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HIGH - Syntax & Semantics

T t=a|lb|lTiXm|T1t = m|Vo.r|da.T|pa. T | ref T
e n=ux|l|(e1,ea)|el|e2|Ax:T.e|eq er| Aae|eT|
pack (11, e) as 72 | unpack e1 as (o, ) in eg |
roll- e |unroll e |ref e|ey :=ea|le|eg ==eo | ...
v =z |l|(v1,v2) | Az:T.e | Aa.e | pack (T1,v) as T |roll- v | ...
K = e| (K, e)| (v, K)| K1 |K2|Keg|vy K|KT7]|roll; K
unroll K | pack (71, K) as 7o | unpack K as («, ) in ea |
ref K| K:=ex|v1 =K |IK|K==eg|vi==K| ...
¥ = | X, L7 with ftv(7) =0 A=A a = | a7
Static semanfics : A T'Fe:T
HCVal & {v]| ftv(v) =0 Afv(v) =0}

HHeap Lt { h € HLoc —g, HCVal }

Dynamic semantics : (h,e) — (h',€")




LOW — Syntax
PConf & { (@, pc) € PMem x PAddr }

PMem & { ® = (code, reg, stk, hp)

€ PCode x RegFiles x Stack x Heap }
def def

PCode = PAddr — Instruction PRegFile = Register -+ PWord
PStack & PAddr — PWord PHeap = PAddr — PWord
PAddr & {a €N} PWord % {we{0,1} xN}
r € Register == sp|svo| ... |sva|wko| ... |wks

v € PLualue  ::= 1] | {a), | {r — o), | (a)y | { + o)y

rv € PRvalue 1= lv|w

¢t € Instruction ::= fail | halt | jmprv | jnzrvrv | jneqrvrvrv |

jptrrvrv | setptr Iv |move lvrv | plus v rv rv |
minus lvrvrv |isrlvrv | iswrvrv
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P == alloc, bg. [

ot Vot‘l'.mg_ Qxaw“"e.

bg move |wky | bg + 3
move |wks | 1 > (reo:‘-e_ o c\oSufe
jmp alloc -
bg +3 move (wks +0);, bg+5 and vefurn
jup [wko] )
bg +5 meve— ke b1~ IMf 52__,""‘1 N\
bg + 6 1isr wka wk3
minus wky | wky | 666 It
isw wka3 | wky | > de co o g
plus wks | wks | 1
bg + 10 ID(IE(jneq bg + 6 wks | bg + 21 ) + 646)
bg + 11 ID(E(isw bg +5 E(jmp bg + 12) ) + 646)
bg + 12 I)(K(move (wkq +0), bg+ 13 ) + 6¢6)
bg + 13 IJ(IE(plus |sp]| B 1 )+ 6046)
(E(move (sp—1), [wko] ) + 666)
(E(move [wki| [whko] )+6g6) | XF, £051
(E(move |wkgq| bg + 18 ) + 666)
(E(jmp  (wk1 +0)y, ) + 646)
bg 4+ 18 D(E(move |wks 1 ) + 666)
(E(minus |[sp] B 1 ) + 6p6)
bg + 20 D(E(jmp  (sp — 0), ) +666) 7 |
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= a|lb|m ><7'2|T1—Hrg|‘v’a.r|§|a.r|;¢a.r|refr\

-
CType &t {7]| ftv(7) =0} l

LangSpec def

{ (Val, Com, Cont, Mem, Conf,
plugv, pluge, step. mdom, mdisj.
oftype, base;,, pair, app, appty,
pack, roll, ref, asgn) |
Val, Com, Cont, Mem, Conf € Set A
plugv € Val x Cont x Mem — P(Conf) A
pluge € Com x Cont x Mem — P(Conf) A
step € Conf — Conf & { fail, halt } A
mdom € Mem — P(Val) A
mdisj € Mem x Mem — P(Mem) A
oftype € CType — PF(Val x Mem) A
basey, € [b] — P(Val x Mem) A
pair € Val x Val — P(Val x Mem) A
app € Val x Val — P(Com) A
appty € Val x CType — P(Com) A
pack € CType x Val — P(Val x Mem) A
roll € Val — P(Val x Mem) A
ref € Val — P(Val x Mem) A
asgn € Mem x Val x Val — Mem A
VM1, M2. VM € mdisj(M1, M2).

