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Thisfile contains the complete proofs for my thesis (Princeton University Technical Report TR-830-08):
Reasoning About Software in the Presence of Transient Faults. These were my working notes and
contain little or no explanations and probably afew errors. For a good explanation of the concepts, |
highly suggest reading the thesis instead (or at least first). The body of the thesis contains overviews of
the proofs, and the appendices contain more detailed proof sketches.

These notes are written in ascii text using abbrieviations like |- for \vdash and G for \Gamma. A few of
the symbols may differ from those in the thesis, but the provided syntax for each chapter should clear up
any confusion. Also, the use of ascii has resulted in some symbol duplication. For example, Sis used for
both \Sigma and substitutions, and G is used for both green and \Gamma. The context should make it
clear which is meant.

Should you choose to continue beyond this point, | wish you luck!

TAL_FT Proofs - corresponds to Chapter 2 and Appendix A.

ETAL_FT Proofs - corresponds to Chapter 3 and AppendicesB - E.

TAL CF Proofs - corrsponds to Chapter 4 and AppendicesF - G.
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TAL_FT Proofs

TAL_FT Proofs

The following notes correspond to Chapter 2 and Appendix A.

Complete Rules -- including those omitted from the paper

Lemmas -- lemmas used in the theorems

Theorem 1: Progress Part 1 and Part 2

Theorem 2: Preservation Part 1 and Part 2

Corollary 3: No False Positives

Lemma: Singlestep Fault Detection

Theorem 4: Fault Tolerance

Top Level

file://letalft/talft.html [8/15/2008 10:26:13 AM]



ETAL_FT Proofs

ETAL_FT Proofs

These proofs correspond to Chapter 3 and Appendices B - E. Often the changesfrom TAL_FT are
specifically noted.

Complete Rules -- changes from TAL_FT arein blue, additionsto TAL_FT are shownin red

Lemmas -- lemmas used in progress/preservation

Theorem : Progress Part 1 and Part 2

Theorem: Preservation Part 1 and Part 2

Corollary: No False Positives

Multistep -- definitions/lemmas about multistep
FD Lemmas -- lemmas about fault detection

Lemma: Singlestep Fault Detection

Theorem: Fault Tolerance

MiniC -- MiniC Language Definition
Trandglation -- translation definition

Theorem: Trandation Theorem
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ETAL_FT Proofs

Top Level
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TAL_CF Proofs

TAL_CF Proofs

This online appendix includes the full proofs for Chapter 4 and Appendices F-G.

A few of the symbols differ from those in the thist, including R for orange, A for \sigma, to for \tau opt,
and alphaand Y as expression variables. The provided syntax should clear up any confusion.

The Control-Flow M achine

. Syntax
- Machine State Syntax (includes typing syntax too).
. Dynamic Semantics

- Non-faulty and faulty single step operational semantics.

Typing

. Typing Rules
. Lemmas used by Progress & Preservation

. Progress
. Preservation

Fault Tolerance

. Definitions - definitions needed for fault tolerance, including block evaluation, transition
evaluation, and program execution

. Lemmas - useful lemmas for fault tolerance

. CF Recovery Lemma - When there has been a cf fault, control always transfers to the recovery
code before leaving the block

« Block Lemmas - Outcome of evaluating a block
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TAL_CF Proofs

« Transition Lemmas - Outcome of transitioning between blocks
. Fault Tolerance Theorem

Trandation

. Definitions - Defintion of while language, wellformedness, type translation, etc

. Lemmas - Lemmas used in the translation theorem

. Tranglation Theorem - Well typed while language programs translate into well typed assembly
programs

Top Level
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Fault-tolerant Typed Assembly Language
Complete Rules

colors c = G|B

colored values v = cn

registers r =

general regs a = r|d|pce

register file R = |R,a—v

code memory  C = -|Cn—1

value memory M == -|M,n—n

store queue Q == (n,n)

ALU ops op == add|sub|mul

instructions 7 = OpTd,Ts, Tt | opTd,Ts,V
| ldera,rs | stera,Ts | MOV Tgv
| bze r2,1a | jmp, Ta

inst register  ir = -

state = (R,C,M,Q,ir) | fault

Figurel. Syntax ofFM states

R(a)=cn
(R7 07 M,Q,iT) -1 (R[a = CTZILC’ M,Q,i?”)

(reg-zap

Q1= (n1,n), (mlvm,)v (n2,nh)
Q2 = (n1,n}), (m2,m’), (n2, nj)
(R7 C7 M7Q17i7l) -1 (R7 C7 ]\47 Q277:7')

(Q1-zap

Q1= (nlv nll)v (mvmll)v (n27 nl2)
Q2 = (nlv n,1)7 (mvmé)v (n27 77/2)
(R7 Cy M,Ql,i?") -1 (R7 Cy M: Q27ir)

(Q2-zap)

Figure2. Fault Rules

Instruction Fetch:
Ruai(peg) = Rual(pep)  Ruai(peg) € Dom(C)
(R7 C7 M7 Q7 ) -0 (R7 C7 M7 Q7 C(Rﬂal (pCG)))

(fetch

Rval (pCG) # Rval (pCB)
(R7 07 M7 Q: ) -0 fCLUZt

(fetch-fail)

Basic Instructions:
R = R++[7'd — Reol (7”75) (Rval(rs) op Rl;al(rt))]
(R7 Cy M: Q7 Op Td,Ts, 7"75) -0 (R/7 07 M7 Q7 )

(op2r)

R’ = R++[rq — c(Ryai(rs) op n)]
(R7 Cy M: Q7 Oop Td,Ts,C TL) -0 (R/7 07 M7 Q7 )

(op1n)

R = Rt+[rq — v]
(R7 07 M7 Q,mov Td, ’U) -0 (Rl7 07 M7 Q? )

(mov)

Figure 3. Operational rules for basic instructions



Q' = ((Rvai(ra), Ruai(rs)), Q)

Stgz-queu
(R7 07 M7Q75tG Td7TS) -0 (R++7 C7 M7 Ql7 ) ( tG a e
Rval(rd) =n1 Rval(rs) = nll

(R7 C7 M7 ((7}7 TL/)7 (nl7n£))7 stp Td, rs)
5" (Re+, C M [ ], (), )
Q= ((n7 n,)v (nlvn;))
Ruai(ra) # nior Ruai(rs) # nj
(R7 C: M:sttB Td7rs) —0 fault

(stz-menm)

(stz-mem-fai)

Find(Q, Ryai(r5)) = (Ryai(7s),n)
R = R++[rq — G n|

(R.CM.01de rars) —a (R.C.M.Q,) de-aueus
ond(Q, Rval(rs)) = ()
Rval("'s) € Dom(M)

R' = R++[rq — G M(Ryai(rs))] (Idg-mem)

(R7 07 M7ledG Td,?"s) -0 (R/7C7 M7Q7 )

Rval(rs) € Dom(M)
R/ — R++[Td — B M(Rual(rs))]

(R7 Cy M7Q7ld3 7"(1,7’3) -0 (R/7C7 M7Q7 )

(Idg-mem)

find(Q, Ruai(rs)) = ()
Ryai(rs) ¢ Dom(M)

(R,C,M,Q,ldg r4q,7s) —0 fault (Id¢-fail)
R'L}al('rs) ¢ DOm(M) .
(R7 C7 M7 Q7 ldp Td, Ts) —0 fault (IdB-fall)
fZTLd(Q, Rval(rs)) = ()
Ryai(rs) ¢ Dom(M)
R’ = R++[rq — G n]
(Idg-rand)

(R7 07 M7ledG Td,'rs) -0 (Rlvcv M:Q?')

Ryai(rs) ¢ Dom(M)
R’ = R++[rq — Bn)

(R,C, M7Q7ldB 7"(177'5) -0 (Rlvcv M:Q?')

(Idg-rand)

Figure 4. Operational rules for memory instructions.



Ryai(d) =0 R = R++[d — R(rq)]

(R7 07 M7Q7.jmpG Td) -0 (R/7C7 M7Q7') (JmpG)
Rval(d) 75 0 . f I
(R7 C7 M7 Q7jmpG Td) -0 fault (jmpG- a )
Rval(d) 7é 0 R’ual(rd) - Rval(d)
R' = Rlpcg — R(d)][pcp — R(ra)]ld — G 0] (imps)
(R7C7 M7Q7jmp5 Td) -0 (R,7C7M7Q7') Jmps
R’ual(rd) 7{ Rval(d) or Rval(d) =0 X .
(jmpp-fail)

(R7C7M7Q7jmpB 7"(1) ] fCLUZt

Roat(d) =0 Ryat(r) #0

(bz-untakeh
(R7 07 M7 Q: bZC Tz, Td) -0 (R++7 07 M7 Q7 )

le(rz) 7& 0
Rual(d) # 0

(R7 07 Mvach TZ77'd) —0 fault

(bz-untaken-fail

Rua(d) =0 Ruu(r:) =0
R’ = R++[d — R(r4q)]

(R7 07 M7Q,b2G TZ7Td) -0 (R,7C7 M?Q7')

(bzg-taken)

R’ual(rz) =0
Ruwi(d) # 0

(R7 07 MvabZG 7"z,ﬁ"d) —0 fault

(bzg-taken-fail)

Rval (d) # 0 Rval (Tz) =0
Ryal (Td) = Ryal (d)
R' = Rlpcg — R(d)][pcg — R(ra)][d — G 0]

bzp-take
(R707M7Q7b23 T’Z,’I'd) -0 (R/7C7M7Q7') ( v rb

Ryal (Tz) =0
le(rd) #* Rval(d) or Rval(d) =0
(R7 C,M,Q,bzp 72, Td) —0 fault

(bzg-taken-fail)

Figure5. Operational rules for control flow instructions.



Static Expressions

exp kinds K 5= Kint | Kmem
exp contexts A = - |Azx:kK
exps E == z|n|EopFE]|sel En E,
| emp | upd Evy, Eny En,
substitutions S u= -|S E/z
Types
zap tags Z == e
base types b == int|O — void | b ref
reg types t == (¢,b,E)|E'=0= (c¢,b,F)
reg file types r == -|Ia—t
result types RT == ©O]wvoid
Contexts
heap typing = - |U,n:b

O &

static context = AT (Ea, Es); Em

Figure6. TALpr type syntax.

—— (int- —— (base-
T o MY G gy (Pased
Uk n:b A+ E=n
(val-t)

VAR ¢n:{eb E)

n#0 U, AR cn: b E) A E' =0
U;AFE ecn:E =0= {(c,b,E)

(cond-y

AF E #0
U;ARE c0:E' =0= (c,b,E)

(cond-t-nQ

A}_ E:l-’iint
WA RS en:{eb, E)

(val-zap-)

AF E': Kint AF E: Kint
VAR ¢n:E'=0= (¢,b, E)

(val-zap-congl

Figure7. Value Typing



x € Dom(A)

Ak z:Azx) (E-vary

INEEET (E-int-t)

At E1:Kint
At Es: Kint

AF EiopEs: Kint

(E-op-Y

At Em: Kmem
A }_ En I KRint

Al sel By Ey : Kint (

E-sel-)

At En: Bmem
Ak En1 D Kint
A }_ En2 D Rint

A Upd Em Enl En2 { Kmem

(E-upd-9

(E-empd

A eEmp : Kmem

AT (sub-emp-t

AR S:A
AF E:k
x ¢ Dom(A) U Dom(A")

AF S Ejz: AN z:k

(sub-9

[n

[emp]

[[El op EQ]]
[sel Em Ex]
[upd En, E1 E3]

[ (T
—
!
S
=
Q
S
—
Sl
V)
&,

AF Ey=E;

AFElllﬁint AFEQIHZ‘mg
VS.-F S: A = [S(E1)] = [S(E2)]

AF B — E» (E-e9

AI—E1:/€int AI—EQIHint
VS.-ES: A = [S(E1)] # [S(E2)]

AF Ey # Es

(E-neq

A}—Elil-{mem AI—EQIHmem
V¢ € Dom([S(E1)]) U Dom([S(E2)]). [S(EV](¢) = [S(E2)](0)

Al FEy=Es

(E-mem-eg

Figure 8. Properties of Static Expressions



AF T <TI,

AF FEy=E;
A <C7 b, E1> S <C7 b, E2>

(subtp-triple

A+ E,=E>
At {e,b, E1) < {c,int, E2)

(subtp-in}

AR t<t A+ E=F
AF (E=0=t) < (E'=0=1t)

(subtp-condl

Vr € Dom(T'2). I'1(r) < T'a(r)
AF T <TI,

(reg-file-comp)

Figure9. Subtyping



U:0F ir = RT

U; (AT (Ea, Es); Em) F -

I(rs) =

(c, int, EL)

—— (--t)
= (AT (Ea, Es); Em)

() = {c,int, E{)

U; (A;T; (Eg, Es);

I(rs) =

En) b op ra,rs, e = (A;T++[rg — (c,int, E; op E)]; (Ea, Es); Em)

(op2r-t)

(c,int, EL)

U; (AT (Ea, Es);

En)F op ra,rs,cn = (A;T++[rg — {c,int, Es opn)]; (Ea, Es); Em)

(oplr-)

U:AF vt

U; (AT (Eg, Es);

I(rs) = (G, b ref, E)

E = sel (@Em

(mov-Y

En)FE mov rg,v = (A;T++[rg — t)]; (E4, Es); Em)

(Ea, Es)) E;

v; (A7 I (Ed7 Es)} Em) F ldgrars

L(rs)

= (B, bref, Ex)

(ldc-t)

= (A;T++[rg — (G, b, E)]; (Ea, Es); Em)

E = sel B, E.

\I’, (A7F (Ed7E ),E'm) Fldg raTs

[(rq) =

= (Aa F++[Td = <B7 b, E>]) (Ed7 ES); EW)

(G, bref, Ey)

(lds-t)

T'(rs) = (G, b, EY)

U; (AT (B, Es); E

L(rq) =
A+ E!

m) b starars

(B,bref,E})

(StG-t)
= (A;T++ (B EY), (Ba, Es); Em)

L(rs) = (B, b, E)
A+ E,=Ej

U; (AT (Eq, Es), (Eg, ES); Em) b stprars

I'(d) = (G, int, 0)
[(rq) = (G, 0 — void, E}) 0=

(& B B Bh)

(StB-t)
= (A;T++; (Eq, Es); upd Ey E} EL)

I'(r:) = (G, int, E.)

I'(d) = (G, int, 0)

U; (AT (Eq, Es); E

[(rq) =

I'(d) = (G, int,0)

(G,0 — woid, E,.qr)

(bzg-t)

) b bzg e e = (A;T++d — E, =0= (G,0 — void, E})]; (Ea, Es); Em)

© = (A I; (B}, BL); Eyn)
I'(d) = (G mt 0)

U; (A;T5(Ea, Es); Em) F jmpa ra = (A;T++[d

—— (jmpc-t)
— (G,0 — void, E,.q/)]; (Eq, Es); Em)

I'(r.) = (B,int, E.)
T(rq) = (B, (A" T (E&,E’) E| ) — void, E)
N g;, - § T(ra) = (B, (A5 (B B2 B) — void )
’ r = Ly
H/S'AF s A ISAF S: A
S(I")(d) = (G, int,0) Ny I
/ _ : / S(F )(d) = <G, mt70>
S(F )(pCG) - <G7 ZntyEr> / . /
' — (B S(I")(peg) = (G, int, E)
S(F )(pcB) - <B7 Znt7E7‘> / _ .
' S(I")(pcg) = (B, int, Er)
ArT s S(I) AT < S()
— ! / —
AT D) Z St B A+ Ban) = S(EED)
= (bzp-t) AF En = S(El,) .
v; (A7 I (Ed7 Es SEm) Fbzpr.rqg = (jmpB-t)

)
(A;T++; (Ey, Bs); Em)

U; (A;T;(Ea, Es); Em) = jmpp ra = void

Figure 10.

Instruction Typing Rules



U2 R:T

vEF C

v M:E,

Va. U;- 2 R(a): T(a)
-F (pca) < (G,int, Eg)
-+ T'(per) < (B,int, Ep)

-+ Eg=FEB

U2 R:T

(reg-file-t)

0 & Dom(C)
Vn € Dom(C). ¥(n) =0 —void A U;0F C(n) = RT A
(RT = ©" implies ¥(n+ 1) = O’ — void) )

‘\I/}—Z Q: (B4, Es)

2 (R,C, M, Q,ir)

vEC

-F E Kmem [Em] =M
Ve € Dom(M). W L:bref AN WEMU):b

U M:En, (M-)

T '*Z () . () (Q_emp_)

_Z#EG
U HZ (nf,nb) : (B, EX)
~}—Ed:n1
~FE5:TL2
Uhkng:b
Ukny:bref
— (QY)

U2 (n1,n2), (nf,nb) : (Eq, Es), (E}, EL)

U EY (ny,nh) : (B, BY)
-+ By Kint

‘F Es: Kint
a — T (Q-zap-)
U % (n1,n2), (n,nh) : (Ea, Es), (B, EY)

Dom(¥) = Dom(C) U Dom(M)
Z # G = Dom(Q) € Dom(M)
vFC
Ve# Z.oir # - = C(Rva(pe,)) =ir
Ve # Z. U(Ryai(pe,)) = (AT (Eq, Es); Em) — void
35.-FS:A

U M:S(En)
U2 Q:S(Eq Es)
U2 R:S(I)

heap-
7 (R,C, M, Q,ir) (heap)

Figure1l. Machine State Typing



v1 Stm” vg

R sim? R’

Q sim? Q'

e
g
3
N
I

(sim-va) o (sim-val-zap

Cnsim?Cn C'n sim n

Va. R(a) sim? R'(a)
R sim? R/

(sim-R

7 (sim-Q-empty

- stm

G n1 sim? G n) G no sim? G n sim? Q'
1 2

(n1,n2),Q) sim? ((n},nb),Q") (sim-Q

R sim? R’ Q sim? Q'
(R,C, M, Q,ir) sim? (R',C,M,Q’,ir)

(simX)

Figure 12. Similarity of Machine States



Lemmas for Progress, Preservation, and Simulation

Lemmasfor Progress, Preservation, and Simulation

Note: Since the sel-upd expression algebra we use is quite standard,
we have not formalized its properties ourselves. W assunme basic
properties of it such as reflexivity, transitivity, substitution of
equal s for equals, the relation between sel and update, etc. wherever
necessary in the proof.

Int Kinding Lenma

If PD|-Zv: <c,b,E> then D|- E: kint.

Proof: By case analysis on the value typing judgnent.

1. If P|-z Q: seq(Ed,Es) then length(Q = I|ength(seq(Ed, Es)).
2. If P|-z seq(nl,n2) : seq(Ed,Es) and z not= G then
for k:1..length(seq(nl, n2)),
.|- Edk = nlk and .|- Eds = n2k and for some b, P |- nlk : b ref and P |- n2k : b.

Proof: Both parts by induction on the queue typing judgenent.

1. If find(Qnl) = () and P |-Z Q: seq(E_d,E_s) then for k:1...length(Q. . |- Edk =/= nl

Proof: ???

Irrel evant Update Lemma

If E=sel (upd EmE s Ed) E.s' and . |- E.s =/= E_s' then E = sel E_mEs'

Proof: 7?27?77

Exp Eval uation Lemm

nn
=]

. 1f . |-
2. 1f . |-

kint then Exists n. ]

E: [[E]
E : kmemthen Exists M [[E]]

Proof by induction on D |- E: k

Canoni cal Fornms Lemmam

If Dom(P) = Donm(C) union Dom(M, and
P|]- M: Em and
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Lemmas for Progress, Preservation, and Simulation

P|]- C and
P, . |-zcn:t
t hen

1. If t =<c,b,E>0r t = (E =0) =><c,b,E> and c = z
then no particular properties of n are known.

2. If t =<c,int,E> and ¢ not=z then . |- E = n.
3. If t =<c¢,T-->v0id,E> and ¢ not= z then
P(n) =T -->void and nin Dom(C) and . |- E=n and n =/= 0.
4. 1f t = <c,b ref,E> and c not= z then
P(n) = b ref and nin Dom(M and . |- E = n.
5 If t =0) ==1t, and c not=z and . |- E =0 then nis not O.
|

:(E'
6. Ift =(E =0) =>1t, and c not=z and . |- E not=0 then nis O.

Proof: By induction on the derivation P, . |-z cn : t

Exp Eq Transitivity

If D|- E1 =E2 and D |- E2 = E3 then D |- El = E3

Proof: Inversion and reconstruction on (E-eq)

Substituting C osed Expressions

If . |- E: kthen Forall S. . |- S(E) : k

Proof: by induction on D |- E: k

Subt ypi ng Lenma:

If D|-t <=t' and P,D |-z v:t then P,D |-z v:t'

Proof :

By induction on the derivation of P;D |-z v:t. Each case uses inversion
of the subtyping rules and transitivity of D|- E1 = E2. Case cond-t-n0
al so requires the property that if D|- El = E2 and D |- E2 not= E3 then
D |- El1 not= E3.

Substitution Lenmma:

1. If Dx:k |- E:k' and D|- Ek then D |- E[E/X]:k".

2. If DDx:k |- E1L = E2 and D |- Ek then D |- E1[E/ x] = E2[E/ X].

3. If Dx:k |- E1l not= E2 and D |- E k then D |- E1[E/x] not= E2[E/X].

4. If P,D,x:k |-z vit and D|- Ek then P,D |- v:it[E/ X]

5. If P;D x:k; G seq(Ed,Es);Em |-z ir => RT and D |- E k then
P, D, E/ x];seq(Ed,Es)[E/x];En{E/x] |-z ir => RT[E x]

6. If |- S: Dand P,D |-z v:t then P, . |-z v : S(t).

7. 1f |- S: Dand P;D; G seq(Ed,Es);Em |-z ir => (D;G ;seq(Ed" ,Es'); Em) then
P;.;S(G;S(seq(Ed,Es)); S(Em |-z ir => (.;S(G);S(seq(Ed" ,Es')); S(Em))

Pr oof :

By induction on the respective typing derivation for parts 1, 4, 5.

Parts 6, 7 by induction on the size of D, using parts 4 and 5 respectively.
Parts 2 and 3 are assuned true of the expression algebra. Note that

part 3 is slightly unusual. It may be trivially inplenented sinply

by requiring that E1 not= E2 holds only when E1 and E2 are closed. This
judgenent is only needed to type states during the proof of preservation
after a conditional branch has been executed, when, indeed, the expressions
El and E2 will be cl osed.

1. If PJ|]- M: Emthen Em= enp or Em= (upd ( ... (upd Em Enlk En2k) ... ) Enll En21.
2. Mreover, if . |- Enlk = n then n in Dom(M.
Proof: By induction on the nenory typing derivation P |- M: Em

Menory Update Corollary:

If P|- M: Emand Em= (upd ( ... (upd EM Enlk En2k) ... ) Enll En21 and . |- sel Emnl = n2
then nl in Dom(M.
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Lemmas for Progress, Preservation, and Simulation

Proof: By Menory Lemmm and properties of the expression al gebra.

Vel | - Typed Donmin Lemma

If |- (RL,CMQL, 1d_Grd, rs) then Rl_val(r_d) in Dom(M

Proof: By inversion of the 1d_Gt type rule, inversion of the
register file typing rule and the Canonical Forms Lemma.

