = update(I'(rq),cond,7) 00 O0D0O0D00C € cond 00000000000
ooo 4DDD‘I’;~FI§(U):vaalDEIDDDEIEI[IDDD update 0000
00¢&,(C) =70000008;- - R'(rq) : T'(r4)(C) woal 000D O0DOOO
VR :TeCOODODODOOODOOOOOFP O0D0D0000O0OO0C ¢ condd00
00000V € IT(r)(C) =D()(C)000000% - R :TVaeC 000000
OO0oO0OFP O0O000O0O

(4) 1400000

FPODOW; T F td(cond) rg,[rs,d; /0000000000004 000000
0oooov;Mre: &, I'000000000O0&,, = update(T(rq), cond, ;)0
U, T ks (..,7},..)@cond U0 DDUUOC € cond 0000 ODOO0
0O 60009;-+w, : ,0000000000D0DO&,(C) ==000000
VR :IM@COODODOODDODOODODOR POODODOODOOODOC ¢ cond000
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(5)

(6)

(7)

00000Vr e I.O(r)(C) =T'(r)(C) D0DOO0OV R : a@C 000000
OO00oO0OFP O0O000OO

stggooo

FPODOOW;T F st(cond) rs,[rq,d); ' 00000000000 DO0st 0000
000000091 + /00000000000 = M{rg : &,}00;+T F
ra : {...,77, .. )QcondD ;T F rs : 7,Qcond0 &, = update(I'(rq),cond,
(...,71,..)0000000C €cond 00000000000 6000 R(rg) =10
H() = (.)000000000 H = H{l — (...,R(r,),..)} 000000
U= U{l:(..,7}..)}00000F B : ¥ 000000000C € cond D
00 update 000000&,(C)=(...,71,..)0000000000;- - R (ra) :
I'(ra)(C) woal 0000D0O00Y - R : MeC 00000000 O0OO 7
ooov + R :TMeCcoVvw; I - I'0000000000O0O0OF PP OOOO
00000C ¢ cond 000000000V € I.T(r)(C) ='(r)(C) 000000
VIR :IYeCcOOODODOOOODOOFP OOOO0OO

unpack 0O 00O

FPOOOVY;T F unpack(cond) [a,rq),v; I’ 000000000000 unpack
DDDDDDDDDDD‘II;Q;F{Td : £Td} [ [/DDDDDDDDD[lfrd =
update(I'(rq), cond, 7)O ¥; T F v : Ja.7@Qcond D0 D OOOOC € cond D00
00000000 6000 R(w) = pack[r’,w]as3ar0 ;- F w :
00000000000 =T{rq:&,} 00000V R :T[r/aJ@C 0000
000o0ooo 3000%;IM[r'/o)-I'000000000000F P 0000
00000C ¢ cond 000000000V € I.T(r)(C) = '(r)(C) 000000
VR :IYeCOODODODOOOODDODOFP OOOOOO

malloc OO OO0

F POOOV;T F malloc(cond) ra, [11,...,7); I’ 000000000000
mallocDDDDDDDDDDD‘P;ﬁF’I—I'DDDDDDDDDDF’ZF{T(i:§Td}|]
&, = update(T(rq), cond, (t0,...,70) 0000000C € cond 0000000
00000000000 H =H{l— (.)}0l¢ HIOR (r) =100000000
U =U{l—(r),...,m}00000FH :¥O000D0O0DDOOO® - R :T'AC
00000 800 Vv R :TVeCcovw;; IV+-I'ODOOODOO0OO0OO0OO0O0OOOOFP O
00000000C¢cond000000000Vr € I.T()(C) =T'(r)(C) 000

Tl /a] wval
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(8)

(9)

25 CPUOOOOOOOODOOOODOOOOOOOO

D00V FR :IMeCOOODODODODODODODDODRP OOODOO

pooogno

(¢) 0DOOOOOOD
00 C€e€cond00D000D0000OOOOOOODOOOI =T1"k/AlO00O
000000 RW) = [¢)0 H(l) = code]A]l”.I" 000D00O00F PO
goooooooovyrRH . VOOOODOOOODOODOOODOOODODOOO
U F code[AIT”. 1" : V[A]L.T hval 000000000000 W; AT R 17
000000000 9; T F b(cond) v = A; P 00000000+ < TbO
;T o V[]T@Qeond 00000000 O0C € cond000O 6000
I, =T"[¢/A]0000000000 $000%; T, - I"[¢/A] 0000
0000000 $000V-R:T,00000000000=I,00000
FP 000000
000C¢eond000000000000O0O0O0DOOOT = b(cond) v;I' 0
0O00O0000OF POODOODOOODOOY;'-I'00000DODOOO
FP 000000

(b) 0DD0O0OOOOO
0000000000000O0condd ol OO0O0ODOOOOO

vigoood

000C €cond0000000000000000001 =1"}/A]0R = R[ir —

R(vnext)] 00000000RW) = )0 H(I) = code[A]l"”. 1" 00000000

FPOOOODODOODOYEAH  VOOOODODODOODOODODOOOODOO

00U F code[AIT”.I" : VAT hwal 000000000000 W; AT =170

O0000000W; 5T F bl(cond) v,vnee: 00000000 FT{lr: &} <T20

U T Fo:V[].T2@Qecond 0000000000, = update(I'(Ir), al,V[].I's) OO

0MO000C €cond 000 60007, =T"[y/Al000D0OO0OOODO 3

000W;Te F I"[Y/A]000000000% FR :T{lr:&}000 5000

v-R:T.0000000000FP OO00OOO

000C ¢ cond 000000000000000000T = I"[Y/AJ0R =R

00000000 RWneat) = neat[tV)0 H(lnext) = code[AII”. 1" 00000000

FPOOOODOOODDOOVYH-H:VOOODOOODOOOODOOODOODODOOOO

Uk code[AIl”.I” :V[A].I” hoal D00O0O0O0000000%; AT F1"0000
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O0000W; T Fbl(cond) v,0pee: 00000000 FT <To0W; T F vpeat
V[.I2@el0000000000C€4l000 60000, =0"[y/A]00000
00000 s000;T.+I"y/Al000000000ODODO 5000¥F R :Ty
0000000 ooOFP OO0OO0OO