mdom (M) 2 mdom(M1) ¥ mdom(Mz) }

For L1, Lo € LangSpec,

WorldSpec &

{ (World., lev, M, B, O,r, J, Jpup) |
World € Set A
lev € World — [N A
M € World — P(£L;.Mem x L£3.Mem) A
B € World — P(L;.Val x £5.Val) A
O € World — P(L£;.Conf x £5.Conf) A
> € World — World A
Je P(World x World) A
Jpub € P(World x World) A

1, Jpub are preorders A Jpyb © J A
YW I W. oW/’ JpW A

YW’ Tpub W. W’ pub W A
YW.oW —pub W A

YW’ O W. lev(W') < lev(W) A

YW.lev(W) > 0 = lev(eW) = lev(W) — 1}




Vla]p
V[blp

IIE‘.,IIE‘

{ (W,v1,v2) € oftype(a, p) | (W, vi,v2) € Op(a).R}
{ (W,v1,v2) € oftype(b, p) | 3z € [[b]]
o (W, v, Lg] e O(L;. I::asebl[ ), Lo.basey(x)) }
VIir x 7'lp = {(W,v1,v2) € oftype(r x 7', p) |

31, u2) € pVIrlp(W). 3(u}, up) € BV ().
(W,v1,v2) € O(Ly.pair(ur, u), L2.pair(uz, us)) } —_

Loai co| relotionn

def . s
VIt — 7lp = { (W, v1, Lz}l € oftype(t’ — 7,p) | VW' T W.¥(u1,u2) € V[r']p(W’). ( 'lb'\' ] C‘-L i
Yei £ L1. app(vi,u1). Vez € La.app(v2,u2). (W' e1,e2) € E[r]p} ﬁm Mﬂ on )’
V[Va.t]p = { (W, v1,v2) € oftype(Va. 7, p) | VW' 2 W. ‘v’(n,’rg, R) € TyValRel. .
Vei € L1.appty(vi1, T1). Yea € Lo, appty(vz, 2). 'U. .’:',_lsh. . W
et (W', e1,e2) € E[r]pla + (11,72, R)] } /
V[E3a.7]p = {(W,vq,v2) € oftype(3a. T, p) | ? v W .?...w .
3(71,72, R) € TyValRel. 3(u;, uz) € V[rlpla = (11,72, R)](W). ,
(W, v1,v2) € O(L1.pack(T1, u1), L2.pack(r2, u2)) } v, R’-’\-‘S:. - W
V[refr]]p = { (W,v1,v9) € oftype(ref T, p) | VW' I W.¥(My, M) € M(W').
(vy.v2) € BIW') A \— —

El{ul,ug} epV[rlp(W'). (vi,My) € Lyref(uy) A (va, Ma) € La.ref(uz)) A
V(up,u2) € V[r]p(W'). (L1.asgn(M1,vi,u1), Lo2.asgn(Ma, va,u2)) € M(V ”))}

def
. — Fr:u: T,
Vina.7]p defuli T.p)

dﬁf i r r ! 7
Farp =ARA(W.v1,v2) € oftype(ua.7,p) | WVR “Efwe&fuirle; jﬁ ;:fglﬂxiz 3&51?}}
3(uy,uz) € VI[rlple = (p1(pa.7), pa(pe.7), R)(W). W ) w i )ER}Z
et (W, v1,v2) € (L1 -roll(u1), £2.10ll(u2)) } R E((Wvi,m) (W) >0 = (6W,vi,m) €R)
LL(F]{‘V} = F( {F:}:Ipﬁ }(H’r) déf{ Wy, L' W‘”]W (wr Vit )ER}
Klrle = { (W, Kq,K2) € ﬂorldﬁx L1.Cont x L£2.Cont lﬂ Tpub W. R]bu dgf{ W've, ) | W 5 WA (W, ve,10) € R)
A A SN e D S (O (v 1) 40, M) € MO (1, ) €., ) € B