Col or Weakeni ng Lemma

If P.|- vit
then P;,.|-c v:t

Proof: By induction on the value typing judgenent.

Col or Weakeni ng Q Lemma

If P|- Q: seq(E_d, E_s)
then P|-c Q: seq(E_d, E_ s)

Proof: By induction on the queue typing judgenent.

Col or Weakeni ng R Lemma

If P|- R: Ganmma
then P |-c R: Gamm

Proof: By inversion of the reg-file-t rule and the Col or Wakeni ng Lenma.
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Progress Part 1

ProgressPart 1

1. 1f |- (RCMQir) then (RCMQir) -->0"s (R,C,M,Q,ir")

Proof by case analysis on ir.

Case
1. |- (RCMQ.) | Gven
2. P|- R: S(Q | Inversion of (heap-t), 1
3. |- S(Q(pc_G =< <Gint,E & | Inversion of (reg-file-t), 2
|- S(Q(pc_B) =< <B,int,E B>
4. P;.|- R(pc_Q : <Gint,E & | 3, Inversion of (reg-file-t), 2, Subtyping Lemman
P,.|- R(pc_B) : <B,int,E B>
5. .]- EEG = Rwval(pc_Q | Inversion of (val-t), 4
.]- E_.B = R.val (pc_B)
6. .|- EG=EB | Inversion of (reg-file-t), 2
7. val (pc_G = R_val (pc_B) | Transitivity 5, 6
8. Forall ¢ : P(Rval(pc_c)) = (D, Gseq(E d,E S),Em --> void | Inversion of (heap-t), 1
9. Rwval (pc_Q in Don(C | 8, Inversion of (heap-t)
10. (RCMQ.) -->0 (RCMQCQRval(pc_09)) | fetch 7, 9
*
Case op2r:
1. |- (RCMQ opr_d,r_s,r_t) | Gven
2. P;(.;9(0;S(seq(E_d,E s)),S(EmM) |- op r_d,r_s,r_t == RT | Inversion of (heap-t, Ct), substitution, 1
3. S(Q(r_s) = <c,int,E s'> | Inversion of (op2r-t), 2
S(G(r_t) =<c,int,E_t'>
4. P|- R: S(Q | Inversion of (heap-t), 1
5. P;. |- R(r_s) : <c,int,E s"> | Inversion of (reg-file-t), 4, 3
P,. |- R(r_t) : <c,int,E_t'>
6. r_s in Dom R | 5
r_t in Dom(R)
7. pc_G pc_B in Dom R) | Inversion of (heap-t)
8. (RCMQopr_d,r_s,r_t) | op2r 6
--> 0 (R++[r_d--> Rcol(r_t) ( Rval(r_s) op Rval(r_t) )I,CMQ.)
*
Case oplr:

Simlar to op2r.
*

Case nov:

1. pc_G pc_Bin DomR) | I'nversion of (heap-t)

2. (RCMQ mvr_d, v) -->0 (R+t+[r_d-->v],CMQ.) | nov

*

Case |d_G

1. |- (RCMQ 1d_Gr_d r_s) | Gven

2. P(.;S(G;S(seq(E_d,E s));S(Em) |- 1d_Gr_dr_s =>RT | Inversion of (heap-t, Ct), substitution, 1
3. S(Q(r_s) = <Gbref,Es'> | Inversion of (ld_Gt), 2

4. Pl- R: S(Q | Inversion of (heap-t), 1

5. P,.]- Rir_s) : <Gbref,E s'> | Inversion of (reg-file-t), 4, 3
6. .|- Rwval(r_s) = E_s' | Inversion of (val-t), 5
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7. E = sel (seq(upd) S(E.m S(seq(E_d,E s))) E_s' | Inversion of (1d_Gt), 2
8. P|- M: S(Em | Inversion of (heap-t), 1
9. pc_G pc_B in Dom R) | Inversion of (heap-t)

subcase a. find(QR.wval(r_s)) = ()
10a. R val(r_s) in Dom(M | Canonical Forms, 8, Inversion of (heap-t), 5
lla. (RCMQ 1d_Gr_d,r_s) | 1d_G nmem assunption, 10a

--> 0 (R++[r_d--> GMRwval(r_s))],.CMQ.)

subcase b. find(Q Rval(r_s)) = (R.wal(r_s),n)

12. Exists n'. find(Q R_val(rs)) :(_(R_val(rs),n') or ()) | def of find
13. (RCMQ 1d_Gr_d,r_s) -->0 (R++[r_d-->Gn'],CMQ.) | 1d_G queue, assunption
Case | d_B:

Simlar to 1d_G

*

Case st_G

Simlar to st_B.

*

Case st_B:
al. |- (RCMQ st_Br_dr_s) | Gven
1. P|- C | Inversion of (Signma-t), al
2. Forall c=/=Z. C(R.val(pc_c)) =st_brdrs | Inversion of (Signa-t), al
3. P;(D; G seq(E d Es)(Ed , Es");E| |- st_brdrs | I'nversion of (Ct), 1, 2, inspection of (st_B-t)
==> (D; G++; seq(E_d, E_s);upd EmE d E_s')
4., Exists S. . |- S: D | Inversion of (Signma-t), al
5. P(.;S(9; S(seq(E_d,E s),(Ed ,Es"));S(EEm) |- st_Br_dr_s | substitution lemma, 4, 3
=> (.;S(G ++; S(seq{(E_d,E_s)}); S(upd EmE_d Es'))
6. P|- R: S(Q | Inversion of (Signma-t), al
7. S(Q(r_d) = <B,bref,Ed"'> | Inversion of (st_B-t), 5
S(Q(r_s) = <B,b,E_s"'>
8 P,.]- R(r_s) : <B/b,Es''> | Inversion of (Rt), 6, 7
P,.|]- Rr_d) : <B/bref,Ed"'>
9. .|- Rwval(r_s) = Es"' | Inversion of (val-t), 8
.]- Rwval(r_d) = Ed"
10. .|- S(E_s') = E_s"' | Inversion of (st_B-t), 5
- S(Ed) = Ed'’
11. P |- Q: S(seq(E_d,E s),(Ed ,Es")) | Inversion of (Sigma-t), al
12. Q= (seq(n,n"),(n_I,n_I")) where .|- S(E.d')=n_l and .|- S(E_s')=n_l" | Inversion of (Qt), 11
13. Rwval(r_s) =n_l"' and Rval(r_d) = n_I | Exp Eq Transitivity, 9, 10, 11
14. (R C M (seq(n,n"),(n_l,n_l")),st_B r_d,r_s) | st_B-mem 14
--> 0M(n_l,n_1") (R#++,CMn_l -->n_1"],seq{(n,n")},.)
Case bz_G
1. |- (RCMQ bz_Gr_z,r_d) | Gven
2. P(.;9(0Q; S(seq(E_d,E s));S(Em) |- bz_Gr_z r_d = RT | Inversion of (heap-t, Ct), substitution, 1
3. S(Q(d) = <Gint,0> | Inversion of (bz_Gt), 2
S(G(r_z) =<Gint,E z>
S(Q(r_d) = <G T->void, E d' >
4. P|- R: §(Q | Inversion of (heap-t), 1
5. P;.]- R(d) : <Gint,0> | Inversion of (reg-file-t), 4, 3
P,.|- Rr_z) : < Gint,E z>
P,.|- R(r_d) : <G T->void, E d >
6. Rval(d) =0 | Inversion of (val-t), 5
r_z in Dom(R), r_d in DonmR)
7. (RCMQ bz Gr_z,r_d) -->0 (R+t+[d--> R(r_d)],CMQ.) or | bz_Gtaken or bz-untaken, 6
(RCMQ bz Gr_z,r_d) -->0 (R++,CMQ.)
Case bz_B:
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1. |- (RCMQ bz_Gr_z,r_d)
2. P(.;9(Q; S(seq(E_d,E_s));S(Em) |-
3. S(Q(r_z) =<B,int,E z>
S(G(r_d) =<B,(D;G;seq(Ed ,Es");Em)-
S(9(d) =( Ez'=0=><GT-->void Er’
T =(D;G;seq(E d  ,Es");E m)
|- Ez = E Z'
.- Er = E_I'
4. P|- R: S(Q
5. P.]- Rd) : EzZ'=0 =>< GT -->void,E_r'>
P;,.|- R(r_z) < B,int,E_z>
P, .- R(r_d) <
6. .|- Rval(r_z) = Ez
.- Rwval(r_d) = Er
7. Rval(d)=0 and .|- E z'=/=0
or .|- Rval(d): <GT-->void,E_r'> and
8. Rwval(d)=0 and .|- E z'=/=0
or .|- Rval(d) = Er' and .|- E z'=0 and .
Case a: Rval(d) =0 and .|- E z'=/=0
9a. . |- Rwval(r_z) = Ez
10a. . |- Rwval(r_z) = E Z'
1la. Rwval(r_z) =/=0
10a. (RCMQbz Br_z,r_d) -->0 (R++,CMQ.)
Case b: .[-Rwval(d) = Er' and .|- E_z'=0 and .
9b. . |- Rval(Rz) = Ez
10b. . |- Rwval(r_z) = Ez
11b. . |- Rwal(r_z) =0
12b. . |- Rwal(r_d) = Rwval(d)
13b. Rwval(r_z) =0
14b. R.val (r_d) = R.val (d)
15b. (RCMQ bz_Br_z,r_d)
-->_0 (Rlpc_G-> R(d)][pc_B--> R(r_d)][d--> G.],CMQ.)
*
Case jnp_G

Simlar to bz_G

Case jnp_B:

Simlar to bz_B.

*
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.- E_z'=0 and .

bz Br_z r_d => RT

> void,E r>

B, (D ;G ;seq{(E d ,Es')};Em)-->void, E_r>

Er' =/=0

Er'=/=0

G ven

I nversion of (heap-t,Ct), substitution,
Inversion of (bz_B-t), 2

I nversion of (heap-t), 1

Inversion of (reg-file-t), 4, 3

Inversion of (val-t), 5
I nversion of
=/ =0

I nversion of

(cond-t), (cond-t-n0), 5

(val-t), 7

Inversion of (val-t), 5

Exp Eq Transitivity, 9a, 3
10a, assunption
bz-unt aken, assunption, 1lla

Inversion of (val-t), 5

Exp Eq Transitivity, 9b, 3

Exp Eq Transitivity, 10b, assunption
Exp Eq Transitivity, 3, 6, assunption
11b, Inversion of (E-eq), def of [[n]]
12b, Inversion of (E-eq), def of [[n]]
bz_B-taken 13b, 14b

1
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Progress Part 2

2. If |-c (RCMQir) then (RCMQir) -->0"s S

Proof by case analysis on ir.

Case

1. |-c (RCMQ.) | Gven

2. P|]-c R: S(Q | Inversion of (heap-t), 1

3. S(Q(pc_G =< <Gint,E & | I'nversion of (reg-file-t), 2
S(Q (pc_B) =< <B,int,E B>

4. P;.]-c R(pc_G : <Gint,EG& | 3, Inversion of (reg-file-t), 2, Subtyping Lenma
P;.|-c R(pc_B) : <B,int,E B>

By 4, and inversion of typing, one of the follow ng cases hol ds:
case a:
5a. P;.|-c R(pc_G : <Gint,E &G | by (val-t)
P;.|-c R(pc_B) : <B,int,E B> | by (val-t)
6a. Proof is the sane as case "." in Progress 1.
Rul e fetch applies.

case b:
7b. P;.]-c R(pc_Q : <Gint,E &

P;.]-c R(pc_B) : <B,int,E B> | one by (val-zap-t) not by (val-t), the other by val-t
8b. either .|- R(pc_G not= E G | by 7b, inversion of typing

or .|- R(pc_B) not= E_B
9b. Proof proceeds simlarly as case
Hence, rule fetch-fail applies.

"." in Progress 1, except we conclude R(pc_G not= R(pc_B).

*

Case op2r:

Simlar to case op2r in Progress 1.
Rul e op2r applies.

Case oplr:

Simlar to case oplr in Progress 1.
Rul e oplr applies.

Case nov:

Similar to case nov in Progress 1.
Rul e nov applies.
*

Case |d_G

1. |-c (RCMQ 1d_Gr_dr_s) | Gven

2. P(.;9(9;S(seq(E_d,E s));S(E.m) |-c1d Gr_dr_s =>RT | Inversion of (heap-t, Ct), substitution, 1
3. S(Q(r_s) = <Gbref,Es'> | Inversion of (ld_Gt), 2

4. Pl-c R: S(Q | Inversion of (heap-t), 1

5. P;.]-c R(r_s) : < Gbref,E s'> | I'nversion of (reg-file-t), 4, 3

By 5, and inversion of typing, one of the follow ng cases hol ds:
case a:
6a. P;.|-c R(r_s) : < Gb ref,E s'> | by (val-t)
7a. Proof is the sane as case |d_Gin Progress 1.
Rule 1 d_G memor |d_G queue applies.
case b:
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8b. P,.|-c R(r_s) : < Gbref,E.s'> | not by (val-t) but by (val-zap-t)

9b. Proof is the sane as case |d_Gin Progress 1 except
on line 10a of that proof we cannot conclude R val (r_s) in Dom(M.
If Rval(r_s) notin Don(M, either Id_Grand or 1d_Gfail nay execute.
Q herwi se 1d_G nmemor |d_G queue applies as before.

Case | d_B:

Simlar to case 1d_G
Rules | d_B-memor |d_B-fail or |d_B-rand apply.

*

Case st_G

Simlar to case st_G (or op2r) in Progress 1.
Rul e st-G queue al ways applies.
*

Case st_B: - DAVES VERSI ON. UNNECESSARI LY COWPLI CATED? SEE FOLLOW NG VERSI ON

1. |-c (RCMQ st_Br_dr_s) | Gven
2. B(. ,S(G) S(seq(E_d,E s),(Ed ,Es"));S(Em) |- st_ Br_dr_s | I'nversion of (heap-t,Ct), substitution, 1
=> (.;S(Q ++; S(seq{ (E_d,E s)}); S(upd EmE d" E s'))
3. S(Q(r_d) =<B,bref,Ed"'> | Inversion of (st_B-t), 2
S(Q(r_s) = <B,b,E_s"'>
4. Pl-c R: S(G) | Inversion of (heap-t), 1
5. P;.]-c R(r_s) < Bb,Es'"'> | Inversion of (reg-file-t), 4, 3
P,.|-c R(r_d) : <Bbref,Ed"'>
Subcase A: Assune c = B
By 5, and inversion of typing, one of the follow ng cases hol ds:
case a:
6a. P;.|-c R(r_s) : <B,b,E.s'"'> | both by (val-t)
P,.]-c R(r_d) : <Bbref,Ed"'>
7a. Proof is the sane as case st_B in Progress 1.
Rul e st-B-nmem applies.
case b:
8b. P;.|]-¢c R(r_s) : <B/b,Es'"'> | at least one not by (val-t) but by (val-zap-t)
P,.]-¢c R(r_d) : <Bbref,Ed"'>
9b. either .|- Rwval(r_s) not= E s"' | by 8b.
or .|- Rwval(r_d) not= E d"'
10b. .|- S(E_s') = E_s"' | Inversion of (st_B-t), 2
.- S(E_d") = Ed"
11b. P |-c Q: S(seq(E_d,E s),(Ed ,Es')) | Inversion of (heap-t), 1
12b. Q:( eq(n,n"),(n_l,n_I")) where .|- S(E_d"')=n_| and .|- S(E_s')=n_l" | By Queue Lemmm, 11b
13b. either Rwval(r_s) not=n_I" or Rwval(r_d) not= n_I| | 9b and Exp Eq Transitivity of 10b, 12b
14b. Rule st_B-memfail applies. | by 13b.
*
Subcase B: Assune ¢ = G
15. .|- Rwal(r_s) = E.s"' | Inversion of (val-t), 5
.- Rwval(r_d) = E d"’
16. .|- S(E_s') = E_s"' | Inversion of (st_B-t), 2
- S(Ed) = Ed’
17. P |- S(seq(E_d,E s),(E d' ,E s")) | Inversion of (heap-t), 1
18. Q= (seq(n n),(n_l,n_l")) | By Queue Lemmm, 17
By 17, and (inductive) inversion, one of the follow ng cases holds:
case c:
18c. .|- S(E_d')=n_l and .|- S(E_s')=n_I" | Rule (Qt) used to type (n_1,n_I") in 17
19c. Proof is the sane as case st_B in Progress 1.
Rul e st-B-nmem applies.
case d:
20d. .|- S(E_d") not=n_l or .|- S(E_s') not= n_|"' | Rule (Qzap-t) not (Qt) used to type (n_1,n_I")
21d. Rule st_B-memfail applies. | By 20d and transitivity of 15, 16
End.
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Case st_B: - FJP

al. |- (RCMQ st_Br_dr_s) | Gven
1. P|- Q: S(seq(E_d,Es),(Ed ,Es")) | Inversion of (Sigma-t), al
2. Q= (seq(n,n"),(n_l,n_l")) | Queue Lemma, 1
Subcase 1: end of queue matches r_d / r_s
a2. Rval (r_d) = n_l and Rval(r_s) = n_I"'
3. (RCM(seq(n,n"),(n_l,n_I")),st_ B r_d,r_s) | st_B-nem a2
--> 0M(n_l,n_I") (R++,CMn_l -->n_l"],seq{(n,n")},.)
subcase conpl ete.
Subcase 2: end of queue does not match r_d / r_s
a2. Rval(r_d) =/=n_l or Rval(r_s) =/=n_I"
3. (RCMQst_B r_d,r_s) --> fault | st_B-memfail, 2, a2
subcase conpl ete.
Case bz_G
1. |-c (RCMQ bz_Gr_z,r_d) | Gven
2. P(.;S(9; S(seq(E_d,E s));S(Em) |- bz_Gr_z r_d => RT | Inversion of (heap-t, Ct), substitution
3. §(g(d) = <Gint, 0> | Inversion of (bz_Gt), 2
S(G(r_z) =<Gint,E z>
S(Q(r_d) = <G T->void, E d' >
4. P|-c R: S(Q | I'nversion of (heap-t), 1
5. P;.]-c R(d) : <Gint, 0> | Inversion of (reg-file-t), 4, 3
P,.|-c R(r_z) < Gint,E z>
P;.|-c R(r_d) <G T->void, E_d' >
6. d, r_z, r_d in DomR) | By 5
By 6, and inversion, one of the follow ng cases holds
case a. Rwval(d) not=0
7a. Rval (d) not=0 | assumed in this case
8a. either bz-untaken-fail or bz_Gtaken-fail applies | By 7a, 6
*
a
case b: Rwval(d) =0
9b. Rval(d) =0 | assumed in this case
10b. either bz-untaken or bz_Gtaken applies | by 9b, 6
*b
End.
Case bz_B:
1. |- (RCMQ bz_Gr_z,r_d) | Gven
2. P(.;8(9; S(seq(E_d,E s));S(Em) |- bz Br_zr_d=>RT | I'nversion of (heap-t,Ct), substitution,
3. S(Q(r_z) = <B,int,E z> | Inversion of (bz_B-t), 2
S(Q(r_d) = <B,(D;G;seq(Ed ,Es'");Em)-->void,Er>
S(§(d) =( Ez'=0 =><GT-->void,Er'>)
T =(D;G;seq(Ed  ,Es");Em)
.|- Ez = E_Z'
|- Exr = Ex'
4. P|- R: §(Q | Inversion of (heap-t), 1
5. P,.]- Rd) : Ez'=0 =><GT-->void,E_r'> | Inversion of (reg-file-t), 4, 3
P,.|- Rr_z) : < Gint,E z>
P,.|- Rr_d) : <B(D;G;seq{(Ed ,Es")};Enm)-->void Er>
6. d, r_z, r_d in DomR | By 5
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By 6, one of the follow ng cases hol ds

case a: Rval(r_z) not=0

7a. Rval (r_z) not=10

8a. Rule bz-untaken or bz-untaken-fail applies
*a

case b: Rval(r_z) =0
9b. Rval(r_z) =0
One of the followi ng subcases hol ds
Subcase ba: Rval (d) not= 0 and Rval (rd) = Rval (d)
Rul e bz_B-taken applies
Subcase bb: Rval (d) = 0 or Rval (rd) not= Rval (d)
Rul e bz_B-taken-fail applies
*b

End.

Case jnp_G

Simlar but sinpler than case bz_G
Rule jnmp_Gor jnmp_G fail applies.
*

Case jnp_B:

Simlar but sinpler than case bz_B.
Rule jnp_B or jnp_B-fail applies.
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Preservation Part 1

1. If |-Z(RCMQir)
and (RCMQir) -->0"s (R,C,M,Q.,ir")
then |-Z (R,C,M,Q,ir")

Proof by induction on the structure of the derivation of (RCMQir) -->0"s (R,C,M,Q,ir").

CASE fetch:

(pl) R.val (pc_G = R.val(pc_B)

(p2) R.wval(pc_Q in Dom Q)
________________________________________ (fetch)
(RCMQ.) --> 0 (RCMQC(R.val (pc_G))

MQ.)