O

00 10 O Progressd
FPOODO PP OO0 POODOODOO

oo
(1)

(2)

(3)

(4)

(5)

P=(H,R/[,C)00000I0000000O0OUDOOUOOLDDOUOOOO

cmp OO OO0

0ooooooooopP = (H)RI1,C) 00D0DOODOOODOODOOC =
setC(R(r), R(w))O I = emp r,v; I' 00 00O

goooooo
FPOOOOOOOOOOY; Tkl = 5T{rq: &0 = aop(cond) raq,7s,v
JoddoobobobooooooooooooooOw; T F rs @ intQcondd
U wThFv:intQeond DD O0O000O00000O0 Cecondd0 00000 6000
R(rs)0R(»)00D0O00000D0O000P = (H,R[ra — R(rs)aopR(v)],I',C) O
00000000000C¢cond00000P =(H,R,I’,C)000000000
mov 0O O0OO

00000000000 C € cond0000P = (H,Rfrg — R()],I’,C)000
000000000071 = mov(cond) rq,v; ' D0 DM OOOC ¢ cond 000D
P =(H,RI',C)0000000O0

ddooog
FPOOODOOOOOOOU; T F gl = T{rq: &, }00=ldra,[rs,e] 000000
go0b0o0d0we0ooooooooggw; sErs .T,ff’l_l)@condlj
0<i<n0O0O0O0D0O0O0OD0OOO0O CecondODOOODOO 6DDDR(TS):ZD
H(l) = (wo, ..., wa_1) 00000000P = (H,Rrq — wi,I’,C) 000000
000000C¢cond00000P =(H,R,I',C)D0D000O0OOO
stdggonoo
FPOOOOOOOOOOW Tyl = 5T {rq: &, 100 = st rs,[rq,i] OO
0000000000st 00000000000W;4T F rg: (r8°,...,72" 710
0<:<nO0000000D00OO0O Cecond0O0D0O0OODO 6DDDR(T¢):ZD
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(6)

(7)

(8)

(9)
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H(l) = (wo,...,w,) 00000000P = (H,R,I’,C) 0000000000

O00H =H[l— {(...,wi—1,R(rs),wit1,...)] 0000

unpack 0O 0O 0O0O

F POODOODOODOOOWYT +F uI' = ol{res : &,300 =

unpack(cond) [a,7q],v 00000000000 Ownpeck 00D 0OO0O0OODOOO

U:T'Fov:datQeond 000000000000 Cecond00000O00O 6000

R(v) = pack[r’,w]asJa.r 0000 OO OOP = (H, Rjra— w], I'[7'/a],C) 0O

0000000000C¢cond0D0000P =(H,R,I',C)0000000O00

malloc 0O OO0

00000000000 C€cond00000P = (H, Rjra—1],I',C)0000

00000000 0H =H[l— (?r,...,?7)]0l¢ HOOOMOOOC ¢ cond

0000 P =(H,RI',C)0D00000000

yOooono

(¢) DOODDOOOO
FPODOODOOOOOWY;T F ;I' = TO0 = b(cond) v OO0
000000000 000DO0OO0O0OOY; T F v : V[].I'2Qcond O
00000000000 C € cond 0000000 6000RW) = I[y]0
H(l) = code[AII” 1" 00000000P = (H,R,I"[y/A],C)00000
DDDDDDDC%COTLCIDDDDDP’:(H,R,]I,C)DDDDDDDDD

(b) 0DD0O0OOOOO
FprPOO00OCOODOOODOVY;sI'+po000000O00ODOOOP OO
000000000 Y; T Fo:V]I@lO0ODO0ODODOODDOOOC € al
000 6 DOORW) = IWOH(I) = codelAIl”.]” 00000000
P =(H,R,I"[y/A],C) 000000000

vl ogooo

FPOUOOQOOOOOOOW;TF bl(cond) v,vmeee 100000000000 DNBL

000000000 OOw; 5T F v V[)I@Qcondd¥; ;T F vpept = V[].I'sQal

DD00D0000O0C € cond 0000000 6000RM) = 9]0 H() =

code] AII”.I” DOODOO0DOOOP = (H,R,I"¥/A,C) 0000000000

O0O0OR = R[lr — R(Uner))] 000MOOOC ¢ cond 0000O0C € al

000 6 000 R(Wnewt) = VW |OH) = code] A1 00000000
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P =(H,RI"[//A,C)000000000

001 0000
+FPOOODOP—P 00 POO0OOOFP 00000
00 00 10000P— P OO0 POD0OODOOOOOD 9000FP 000000
O
(0020020 17000)
(0020050 8 000)

oo oo
198200020070 0000000000000000000000O0O
gobobooooooooooobooobooooooooooo

ogb o0oogoooo

9rrgob2006 0000000000000 ODO0OOOODOODOO
goobooooomooooooobooboooboooooobbooooDo
goboooood
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oo ooooood
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goooboooboboboboboboobooboboobooboboo
goodoooboboboooooooobboodooooooboboooooooobobo
goobm@oooobooooobooobooobobooobooobooooboboooo
goodooooobboodbooooobobboodoooooobobboooogooobo
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