(C1,C2) € O(W")} Ry € P(L1.Val x £1.Mem), Ry € P(L9.Val x Lg.Mem)

def )
TyValRel ={(ry,m9.R)| 7,7 € CType A R € WVRel
Elr]p = {(W,e1,e2) € World x £1.Com x L3.Com | ! - r{fgge\rfzrlhr}}vﬁgi] Toe A REWVRe)
VK1, K2) € K[t]p(W). ¥(M1, M2) € M(W). it i
v € Lq.pluge(er, K1, M1). VCa € La.pluge(ea, K2, Ma). p(r) ‘T[ﬁ( )71 /o] pa(r) = Tlpla).ma /o]
(C1,C2) € O(W) } oftype(r,p) = O{L - oftype(p1 7)), Lz oftype(pa (7))

B




LO?,( Ca.\ Qe o\’l"av\ cl&mn ‘S

V[t — 7]p = { (W, v1,v2) € oftype(r’ — 7,p) | YW’ T W.V(u1,u2) € V[r']p(W')
Ver € Li.app(vi,uy).Vea € Lo.app(va,ua). (W' e1,e2) € E[r]p}

l‘.]EI

Vlrefr]p ={ (W,v1,v9) € oftype(ref 7, p) | VW' I W.V(My, M3) € M(W').
(vi,v2) € B(IW') A
EEI(HLUQ) c eV[r]p(W’). (vi,My1) € Ly.ref(uy) A (va, Ma) € Lo.ref(uz)) A
V(ui,u2) € pV[r]p(W’). (L1.asgn(M1, vi,u1), L2.asgn(Ma, v2, u2)) € M(W'))}

Is6 - recursive '}ype_s ~) Hig.'r\

Q?VJ - reCurs? vé ‘+7FS A LOw

supports both (
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Loc = {leN}
Word & fweN}
v € Val = w |1
Iv € Lvalue == [r]|{a) | (r—o0) | (L :0)y, | (r+0)y,
rv € Rvalue : = v | v
Com = {e = (cpc, kpc, vloc, data)
i Rvalue x Rvalue x Lvalue x P(Mem) }

Cont = { K = (kpc, vloc) € PAddr x Lvalue }
CodeFrag = PAddr —g, Instruction
RegFiles ff (Register \ {sp} — Val) & { undef }
List X = {(zg,...;2pn—1) | mENAZQ,..., 2,1 € X}
Stack = List Val & { undef }
Heap = Loc —g, List Val
Table = (Loc =+ N x PAddr) & { undef }
SysHeap éf (PAddr — Word) @ { undef }
Mem = { M = (code, reg, stk, hp, tab, shp)

€ CodeFrag x RegFiles x Stack x Heap x Table x SysHeap }
Conf £ PConf

plugv(v, K, M) & { (P, pc) € Conf | M repr & A

pc = K.kpc A M(K.vloc) =v }
plugc(e, K, M) dif{ (®,pc) € Conf | M repr ® A M € e.data A

pc = M(e.cpc) A M(e.kpc) = K.kpc A e.vloc = K.vloc }



= {(v,M) € Val x Mem |

V1. 70.T=7T1 > 190 — dl,w.v —TA M.hp(1)(0) =w

A\
Va,7. 7 =Va. 7! = 3, w.v=1AMhp(l)(0) =w}

et {(v,M) € Val x Mem | v is a representation of = }

pair(vi, va) = {(v,M) € Val x Mem | 3. v = LA

M.hp(Z)(0) = vi A M.hp(l)(1) = v2 }
app(vi,va) = {e€ Com |3l.vi =1 A
e.cpc = (L : 0), ANekpc = |[wko] Aevloc = |wks]| A