Don(C) uni on Dom( M

=/ =G ==> Don(Q subseteq Dom(M
|

t ed>

Forall c=/=Z. P(R_val (pc_c)) = (D;G seq(E_d,E_s);E_ m-->void
Exists S. .|- S: D

P|- M: S(Em

P|-Z Q: S(seq(E_d,E_.m)

P|-ZR: S(O

CONOOA®BNREO
A
Q
o
®

»

Forall c=/=Z. C(R val (pc_c)) = C(R val (pc_Q)
10. |-Z (RCMQC(Rval (pc_Q))

*

CASE fetch-fail:

Rval (pc_GQ =/= Rval (pc_B)
-------------------------- (fetch-fail)

does not apply (fails second assunption)
*

CASE op2r:

MQop r_d, r_s, r_t)
= Donm(C) uni on Donm( M
G ==> Don(Q subseteq Dom M

C

11 Z. C(R_val (pc_c))
11 Z. P(R_val (pc_c))
ts S. . |- S: D

M: S(E m

-Z Q: S(seq(E_d,E.m)
ZR: SO

inon
—~o0
_U_'U
(0]

= R col (r_t)
Let R2 = R++[r_d --> c¢' (R.val(r_s) op Rwval(r_t))]
= Gt+[r_d --> <c',int, E.s' op E_t'>]

10. P; (D, G seq(E_d,E_s);Em |- opr_s,r_t,r_d ==> RT2
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11. RT2 = (D, &;seq(E_d,E_s);E_m | Inspection of (op2r-t), def of @
12. Forall c=/=Z. P(R_val (pc_c)+1l) = RT2 --> void | Inversion of (Ct), 3, 4, 11
5'. Forall c=/=Z. P(R2_val (pc_c)) = (D, &;seq(E_d,E s);Em --> void | def of ++, def of R2, 11, 12
13. P;(D;Gseq(E_.d,E s);Em|- opr_s,r_t,r_d ==>D &;seq(E_d,E s);E. m| 10, 11
14. P;(.;S(09;S(seq(E_d,E s));S(Em)|- opr_s,r_t,r_d | substitution, 6, 13
==> (.;§(R); S(seq(E_d, E_s)); S(E_m)
15. S(G)(r_s) =<c',int,E_s"> | Inversion of (op2r-t), 13
16. S(Q(r_t) = <c',int,E_t'> | I'nversion of (op2r-t), 13
17. Forall a. P;. |-Z R(a) S(O (a) | Inversion of (reg-file-t), 9
18. S(Q(pc_Q =< <Gint,E & and S(Q (pc_B) =< <B,int, E_B> | Inversion of (reg-file-t), 9
19. S(Q++(pc_QG=< <G int, E_G+t1> and S(QG ++(pc_B) =< <B,int, E_B+1> | 18, def Gt+
19a |- EG=EB | Inversion of (reg-file-t), 9
19b. [[E_G]] = [[E_B]] | I'nversion of 19a, def of [[]]
19c. [[E_G] + [[1]] = [[E_B]] + [[1]] | 19b, def of [[]]
19d. [[EG+ 1]] = [[EB + 1]] | 19c, def of [[]]
19e. . |- EG+1=EB+1 | 19d, (E-eq)
20. P |-Z Rt+ : S(Gt+) | (reg-file-t), def of R++, 19, 19e
21. P,. |-Z R(r_s) : <c',int,E.s'> and P;. |-Z R(r_t) <c',int,E_t'> | Inversion of (reg-file-t), 9, 15, 16
SUBCASE a: Z =/= ¢’
2la. . |- Es' =R(r_s) and . |- Et' = R(r_t) | Cannonical Forms 2, 7, 3, 20a, assunption
22a. [[E_s']] = [[R(r_s)]] and [[E_t']] = [[R(r_t) | Inversion on (E-eq), 2la
23a. [[Rwal(r_s)]] op [[Rwal(r_t)]] = [[Es']] op [[E_t']] | Subst of Eq for Eq, 22a
24a. [[R.val(r_s) op Rwval(r_t)]] =[[E.s' op E_t']] | def of [[]], 23a
25a. . |- E_s' kint and . |- E_t' : kint | Inversion on (E-eq), 2la
26a. . |- (E_s' op E_t") ki nt | (E-op-t), 25a
27a. . |- (R.val(r_s) op Rwval(r_t)) ki nt | (E-int-t)
28a. . |- (Rwal(r_s) op Rval(r_t)) = (E_s'" op E_t") | (E-eq), 27a, 28a, 24a
29a. . |- (Rwal(r_s) op Rwval(r_t)) : int | (int-t)
30a. P;.|-Zc" (Rwval(r_s) op Rval(r_t)) <c',int, E.s'" op E_t'> | (val-t), 29a, 28a
SUBCASE b: Z =
20b. . |- E_s' kint and . |- E_t' ki nt | I'nt Kinding Lemma, 21
21b. . |- E_s' op E_t' ki nt | (E-op-t), 20b
22b. P;.|-Z c¢' (R.wal(r_s) op Rval(r_t)) <c',int, E.s'" op E_t'> | (val -zap-t), assunption, 21b
MERGE:
31. P;.|-Z R2(r_d) S(&2(r_d)) | 30a/22b, def of R2, def of @2,
9. P|- CS(®) | def of Rz, def of &, 20, 31
25. [-Z (R, CMQ.) | (heap-t), 1,2,3,ir=.,5,6,7,8,9
*
CASE oplr:
R2 = R++[ rd -> c¢' (Rwal(rs) op n) ]
---------------------------------------------------------- (oplr)
(RCGMQ oprd, rs, ¢ n) -->0 (RRCMQ.)
Simlar to op2r.
CASE nmov
——————————————————————————————————————————————————————————— (mov)
(RCMQ m/rd, v) -->0 (Rt+[rd->v] ,CMQ.)
Simlar to op2r.
*
CASE | d_G queue:
(pl) find(QRval(r_s)) = (Rwval(r_s),n)
---------------------------------------------------------------- (1d_G queue)
(RCMQ IdGr_d, r_.s) -->0 (Rt+[r_d->Gn] ,CMQ.)
0. |-Z(RCMQId_Gr_d, r_s) | Gven
1. Dom(P) = Don{C) union Dom M | I'nversion of (heap-t), O
2. Z=/ =G ==> Dom(Q subseteq Dom(M | I'nversion of (heap-t), O
3. P|-C | Inversion of (heap-t), 0
4. Forall c=/=Z. C(Rval(pc_c)) =1d_Gr_d, r_s | I'nversion of (heap-t), O
5. Forall c=/=Z. P(R val(pc_c)) = (D, G seq(E_d,E_s);E n-->void | Inversion of (heap-t), O
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i . . |- S: D

|- M: S(E.m

|-Z Q: S(seq(E_d,E_.m)
|-Z R: S(Q

Let n = [[E]]
R++[r_d --> G n]
Gt+[r_d --> <G b, B> ]

,_
ot
[

o

10. P;(D;Gseq(E_d,E.s);Em |- Id_Gr_d, r_s ==> RT2
11. RT2 = (D;&X;seq(E_d,E s);E.m
12. Forall c=/=Z. P(R val (pc_c)+1l) = RT2 -> void

5'. Forall c=/=Z. P(R2_val (pc_c)) = (D, &;seq(E_d,E_s);Em --> void

13. P;(.;S(09;S(seq(E_d,E s));S(Em)|- 1d_Gr_d, r_s
==>(.; §(&); S(seq(E_d, E_s)); S(E_m)

14. S(Q(r_s) = <Gb ref,E s'>

15. E = sel (sequpd S(E_.m S(seq(E_d,E s))) E s’

16. . |- S(E.m : knem

17. . |- S(seq(E_d, E_s)) seq(kint, kint)
18. | E_s' : kint

19. |- E: kint

SUBCASE a: Z = G
20a. P;.|-ZGn: <Gb, B>

SUBCASE b: Z =/= G

20b. P;. |-Z R(r_s) S(O (r_s)

21b. P;. |-Z R(r_s) <G b ref, E s'>

22b. P |- Rwval(r_s) : b ref

23b. . |- E_s' = Rwval(r_s)

24b. Exists n. [[E]] =n

25b. P|- n: b | (int-t)
26b. P;. |-ZGn: <Gb, B>

MVERGE:

22. P, .|-Z R2(r_d)
9. P|-Z R : S(®@)

S(@) (r_d)

23. |1-Z (RR,CMQ.)

CASE | d_G nem

(pl) find(QRwval(r_s)) = ()

(p2) Rwval(r_s) in Dom(M

(sl) R = R++[r_d -> G MR.wval(r_s)) 1]
----------------------------------------------- (1d_G mem
(RCMQ 1d Grd, rs) -->0 (RR,CMQ.)

0. |-Z(RCMQId_Gr_d, r_s)

1. Dom(P) = Don(C) union Don(M

2. Z=/ =G ==> Dom(Q subseteq Dom(M

3. P|- C

4. Forall c=/=Z. C(Rwval(pc_c)) =1d_Gr_d, r_s

5. Forall c=/=Z. P(R val(pc_c)) = (D, G seq(E_d,E_s);E n-->void
6. Exists S. |- S: D

7. P|- M: S(Em

8. P|-Z Q: S(seq(E_d,E_m)

9. P|-ZR: S(O

Let R2 = R++[r_d --> G MR.val (r_s)) ]

Let @ = GH+[r_d --> <G b, B> ]

10. P;(D;,Gseq(E d,E.s);Em |- 1d_Gr_d, r_s ==> RT2

11. RT2 = (D, X;seq(E_d,E s);E.m
12. Forall c=/=Z. P(R_val (pc_c)+1l) = RT2 -> void

5. Forall c=/=Z. P(R2_val (pc_c)) = (D, &;seq(E_d,E_s);Em --> void

13. P;(.;S(O9;S(seq(E_d,E s));S(Em)|- 1d_Gr_d, r_s
==>(.;S(&); S(seq(E_d, E_s)); S(E_m)

14. S(Q(r_s) = <Gb ref,E_s'>

15. E = sel (sequpd S(E_.m S(seq(E_d,E_s))) Es'

16. . |- S(E_m : kmem
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Preservation Part 1

17. . |- S(seq(E_d,E_s)) seq(kint, kint)
18. . | E_s' : kint

19. . |- E: kint

SUBCASE a: Z = G

20a. P;.|-Z G MR.val (r_s)) <G b, B>

SUBCASE b: Z =/= G

20b. P;. |- R(r_s) <G b ref,E_s'>

21b. P |- Rwal (r_s) b ref

23b. P |- MRwval(r_s)) : b

24b. |- E.s' = Rwval(r_s)

25b. for k:il...length(Q. . |- Edk =/= R rval(r_s)
26b. E = sel S(E_.m E_s'

27b. M= [[E_nj]

28b. [[sel S(E_m E s']] = M[[E_s'1])

29b. [[E_s']] = Rwal(r_s)

30b. [[E]] = MR.val(rs))

31b. . |- E= MRwval(rs))

3lb. P|-Z GMRwval(r)s)) <G b, B>

MERGE:

32. P;.|-Z R2(r_d) S(&) (r_d)

9. P|-ZR : S(®&)

23. 1-Z (RR,CMQ.)

CASE | d_G rand:

find(Q R wval (r_s)) = ()

R val (r_s) not in Dom(M

R2 = Rt+[r_d -> G n ]
————————————————————————————————————————————————— (1d_G rand)
(RCMQ IdGr_d, r.s) -->0 (R,CMQ.)
0. |-Z(RCMQId_Gr_d, r_s)

1. Dom(P) = Don(C) union Dom(M

2. Z=/ =G ==> Dom(Q subseteq Dom( M

3. P|-C

4. Forall c=/=Z. C(Rwval(pc_c)) =1d_Gr_d, r_s
5. Forall c=/=Z. P(R val(pc_c)) = (D, G seq(E_d,E_s);E n-->void
6. Exists S. . |- S: D

7. P|- M: S(E.m

8. P|-ZQ: S(seq(E_d,E_m)

9. P|-ZR: S(Q

Let R2 = R++[r_d --> G n]

Let & Gt+[r_d --> < Gint, E_n>]

10. P;(D;,Gseq(E d,E.s);Em |- 1d_Gr_d, r_s ==> RT2
11. RT2 = (D, X;seq(E_d,E s);E.m

12. Forall c=/=Z. P(R_val (pc_c)+1l) = RT2 --> void

5. Forall c=/=Z. P(R2_val (pc_c)) = (D, &;seq(E_d,E_s);E.m --> void
13. P|- n: int

14. . |- En=n

15. P;. |-ZGn: <Gint,En>

16. S(E_n) = E_n

9. P|-ZR : (@)

17. |-Z (RR,CMQ.)

CASE | d_Gfail:

find(QR.val (r_s)) = ()

R val (r_s) not in Dom(M
————————————————————————————————————— (ld_Gfail)
(RCMQ Id Gr_d, r_s) -->0 fault
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does not apply (fails second assunption)
*

CASE | d_B-nmem

R val (r_s) in Dom(M

R = Rl++[ rd -> B MR wval (r_s)) ]
------------------------------------------------- (I d_B-mem
(RGMQ IdBrd, rs) -->0 (R,CMQ.)

Simlar to I d_G mem

CASE | d_B-rand:

R val (r_s) not in Dom(M

R =R+ r_d ->Bn]
——————————————————————————————————————————————————— (1d_B-rand)
(RCMQ IdBr_d, r_s) -->0 (R,CMQ.)

Simlar to Id_Grand.

CASE | d_B-fail:

Rval (r_s) not in Dom(M
——————————————————————————————————————————— (Id_B-fail)
(RCMQ IdBr_d, r_.s) -->0 fault

does not apply (fails second assunption)

CASE st _G queue:

Q@ =( (Rwal(r_d), Rwval(r_s)), Q)
--------------------------------------------------- (st _G queue)
--> 0 (R, CMQ,.)

0. |-Z(RCMQst_Gr_d, r_s)

1. Dom(P) = Don(C) union Don(M

2. Z=/ =G ==> Dom(Q subseteq Dom(M

3. P|- C

4. Forall c=/=Z. C(Rval(pc_c)) =st_Grd, rs

5. Forall c=/=Z. P(R val(pc_c)) = (D, G seq(E_d,E_s);E n-->void
6. Exists S. . |- S: D

7. P|- M: S(Em

8. P|-Z Q: S(seq(E_d,E_m)

9. P|-ZR: S(O

|- st_Gr_d, r_s ==> RT2

s'),(seq(E_d,E s)));E.m

pc_c)+1l) = RT2 --> void

(pc_c))

(seq(E_d,E_s)));E.m --> void

9. P |- S(G++)

13. P;(.;S(O;S(seq(E_d,E s));S(Em)|- st_Gr_d, r_s
==>(.;S(G++); ((E_d",E_s"), S(seq(E_d,E_s))); S(E.m)

14. S(Q(r_d)= <G b ref,E d' >

15. S(Q(r_s)= <G b,E_s'>

Let @ = ( (Rwal(r_d), Rval(r_s)), Q)
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SUBCASE a: Z = G
16a. . |- E.d:kint and . |- E_s':kint | I'nt Kinding Lenma, 14, 15, Inversion of (reg-file-t), 9
17a. P |- @ : ((E.d',E_s'),S(seq(E_d,E_s))) | (Qzap-t), assunption, 8, 1l6a

SUBCASE b: Z =/= G

16b. |- Ed =Rwval(r_d) and P |- Rval(r_d) : b ref | I'nversion of (val-t), assunption, 14
17b. |- Es'" = Rwval(r_s) and P |- Rwval(r_s) : b | Inversion of (val-t), assunption, 15
18b. P |- @ : ((Ed ,Es'),S(seq(E_d,E s))) | (Qt), assunption, 8, 16b, 17b

19b. P |- Rwval(r_d) : <Gb ref, Ed > | I'nversion of (reg-file-t), 9, 14
20b. E_d' in Dom'M | Cannonical Forns, 1, 7, 3,19b

21b. Dom( @) subseteq Dom( M | def of @, 20b, 1

MERGE:

8. P|- @ : ((Ed,Es"),S(seq(E_d,E s))) | 17a/18b

2'. Z =/ =G ==> Don( @) subseteq Don(M | 21b

22. |-Z (R++,CMQ,.) | (heap-t), 1,2',3,ir=.,5,6,7,8,9

*

CASE st_B-mem

(pl) R.val (r_d)
(p2) R.val(r_s)

nl
nl'

—————————————————————————————————————————————————————————————————— (st_B-mem
(R C M ((seq(nsi,nsl'),(nl,nl")), st_Br_d, r_s)
--> 0°(nl,nl") (R++, C Mnl->nl'], seq(nsl,nsl') , .)
|- ((seq(nsl,nsl"),(n1,nl")),st_Gr_d, r_s) G ven

M |
Don(C) uni on Dom(M | Inversion of (heap-t),
> Dom(((seq(nsl,ns1l"),(nl,nl"))) subseteq Dom M | I'nversion of (heap-t),
| I'nversion of (heap-t),
|

Exists S. . |- S: | I'nversion of (heap-t),

Pl- M: S(E.m | Inversion of (heap-t),

P|-Z ((seq(nsl,nsl"),(nl,nl1")) : S(seq(Ed,Em,(Ed  f ES")) | Inversion of (heap-t),
|

0

1

2

3.

4. Forall c=/=2Z. C(R.val(pc_c)) =st_Grd, rs I nversion of (heap-t),
5 c=/=Z

6

7

8

9. P|-ZR: SQ I nversion of (heap-t),

0
0
0
0
Foral | .P(R_val (pc_c))=(D; G (seq(E_d,E_s),(E_d",E_s"));E_.m-->void | Inversion of (heap-t), O
- D 0
0
0
0

10. P;(D; G (seq(E_d,E s),(E d ,ESs"));Enm |- st_Br_d, r_s ==> T2 | I'nversion of (Ct), 3, 4
11. T2 = (D; G++;seq(E_d,E_s); upd EmE_d Es' ) | Inspection of (st_B-t), def of &, 10
12. Forall c=/=Z. P(R_val (pc_c)+1) = T2 | Inversion of (Ct), 3, 4,11
5'. Forall c=/=Z. P(R2_val (pc_c)) | def of ++, def of R2, 11, 12
= (D, G++;seq(E_d,E_s); upd EmEd Es' ) -->void

9. P |- R++ : S(GH+) | 9, def of ++

13. P;(.;S(Q9;S(seq(E_d,E s),(Ed ,Es'));S(Em)|- st_Br_d, r_s | 10, 11, substitution, 6
==> (.;S(Gt+); S(seq(E_d,E_s); upd S(E.m) S(E_d') S(E_s') )

14. S(GQ(r_d)= <B,b ref,E d''> | I'nversion of (st_B-t), 13
15. S(GQ(r_s)= <B,b,E_s"'> | I'nversion of (st_B-t), 13
16. . |- S(E_d") = S(E.d"") | Inversion of (st_B-t), 13
17. . |- S(E_s') = S(E_s'") | Inversion of (st_B-t), 13

SUBCASE a. Z = G

18a. P |-Z seq(nsl,nsl') : S(seq(E_d, E_s)) | repeated Inversion of (Qzap-t), assunption, 8, (Q zap-t)
SUBCASE b. Z =/= G

18b. P |-Z seq(nsl,nsl") : S(seq(E_d, E_s)) | repeated Inversion of (Qt), assunption, 8, Queue Lemma, (Qt)
MERGE:

8. P |-Z seq(nsl,nsl") : S(seq(E_d, E s)) | 18a/18b

2'. Z=/=G Don(seq(nsl,nsl')) subseteq Dom(M nl->nl']) | 2

19a. . | (E d') =nl | Inversion of (Qt), assunption, 8
20a. P |- nl: b ref | I'nversion of (Qt), assunption, 8
2la. P;. |- Bnl: <B/b ref,E_nl> | (val-t), 20a

22a. nl in Dom(M | Cannonical Forns 4, 7, 3, 2la

23a. . |- S(E_s') = nl' | I'nversion of (Qt), assunption, 8
24a. P |- n1l" : b | Inversion of (Qt), assunption, 8
25a. [[S(E_d")]] =nl and [[S(E_s')]] = nl' | I'nversion of (E-eq), 19a, 23a
SUBCASE b. Z = G (r_s/r_d are correct)

19b. P;. |- Rwval(r_d) : <B,b ref, Ed'> | Inversion on (reg-file-t), 9, 14
20b. P;. |- nl1: <B,b ref, Ed' > | 19b, (pl), Exp Eq Transitivity, 16
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Preservation Part 1

21b. nl in Dom(M

22b. P |- nl: b ref

23b. P;. |- R.wal(r_s) <B,b,E_s''>

24b. P;. |- nl' <B, b, E_s'>

25b. P |- nl" : b

26b. . |- S(E.d") =nl and . |- S(E_s') = nl

27b. [[S(E_d')]] =nl and [[S(E_s"')]] = nl'

MERGE:

30. Forall | in Dom(M. P |- I bref and P |- MIl) : b
31. Forall | in Dom(Mnl->nl']). P |- | bref and P |- MIl) : b
32. [[E.M] =M

33. [[upd EmEd Es']] = [[Enm] [ [[Ed]] ->[[Es']] ]
34. [[upd EmEd Es']] = M[ nl->nl ]

35. . |- E_m: knem

36. . |- E_d kint and . |- E_s ki nt

37. . |- upd EmEd E.s' ki nt

7. P |- Mnl->nl1'] upd EmE_d E_s'

1'. Dom(P) = Don{C) union Dom M nl->nl'])

24. |-Z (R++, C, Mnl->nl1'], seq(nsl,nsl') , .)

CASE st_B-nmemfail:

Q = (seq(n,n"),(n1,nl"))

Rval (r_d) =/=nl1 or Ruval(rs) =/= nl'
------------------------------------- (st_B-memfail)
(RCMQ 1dBr_d, --> 0 fault

does not apply (fails second assunption)

CASE bz_G unt aken:

(pl) Rwval(d) =0 (p2) Rwval(r_z) =/=0
----------------------------------------------------- (bz-unt aken)
(RCMQ bz Gr_z, r.d) -->0 (R++CMQ.)

0. |-Z(RCMQbz_Gr_z, r_d)

1. Dom(P) = Don{C) union Dom(M

2. Z=/=G ==> Don{Q subseteq Dom(M

3. P|-C

4. Forall c=/=2Z. C(R.val(pc_c)) =bz_Gr_z, r_d

5. Forall c=/=Z. P(R_val (pc_c)) = (D, G seq(E_d,E_s);E m-->void
6. Exists S. . |- S: D

7. P|- M: S(Em

8. P|-ZQ: S(seq(E_d,E_m)

9. P|-ZR: S(Q

Let R2 = R++

Let " = (D,G,seq(E d ,Es"),Enl)

Let @ = GH[ d -> (E.z =0 ==> <G T ->void, E d >) ]

10. P;(D;Gseq(E_d,E s);Em |- bz_Gr_z, r_d ==> RT2

11. RT2 = (D, &; (seq(E_d,E s));E.m
12. Forall c=/=Z. P(R_val (pc_c)+1) = RT2
5'. Forall c=/=Z. P(R2_val (pc_c)) = (D, &;(seq(E_.d,E_s));Em --> void

13. P;(.;S(09;S(seq(E_d, E s));S(Em)|- bz_Gr_z, r_d
==>(.;S(&); S(seq(E_d, E s)); S(E_m)

14. S(QG(d)= <G int, 0>

15. S(Q(r_z)= <Gint,E z>

16. S(Q(r_d)= <G T ->void, E d' >
17. G(r_d)= <G T ->void,E d' >
SUBCASE a: Z = G

18a. . |- E_z ki nt

19a. . |- E_d" : kint
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Cannoni cal Forms 4, 7, 3, 20b
I nversion on (val-t), assunption, 20b

Inversion on (reg-file-t), 9, 15

24b, (p2), Exp Eq Transitivity, 17
I nversion of (val-t), assunption, 24b
I nversion of (val-t), assunption, 20b, 24b

Inversion of (E-eq), 26b

I nversion of (Mt), 7
30, 20a/22b, 24al25b

I nversion of (Mt), 7
def of [[]]
33, 32, 25al27b

Inversion of (Mt), 7
Int Kinding Lemma, Inversion of (reg-file-t),
(E-upd-t), 35, 36

9, 14, 15

(Mt), 31, 34, 37
1, 22al21b

G ven

I nversion of
I nversion of
I nversion of
I nversion of
I nversion of
I nversi on of
I nversion of
I nversion of
I nversi on of

(heap-t),
(heap-t),
(heap-t),
(heap-t),
(heap-t),
(heap-t),
(heap-t),
(heap-t),
(heap-t),

[eNeoNeoNoNoNoNeNoNe]

Inversion of (CGt), 3, 4

I nspection of (bz_Gt), def of &, 10

Inversion of (CGt), 3, 4, 11

def of ++, def of R2, 11, 12

10, 11, substitution, 6

Inversion of (bz_Gt), 13

I nversion of (bz_Gt), 13

I nversion of (bz_Gt), 13

I nversion of (bz_Gt), 13

Inversion of (reg-file-t), 9, 15, Int Kinding Lemm

Inversion of (reg-file-t), 9, 16, Int Kinding Lemma



Preservation Part 1
20a. P;. |-Z R(d) : (E_.z =0 ==> <G T ->void, E d >) | (val -zap-cond), 18a, 19a, assunption, 14

SUBCASE b: Z =/= G

18b. P |- Rwval(r_z) : <G int, E z> Inversion of (reg-file-t), 9

|
19b. . |- E_z = Rwval(r_z) | Inversion of (val-t), assunption, 18b
20b. . |- Ez =/=0 | 19b, (p2), transitivity
21b. P;. |- R(d) : (E_.z =0 ==> <G T ->void, E d' >) | (cond-t-n0), (pl), 20b
MERGE:
22. P,. |- R(d) : (E.z =0 ==> <G T ->void, E_d >) | 20a/21b
23. P |-Z R+ : S(Gt+) | 9, def of ++
9. P|-Z R : S(&) | (reg-file-t), 23, 22, def of R2, def of &
24, |-Z (R++,CMQ.) | (heap-t), 1, 2, 3, ir=., 5, 6, 7, 8 9

CASE bz_B- unt aken:

(pl) R_val (d)
----------------------------------------------------- (bz-unt aken)

"
o
—
kel
N
=
I;U
<
=8
—
-
|
N
=
"
o

0. |-Z(RCMQbz_Br_z, r_d) | Gven

1. Dom(P) = Don(C) union Dom M | Inversion of (heap-t), 0
2. Z=/ =G ==> Dom(Q subseteq Dom( M | Inversion of (heap-t), O
3. P|-C | Inversion of (heap-t), O
4. Forall c=/=2Z. C(Rval(pc_c)) =bz_ Br_z, r_d | Inversion of (heap-t), 0
5. Forall c=/=Z. P(R val(pc_c)) = (D;Gseq(E d,E_s);E nm-->void | I'nversion of (heap-t), O
6. Exists S. . |- S: D | Inversion of (heap-t), O
7. P|- M: S(E_m | Inversion of (heap-t), O
8. P|-Z Q: S(seq(E_d,E_.m) | Inversion of (heap-t), O
9. P|-ZR: S(0Q | Inversion of (heap-t), O
10. P;(D,Gseq(E d,E.s);EmM |- bz_Gr_z, r_d ==> RT2 Inversion of (Ct), 3, 4

11. RT2 = (D; G++; (seq(E_d,E_s));E m
12. Forall c=/=Z. P(R_val (pc_c)+1) = RT2
=/=Z. P(R2_val (pc_c)) = (D; G++; (seq(E_d,E s));Em --> void

I nspection of (bz_B-t), def of &, 10
Inversion of (CGt), 3, 4, 11
def of ++, def of R2, 11, 12

9. P |-Z R++ : S(GH+) | (reg-file-t), 9, def of ++

13. |-Z (R++,CMQ.) | (heap-t), 1, 2, 3, ir=, 5,6, 7, 8 O

CASE bz-unt aken-fail

Rval(rz) =/=0 Rval(d) =/=0
------------------------------------------- (bz-untaken-fail)
(RCMQ bzcrz, rd) -->0 fault

does not apply (fails second assunption)
*

CASE bz_G t aken:

Rval(d) =0 Rval(r_z) =0 R2 = R++[d -> R(r_d)]
————————————————————————————————————————————————————————————— (bz_G taken)

0. |-Z(RCMQbz_Gr_z, r_d) | Gven

1. Dom(P) = Donm(C) union Dom M | Inversion of (heap-t), O
2. Z=/=G ==> Donm(Q subseteq Donm(M | I'nversion of (heap-t), O
3. P|-C | I'nversion of (heap-t), O
4. Forall c=/=2Z. C(R.val(pc_c)) =bz_Gr_z, r_d | Inversion of (heap-t), O
5. Forall c=/=Z. P(R.val (pc_c)) = (D, G seq(E_d,E_s);E m-->void | Inversion of (heap-t), 0
6. Exists S. . |- S: D | Inversion of (heap-t), O
7. P|- M: S(E_m | Inversion of (heap-t), O
8. P|-Z Q: S(seq(E_d,Em) | Inversion of (heap-t), 0
9. P|-ZR: S(Q | I'nversion of (heap-t), 0
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Preservation Part 1

Let R2 = R++[d -> R(r_d)]
Let " = (D,G,seq(Ed ,Es"),Eni)
Let @ = GH[ d -> (E.z =0 ==> <G T ->void, E d >) ]

10. P;(D;Gseq(E_d,E s);Em |- bz_Gr_z, r_d ==> RT2

11. RT2 = (D, &; (seq(E_d,E_s));E.m

12. Forall c=/=Z. P(R_val (pc_c)+1) = RT2

5. Forall c=/=Z. P(R2_val (pc_c)) = (D, &;(seq(E_d,E_s));E m --> void

13. P;(.;S(Q;S(seq(E_d,E_s));S(Em)|- bz_Gr_z, r_d
==>(.;S(&); S(seq(E_d, E s)); S(E_m))

14. S(Q(d)= <G int, 0>

15. S(Q(r_z)= <Gint,E z>

16. S(Q(r_d)= <G T ->void, E d' >

17. G (r_d)= <G T ->void,E d' >

SUBCASE a: Z = G

18a. . |- E_z ki nt
19a. . |- E_d" : kint
20a. P;. |-Z R(r_d) : (E.z =0 ==> <G T ->void, E_d >)

SUBCASE b: Z =/= G

18b. P |- Rwval(r_z) : <G int, E_z>

19b. . |- E_z = Rwval(r_z)

20b. |- Ez =0

21b. P;. |-Z R(r_d) : <G T ->void, E d >

22b. Rwval(r_d) =/=10

23b. P;. |-Z R(r_d) : (E.z =0 ==> <G T ->void, E_d >)
MERGE:

22. P;. |- R(r_d) : (E.z =0 ==><GT->vo0id E_d >)
23. P |-Z R+ : S(Gt+)

9. P|-ZR : (&)

24. 1-Z (RR,CMQ.)

CASE bz_G taken-fail:

Rval (r_z) =0 Rval (d) =/=10
———————————————————————————————————————————— (bz_Gtaken-fail)
(RCMQ bz Gr_z, r_.d) -->0 fault

does not apply (fails second assunption)
*

CASE bz_B-t aken:

(pl) Rwval(d) =/=0
(p2) Rwval(r_z) =0
(p3) Rwval(r_d) = R.val(d)

R2 = Rlpc_G-> R(d)][pc_B -> R(r_d)][d -> G 0]
—————————————————————————————————————————————————— (bz_B-taken)

z Br_z, r_d)

bz Br_z, r_d
(D, G seq(E_d,E_s); E.m-->void

0
1
2
3.
4. Forall c=/=Z. C(R_val (pc_c)) =
5. Forall c=/=Z. P(R_val (pc_c)) =
6. Exists S. . |- S: D
7. P|- M: S(E.m
8. P|-ZQ: S(seq(E_d,E_m)
9. P|-ZR: S(Q
= Rpc_G->R(d)][pc_B -> R(r_d)][d -> G 0]
Let T = (D,G,seq(Ed ,Es"),En)

10. P; (D, G seq(E_d,E_s);Em |- bz_Br_z, r_d ==> RT2

11. RT2 = (D; G++; (seq(E_d, E_s)); E_n)
12. Forall c=/=Z. P(R_val (pc_c)+1) = RT2
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Inversion of (CGt), 3, 4

I nspection of (bz_Gt), def of @&,
Inversion of (CGt), 3, 4

def of R2, 11, 12

def of ++,

10, 11, substitution, 6

I nversion
I nversion
I nversion
I nversion

I nversion
I nversion

(val - zap- cond),

of
of
of
of

of
of

(bz_Gt), 13
(bz_Gt), 13
(bz_Gt), 13
(bz_Gt), 13

(reg-file-t), 9, 15,
(reg-file-t), 9, 16,

Inversion of (reg-file-t), 9, 15
I nversion of (val-t), assunption,
transitivity

19b, (p2),

Inversion of (reg-file-t), 9, 16
Forms 3, 7, 3, 21b

Cannoni cal

(cond-t),

20a/ 23b

9, def of ++
(reg-file-t),

(heap-t),

G ven

I nversi on
I nversion
I nversion
I nversion
I nversion
I nversion
I nversion
I nversion
I nversion

22b, 21b, 20b

1,

10

Int Kinding Lenma
I'nt Kinding Lemma

18a, 19a, assunption, 14

18b

23, 22, def of R2, def of @&

2, 3, ir=., 5, 6, 7,

(heap-t),
(heap-t),
(heap-t),
(heap-t),
(heap-t),
(heap-t),
(heap-t),
(heap-t),
(heap-t),
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Inversion of (Ct), 3, 4
I nspection of (bz_B-t), def of @&,
Inversion of (CGt), 3, 4,11

8, 9
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Preservation Part 1

13. P;(.;S(09;S(seq(E_d, E s));S(Em)|- bz_Br_z, r_d | 10, 11, substitution, 6
==>(.; S(G++); S(seq(E_d, E s)); S(E_m)

14. S(Q(d)= (E z'=0 ==> <G T ->void,E_r'>

15. S(Q(r_z)= <B,int,E z>

I nversion of (bz_B-t

), 13
I nversion of (bz_B-t), 13

|
= |

16. S(Q(r_d)= <B, T'->void, E r> | Inversion of (bz_B-t), 13

17. |- Ez = E_Z | I'nversion of (bz_B-t), 13

18. . |- Er = E_r' | I'nversion of (bz_B-t), 13

19. Exists S. . |- §: D | Inversion of (bz_B-t), 13

20. . |- S(G <= S (G) | Inversion of (bz_Gt), 13

21. S (G)(d) = <Gint,0> | I'nversion of (bz_Gt), 13

22. S(G)(pc_G =<Gint,Er'> | Inversion of (bz_Gt), 13

21. S (G)(pc_B) = <B,int,E_r> | Inversion of (bz_Gt), 13

22. |- S(seq(E_d,E s)) = S (seq(E_d",E s")) | I'nversion of (bz_Gt), 13

23. |- S(EEm = S (E.m | Inversion of (bz_Gt), 13

24. R2_val (pc_Q = R2_val (pc_B) = Rval(r_d) = Rval (d) | def of R2, (p3)

SUBCASE a: Z = G

25a. P;. |-Z R(d) : <B,T'->void,E_r'> | Inversion of (reg-file-t), 7, 16

26a. P |- Rwval(d) : T ->void | I'nversion of (val-t), assunption, 25a

27a. P |- R2_val (pc_B) : T ->void | 26a, 24

SUBCASE b: Z =/= G

25b. P;. |-Z R(d): (E_z'=0 ==> <G T ->void, E_r'> | Inversion of (reg-file-t), 7, 16

26b. P |- Rwval(d) : T ->void | Inversion of (cond-t), 25b, assunption, (pl)

27b. Forall c=/=Z. P(R2_val (pc_c)) =T -> void | 26b, 24

MVERGE:

5'. Forall c=/=Z. P(R2_val (pc_c)) = (D ,G,seq(E d,Es'"),E.m) ->void | 27a/27b

6'. Exists S'. . |- S : D | 19

7. P|- M: S(Em | 7, 23, repeated applications of Substituting O osed
Expressi ons Lema

8. P|-ZQ: S (seq(E_d EmM) | 8, 22, repeated applications of Substituting O osed
Expressi ons Lemmma

28. P|-ZR: S (G) | Subtyping Lenmm, 9, 20, repeated applications of def of <=
on regfiles

29. P,. |-ZGO0: <Gint,0> | (val-t)

30. P;. |-Z2GO0: S(Q(d) | 21, 29

SUBCASE a: Z = G

30a. . |- E_r'" : kint | Inversion of (E-eq), 18

3la. P;. |-Z R(d) : <Gint,Er'> | (val -zap-t), assunption, 30a

32a. P;. |-Z R(d) S (G)(pc_0O | 3la, 22

33a. P;. |-Z R(r_d) : <B, T ->void, E r> | Inversion of (reg-file-t), 9, 16

34a. P;. |-Z R(r_d) : <B,int,E_r> | Subtyping Lenmm, 33a, (subtp-int)

35a. P;. |-Z R(r_d) : S (G)(pc_B) | 34a, 21

30b. . |- Er ki nt | I'nversion of (E-eq), 18

31b. P;. |-Z R(r_d) : <B,int,E_r> | (val -zap-t), assunption, 30b

32b. P;. |-Z R(r_d) : S (G)(pc_B) | 31b, 21

33b. P;. |-Z R(d) : (E_.z2'=0 ==> <G T ->void, E r'>) | Inversion of (reg-file-t), 9, 14
34b. <del et ed>

35b. P;. |-Z R(d) : <G T ->void,E_r'> | Inversion of (cond-t), assunption, 33b
36b. P;. |-Z R(d) : <Gint, Er'> | Subtyping Lenma, 35b, (subtp-int)
37b. P;. |-Z R(d) : S(G)(pc_O | 36b, 22

MVERGE:

38. P;. |-Z R(d) S'(G)(pc_O | 32a / 37b

39. P, |-Z R(r_d) S' (G )(pc_B) | 35a / 32b

9. P|-ZR: S(G) | 28, def of R2,, 30, 38, 39

41. |-Z (R, CMQ.) | (heap-t), 1,2,3,ir=.,5,6',7,8,9

CASE bz_b-taken-fail:

Rval(r_z) =0

R val (r_d) =/= Rval(d) or Rval(d) =0
———————————————————————————————————————————— (bz_B-taken-fail)
(RCMQ bzBr_z, r.d) -->0 fault

does not apply (fails second assunption)
*
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Preservation Part 1

CASE jnmp_G

(pl) Rwval(d) =0 R2 = R++[d -> R(r_d)]
------------------------------------------------ (im_9
(RCMQ jmp_Grd) -->0 (RR,CMQ.)

Simlar to bz_Gtaken.

*

CASE jnp_G fail:

Rval (d) =/=10
------------------------------------------- (jmp_Gfail)
(RCMQ jnp.Grd) -->0 fault

does not apply (fails second assunption)

*

CASE jnp_B

(pl) Rwval(d) =/=0

(p2) R.val (r_d) = R.val(d)

R2 = Rlpc_G-> R(d)][pc_B -> R(r_d)][d -> G 0]
--------------------------------------------------- (im_B)
(RL,CMQ, jnp.Brd) -->0 (RR,CMQ,.)
Simlar to bz_B-taken.

*

CASE jnmp_B-fail

Rval(r_d) =/= Rval(d) or Rval(d) =0
-------------------------------------------- (jrp_B-fail)

does not apply (fails second assunption)
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Preservation Part 2

Preservation Part 2

2. 1f |- (RCMQir)
and (RCMQir) -->1"s (R,C,M,Q,ir")
then Exists Z: |-Z (R,C,M,Q,ir")

Proof by induction on the structure of the derivation of (RCMQir)

-->1%s (R,C,M,Q.,ir').

CASE reg-zap: FJP -- S(G(a) nay have conditional shape, see version in TR

---------------------------------------------- (reg-zap)
(RCMQir) -->1 (R a->cn ], CMQir)

- (RCMQir)

Dom(P) = Don(C) union Donm(M
Donm(Q subseteq Dom(M
P|-C

Forall c. C(R.wval(pc_c)) =ir
Forall c. P(R val(pc_c))=(D; G seq(E_d,Es);Em --> void
Exists S. . |- S: D

P|- M: S(E.m

P|- Q: S(seq(E_d, E.m)

P|l- R: S(Q

©CONOORWNPEO

Let ¢ = R col (a)
Let <c,b,E> = S(Q(a)

10. P;. |-ccn : <c,b, B>
11. P;. |-c Rla->c n'J(a) : S(O(a)
9. P|]-c Ra->cn'] : S(Q

12. |-c (Rla->cn'],CMQir)

CASE Ql- zap:
QL = (seq(nl,nl"),(nl, M), seq(n2,n2"))
@ = (seq(nl,nl"),(n2, M), seq(n2,n2"))

(RCMQ,ir) -->1 (RCMQ,ir)

[- (RCMQLir)

Dom(P) = Don(C) union Don(M

Dom( Q1) subseteq Dom(M

P|-C

Forall c. C(Rval(pc_c)) =ir

Forall c. P(R_val (pc_c))=(D; G seq(E_d,E_s);E n) --> void
Exists S. . |- S: D

Pl- M: S(E_m

P|- Q : S(seq(E_d, E.m)

P|- R: S(Q

©CENoOrONEO

let Z =G

Z=/ =G ==> Dom(Q subseteq Dom( M
Foral |l c=/=Z. C(R.val(pc_c)) =ir

aRN

0. P|-Z Q1 : S(seq(E_d, E_s))
P|-Z @ : seq(E_d, E_s)

9. P|-ZR: SO
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Forall c=/=Z. P(R_val (pc_c))=(D; G seq(E_d,E_s);E.m --> void

G ven

I nversion of (heap-t),
I nversion of (heap-t),
I nversion of (heap-t),
I nversion of (heap-t),
I nversion of (heap-t),
I nversion of (heap-t),
I nversion of (heap-t),
I nversion of (heap-t),
I nversion of (heap-t),

[eNeoNeoNoNeoNoNoNoNe]

(val -zap-t)
10, def of <c,b, B>
(reg-file-t), 9, 11

(heap-t), 1, 2, 3, 4, 5, 6, 7, 8 9

G ven

I nversion of (heap-t),
I nversion of (heap-t),
I nversion of (heap-t),
I nversion of (heap-t),
I nversion of (heap-t),
I nversion of (heap-t),
I nversion of (heap-t),
I nversion of (heap-t),
I nversion of (heap-t),

[eNeoNeloNeooNeNoNe]

def of Z

Col or Weakening Q Lenmm, 8
(Q zap-t), def of Z

Col or Weakening R Lenmm, 9



Preservation Part 2

11. |-Z (RCMQ@,ir) | (heap-t), 1, 2', 3,

*

CASE 2- zap:

Q = (seq(ni,nl"),(mml), seq(n2,n2")
= (seq(nl,nl1"),(mnR), seq(n2,n2")

P
O

. MQLir) --> 1 (RCMQ,ir)

Sanme as CASE Ql-zap.
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No False Positives Lemma

No False Positives Lemma

If |- (RCMQir) then Forall n. (RCMQir) -n->0 (R,C,M,Q,ir') and |- (R,C,M,Q,ir")

Proof: By induction over the nultistep definition and use of part (1) of Progress and part (1) of Preservation (with z = .)
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Single Step Fault Detection

Single Step Fault Detection

If|- SlandS1 simc S2andSl -->_0"sl S1' thenS2 -->_07s2 S2' ands2isaprefix of s1 and either

1. S1' simc S2'
2. 82" = fault

FJP -- need to modify so that singlestep is (simulates & output equal) or (reaches fault & output empty). See ETAL_FT for an example.
"If afault has occurred, then either the faulty computation can take a step indistinguishable from the non-faulty version, or the faulty computation reaches afault state.”

Pr oof:

By induction on the structureof S1 -->_07s1 S1'

(al) S1 simc S2

(a2) Sl --> 07sl SI'

(a3) |- S1
(1) S2 = (RR,CMQ@,ir) [ (al), (sims) ]

(2) RL simc R2 [ (al), (1), (sim9) ]
(3) QL simc @ [ (al), (1), (sim9) ]

CASE FETCH 1: fetch

(pl) Ri_val (pcl_G = Rl_val (pcl_B)
(p2) Rl_val (pcl_G in Don(C)
—————————————————————————————————————————————————— (fetch)

(RL,C,MQL,.) -->0 (RL,CMQLCRLval(pcl G))

Case on R2_val (pc_Q =? R2_val (pc_B)

SUB-CASE FETCH 1.1: One of the pc's was zapped

(ab) R2_val (pc_G =/= R2_val (pc_B)

(4 (R,CMQ@,.) -->0 fault [ (fetch-fail), (a5) ]

(5) S2 --> 0 fault and () = () [ (4) ]

*
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Single Step Fault Detection

SUB-CASE FETCH 1.2: Neither pc was zapped

(ab) R2_val (pc_G = R2_val (pc_B)

(4) Ri(pc_G simc R(pc_O [ (2), (simR) ]

(5) Rl_col(pc_Q = G [ (a3), inversion on (reg-file-t) ]
(6) R2_col (pc_Q = G [ (simval), (4), (5 1]

(7) ¢ =B ==>Rl(pc_Q = R(pc_Q [ (simval), (4), (5), (6) ]

(8 ¢ = B ==> R2_val (pc_Q in Don(CQ) [ (p2), (5) ]

(9) Rl(pc_B) simc R(pc_B) [ (2), (simR) ]

(10) Rl_col (pc_B) = B [ (a3), inversion on (reg-file-t) ]
(11) R2_col (pc_B) = B [ (simval), (9), (10) ]

(12) ¢ = G ==> Rl(pc_B) = R2(pc_B) [ (simval), (9), (10), (11) ]

(13) Rl_val (pc_B) in Don{C) [ (p1), (p2) ]

(14) ¢ = G ==> R2_val (pc_B) in Don(C) [ (12), (13) ]

(15) R2_val (pc_Q in Don(C) [ (8, (14), (a5) ]

(16) (R2,CM@,.) -->0 (R, C M@, C(R2_val (pc_G) [ (fetch), (a5), (15) ]

(17) Rl_val (pc_Q = R2_val (pc_Q [ (p1), (&%), (7), (12) ]

(18) (RL,CMQL, (Rl val (pc_Q)) simc (R2,CMQ, R val(pc_Q) [ (sim§), (2), (3), (17) ]

(19) S2 -->_0 S2' and ()=() and S2' simc SI' [ (16), (18) ]

CASE FETCH 2: fetch-fail

Rval (pc_Q =/= Rval (pc_B)

—————————————————————————— (fetch-fail)

(RCMQ.) -->0 fault

(4) S1 -/->_0 fault [ (Progress 1), (a3) ]

(5) case does not apply

*

CASE BASIC 1: op2r
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Single Step Fault Detection

(s1)

(R1,

(4)
(5)

(6)
(7
(8)

(9)
(10)

R1' = R1++[ rd -> Rl_col (rt) (Rl_val(rs) op Rl_val(rt))

cCMQ, oprd, rs, rt ) -->0 (RI',CMQL,.)

let R = R2++[ rd -> R2_col(rt) (R2_val(rs) op R2_val(rt)) ]

(R,CMQ,.) -->0 (R, CMQ,.)

R1(rt) simc R2(rt)
Rl(rs) simc R2(rs)

Rl++ simc R2++

Rl_col (rt) = Rl_col(rs)

Rl_col (rt) = R2_col(rt) = R2_col (rs)

Case on Rl_col (rt) =? ¢

SUB-CASE BASIC 1.1: R1_col(rt) =/=c

(a5)

(11)
(12)
(13)

(14)

(15)

(16)

(17)

Rl_col (rt) =/=c

Rl_val (rt) = R2_val (rt)

Rl_val (rs) = R2_val (rs)

Ri_val (rs) op Ri_val (rt) = R2_val(rs) op Re_val (rt)
Rl_col (rt) (Ri_val (rs) op Ri_val (rt))

simc R2_col(rt) (R2_val(rs) op R2_val(rt))

Rl' simc R

(R1',CMQ,.) simc (RR",CMQ,.)