e.data = {1;M € Mem | M.reg(wky) =vi A M.reg(wka) =va } }
apptyv(v, 7) = {ee€Com |3lL.v=ILA

e.cpc = (L : 0), Aekpc = |wko| Aevloc = [wks| A
et e.data = {M € Mem | M.reg(wky) =v } }
= {(v/,M) € Val x Mem | v/ =v}

oftype(T)

basep, (x)

pack(T,v) =
roll(v) = {(v/,M) € Val x Mem | v/ =v}
ref(v) e {(v/,M) € Val x Mem | 3L. v =1 A M.hp(l)(0) = v }

def [ M[L:0— valpp ifvi=1A|M.hp(l)| >0
asgn(M, vi,va) = {undef otherwise



sPeGBCICa‘Hoh f GC

T ifv =w
v livein M déf{ I.V =

In, a. M. tn,b(}—(n a)An>0 ifv=lI
reachg(M) = {I | 3r £ Register. I = M.reg(r) } U

( }dgf{f |EI_}E{:|IIM stkl. T=M. stk(7) } CD . Q
reach; (M) = reach; (V) U - t

N def{f |31’ € reach;(M). 35.7 = M.hp(1')(5) } H@f(& SM ‘P 2( V % ¢
reach (M) = |Jjcn reachi (M) 50\-\.~ <

GCSpec def ¢ 7

{ G € PAddr — { (init, alloc, code, T)
c PAddr » PAddr » List Instruction x

F{Table = SysH
Veche, @ pe. (Table x SysHeap) } | >
®.code 2 [gebg =+ G(gebg).code] A @.reg(wky) = pc = F e
M, @ Cpec o1 W +

(P, g{gcbg} init) < (D', pc) A
d' .code = ®.code A M'.code = [gcbg «+ G(gcbg).code] A

M’ repr ' A M’ € G.GR(gcbg) A M’ € G.MR(gchg) A
Yecbg, M, &, po, n. J
Mrepr® A M € G.GR(gcbg) A M € G.MR(gcbg) A )
M.reg(wks) = pc A M.reg(wks) =n —
30/, M/, T, S,w, T, wo, ..., wn_1. g C OF al\oc
{flﬁ,g(gcbg}.alloc} < (@', pe) A 1& m

M’ repr & A M’ € G.GR(gebg) A M’ € G.MR(gcbg) A
M’ = M[T, §]][wky = w]reg[wks =+ I Jreg

[l (ﬂ:"'rM}]hD} J .

G.GR(gcbg) def {M € Mem | ¥1 € reach(M). T live in M } = o\ \macka.ue MemnNes ore l’tVe

def
G.MR(gebg) = {M € Mem | (M.tab, M.shp) € G(gebg).I A ) .
M.code 2 [gebg —+ G(gcbg).code] } P"-Va»‘\‘& \V\Vﬁr\bw{' 0@ GC_




def

H.Prog = {e| floc(e) =0}

L.Prog &4 { p € PAddr x PAddr — List Instruction }

D[S0
DIA, Dﬁ]] = {(p a— R) | peD[A] AR € TyValRel }

Gllp “‘if{m v,0) | W € World Av € £.Val }

G, x : T]]p = {(H v, (v, z — v)) | Ivi, va.
(W,v.()) € O(L.pair(vi,ve), H.Val x H.Mem) A

(W,vi,v) € V[r]p A (W,va,7) € G[I']p }
WO (G, gchg) & (k, [iresstk htyping ,8¢(G, gcbg)], GR®(G, gcbg))

AsEFPrE:T et

0:A:T'kFe:TA
VG, gcbg, bg. Ve, W J W2 (G, gcbg). V(M, M) € M(W).
vYM'. M’ = M W [bg — p(G(gcbg).alloc, bg)|code —
W I W. lev(W') =lev(W)A (M, M) € M(W') A

YW JW' . Vp € D[A].V(v,vy) € G[']p(W').
((bg, [wko]. [wks],{M | M.reg(svo) = v }),vpe) € E[r]p(W")

where ype 1= e[p(a).To /al[y(x)/x] .
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