S2 -->_0 S2' and S1' simc S2' and () = ()

SUB-CASE BASIC1.2: R1_col(rt) =c

(a5)

(11)

Rl_col (rt) =c

Rl_col (rt) (Rl_val(rs) op Rl_val(rt))

simc R2_col(rt) (R2_val(rs) op R2_val(rt))
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Single Step Fault Detection
(12) R1' simc R2

(13) (', MQ,.) simec (R, CMQ,.)

(14) S2 -->_0 S2' and S1' simc S2' and () = ()

*

CASE BASIC 2: oplr

(sl) RI' = Rl++[ rd ->c¢' (Rl_val(rs) op n) ]

(RL,,C,MQL, oprd, rs, ¢ n) -->0 (RI',CMAQL,.)

(4) let R" = R2++[ rd -> c¢' (R2_val(rs) op n) ]

(5 (R,CMQ,.) -->0 (R, CMQ,.)

(6) Ri(rs) simc R2(rs)

(7) Rl++ simc R2++

Case on ¢ =? c¢'

SUB-CASE BASIC2.1: C' =/=C

(ab) ¢' =/=c

(8) Rl_val(rs) = R2_val(rs)

(9) Ri_val(rs) op n = R2_val(rs) opn

(10) ¢' (Rl_val(rs) opn) simc c¢' (R2val(rs) op n)

(11) R1' simc R

(12) (', MQ,.) simec (R, CMQ,.)

(13) S2 --> 0 S2' and S1' simc S2' and () = ()

*

SUB-CASE BASIC22: C' =C

(ab) ¢' =c
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Single Step Fault Detection

(8 ¢ (Rl_val(rs) opn) simc c' (R2_val(rs) op n)

(9) R1' simc R2

(10) (', MQ,.) simec (R, CMQ,.)

(11) S2 -->_0 S2' and S1' simc S2' and () = ()

*

CASE BASIC 3: mov

(RL,CMQ, nvrd, v) -->0 (Rl++[rd ->v] ,CMQL,.

(4) (R,CM@@, mv rd, v) -->0 (R2++[rd ->vVv], CMQ,.)

(5) R1++ simc R2++

(6) v simc v

(7) RI++[rd -> v] simc R2++rd -> v]

(8) (Ri++[rd ->v] ,CMQL,.) simc (R++rd ->v] ,CMQ,.)

(9) S2 -->_0 S2' and S1' simc S2' and () = ()

CASE LOAD 1: Id_G-queue

(p1) find(QL, Rl_val(rs)) = (Rl_val(rs),n)

(R,,CMQL, 1d Grd, rs) -->0 (Rl++[rd ->Gn] ,CCMQL,.)

Case on ¢ ?= B,

and if not, does find(@,R2_val (rs)) ?= (R2_val(rs),n")

and if not, is R2_val(rs) not in? Donm(M

SUB-CASE LOAD 1.1: the value zapped was blue

(a5) ¢c =B

(4) find(Q@,R2_val(rs)) = (R2_val (rs),n)
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Single Step Fault Detection

(5 (R,CM@, Id_Grd, rs) -->0 (R++[rd->Gn] ,CMQ@,.) [ (1d_Gqueue), (4) ]

(6) R1++ simB R2++ [ (2), def of ++, (simR), handwave ]

(7) Rl++[rd -> Gn] simB R2++[rd -> G n] [ (simR), (6), (simval) ]

(8) (Ri++[rd -> Gn] ,CMQL.) simB (R++rd ->Gn] ,CMQ@,.) [ (simS), (7), (3) 1]

(9) S2 -->_0 S2' and S1I' simB S2' and () = () [ (5)., (8) ]

SUB-CASE LOAD 1.2: rswas not zapped, associated queue value may have been zapped

(ab) ¢ =G

(a6) find(@,R2_val(rs)) = (R2_val(rs),n")

(4) (R,CMQ@, 1d_Grd, rs) -->0 (R++rd->Gn] ,CMQ@,.) [ (Id_Gqueue), (a5) ]

(5) R1++ sim G R2++ [ (2), def of ++, (simR), handwave ]
(6) Gn simG Gn' [ (simval-zap) ]

(7) Ri++[rd -> G n] simG R2++[rd -> G n'] [ (simR, (5), (6) ]

(8) (Ri++[rd ->Gn] ,CMQ,.) simB (R++[rd ->Gn'] ,CM@,.) [ (simS), (7), (3) ]

(9) S2 -->_0 S2' and S1' simB S2' and () = () [ (4), (8) 1]

SUB-CASE LOAD 1.3: rswas zapped to an invalid address

(ab) ¢ = G
(a6) find(@, R2_val(rs)) = ()

(a7) Rz2_val (rs) not in Dom(M

(4 (R,CM@, 1dGrd, rs) -->0 (R++[rd->Gn'] ,.CMQ,.) [ (1d_Grand), (a6), (a7) ]
(5) Rl++[rd -> Gn] simG R2++[rd -> G n'] [ (simR), (2), def++, (simval-zap) ]
(6) S2 -->_0 S2' and S1' simG S2° and () = () [ (4, (5 ]

*

SUB-CASE LOAD 1.4: rswas zapped to a valid address or the queue address was zapped

(ab) ¢ =G

(a6) find(@, R2_val(rs)) = ()

(a7) R2_val(rs) in Dom(M
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Single Step Fault Detection

(4) let ' = R++[rd -> G MR2_val (rs))]

(5) (R,CM@, Id_Grd, rs) -->0 (R ,CMQ,.)

(6) Gn simG G MR2_val(rs))
(7) RI++ simG R2++
(8) Rl++[rd -> Gn] simG R2++rd -> G MR2_val (rs))]

(9) (Rl++[rd ->Gn] ,CMQL.) simG (R',CMQ,.)

(9) S2 -->0S2 and SI' simc S2° and () = ()

CASE LOAD 2: Id_G-mem

(p1) find(QL, Ri_val(rs)) = ()

(p2) Ri_val (rs) in Don(M

(sl) Rl' = Rl++[rd -> G MRL_val (rs)) ]
--------------------------------------------------- (1d_G nmen)

(RL,,CMQL, 1d_Grd, rs) -->0 (RI',CMQL,.)

Case on ¢ ?= B,
and if not, does find(@,R2_val(rs)) ?= (R2_val(rs),n")

and if not, is R2_val(rs) not in? Dom(M

SUB-CASE LOAD 2.1: the value zapped was blue

(ab) ¢ =B

(4) Rl_col(rs)

G
(5) Rl_col(rs) = R2_col(rs)
(6) Rl_val(rs) = R2_val(rs)

(7) R2_val(rs) in Dom(M

(8) find(@, R2_val(rs)) = ()

(9) let R = R++[rd -> G MR2_val (rs))]

(10) (R, M@, 1d_Grd, rs ) --> 0 (R, CMQ,.)

(11) R1++ simB R2++
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(12) MR1l_val (rs)) = MR2_val(rs)) [ (6) ]

(13) G MRl _val(rs)) simB G MR2_val(rs)) [ (simval), (6) ]

(14) R1' simB R [ (simR), (11), (13) ]
(15) (R1',CMQL,.) simB (R, CMQ,.) [ (sim$§), (14), (3) 1]
(16) S2 -->_0 S2' and S1' simB S2' and () = () [ (10), (15) ]

SUB-CASE LOAD 2.2: rs zapped to match a queue address or queue address zapped to match rs

(ab) ¢ =G

(a6) find(@,R2_val(rs)) = (R2_val(rs),n")

(4) let RR" = R++[rd -> G n']

(5) (R,CM@, 1d_Grd, rs) -->0 (R,CMQ,.) [ (1d_Gqueue), (a6), (4) ]
(6) Ri++ simG R2++ [ (2), def of ++ (simval), handwave ]
(7) GMRL_val(rs) simGGn' [ (simval-zap) ]

(8) RI' simG R [ (simBR, (6), (7) ]

(9) (R",CMQ,.) simG (R, CMQ,.) [ (sim§), (8), (3) ]

(10) S2 -->_0 S2' and SI' simc S2' and () = () [ (5), (9) ]

*

SUB-CASE LOAD 2.3: rs zapped to an invalid address

(ab) ¢ =G

(a6) find(@, R2_val (rs)) = ()

(a7) R2_val (rs) not in Dom(M

(4) let R' = R++[rd -> G n]

(5) Gn simG G MRIl_val(rs)) [ (simval-zap) ]

(6) R simGRL [ (2), def of ++ (5) ]

(7) (RI',CMQL,.) simG (R',CMQ,.) [ (sim§), (6), (3) 1]

(8) (R,CM@,.) -->0 (R',CMQ,.) [ (Id_Grand), (a6), (a7), (4) ]
(9) S2 -->_0 S2' and S1' simG S2' and () = () [ (7). (8) ]
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SUB-CASE LOAD 2.4: rs zapped to a valid address not in the queue or nothing related was zapped
(ab) ¢ =G
(a6) find(@, R2_val(rs)) = ()

(a7) R2_val(rs) in Dom(M

(4) let R" = R2++[rd -> G MR2_val (rs))]

(5 (R,CM@,.) --> 0 (R, CMQ,.) [ (1d_Gnem, (ab6),
(6) GMR2_val(rs)) simG G MRl_val(rs)) [ (simval-zap) ]

(7) Rl' simGR2 [ (2), def of ++ (6) ]
(8) (RI',CMQL,.) simG (R',CMQ,.) [ (sim9), (3), (7)1
(9) S2 -->_0 S2' and SI' simGS2 and () = () [ (5). (8) ]

*

CASE LOAD 3: Id_G-rand

find(QL Ri_val (rs)) = ()
Rl_val (rs) not in Dom(M

RI' = Rl++[rd -> G n ]
--------------------------------------------------- (1d_G rand)

(RL,,CMQL, 1d_Grd, rs) -->0 (RI',CMQL,.)

(1) Rwval(r_s) in Dom(M [ Well-Typed Donmin Lenma,

(2) case does not apply

*

CASE LOAD 4: |d_G-fail

find(QL, Rl_val (rs)) = ()

R1_val (rs) not in Dom(M

----------------------------------------------------------- (1d_Gfail)
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(4) SL -/->_0 fault

(5) case does not apply

*

CASE LOAD 5: Id_B-mem

R1_val (rs) in Dom(M

Rl' = Rl++[ rd -> B MRl_val (rs)) ]

--------------------------------------------------- (1 d_B- mem

(R, CMQL, I1dBrd, rs) -->0 (R,CMQ.)

Case on R2_val (rs) in? DomM

SUB-CASE LOAD 5.1: rsis zapped to an invalid address

(a5) R2_val (rs) not in Dom(M

(49 (R,CMQ@, ldBrd, rs) -->0 fault

(5) S2 --> 0 fault and () = ()

*

SUB-CASE LOAD 5.1: rzis zapped to valid address or rsis not zapped

(ab) R2_val(rs) in Dom(M

(4) let RR" = R++[ rd -> B MR2_val (rs)) ]

(5 (R,CMQ@, IdBrd, rs) -->0 (R, CMQ,.)

(6) Rl_col(rs) =B

(7) R2_col(rs) =B

(8 ¢ = G==> Rl_val(rs) = R2_val(rs)

(9) ¢ = G==>B MRL_val(rs)) simG B MR2_val(rs))

(10) ¢ = B ==>B MRl_val(rs)) simB B MR2_val (rs))

(11) B MRl_val(rs)) simc B MR2_val (rs))

(12) R1I' simc R2
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(13) (', M@,.) simc (R',CMQ,.) [ (simsS), (12), (3) ]

(14) S2 --> 0 S2' and S1' simc S2' and ()=() [ (5, (13) ]

*

CASE LOAD 6: Id_B-rand

R val (rs) not in Dom(M
R = R+t+[ rd -> B n ]
--------------------------------------------------- (1d_B-rand)

(RCMQ IdBrd, rs) -->0 (R,CMQ.)

(1) Rwval(r_s) in Dom(M [ Well-Typed Domain Lenmm, (a3) ]

(2) case does not apply

*

CASE LOAD 7: Id_B-fail

Rval (rs) not in Dom(M
——————————————————————————————————————————— (Id_B-fail)

(RCMQ Id Brd, rs) -->0 fault

(4) S1 -/->_0 fault [ (Progress 1), (a3) ]

(5) case does not apply

*

CASE STORE 1. st_G-queue

(s1) ' = ( (Rl_val(rd), Rl_val(rs)), QL)

------------------------------------------------------- (st _G queue)

(R, cMQ, st_Grd, rs ) -->0 (RI++,CMQ',.)

(4) let @ = ( R_val(rd), R2_val(rs) ), @

(5) (R,CM@, st_Grd, rs) -->0 (R+,CMQ',.) [ (st_G queue), (4) ]

(6) Rl_col(rs)

1
@

[ (a3), inversion on (1d_Gt) ]

(7) Ri_col (rd)

1
@

[ (a3), inversion on (1d_Gt) ]
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(8) R2_col(rs) =G [ (6), (2), (simval) ]

(9) R2_col(rd) =G [ (7), (2), (simval) ]

(10) ¢ = G==> GRl_val(rd) simG G R2_val(rd) [ (simyval-zap) ]

(11) ¢ = G==> GRl_val(rs) simG G R2_val(rs) [ (simyval-zap) ]

(12) c = G==> Q' simG Q' [ (simQ, (3), (10), (11) ]

(13) ¢ = B ==> Rl_val(rd) = R2_val (rd) [ (simBR, (2), (7), (9), (simval) ]
(14) ¢ = B ==> Rl_val(rs) = R2_val(rs) [ (simR, (2), (6), (8), (simval) ]
(15) ¢ =B ==> GRl_val(rs) simB G R2_val(rs) [ (simval), (14) ]

(16) ¢ = B ==> GRl_val(rd) simB G R2_val(rd) [ (simval), (13) ]

(17) ¢ =B ==>Ql' simB @ [ (simQ, (3), (15), (16) ]

(18) Q' simc Q@ [ (12), (17) ]

(19) (RI++,CMQL',.) simc (R++,CMQ',.) [ (simsS), (2), def of ++ (18) ]

(20) S2 -->_0 S2' and S1' simc S2' and () = () [ (5, (19) ]

CASE STORE 2: st_B-mem

(pl) Ri_val(rd) = n1

(p2) Ri_val(rs) = nl'

------------------------------------------------------------------ (st_B-mem
(RL, C, M ((seq(nsi,nsl'),(n1,nl')), st_Brd, rs)
--> 07(nl,nl") (Rl++, C, Mnl->nl'], seq(nsl,nsl') , .)
(4) @ = ((seq(ns2,ns2"),(n2,n2")) [ (3), (simQ ]
(5) seq(nsl,nsl') simc seq(ns2,ns2") [ (simQ, (3) ]
Case on (R2_val (rd) = n2 and Rl_val (rs) = n2') and then c =? G
SUB-CASE STORE 2.1: either rs/rd got zapped, or the end of the queue got zapped
(a5) Rz2_val (rd) =/=n2 or R2_val(rs) =/= n2'
(6) (R,CMQ@, st_Brd, rs) -->_0 fault [ (st_B-memfail), (4), (a5) ]
(7) () prefix of (nl,nl") [ duh ]
(8) S2 --> 0 fault and () prefix of (n1,nl") [ (6), (7) ]
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SUB-CASE STORE 2.2: zapped value was blue, but not rd/rs

(a5) R2_val (rd) = n2 and R2_val (rs) = n2'

(ab) ¢ = B

(7) Gnl simc Gn2 [ (3), inversion on (simQ ]

(8) nil=n2 [ (7), (a6), (simval) ]

(9) Gnl simc Gn2 [ (3), inversion on (simQ ]

(10) nl1'=n2' [ (9), (a5), (simval) ]

(11) Mn1->nl'"] = M n2->n2'] [ (8), (10) ]

(12) (R1++,C, M nl->nl1'],seq(nsl, nsl"),.) [ (simS), (2), def of ++, (11), (5) 1]

simB (R2++, C, M n2->n2'], seq(ns2,ns2"),.)
(13) (R2,CM @, st_Brd, rs) [ (st_B-mem, (a5) ]
--> 0M(n2,n2") (R2++,C, M n2->n2'],seq(ns2,ns2"'),.)

(14) (nl,n1') = (n2,n2") [ (8, (10) ]

(15) S2 -->_07ss2 S2' and S1' simB S2' and ssl = ss2 [ (13), (12), (14) ]

SUB-CASE STORE 2.2 zapped value was green, but not the end of the queue

(a5) Rz2_val (rd) = n2 and R2_val (rs) = n2'

(a6) ¢ = G

(6) (n2,n2") simG (n1,nl)’ [ (3), (simQ ]

(7) n2=n1 [ (a5), (p1) 1]

(8) n2'=n1' [ (a5), (p2) 1]

(9) Mnl->nl'] = Mn2->n2'] [ (7)., (8) ]

(10) (R1++,C Mnl->nl1'],seq(nsl, nsl'),.) [ (simsS), (2), def of ++ (9), (5) ]

simB (R2++,C, M n2->n2'],seq(ns2,ns2'),.)
(11) (R2,CCM @, st_Brd, rs) [ (st_B-nmem, (a5) ]
--> 0M(n2,n2") (R2++,C, M n2->n2'],seq(ns2,ns2'),.)

(12) (n1,n1') = (n2,n2") [ (7)), (8) ]
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(13) S2 -->_07ss2 S2' and S1' simB S2' and ssl = ss2 [ (11), (10),

*

CASE STORE 3: st_B-mem-fail

Q = (seq(n,n'),(n1,nl"))
Rval (rd) =/=nl1 or Rval(rs) =/= nl'
------------------------------ (st_B-memfail)

(RCMQ IdBrd, rs) -->0 fault

(4) S1 -/->_0 fault [ (Progress 1),

(5) case does not apply

*

CASE BRANCH 1: bz-untaken

(pl) Rl_val(d) =0 (p2) Rl_val(rz) =/=0
----------------------------------------------------- (bz-unt aken)

(RL,CMQL, bz c rz, rd) -->0 (RI++,CMQL,.)

Case on ¢' =? Band c =? B

SUB-CASE BRANCH 1.1: bz B and a green value was zapped

(ab) ¢ =B
(ab) ¢ = G
(6) Rl_col(d) = Rl_col(rz) =B [ (a3),
(7) R2_val (d) = Rl_val (d) and R2_val (rz) = Rl_val (rz) [ (2),

(8) Re_val(d) =0

(9) R2_val(rz) =/=0

(10) (RR,C M@, bz Brz, rd) -->0 (R++,CMQL,.) [

(11) (R1++, CMQL, .) simG (R++ CMQL, .)

(12) S2 -->_0 S2' and S1' simG S2' and () = () [

file:/l/el/tal ft/ssfaultdetect.html (14 of 25) [8/15/2008 10:26:35 AM]

(12) ]

(a3) 1]

inversion on (bz_B-t) ]

(simval), (6),

[ (p1),

[ (p2),

(N1
(N1

(bz-untaken),

[ (2),

(3),

(10), (11) ]

(8),

(a5),

(a6) 1]

(9) 1

def of ++ ]
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SUB-CASE BRANCH 1.2: bz_G and a green value was zapped

(ab) ¢' =G
(ab) ¢ = G
(x) R2_col(rz) = Gand R2_col(d) = G [ (a3), inversion on (bz_Gt), (2) ]

Case on R2_val (rz) =? 0 and R2_val (d) =? 0

SUB- SUB- CASE BRANCH 1.2.1 - rz and d both consi stent
(a7) R2_val(rz) =/=0

(a8) R2_val (d) = 0

(4 (R,CMQ@, bz Grz, rd) -->0 (R++CMQL,.) [ (bz-untaken), (a7), (a8) ]
(5) (RI++,C,MQL,.) simG (R++,CM @, .) [ (2), (3), def of ++]
(6) S2 -->_0 S2' and S1' simG S2' and () = () [ (4, (5) ]

*

SUB- SUB- CASE BRANCH 1.2.2 - rz inconsistent
(a7) R2_val(rz) =0

(a8) R2_val(d) =0

(4) (R2,CMQ@, bz Grz, rd) -->0 (R++d->R(r_d)],CMQL.) [ (bz_Gtaken), (a7), (a8) ]
(5) R2_col(rd) = G [ (a3), inversion on (bz_Gt), (2), (a6) ]
(6) RL_col(d) = G [ (a3), inversion on (bz_Gt) ]

(7) RL(d) simG R2(r_d) [ (simval-zap), (5), (6) ]

(8) Rl++ sim G R2++[d->R2(r_d)] [ (2), def of ++ (6) ]

(9) S2 -->_0 S2' and S1I' simGS2 and () = () [ (4. (8) ]

*

SUB- SUB- CASE BRANCH 1.2.3 - d inconsistent

(a7) R2_val(rz) =/=0

(a8) R2_val(d) =/=0

(4) (R,CMQ, bz_Grz, rd) -->_0 fault [ (bz-untaken-fail), (a7), (a8) ]

(5) S2 --> 0 fault and S1' and () = () [ (4) ]

*

SUB- SUB- CASE BRANCH 1.2.4 - both inconsistent

(a7) R2_val(rz) =0
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(a8) R2_val(d) =/=0
(4) (R,CMQ@, bz_Grz, rd) -->0 fault

(5) S2 --> 0 fault and () = ()

*

SUB-CASE BRANCH 1.3: bz B and and a blue value was zapped

(ab) ¢ =B

(ab) ¢ = B

(x) Rl_col(d) =G
(y) Ri(d) = R(d)
(z) R_val(d) =0

(W R2_col(rz) =B

Case on R2_val (rz) ?=0

SUB- SUB- CASE BRANCH 1.3.1 - rz consistent

(a7) R2_val(rz) =/=0

(4) (R,CM@, bzBrz, rd) -->0 (R++CMQL,.)
(5) (R1++,CMQL,.) simB (R++ CMQL,.)

(6) S2 --> 0 S2 and SI' simGS2 and () = ()

*

SUB- SUB- CASE BRANCH 1.3.2 - rz inconsistent
(a7) R2_val(rz) =0
(4) (R,CMQ, bz Brz, rd) -->0 fault

(5) S2 -->_0 fault and () = ()

*

SUB-CASE BRANCH 1.4: bz_G and a blue value was zapped

(ab) ¢' =G

(ab) ¢ = B

(6) Rl_col (d) Rl_col(rz) = G

(7) R2_val (d) Rl_val (d) and R2_val (rz) = Rl_val(rz)

(8) R2_val(d) =0

(9) R_val(rz) =/=0

file:/l/el/tal ft/ssfaultdetect.html (16 of 25) [8/15/2008 10:26:35 AM]

[ (bz_Gtaken-fail), (a7),

[ (4]

[ (a3), inversion on (bz_B-t) ]
[ (2), (x), (a6) ]
[ (p1). (¥) 1]

[ (a3), inversion on (bz_B-t), (2) ]

[ (bz-untaken), (a7), (z) ]
[ (2), (3), def of ++ ]

[ (4, (3]

[ (bz_B-taken-fail), (a7), (z) ]

[ (4) ]

[ (a3), inversion on (bz_Gt) ]
[ (2), (simval), (6), (a6) ]
[ (p1), (7)1

[ (p2), (7)1

(a8)

]



Single Step Fault Detection

(10) (R,CM@, bz Grz, rd) -->0 (R++CMQ,.) [ (bz-untaken), (8), (9) ]
(11) (RI++,CMQL,.) simB (R2++,C M QL, .) [ (2), (3), def of ++]
(12) S2 --> 0 S2' and S1' simG S2' and () = () [ (10), (11) ]

*

CASE BRANCH 2: bz-untaken-fail

Rl_val(rz) =/=0 Rl_val (d) =/=10

------------------------------------------- (bz-untaken-fail)

(RL,CMQ bz crz, rd) -->0 fault

(4) S1 -/->_0 fault [ (Progress 1), (a3) ]

(5) case does not apply

*

CASE BRANCH 3: bz_G-taken

------------------------------------------------------------- (bz_G taken)

(R.,,CMQ, bz_Grz, rd) -->0 (RI',CMQL,.)

Case on ¢ =? B

SUB-CASE BRANCH 3.1: a blue value was zapped

(ab) ¢ = B

(4) Rl_col(d) = Rl_col(r_z) =G [ (a3), inversion on (bz_Gt) ]
(5) Rl_val (d) = R2_val(d) and Rl_val (r_z) = R2_val (r_z) [ (4), (2), (simval) ]

(6) R2_val(d) =0 [ (5. (pD) ]

(7) R_val(r_z) =0 [ (5, (p2) ]

(8) (R,CM@, bz Gr_z, r d) -->0 (R++d -> R(r_d)],CM@,.) [ (bz_Gtaken), (6), (7) ]
(9) RL(r_d) simB R2(r_d) [ (5), (simval) ]
(10) Ri++[d -> RI(r_d)],CMQL, .) simB R++d -> R(r_d)],CMQ,.) [ (simQ, (2), (9), (3) ]
(11) S2 -->_0 S2' and S1' simc S2' and () = () [ (8), (10) ]
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SUB-CASE BRANCH 3.2: a green value was zapped

(ab) ¢ =G

(x) R2_col(rz) = Gand R2_col(d) = G [ (a3), inversion on (bz_Gt), (2) ]

Case on R2_val (rz) =? 0 and R2_val (d) =? 0

SUB- SUB- CASE BRANCH 3.2.1 - rz and d both consi stent

(a7) R2_val(rz) =/=0

(a8) R2_val(d) =0

(4) (R,CMQ@, bz Grz, rd) -->0 (R++,CMQ,.) [ (bz-untaken), (a7), (a8) ]
(5 (Rl++,C,MQL,.) simG (R2++,CMQL,.) [ (2), (3), def of ++ ]
(6) S2 -->_0 S2' and S1' simG S2' and () = () [ (4, (5 ]

*

SUB- SUB- CASE BRANCH 3.2.2 - rz inconsistent
(a7) R2_val(rz) =0

(a8) R2_val(d) =0

(4 (R,CM@, bz Grz, rd) -->0 (R++d->R(r_d)],CMQL,.) [ (bz_Gtaken), (a7), (a8) ]

(5) Re_col(rd) = G [ (a3), inversion on (bz_Gt), (2), (a6) ]
(6) Ri_col(d) = G [ (a3), inversion on (bz_Gt) ]

(7) RL(d) simG R2(r_d) [ (simval-zap), (5), (6) ]

(8) Rl++ sim G R++[d->R2(r_d)] [ (2), def of ++ (6) ]

(9) S2 -->_0 S2' and S1' simG S2' and () = () [ (4. (8) ]

*

SUB- SUB- CASE BRANCH 3. 2.3 - d inconsistent

(a7) R2_val(rz) =/=0

(a8) R2_val(d) =/=0

(4) (R,CMQ, bz_Grz, rd) -->0 fault [ (bz-untaken-fail), (a7), (a8) ]

(5) S2 --> 0 fault and S1' and () = () [ (4]

*

SUB- SUB- CASE BRANCH 3.2.4 - both inconsistent
(a7) R2_val(rz) =0

(a8) R2_val (d) =/= 0
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(4 (R,CMQ@, bz Grz, rd) -->0 fault

(5) S2 -->_0 fault and () = ()

*

CASE BRANCH 4: bz_G-taken-fail

-------------------------------------------- (bz_G taken-fail)

(RCMQ bz Grz, rd) -->0 fault

(4) S1 -/->_0 fault

(5) case does not apply

*

CASE BRANCH 5: bz_B-taken

(pl) Rl_val(d) =/=0

(p2) Rl_val(r_z) 0

(p3) Ril_val (r_d)

R1_val (d)
Rl' = Rl[pc_G -> Ri(d)][pc_B -> Ri(rd)][d -> G 0]

---------------------------------------- (bz_B-taken)
(RLCMQ, bz Brz, rd)

--> 0 (RI',CcMQ,.)

Case on ¢c =? B

SUB-CASE BRANCH 5.1: a blue value was zapped

(ab) ¢ =B

(4) Qr_z) = <B,int,E z>
(5) D|- Ez = EZ
(6) gd) = E Z'

(7) DI-

=0 => <G T->void, Er'>[ (a3),
Ez = Rl_val(r_z)

(8) D|- Ez' =0

(9) &d) = <G T->void E_r'>

(10) Rl_col (d) = G

(11) Ri(d) = R2(d)

(12) Re_val(d) =/= 0
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Case on R2_val (r_z) =? 0 and R2_val (r_d) =? R2_val (d)

SUB- SUB- CASE BRANCH 5.1.1 - r_z and r_d consi stent
(a7) R2_val(r_z) =0
(a8) R2_val (d) = R2_val (r_d)

(13) let R = R[pc_G-> R(d)][pc_B -> R(rd)][d -> G 0]

(14) (RR,CM @, bz Brz, rd) -->0 (R,CM@,.) [ (bz_B-taken), (12), (a7),(a8) ]
(15) RL(d) simB R2(d) [ (11), (simval) ]

(16) Ri(r_d) simB R2(r_d) [ (2), (simval), (a8) ]

(17) R1' simB R [ (simBR, (15), (16) ]

(18) (RI',CMQL,.) simG (R, CMQ,.) [ (2, (3), (17) ]

(19) S2 --> 0 S2' and S1' simG S2' and () = () [ (14), (18) ]

*

SUB- SUB- CASE BRANCH 5.1.2 - r_z inconsistent

(a7) R2_val(r_z) =/=0

(a8) R2_val (d) = R2_val (r_d)

(13) (RR,C M@, bz Brz, rd) -->0 fault [ (bz_Guntaken-fail), (a7), (12) ]

(14) S2 --> 0 fault and () = () [ (13) ]

*

SUB- SUB- CASE BRANCH 5.1.3 - r_d inconsistent

(a7) R2_val(r_z) =0

(a8) R2_val (d) =/= R2_val (r_d)

(13) (RR,C M@, bz Brz, rd) -->0 fault [ (bz_B-taken-fail), (a7), (a8) ]

(14) S2 --> 0 fault and S1' and () = () [ (13) ]

*

SUB- SUB- CASE BRANCH 5. 1.4 - both inconsistent

(a7) R2_val(r_z) =/=0

(a8) R2_val (d) =/= R2_val (r_d)

(13) (RR,C M@, bz Brz, rd) -->0 fault [ (bz_Guntaken-fail), (a7), (12) ]

(14) S2 --> 0 fault and () = () [ (13) ]

*

SUB-CASE BRANCH 5.2: a green value was zapped

(ab) ¢ =G
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(4) Rl_col(r_d) = Rl _col(r_z) =B
(5) Ri_val(r_d) = R2_val(r_d) and Rl_val (r_z) = R2_val(r_z)
(6) R2_val(r_d) =/=0

(7) R_val(r_z) =0

Case on R2_val (r_d) ?= R2_val (d)

SUB- SUB- CASE BRANCH 5.2.1 - R2_val (d) consi stent
(a7) Re_val (r_d) = R2_val (d)

(8) Re_val(d) =/=0

(9) let R' = R[pc_G-> R(d)][pc_B -> R(r_d)][d -> G 0]
(10) (R,CM@, bz Brz, rd) -->0 (R',CMQ,.)
(11) Re_val (d) = Rl_val (d)

(12) R2(d) sim G Ri(d)

(13) R2(r_d) simG Ri(r_d)

(14) RI' simG R

(15) (R1',CMQL,.) simG (R, CMQ,.)

(16) S2 -->_0 S2' and S1' simG S2' and () = ()

*

SUB- SUB- CASE BRANCH 5. 2.2 - R2_val (d) inconsistent
(a7) R2_val (r_d) =/= R2_val (d)
(4) (R,CMQ@, bzBrz, rd) -->0 fault

(5) S2 --> 0 fault and () = ()

*

CASE BRANCH 6: bz_B-taken-fail

Rval (rz) =0

Rval (rd) =/= Rval(d) or Rval(d) =0

-------------------------------------------- (bz_B-taken-fail)

(RCMQ bz Brz, rd) -->0 fault

(4) S1 -/->0 fault

(5) case does not apply

*

CASE JUMP 1: jmp_G
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(pl) Rl_val(d) = 0 Rl' = Rl++[d -> RL(r_d)]

(RL,,CMQL, jnp_Grd) -->0 (RI',CMQL,.)

Case on ¢c =? B

SUB-CASE JUMP 1.1: a blue value was zapped

(ab) ¢ = B

(4) Rl_col(d) = G
(5) R1(d) = R2(d)

(6) Re_val(d) =0

(7) let R" = R++[d -> R2(r_d)]

(8 (R,CMQ@, jnp_Grd) -->0 (R,CMQ,.)

(9) Rl_col(r_d) =G
(10) Ri(r_d) = R2(r_d)

(11) Rl' simB R

(12) (R1',C,MQL,.) simB (R2',CM@,.)

(13) S2 -->_0 S2' and SI' simB S2' and () = ()

*

SUB-CASE JUMP 1.2: agreen value was zapped

(ab) ¢ =G

Case on R2_val (d) ?=0

SUB- SUB- CASE JUWP 1.2.1 - R2_val (d) consistent
(a6) R2_val (d) = 0

(4) let R = Re++[d -> R(r_d)]

(5) (R,CMQ@, jmp_ Gr_d) -->0 (R, CMQ,.)
(6) Rl_col(d) = G

(7) Ri(d) simG R(d)

(8) Rl' simG R
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(9) (RI',CMQL,.) simG (R',CMQ,.) [ (simS), (8), (3) 1]

(10) S2 --> 0 S2° and SI' simG S2° and () = () [ (5), (9) ]

*

SUB- SUB- CASE JUWP 1.2.2 - R2_val (d) inconsistent
(ab) R2_val(d) =/=0
(4 (R,CMQ, jnp_Gr_d) -->_0 fault [ (jmp_Gfail), (a6) ]

(5) S2 -->_0 fault and () = () [ (4]

*

CASE JUMP 2: jmp_G-fail

Rval (d) =/= 0
------------------------------------------- (jmp_Gfail)

(RCMQ jmp_Grd) -->0 fault

(4) S1 -/->_0 fault [ (Progress 1), (a3) ]

(5) case does not apply

*

CASE JUMP 3: jmp_B

(pl) Ri_val(d) =/=0
(p2) Ri_val(r_d) = Rl_val (d)

Rl' = R1[pc_G -> R1(d)][pc_B -> Ri(r_d)][d -> G 0]

--------------------------------------------------- (inp_B)
(R,,CMQL, jnp_Brd) -->0 (RI',CMQL,.)

Case on c =? B

SUB-CASE JUMP 3.1 a blue value was zapped

(ab) ¢c =B

(4) Rl_col(d) = G [ (a3), inversion on (jnp_B-t) ]
(5) Ri(d) = R2(d) [ (2), (simval), (a5), (4) ]
(6) R2_val(d) =/=0

(7) Ri_col(r_d) =B [ (a3), inversion on (jnmp_B-t) ]
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Single Step Fault Detection

Case on R2_val (r_d) =? R2_val (d)

SUB- SUB- CASE JUWP 3.1.1 - R2_val (r_d) consistent
(a6) Re_val (r_d) = R2_val (d)

(8) let R' = R[pc_G-> R(d)][pc_B -> R(r_d)][d -> G 0]
(9) (R,CMQ@ jnp Brd) -->0 (R, CMQ',.)

(10) Ri_col (r_d) = B

(11) Ri(r_d) simB R(r_d)

(12) Rl' simB R

(13) (R, CMQ',.) simB (R, CMQ,.)

(14) S2 -->_0 S2' and S1' simB S2' and () = ()

*

SUB- SUB- CASE JUWP 3.1.2 - R2_val (r_d) inconsistent
(a6) R2_val (r_d) =/= R2_val (d)
(8) (R,CM@,jnp_Brd) -->0 fault

(9) S2 --> fault and () = ()

*

SUB-CASE JUMP 3.2: a green value was zapped

(ab) ¢ =G
(4) Rl_col(r_d) =B

(5) RL(r_d) = R2(r_d)

(6) RL_col(d) = G

Case on R2_val (d) =? R2_val (r_d)

SUB- SUB- CASE JUWP 3.1.1 - R2_val (d) consistent
(a6) R2_val (d) = R2_val (r_d)

(7) Re_val(d) =/=0

(8) let R' = R[pc_G-> R(d)][pc_B -> R(r_d)][d -> G 0]
(9) (R.CM@,jnmp_Brd) -->0 (R',CM@ ,.)

(10) Ri(d) = Rz(d)

(11) RI' simG R

(12) S2 -->_0 S2' and SI' simG S2' and () = ()

*

SUB- SUB- CASE JUWP 3.1.2 - R2_val (d) inconsistent
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Single Step Fault Detection
(ab) R2_val (d) =/= R2_val (r_d)
(7) (R,CMQ,jnmp_Brd ) -->_0 fault

(8) S2 -->_0 fault and () = ()

*

CASE JUMP 4: jmp_B-fail

Rval (rd) =/= Rval(d) or Rval(d) =0

(RCMQ jnmp_Brd) -->0 fault

(4) S1 -/->_0 fault

(5) case does not apply

*
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Fault Tolerance Theorem and Associated Lemmas

Fault Tolerance Theorem and Associated L emmas

. Multistep Definition

. Multistep Lemmas

. Mulitstep Fault Detection Lemma
. Fault Similarity Lemma

. Fault Tolerance Theorem

Notes:
S -->_k"s S ismy textua representation for the usual single step rule: "Machine State S takes a step with k faults and output sto state S "

Multistep Dynamic Semantics Definition:

S -n->_k”ss S isaseguence of n stepswith k faults resulting in an output sequence ss.

.............. (mul ti-single)

S-0->0°) S

S --> kilrsl S S'' -(n-1)->_k2"ss2 S
-------------------------------------------- (mul ti-conpose)

S -n->_(k1+k2)"(sl,ss2) S

Multistep Split Lemma

IfS -n->_07ss S thenExistsnl,n2,S ', ssl,ss2 suchthat n = n1 + n2 andS -nl-> 0"ss1 S§'' andS' ' -n2->_07ss2 S andss = (ssl, ss2)

"If amachine state evaluates in a sequence of steps with no faultsto afinal state, then this computation can be divided into a sequence of non-faulty steps reaching an intermediate state, and a
sequence of non-faulty steps from this intermediate state to the final state.”

Proof: by inductiononS - n->_07"ss S' (omitted)

Mulitstep Faulty Combine Lemma

IfS -nl-> 07ssl1 S and S -->1 Sf' andSf' -n2-> 0"ss2 S'' then S -(nl+1+n2)->_17(ssl,ss2) S

"If amachine state evaluates in a sequence of n1 non-faulty steps another state, that state faults to athird state, and the third state evaluates in a sequence of n2 non-faulty stepsto afinal state, then
the origina state can reach the faulty state in a sequence of (n1+1+n2) steps including one faulty step.”

Proof: by inductiononS - n->_k”*ss S' (omitted)
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Fault Tolerance Theorem and Associated Lemmas

Multistep Fault Detection Lemma:

If]- SlandS1 simc S2andS1l -n->_0"ssl S1' theneither

1. S2 -n->_07ss2 S2' andS1' simc S2' andssl=ss2
2. Existsm<=n.S2 -m >_07ss2 faul t andss2isaprefix of ssl

"If afault has occurred, then either it will eventually result in afault state or the output will continue to be indistinguishable from the non-faulty case."

Proof: By induction on the structureof S1 - n->_0"ss1 S1'

/IFJP -- need to modify so that singlestep is (simulates & output equal) or (reaches fault & output empty)
CASE 1: multi-single

—————————————————— (mul ti-single)

SL -0-> 0°() S1

(al) |- s1
(a2) S1 simc S2

(a3) Sl -n-> 0~() S1

MP: S2 -0->_07() S2 and S1 simc S2 and () 0

(1) S2 -0-> 07() S2 [ (nulti-single) ]

(2) S2 -0->_07() S2 and S1 simc S2 and () 0 [ (1), (a2), obvious ]

*

CASE 2: multi-compose

(pl) S1 -->_07s1 S1'° (p2) s1'' -(n-1)->_0"ssl Sl
——————————————————————————————————————————————————————————— (mul ti-conpose)

S1 -n->_07(s1,ssl) SI'

(al) |- s1
(a2) S1 simc S2

(a3) Sl -n-> 07ssl S1'

(1) S2 --> 07s2 S2'° [ Singlestep Fault Detection Lemma, (al), (a2), (pl) ]

(2) s1 =s2
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Fault Tolerance Theorem and Associated Lemmas

(3) S1'' simc S2'' or S2'' = fault

(4) |- st

SUB-CASE 2.1: fault does not occur in first step

(a4) S1'' simc S2''

(ab) S2 =/= fault

(5) either

S2'' -(n-1)->_07"ss2 S2' and S1' simc S2' and ssl=ss2

or

Exists nm2 <= (n-1). S2'' -nmR->_0"ss2 fault and ss2 prefixof ssl

SUB-SUB-CASE 2.1.1: fault never occurs

(a6) S2'' -(n-1)->_0"ss2 S2'
(a7) S1' simc S2'

(a8) ssil=ss2

MP: S2 -n->_07(s2,ss2) S2' and S1' simc S2

(6) S2 -n->_07(s2,ss2) S2'

(7) (s2,ss2) = (s1,ss1)

(8) S2 -n->_07(s2,ss2) S2' and S1' simc S2

SUB-SUB-CASE 2.1.2: fault occurs during remainder of execution

(ab) Exists nR2 <= n-1
(a7) S2'' -nR-> 07ss2 fault

(a8) ss2 prefixof ssl

and (s1,ssl)=(s2,ss2)

and (s1,ssl)=(s2,ss2)

[ Preservation Part 1, (al), (pl) ]

[ (3)]

[ TH (4. (3), (p2) ]

[ (9]

[ (multi-conpose), (1), (a6) ]
[ (2), (a8) ]
[ (8, (an), (7) ]

[ (5]

MP: Exists m<=n. S2 -m>_07(s2,ss2) fault and (s2,ss2) prefixof (sl1,ssl)

(6) S2 -(nR+1)-> 0"(s2,ss2) fault
(7) mM2 + 1 <=n

(8) (s2,ss2) prefixof (sl1,ssl)
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Fault Tolerance Theorem and Associated Lemmas

(9) S2 -(mR+1)->_0"(s2,ss2) fault and (s2,ss2) prefix (s1,ssl) [

*

SUB-CASE 2.2: fault occursduring first step

(ab) S2'' = fault

MP: Exists m<=n. S2 -m> 07(s2,ss2) fault and (s2) prefix (s1,ssl)

(5) fault -0->_07() fault

(6),

(7). (8) 1]

(multi-single) ]

(6) S2 -1-> 07(s2) fault [ (multi-conpose), (1), (5) 1]
(7) 1 <=n [ (mulit-conpose) ]

(8) (s2,()) prefix of (si,ssl) [ (2) ]

(8) S2 -1-> 07(s2) fault and (s2) prefix (s1,ssl) [ (6), (7), (8) ]

Fault Similarity Lemma:

If S -->_1 Sf thenExistsc.S simc Sf

"If thereis afaulty step, the machine states before and after the fault are similar with regard to the fault color.”

Proof: By case analysison the definitionof S -->_1 Sf

CASE 1. reg-zap

(pl) R(a) =c¢n

———————————————————————————————————————————————— (reg-zap)

(RCMQir) -->1 (Ra->cn],CMQir)

(1) c nsimccn [ (simval-zap) ]

(2) Forall a" in R Rval(a') simc Rval(a') [ (simval) ]

(3) Rsimc Rla->cn'] [ (simR), (1), (pl), (2), handwave ]
(4) (RCMQir) simc (Ra->cn'],CMQir) [ (simsS), (3), (simQ2) ]

*

CASE 2: Q1-zap
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(pl) @ = ( seq(ni,nl'), (ml, nR), seq(n2,n2') )

(p2) @ = ( seq(ni,nl'), (ml',nR), seq(n2,n2') )

------------------------------------------------ (QL-zap)

(RCMQLir) -->1 (RCMQ,ir)

(1) let ¢ =G

(2) AL simGQ [ (simQQ ]

(3) RsimGR [ (simval), Color Wakening Lemma ]
(3) (RCMQL,ir) simG(RCMQ,ir) [ (simg), (2), (3) ]

CASE 3: Q2-zap

(pl) A = ( seq(nl,nl"), (nl,nR), seq(n2,n2") )

(p2) @ = ( seq(nl,nl"), (nm,n2'), seq(n2,n2') )

------------------------------------------------ (Q@-zap)

(RCMQL,ir) -->1 (RCMQ,ir)

(1) let ¢ =G

(2) AL simG Q@ [ (simQQ ]

(3) RsimGR [ (simval), Color Wakening Lemma ]
(3) (RCMQLir) simG(RCMQ,ir) [ (simS), (2), (3) ]

*

Fault Tolerance Theorem:

If |- Sand S -n->_07"ss S theneither

1. Exissm<=n+l. S -m>_1"ssf fault andssfisaprefix of ss
2. S -(n+l)->_17ssf Sf andExistsc. S simc Sf and ss=ssf

"Faulty computation is equivalent to non-faulty computation up until the point where afault state is reached (if it is reached at all)."

Proof: By case analysison the definitionof S - n->_k"ss S

CASE: multi-single
.............. (mul ti-single)
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S -0->0%() S

(al) |- S

(a2) S -0->0°() S

MP case 2: S -1->_17() Sf and Exists c¢c. Ssimc Sf and () = ()

(1) S-->_1 Sf [ def of -->_1]
(2) Exists c. Ssimc Sf [ Fault Similarity Lemma, (1) ]
(3 O =0 [ def of --> 1]
(4) S-1->_1~() Sf and Exists c. Ssimec Sf and () = () [ (1), (2), (3) ]

*

CASE: multi-compose

(pl) S-->07s1 S (p2) S' -(n-1)->_0"ss2 S (s1l) ss = (sl1,ss2)
------------------------------------------------------------------------- (mul ti-conpose)

S -n->_0"(ss) S

(al) |- S

(a2) S-n->0"ss S

(1) n=nl1 + n2 [ Multistep Split Lemma, (a2) ]
(2) S -nl->_0%ssa Snil
(3) Snl -n2->_0"ssb S

(5) ss = (ssa,ssb)

(6) Snl1 -->_1 Snif [ by inspection of def of -->_1]

(7) Exists c. Snl simc Snif [ Lemma Fault-Simlarity, (6) ]

(8) |- Sni [ (al), Preservation, (2), handwave ]

(9) either [ Lemma Multistep-Fault-Detection, (8),(7),(3) ]

(a) Snif -n2->_07ssbf Sf' and S simc Sf' and ssbf = ssb
or
(b) Exists nR<=n2. Snif -nR->_07ssbf fault and ssbf is a prefix of ssb

SUB-CASE: fault not reached yet
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MP: S -(n+l1l)->_17ssf Sf' and Exists c. Ssimc Sf' and ss = ssf

(a4) Snif -n2->_07ssbf Sf'

(ab) S simc Sf'

(ab) ssbf = ssb

(10) let ssf = (ssa,ssbf)

(11) S -(n+l1l)->_1~rssf Sf' [ Miultistep Conbine Lenmm,
(12) ss = ssf [ (5), (10), (a6) ]

(13) S -(n+l)->_1nssf Sf' and S simc Sf' and ss = ssf [ (a4), (a5), (12) ]
SUB-CASE: fault reached

MP: Exists nmk=n+l. S -m>_0"ssf fault and ssf is a prefix of ss

(ad4) Exists nR <= n2

(a5) Snif -nR->_07ssbf fault

(a6) ssbf is a prefix of ssb

(10) let m=nl + 1 + nR

(11) m<= n+1 [ (1), (a4), (10) ]

(12) let ssf = (ssa,ssbf)

(13) S -m>_1nssf fault [ Miultistep Conbine Lenmms,
(14) ssf is a prefix of ss [ (12), (5), (a6) ]

(15) m<=n+l and S -m>_1"ssf fault and ssf prefix of ss [ (13), (14), (11) ]
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Fault-tolerant Typed Assembly Language

Extended Rules for the Translation

colors

colored values
registers
general regs
register file
code memory
value memory

store queue
ALU ops
instructions

inst register
state

G| B

n

T'n

| d|pee | spe

| R,a—n

| Con— i

| M,n—n

(n,n)

add | sub | mul

OpTd,Ts,Tt | OpTa,Ts,n | MmOV rq,n | mov ra,rs
lde ra,rs | slde ran | stera,rs | sstnry

bze rzyra | jmp, ra

malloclb] rg, b | sallocn | sfreen
(R,C,M,Q,ir) | fault

2O zAQmS T e o

sld.rgn
sstnry
sallocn
sfreen

Figurel. Syntax ofFM states

add r spen; ldg rqr;

addr spg n; st rry; addr spgn; st rry;
sub spa spa n; sub spp spB n;

add spa spa n; add sps sps n;

Figure2. Expanded Stack Instructions

R(a) =n re0-za.
(R.C. 0, Quir) — (Rla— w].C. 0. Quir) 07

Q= (77,1777,’1), mlvm,)v (n27n/2)
Q2 = (nlvnll)v (m27 m/)v (n27 nl2)

(R7 07 M7Q177;T) -1 (R7 07 M7 Q277:7') (Ql-zap)
Ql = (n17 nll)v (mvmll)v (n27 nl2)
Q2 = (n17 n,1)7 (mvmé)v (n27 nl2)

(Q2-zap

(R7

Cy M,Ql,i?") 1 (R7 Cy M7 Q27ir)

Figure 3. Fault Rules



Instruction Fetch:
R(pcg) = R(pcg) R(peg) € Dom(C)

fetch
(R7 C7 M7 Q7 ) ] (R7 C7 M7 Q7 C(R(pCG))) ( et )
R R
(pee) # R(peg) (fetch-fail
(R7 07 M7 Q: ) -0 fCLUZt
Basic Instructions:
R’ = R++[rqg — R(rs) op R(r+))] 5
opZr
(R7C7 M7Q7Op Td77“577't) -0 (R,7C7M7Q7') ( p )
R’ = R++[rq — R(rs) op n] 1
oplr
(R7 Cy M7Q70p Td,?”s,n) -0 (R,7C7 M7Q7 ) ( P )
R’ = R++[rq — n]
- ; (mov-n
(R707M7Q7m0v Td TL) -0 (R 707M 7Q7')
R’ = R++[ry — R(rs
Ira (r-) (mov-reg

(R; C; ]\[* Q7 mov rq T-S) -0 (Rlv C7 ]\jlﬁ Q7 )

Figure 4. Operational rules for basic instructions



n = max(Dom(M)) + 1
R' = R++[rg — nl[r, — n]

(R,C, M,Q,malloc[b] rg 75) —o (R',C,(M,n +— 0),Q,)

(malloc)

R’ = R++[spc — R(spc) — n|[sps — R(sps) — n|
m = min(Dom(M))
M = (M,m—1+0,..,m—mn+0)

(R,C,M,Q,sallocn) —q (R',C,M",Q, ")

(salloc)

R’ = R++[spg — R(spc) + n|[sps — R(sps) + n|
m = min(Dom(M))
M =M mw— vy, ...,(m+n—1)— v

(R7 07 ]\47 Q7 Sf’I‘CC TL) -0 (R/7 07 A[/7 Q7 )

(sfreg

Q"= ((R(ra), R(r)), Q)
(R7 C? M?sttG Td7TS) -0 (R++7 07 M7 Ql7 )

(ste-queue

R(rd) =mn R(rs) =nj

- (stz-mem)
(R,C, M, ((n,n"), (n1,ny)),stB Ta,Ts) —>(()nl’n’) (R++,C, M[n; — ny], (n,n’),-)
Q = ((n7 n/)7 (nhn;)) R(Td) 7{ n or R(TS) 7é nz (StB'mem'fai)
(R,C,M,Q,stg Ta,7s) —¢ fault
R(spr) = R(spa) R(spa) +n € Dom(M) (ssh
SS

(R,C, M, Q,sstn, 1) —§ POTHEOD) (Raw C M[R(spe) +n — R(r.)], Q,")

R(spa) # R(spg) or R(sps) +n & Dom(M)
(R,C, M, Q,sstn, ry) —o fault

(sst-fail)

Figure5. Operational rules for malloc and store instructions.



find(Q, R(rs)) = (R(rs),n)

R' = R++[rq — n]

ldz-queu
(R7C7 M7Q7ldG rd7TS) -0 (R/7C7M7Q7') ( @ e

find(Q, R(rs)) = ()
R(rs) € Dom(M)
R’ = R++[rq — M(R(rs))]

(R7 07 M7Q7ldG Td7TS) —0 (R,7C7 M7Q7 )

(Idg-mem)

R(rs) € Dom(M)
R’ = R++[rg — M(R(rs))]

(R7 C7 M7Q7ldB Td7TS) -0 (R,7C7 M7Q7 )

(Idg-men)

find(Q, R(rs)) = ()
R(rs) ¢ Dom(M)

(R7 C7 M7ledG Td7rs) ] fault

(Id¢-fail)

R(rs) ¢ Dom(M)
(R7 C: M7 Q: ldB Td, 7'5) —0 fault

(Id 5-fail)

find(Q, R(rs)) = ()
R(rs) ¢ Dom(M)
R’ = R++[rq — n]

(R7 07 M7Q7ldG Td7TS) -0 (RI7C7 M7Q7')

(Ide-rand)

R(rs) ¢ Dom(M)
R’ = R++[rq — n]

(R7 Cy M7Q7ldB 7"1177'5) -0 (Rlvcv M:Q?')

(Idp-rand)

R(spe) +n € Dom (M)
R’ = R++[rq — M(R(spc) +n)]

(R,C,M,Q,sld.rq, n) —¢ (R',C, M,Q, )

(sld.)

R(spe) +n & Dom (M)
(R,C,M,Q, sldc rq, n) —¢ fault

(sld.-fail)

Figure 6. Operational rules for load instructions.



R(d)=0 R = R++[d— R(r)]

(R7 07 M7Q7.jmpG 7"d) -0 (R/,C, M7Q7') (JmpG)
R(d) # 0 . (ai
(R,C. 3, Q,jmpe ra) —o fauit 7P
R)# 0 Rira) = R(d)
R' = Rlpcg — R(d)|[pcg — R(ra)lld— 0]
: 7 (imps)
(R7 C,M,Q, jmps Td) —0 (R ,C, M, Q, )
Rira) # R() or R =0
(jmpp-fail)

(R7C7M7Q7jmpB 7"(1) -0 fCLUZt

R(d)=0 R(r.)#0

(bz-untaken
(R7 07 M7 Q: bZC Tz, Td) -0 (R++7 07 M7 Q7 )

R(r:) # 0
R(d) # 0

(R7 07 Mvach TZ77'd) —0 fault

(bz-untaken-fail

R(d)=0 R(r:)=0
R’ = R++[d — R(r4)]

(R7 07 M7Q,b2G TZ7Td) -0 (R,7C7 M?Q7')

(bzg-taken

R(r:) =0
R(d) # 0

(R7 07 MvabZG 7"z,ﬁ"d) -0 fault

(bz-taken-fail

R(d)#0  R(r.)=0
R(rq) = R(d)
R = Rlpeg — R(d)|[pey — R(r)|ld v 0]

(R7 Cy M7Q7bZB T’Z,’I'd) -0 (R/7C7 M7Q7')

(bzp-taken

R(r.) =0
R(rq) # R(d) or R(d) =0

(R7 C: MvabZB 7"z,rd) —0 fault

(bzp-taken-fai)

Figure7. Operational rules for control flow instructions.



Static Expressions
exp kinds
exp contexts
exps

substitutions

Types
zap tags
initialization flags
base types
reg types
reg file types
unlabeled stack
labeled stack
result types

Contexts
heap typing
static context

»n b=

X
NA Q9 5 o6 N

(ORS

Rint | Hmem‘ Ko
ATk
z|n|EopkFE|sel En, E,
| emp | upd Em En, En,

| S, E/z
.|C
R

int | © — void | b ref? | sptr
(¢, b, E) | ' =0= (c,b,E) | ns
| Tya—t

sbase | p|t s

E:o

i (Ba, Es); Em; s

Figure8. TALpr type syntax.



x € Dom(A)

Al z:Azx) (E-var

N (E-int-t)

At Ei:Kint
At Es: Kint

AF EiopEs: Kint

(E-op-Y

AF Em: Kmem
A }_ En I KRint

Al sel By Ey : Kint (

E-sel-)

At En: Bmem
Ak En1 D Kint
A }_ En2 D Rint

A+ Upd Em Enl En2 P Kmem

(E-upd-9

(E-emp4

A emp : Kmem

AT (sub-emp-t

AR S:A
AF E:k
x ¢ Dom(A) U Dom(A")

Ar S Ejz: AN z:k

(sub-9

[n

[emp]

[[El op EQ]]
[sel Ew En]
[upd En, E1 E3]

(T
—
!
S
=
Q
S
—
!
V)
&,

AF E1 OpEz

AFElllﬁint AFEQIHZ‘mg
VS, E S A = [S(E1)] = [S(E2)]

AF B — Es» (E-eq

AI—E1:/€int AI—EQIHint
VS.-ES: A = [S(E1)] # [S(E2)]

AF Ey # Es

(E-neq

A}—Elil-{mem AI—EQIHmem
V¢ € Dom([S(E1)]) U Dom([S(E2)]). [S(EV](Y) = [S(E2)](0)

Al Ey=E»

(E-mem-eg

Figure9. Properties of Static Expressions



Wt n:sptr

(int-t) (addr-heap-}

Uk n:int UHE n:¥(n)

Uk n:bref? 995(,9'(
v n:bref“;/

(addr-stack-} addr-subtp-j

Uhkmn:b A E=n
U A n:(c,b, E)

U, AFE n:t ARt <t
UAFE noit

(val-subtp-}

n#£0 WAFE n:{e,bE) AR E =0
U,AFE n:E' =0= (c,b,FE)

(cond-y

AF E #0
VAR 0:E' =0= (c,b,E)

(cond-n0-}

AF E: Kint
U A RS n: e b, E)

(val-zap-)

A}_Elil{int A}_Eil{int
VAR n: B =0= (¢, b, F)

(val-zap-cond-t

——— (ns-t
U;AF n:ns ( )

Figure 10. Value Typing



o1 = 4
1p = 1
o2y
1
12520 ¢=¢
P PS¢ (subtp-b-ref .
=T (subtp-b-reflex bref® < bref? b=t (subtp-b-inj

A+ B =FEs b1 < bs
AF (¢, b1, E1) = (c, b, E2)

(subtp-t-triple

AR t=t A+ E=F
AF (E=0=t) <X (E'=0=1)

(subtp-t-condl

AF i<ns (subtp-t-ng

AFT; 2T

Vr € Dom(T'2). I'1(r) < T'a(r)
AF T <Ty

(reg-file-comp

AF ¢=¢

A+FE=F
AF E:sbase < E' : sbase

(subtps-base

AFE=F
AFE:p=2XFE :p

(subtps-var)

AFE=F ARt =t Abg¢ =<
AF E:(tuq) =X E (=)

(subtps-cong

Figure 11. Subtyping



. . A = Ko A HE: in
AFFE: Kint (c-wf-basa (p)=r Kint
A+ B : sbase wf A E:puwf

(s-wf-var)

AFE+1=F AR (E": o) wf
AFE:(t:(E o) wf

(s-wf-cong

AFFE,=F
Ay Es:(tas') FE:t

AFEs#FE A HE:t
Ay Es:(tus'y FE:t

(s-lookup-top (s-lookup-tail)

‘AFg[E»—u‘,]:c’

A+E,=E (c-update-top AFE#E AbFgE—t]=¢
A (Es:(ts =) [E—t]=Es: (t:=9) oup AF (Es:(ts=6))[E—t]=FEs: (ts = <")

(s-update-tai)

Figure 12. Stack Typing Judgments
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U;0F ir = RT

S S (--t)
U (AT (Ba, Bs); Emss) B - = (AT (Ey, Es); Em; <)

L(rs) = (c, int, E) T(r) = {c,int, E{)
U (AT (Eay Es); Emis) b op ra,rs,re = (A;T++[rqg — (c, int, E, op E})]; (Ed,Es) Em;<)

(op2r-t)

F(TS) = <C7 ’L"ﬂ.t, E.;>

—_— — (oplr-t)
U3 (AT (Bas Bs); Emi <) B oop ra,re,n = (AsT++[rg = (e, int, E; op n)]; (Ea, Es); Ems <)
U:AF n:t
(mov-n-j
U (A;T; (Ba, Es); Em; <) F mov ra,n = (A;T++[rq v t]; (Ea, Es); Em;c)
I(rs) =t
(mov-reg-}
U (AT (Eay Es); Em;s) B mov rq,rs = (A;T++[rg — t]; (Eq, Es); Em; <)
T Q A
I =T++[rg +— (G, b ref®, x)][ry, +— (B, b ref, x)]
(malloc-1)
U (A;T; (Ea, Es); Em; <) b mallocb) rg 1y = (A, ¢ Kint; T (Ea, Es); upd Em x 0;<)
P(spc) = (G,sptr, By} T(sps) = (B, sptr, y)
AFE,=E, AFE,=FE,
= F++[sp(, <G sptr Ey—n)][sps — (B, sptr, Ey—n)]
J =FEi—n: v FEi—n+l:ns:... B0
(salloc-t)
U (AT (Ed7 Es); Ewm; (B i 0)) F sallocn = (A;T;(Eq, Es); Em;s’)
I'(spe) = (G, sptr, Eq)  T(spp) = (B, sptr, Ep)
AFE,=E, AFE,=FE,
s=F:te...uFf:o AFEf=FE;+n
I = T++[spa — (G, sptr, Eg+n)][sps — (B, sptr, Ep+n)] (sfree-t
siree-
U (A;T; (Ea, Es); Em;s) b sfreen = (AT (Ea, Es); Em; Ey : 0)
AFT(rs) 2 (G,bref2,E))  E = sel (upd Ey (Ea, Es)) E. (tdet)
— —— G-
U5 (AT (Ba, Bs); Emi<) B lda rars = (A;T++[ra = (G, b, E)]; (Ea, Es); Ems <)
I(rs) = (B,bref', E) E = sel E,, E;, (lds-1)
— —— B~
U5 (AT (Ba, Bs); Emi <) B ldp rars = (A;T++[ra — (B, b, E)]; (Ea, Es); Em;<)
I'(spe) = (c, sptr, E.) AFE.+n=FE, A;c - En i e, b, E)
(sldc-t)

U; (AT (Ea, Es); Ems o) F oslde ran = (A;T++[rg — (¢, b, E)]; (B4, Es); Em; <)

[(ra) = (G,bref?, Ey)  T(rs) = (G,b, EY)
I = T'++ excepty r wherel'(r) = (c,,b ref?, E;) andA - B, = Ejj . T'(r) = (c,,b ref?1, E,.)

U3 (AT (Ea, Bs); Bmi <) F osta rars = (AT (Eg, EY), (Ea, Es); Em; <)

(sta-t)

AFT(rq) = (B brefz,El) I'(rs) = (B,b, EY)
Av B =E' Av E,=E]

)= (c“bref2 SandA & E. = E,. T'(r) = (¢, bref', E,) (st
Sip-
)i Em;<) b st rars = (A;T; (B, Es); upd By Efy EL; )

I" = I'++ excepty r wherel'(r
W (AT (Ea, Bs), (B, E

T(spc) = (G,sptr,B,)  T(spp) 1B sptr,By)  AFE, =B,
At FEg+n=E, I(ry) = (¢, b, Ey) AF¢[E, — (¢,b, E,)] =<

U; (AT (Ea, Bs); Em;s) b sstnry, = (A;T++; (Eq, Es); Em; ')

(sst-d



I(d) = (G,int,0)  D(rs) = (G, int, E.)
T(ry) = (G, 0 — void, By~ © = (AT (B, EY): El)  T'(d) = (G, int,0)

bzg-t
U; (A; T (Ed,ES); i) F bzgr.rg = (AT++[d— E, =0= (G,0 — void, E})]; (Ed,E ); Em;<) ( )
I'(rq) = (G,0 — void, E,.q/) 0 = (A1, (E, EL); El,)
I'(d) = (G, int,0) I'(d) = (G mt ,0) )
(jmpa-t)

U (AT (Eay Es); Emss) b jmpe ra = (A;T++[d v (G, 0 — void, E,q)); (Ba, Es); Em; <)

[(rz) = (B, int, Ex)

[(rq) = (B, (AT (E;UE’) 23S ) — void, E)
P(d) = .= 0= (G, (AA' 1B B P — v, )
AF E,= E/

ISAF S A
S(T)(d) = (G, int, 0)

! (G, int, E;)

=
3
I
Q
N
Il

(bzp-t)

[(d) = (G, (AT (B, BL); B <) — wvoid, Ey)
D(ra) = (B, (AT (El, EL); B <') — woid, Er)
AF B = E
JS.AF S A
S(I')(d) = (G, int, 0)

S(I")(peg) = (G, int, Ey)
S(T)(peg) = (B, int, E,.)
AFT =< ST
AF (Ba, Bs) = S((E5, Ex))
A+ En,=S(E,)
AF ¢=5("

U; (AT (Eq, Es); Em; <) B jmpe ra = void

(gmpp-t)

Figure 14. Instruction Typing Rules — Control Flow
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U2 R:T

YainDom(T'). ¥;- F2 R(a) : I'(a)
-+ T(pee) = (G,int, Eg)
-FT(pcg) = (B,int, Ep)

-+ FEqg =FEB

U2 R:T

(reg-file-t)
v
0 & Dom(C)

¥n € Dom(C). ¥(n)=0 —wvoid AN ¥;0F C(n)= RT A
(RT = © implies U(n + 1) = ©' — void)

v C €Y
c
M = Ms#M,,
Dom(M) = Dom(M) U Dom(M2)
Dom(]b[l) n DOTTL(]\/[Q) = (Z)
Vel € Dom(Mi).Vlz € L.Nly € Dom(Ma). b1 < by < {2
M = Mi#M,
U M:QFZ 0:bref?
V() =breft WEMUL:b
(init-t)
U M;QFZ2 0 :breft
U(l) =bref’
© ~ / (uninit-t)
U M; Q42 4 :bref°
(l) = brefz
Z#+#G = dn.(,n) €
s - () ] @ (halfinit-t)
U M;Q 7 L:brefz
U+ Q: (Eq Es)
(Q-emp-)
U2 () ()
Z#+G
W (nf,n) : (Eg, Ex)
FE;=mn1 -FEs =ng S (nf,nb): (B, EL)
Uknl:bref? pj% UkEn2:b ‘b Eq: Kint b Es: Kint
_ __Z (@4 _ i Y (Q-zapd
V2 (n1,nz2),(ny,ny) : (Eq, Es), (B, EL) U Y (n1,n2), (), nh) : (Ea, Es), (£, EY)

U2 (M,Q) : (Em, (Eq, Es))

Ve € Dom(M). Jp. W; M;Q FZ £:bref?
[Enx]=M W2 Q:(E4FE;)

. S (heap-y
B (MvQ) : (Em7 (EdvEs))
FE=( Dom(M)={¢

- om(M) = {6} (¢-t-base

V2 M: (E: sbase)
~F(E:t::<')wf HE =Y
M = {t — n}#M’
U nt UM

(c-t-cong

UM (BT )

Figure 15. Machine State Element Typing



F7 (R,C, M, Q,ir)

F2 (R, C,M,Q,ir) : ¥,T, ¢

Dom(¥) = Dom(C) U Dom(My,)
Dom(C
M = M, #( ‘M,
VFC
Ve# Z.oir# - = C(R(pc.)) =ir
Ve # Z. U(R(pe,)) = (A;T; (Eq, Es); Em; <) — void
3S.-FS:A
U2 M, S(s)
U2 (M, Q) « (S(Em), S((Ea, Es))
U2 R:S(I)
K = extractK(R,T"), extractK(Mp), extractK (Ms,s)

-
F2 (R,C,M,Q,ir): K =1

Figure 16. Machine State Typing
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extended color k&
coloring K

¢ | none

extractKi({c,b, E))
extractKi+(E. =0 = {(c,b, E))
extractKi(ns)

C
C
none

extractK(R,T)

Va.a € Dom(T") 7 a — extractK,(I'(a)) : a+ none

extract K (Ms,s) = Yl &€ Dom(Ms). ;sbL0:t = £ extractK(t)
extract K (Mp) = VYl & Dom(My). £ — none
————— (simva) ———— (sim-val-za
knsimzkn( ) cnsimccn'( b
K Rsim” R
Va. K(a) R(a) sim? K(a) R (a) .
(sim-R

K+ Rsim? R'

| K+ M sim M’

Dom(M) = Dom(M")
VL € Dom(M). K(£) M(£) sim” K(¢£) M'(¢)

K+ M sim? M’

(sim-M)

7 (sim-Q-empty

- stm

G ny sim? G n) G ny sim? G n sim? Q'
1 2

((n1,n2),Q) sim? ((n,n5),Q")

(sim-Q

21 simZ 22
F(R,C,M,Q,ir): K
F2 (R,C,M',Q'ir) : K
K+ Rsim? R’
K+ M sim? M’
Q sim? Q'
(R,C, M,Q,ir) sim” (R',C,M', Q' ir)

(simX)

Figure 17. Similarity of Machine States
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Lemmas for Progress, Preservation, and Simulation

Lemmasfor Progress, Preservation, and Simulation

NEW LEMVAS FOR TRANSLATI ON

Valid Stack Location Lemmm

1. If P|-zMs:s and .;s |- E :t then . |- E =1 and | in Dom(M
2. 1f P|-z Ms: s and |- s[E ->t] =3¢ then . |- E =1 and !l in Dom(M
3. If P|-zMs: s and s =EL:tl:: ... :: En: us then . |- E =1i and li in Dom(M

Proof: By repeated inversion of (s-t-cons) and (s-t-base), all expressions E on spine of s are equal to
an | in Dom(M. By definition of .;s |- E : <c,b,E>and . |- s[E ->t] = s, E is equal to an expression on the spine of s.
Thus E is equal to some | that is in Dom(M.

Stack Lookup Lenmma

If P|-ZMs: s and .;s |- E: t and . |- E=1 then P;. |-Z Ms(l) : t

Proof: by induction on the structure of .;s |- E: t

case (s-lookup-top):

1. s=Es: t: s | inspection of (s-I|ookup-top)

2. . |- Bs = E | inversion of (s-Iookup-top)

3. P|-ZMs : EBs: t : s | assunption, 1

4. . |- =1" and MIl') =n and P;. |-Zn : t | inversion of (s-t-cons), 3

5 1" =1 | Exp Eq Trans Lemmm, assunption, 2, 4
6. P. |[-ZMI) :t | 4, 5

case (s-lookup-tail):

1. s =Es: t s' | inspection of (s-lookup-tail)
2 |- Es =/=E | inversion of (s-lookup-tail)
3. . ;s |- E:t | inversion of (s-lookup-tail)
4. P|-ZMs : Es: t : s | assunption, 1

5. P|-Z Ms' : s | inversion of (s-t-cons)

6. P;. |-Z Ms' (1) :t | 1.H 5, 3, assunption

7. Ms = Ms' #{} {I'->n} | inversion of (s-t-cons)

8. I =/=1" | Exp Eq Trans, assunption, 2

9. P |-Z Ms(l) @t | 6, 7, def of #, 8

* stack | ookup | emma conpete

Stack Update Lenmma

If P|-ZM: s and . |- s[E->t] =¢s' and . |- E=1 and P;. |-Zn : t
then P |-ZMI ->n] : s
Proof: by induction on the structure of . |- S[E->t] = s'

case (s-update-top):
1. s =Es: ts: s'' and s'" =Es: t: s'' and . |- Es = E | inspection/inversion of (s-update-top)
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Lemmas for Progress, Preservation, and Simulation

2. |- Es =1

3. |- Es : ts s’ owf

4. M={l" ->n'} # M

5 P . |-Zn ts

6. P|-Z M s

7. |- Es =1

8. . |- Es:t:s wf

9. MI ->n] ={l ->n} # M
10. P;. |-Zn : t

11. P |-Z M| ->n] Es : t S

case (s-update-tail):

depends on P(n),

1. =Es : ts: s'"'" and s' = Es : ts

2. . |- Bs=/=E and . |- s'"'[E->t]

3. |- Es = 1"

4. . |- Es : ts S wf

5. M={lI' ->n'} # M

6. P, . |-Zn : ts

7. P|-ZM : s

9. P|-ZM[Il ->n] s

10. | =/=1

11. . |- Es ts @ s ow

12. M={I" ->n'} # M[Il->n]

13. P |- MI->n] Es: ts : s'"'

* Stack update | emma conplete

Heap Extension Lemma

1. If P, |-Zv :t and n not

2. 1f P|-ZM: s and n not

3. If PMQ|-Z1 : breff and n not

4. If P, T |- ir == RT and n not

Proof: By induction on the appropriate

Psi Subtyping Lemma

1. If P . |-ZvVv :t and b' <=

2. 1f PMQI-Z1 b reff and b' <=

3. If BT |- ir =>RT and b' <=

Proof :

1. if derivation of P; |-Z v @t

2. by case analysis of ,MQ|-Z I b
based on subtyping relationship, b'

if derivation depends on P(n),

3. by case analysis of P;T |- ir
only use of Pis in (nmov-t).

Substitution Extension Lemma

=> RT.
insert

1. If Pp. |-Zv : S(t) and . |- S:
2. If P|-Z M: S(s) and . |- S:
3. If P|-ZQ: S(seq(E_d,E_.m) and .
4. If P|-ZR: S(Q and . |- S:
5 If M=[[S(E_M]] and . |- S:
Proof: by induction!

| Inversion of (s-t-cons), assunption, 1

Exp Eq Trans,
I nversion/reconstruction of (s-wf-cons), 3

| assunption, 1

|

| I'nversion/reconstruction of #, 4,
|

|

(Exp Eq Trans,
assunption
(s-t-cons), 8, 7, 9, 10, assunption

st | inspection of (s-update-tail)
st | inversion of (s-update-tail), 1
| Inversion of (s-t-cons), assunption, 1
| 1.H 7, 2, assunptions
| Exp Eq Trans, assunption 2, 3
| (s-wf-cons), Inversion of (s-t-cons), 9
| 5, 10
| (s-t-cons), assunption, 11, 12, 6, 9
in Donm( P) then P,n->t |-Z v : t
in Donm(P) then P,n->t |[-Z M: s
in Donm( P) then P,n->t;MQ|[-Z 1 : b reff
in Donm(P) then P,n->t;T |- ir => RT
derivations.
P(n) then Pln ->Db']; . |-ZvVv : t
P(n) and | =/=n then Pln ->b'];MQ|-Z1 b reff
P(n) then Pln ->b'];T |- ir => RT

then insert (val-subtp-t) to rebuild derivation

reff

<= P(n) nust be b reff <= brefp

insert (addr-subtp-t)

(addr-subtp-t) if necessary.

D and x not in D then P;,. |-Z v : (S EX)(t)

D and x not in D then P |-Z M: (S Ex)(s)

|- S: D and x not in D then P|-ZQ: (S EX)(seq(E_d,Em)
D and x not in D then P |-ZR: (S, Ex)(0O

D and x not in D then M= [[S2(E_.m]]
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Lemmas for Progress, Preservation, and Simulation

MODI FI ED LEMVAS FOR TRANSLATI ON

Canoni cal Forns Lenma
I'f Dom(P) = Don(C) union Dom(M, and
P|l-Z(MQ (E_m seq(E_d, E_s)) and
P|- C an
P, . |-zn t
then
1. If t =<c,b,EB>0r t = (E =0) => <c,b, B>,
then . |- E: kint (and . |- E : kint), bu
2. If t =<c,int,E>and c not=z then . |- E =
3. If t =<c, T-->void,E> and ¢ not= z then
P(n) =T -->void and nin Dom(C) and . |-
4. If t =<c,b reff,E> and ¢ not= z then
a. P(n) =brefp and p <=f
b. n in Dom(M and
c. . |- E=n
d. p=h ==> ( Z=/=G ==> exists (n,v) in Q
e. p=1 ==
5. If =(E =0) ==1t, and ¢ not=z and . |-
6. If =(E =0) =1t, and ¢ not=z and . |-
7. 1f t = ns then no particular properties of
8. If t =<c,sptr,E>and ¢ not=z then . |- E
Proof: By induction on the derivation P; . |-

and ¢ = z

[here Monly describes heap]

t no particular properties of n are known

n.

E=nand n =/=0.

and all (n,v) inQ P |-

>P |- Ml) : band ( Z=/=G==>all (n,v) inQ P|-vVv: b

E =0 then nis not 0.
E' not= 0 then nis O.

n are known.

=n

zn:t

subtyping rule does not break the follow ng because:

- initflag does not affect

- ns requires no special propert
types other than ns know at | east as nuc

al l

1. if
in

2. only rule (val-t) applies.

3. only rule (val-t) applies.

c=z,

all rules,

either (val-zap-t) or (val-zap-cond-t) may apply,
inversion gives that expressions are wellformed (either directly or by another

ies

inversion gives .

informati on known about ref types

h as int

inversion of (val-t) gives . |- E=n

only way to derive P|- n: T -->voidis if P(n) =T -->void
m(P) = Dom(M union Dom(C) and so n might be in M or C
Pl-Z(MQ : (E_mseq(E_d,

Do

4. only rule that applies is (val-t).

P |- C==>nin Dom (C

only way to derive P|- n: brefpisif P(n) =b reff
Don{M union Don{C) and so n might be in Mor C

Do

inversion of (heap-t),

n(P) =

P |- C==> by inversion, al
P|-Z(MQ : (E_mseq(E_d,

I n" in Dom( Q)
E s)) ==>nin

have P(n') =T --> void.

Don(M

gives possibilites for initialization

only one of these can apply depending on val ue of p

5/ 6.

either rule (cond-n0O-t) or

7. only rule (ns-t) mght apply.

8. only rule (val-t) applies.
(stack pointers may be out of date,

Substitution Lemma:

1. If
2. If
3. If
4, |f
5. If
6. If
7. If
8. If
Pr oof

S
S :

k' and D |- E
1 = E2 and D |-
El not= E2 and D

(cond-t) m ght

inversion giv

by inversion . |

k then D |- E
E:k then D |-
|- E:k then D

apply. by inversion, E

es us not hi ng.

- E=nand P|- n: sptr,
doesn't natter as long as we don't dereference then

[E/x]:Kk".
E1[E/ x] = E2[E/X].
|- E1[E/x] not= E2[E/x].

-z v:t and D|- Ek then P;,D |- v:t[E/X]

; G seq(Ed,Es); Ems |-z S(ir)
D, J B/ x]; seq(Ed, ES)[E/x]; EM{E/x];s[E/X] |-z ir => RT[E/ X]

Dand P;D |-z v:

t then P, D |

=> RT and D |- E k then

-z v S(t).

** modified case (init flag)

b)

- <

** new case

** new case

|- E=nand P|- n: T-->void.

Es)) ==>all | in Dom{(M). P,MQ |- | breff ==>P |- |
and by inversion of (Ct), n=/=0
inversion gives . |- E=nand P|- n: b refp.

case doesn't apply

so inversion gives no guaranteed info about n.

inversion of D|- E=FE)

b reff ==>n is not in Don{Mr). case doesn't apply

?= 0 determ nes which one does apply.

but this gives us nothing useful about n

** modified --

** modified -

added stack, ir can contain base type

subst

may be inconplete

D and P;D; G seq(Ed,Es);Ems |-z ir => (D;G ;seq(Ed' ,Es');Enm;s') then ** nodified -- subst nay be inconplete,

El <= E2 and D |-

E:k then D |-

EI[E/ x] <= E2[E/X].
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** new case

|-z S(ir) => (D ;S(G);S(seq(Ed',Es')); S(Em);S(s)) ** add stack, ir can contain base type



Lemmas for Progress, Preservation, and Simulation

By induction on the respective typing derivation for parts 1, 4, 5.

Parts 6, 7 by induction on the size of D,

Parts 2 and 3 and 8 are assuned true of the expression al gebra.

part 3 is slightly unusual.

by requiring that

It

using parts 4 and 5 respectively.

Not e t hat

may be trivially inplemented sinply
E1l not= E2 holds only when E1 and E2 are cl osed.

Thi s

judgerent is only needed to type states during the proof of preservation
after a conditional branch has been executed, when, indeed, the expressions
E1l and E2 will be closed.

Subt ypi ng Lemma:

1. If D|-t <=t' and P;D|-Z v:t then P;D|-Z vit'

2. I1f D|- Gs=G and P|-ZR: G then P|-ZR: G

3. If D|- s<=s and P|-ZM: s then P |-Z M: s

Proof :

1. By induction on the derivation of P;D |-z v:t

using rule (val-subtp-t)

2. Inversion/ Reconstruction of (reg-file-t) using Part 1.

3. Inversion/Reconstruction of (s-t-cons) and (s-t-base) Using part 1.

Col or Weakeni ng Lemma

1. If P.]- vit

2. If P|]-R: G
3. If P|- (MmQ
4. If P|- M: s
Proof :

(E_m seq(E_d,E. m)

then
t hen
then
then

1. By induction on the value typing judgenent.
2/ 3/4. By inversion/reconstruction of the appropriate rules using Part 1 as necessary.

forall
forall
forall
forall

0O o000

UNMODI FI ED (OR OBVI QUSLY MCDI FI ED) LEMVAS FOR TRANSLATI ON

Int Kinding Lenma

If PD|-Z v :

Proof :

1. If P|l-z Q:
2. If P |-z seq(nl,n2)

<c, b, E>

seq(Ed, Es) then length(Q

then D|- E: Kkint.

By case analysis on the val ue typing judgnent.

seq(Ed, Es) and z not= G then

TUU"

= lengt h(seq(Ed, Es)) .

~x3<

MmQ : (E.m seq(E_d, Em)

<
)

for k:1..length(seq(ni, n2)),
.]- Edk = nlk and .|- Eds = n2k and for sone b, P |- nlk : b ref and P |- n2k : b.

Proof: Both parts by induction on the queue typing judgenent.
Find Lemma
1. If find(Qnl) = () and |-Z Q: seq(E_d, E_S)

then for k:1...length(Q. |- Edk =/=n1
2. If find(Qnl) = (nl,n2) and |-Z Q: seq(E_d, E s) and Z =/=G

then n2 = sel (sequpd E_m (seq(E_d,E s)) nl
Proof: By definition of find(), sequpd, sel

Irrel evant Update Lemm
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Lemmas for Progress, Preservation, and Simulation
If E=sel (upd EmE s Ed) Es' and . |- Es =/= E s' then E = sel E mEs'

Proof: By definition of sel/upd

Exp Eval uation Lenma

]

10f .-
2. 1f . |-

kint <==> Exists n. [[E]]
kmem <==> Exists M [[E]]

E:
E:

Proof by induction on D|- E: k and [[]]

Exp Eq Transitivity

If D|- El =E2 and D|- E2 = E3 then D |- El = E3

Proof: Inversion and reconstruction on (E-eq)

Substituting C osed Expressions

If . |- E: k then Forall S. . |- S(E) : k

Proof: by induction on D|- E: k

Vel | - Typed Donmi n Lemma

If |- (RL,CMQL 1d_Grd, rs) then Rl_val (r_d) in Dom(M

Proof: By inversion of the 1d_Gt type rule, inversion of the
register file typing rule and the Canonical Fornms Lenma.
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Progress Part 1

ProgressPart 1

1. If [- (RCGMQir) then (RCGMQir) --> 0% (R,C,M,Q,ir")

Proof by case analysis onir. ** Change Summary:** COVPLETE (4/11/08)
Case .: ** Change Summary:** sinple (add s to typing judgnent)
1. |- (RCMQ.) | Gven
2. P|- R: S(O | I'nversion of (S-t), 1
3. . |- S(Q(pc_G =< <Gint,E& | I'nversion of (reg-file-t), 2
. |- S(G(pc_B) =< <B,int,E B>
4. P;.|- R(pc_Q : <Gint,E & | 3, Inversion of (reg-file-t), 2, Subtyping Lenmma
P;.]- R(pc_B) : <B,int,E B>
5. .|- E.G = Rwval(pc_Q | Canonical Forns, (lnversion of (heap-t), 1)
.|- E_B = R val (pc_B)
6. .|- EG=EB | I'nversion of (reg-file-t), 2
7. Rval(pc_G = R.val(pc_B) | Exp Eq Trans 5, 6
8. all c. P(Rwval(pc_c)) = (D,Gseq(E d, E s),Ems) -->void | I'nversion of (S-t), 1
9. Rval(pc_Q in Dom(Q | 8
10. (RCMQ.) -->0 (RCMQCR.val(pc_Q)) | (fetch) 7, 9
*
Case op2r: ** Change Summary:** sinple (add s to typing judgnent, renopve col ors)
1. |- (RCMQ opr_d,r_s,r_t) | Gven
2. P;(.;9(09;S(seq(E_d,E_s)); S(E_m;S(s)) |- op r_d,r_s,r_t => RT | Inversion of (S-t, Ct), substitution, 1
3. S(Q(r_s) = <c,int,E_s"'> | I'nversion of (op2r-t), 2
S(G(r_t) =<c,int,E t'>
4. P|- R: S(Q | I'nversion of (S-t), 1
5. P;. |- R(r_s) : <c,int,Es'> | I'nversion of (reg-file-t), 4, 3
P,. |- R(r_t) : <c,int,E t'>
6. r_s in Dom R) | 5
r_t in Dom R)
7. pc_G pc_B in Dom R | I'nversion of (S-t)
8. (RCMQop r_d,r_s,r_t) | (op2r), 6, 7
--> 0 (R++[r_d --> R(r_s) op R(r_t)],CMQ.) [Fromthis point on, will assunme existence of
regi sters proved as in this case]
Case oplr

Simlar to op2r.
*

Case nov-n: ** Change Summary:** sinple (v -> n)
1. pc_G pc_Bin Dom R | I'nversion of (S-t)
2. (RCMQ mvr_d, n) -->0 (Rt+[r_d-->n],CMQ.) | mov

Case nov-reg:

Simlar to nov-n.
*
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Progress Part 1

|- (RCMQ 1d_Gr_d r_s)

S(Q(r_s) =< <G b refh,E_s'>
Pl- R: S(Q

. Pl - R(r_s) < Gb refh, E_s'>
ubcase on the definition of find

QO rONE

subcase a. find(Q Rwval(r_s)) = ()
6a. Rval(r_s) in Dom(M
7a. (RCMQ 1d_Gr_d,r_s)
--> 0 (R++[r_d--> GMR(r_s))],.CMQ.)

subcase b. find(Q Rwval(r_s)) = (Rwal(r_s),n)
6b. (RCMQ 1d_Gr_d,r_s) -->0 (Rt+[r_d -->n],CMQ.)

Case |1d_B:

Simlar to 1d_G
*

Case sld_c:

1. |- (RCMQ sldc rd n)

2. P;(.;S(G;S(seq(E_d,E s));S(E_.m;S(s)) |- sldc rd n == RT
3. P|- R: S(Q

4. S(Q(spc) = <c,sptr, Es' >

5. P,. |- R(spc) <c, sptr, Ec> | I'nversion of (reg-file-t), 3, 4
. |- Ec + n = En
.;8(s) |- En: <c,b, B>
6. . |- En = R(spc) +n | Canonical Forns, (lnversion on (S-t), 1), 5 Exp Egq Trans
7. Exists . . |- En =1 and | in Dom(M | Valid Stack Loc Lemms, (Inversion of (S-t), 1),
8. R(spc)+n in Dom(M | Exp Eq Trans Lemmm, 6, 7
10. |- (RCMQ sldcr_dn) -->0 (R++[rd -> MR(spc)+n)],CMQ.) | (sldc), 8
*
Case st_G
1. |- (RCMQ st_Gr_d, r_s) -->0 (R-+,CM((R(r_d),R(r_s)),Q,.) | (st_Gqueue)

*

Case st_B:
al. |- (RCMQ st_Br_dr_s)
1. P|-C

2. Forall c=/=Z. C(R(pc_c)) =st_brdrs
3. P;(D;Gseq(E d, ESs)(Ed  ,Es');Ems) |- st_brdrs
==> (D; G++;seq(E_d,E_s);upd EmE_d E_s')
4. Exists S. . |- S: D
5 P (.:S(Q9; S(seq(E_d,Es),(E_d,Es"));S(E_.M; S(s))
|- st_Br_dr_s
=> (.;S(0Q ++; S(seq{(E_d,E_s)});S(upd EmE d E_s');S(s))

6. P|- R: S(O
7. S(GQ(r_d) =< <B,b refh,E_d""'>
S(G(r_s) = <B,b,E s"'>
8 P;.]- R(r_s) < B,b,Es""'>
P;. |- R(r_d) < B/brefh E d"'>
9. .|- Rwval(r_s) = E_s""'
.|- Rwval(r_d) = Ed"’
10. .|- S(E_s') = E.s"'
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P;(.;S(0Q;S(seq(E_d,E_s)); S(E_.m;S(s)) |- 1d_Gr_dr_s => RT

** Change Summary:** sinple (add init flag)

| Gven

| I'nversion of (S-t, Ct), substitution, 1
| I'nversion of (1d_Gt), 2

| I'nversion of (S-t), 1

| I'nversion of (reg-file-t), 4, 3

| Canonical Forns, Inversion of (S-t), 1, 5
| (Id_G nenm), assunption, 6a

| (1d_G queue), assunption

** Change Summary: ** New Case

| Gven
| I'nversion of
| I'nversion of

C-t), substitution, 1

(s-t,
(s-t), 1

| I'nversion of (sldc-t), 2

** Change Summary:** sinple (add s, init flags)

| Gven

| I'nversion of (S-t), al
| I'nversion of (S-t), al
| I'nversion of (Ct), 1, 2, inspection of (st_B-t)

| I'nversion of (S-t), al
| substitution |lemma, 4, 3

| I'nversion of (S-t), al
| I'nversion of (st_B-t), 5

| I'nversion of (Rt), 6, 7

| Canonical Forns, (lnversion of (S-t), 1), 8, 9

| I'nversion of (st_B-t), 5

7



Progress Part 1

|- S(Ed) = Ed"

11. P|- Q: S(seq(E d,E_s),(E_d ,E_s"))
12. Q = (seq(n,n"),(n_l,n_I")) where .|- S(E_d')=n_l and .|- S(E_s'
13. Rwval(r_s) = n_l' and Rwval(r_d) = n_I|
14. (R C M (seq(n,n"),(n_l,n_l")),st_B r_d, r_s)
--> 0M(n_l,n_I") (R++,CMn_l -->n_I"],seq{(n,n")},.)
Case sst
al. |- (RCMQsst nrv)
1. P;(.;S(G;S(seq(E_d,E s));S(E_.m;S(s)) |- sst nrv => RT
2. P|- R: S(Q
3. S(Q(spg) = <G sptr, Eg>
4. S(Q (spb) = <B,sptr, Eb>
5. . |- Eg = Bb
6. P,. |- R(spg) = <G sptr, Eg>
7. P,. |- R(spb) = <B,sptr, Eb>
8. |- R(spg) = Eg and . |- R(spb) = Eb
9. . |- R(spg) = R(spb)
10. . |- Eg + n = En
11. . |- S(s)[En --> <c,b,Ev>] = s’
12. Exists |. . |- En =1 and | in Dom M

13. R(spg) + n in Dom' M

14. (RCMQsst nrv) -->0 (R++ C MR(spg)+n -> R(rv)],Q.)

Case bz_G

=
'

(RCMQ bz_Gr_z,r_d)

5 (.;S(Q; S(seq(E_d,E s));S(E.m;S(s)) |- bz_Gr_z r_d =>RT
G (d) = <Gint, 0>

G (r_z) =<Gint,E z>

QG (r_d) = <G T->void,E_d >

AR~

<G int, 0>
< Gint,E z>
<G T->void, E d' >

N
DTV TONOWNT

Dom(R), r_d in Don(R)
Q bz Gr_z,r_d) -->0 (R++[d--> R(r_d)],CMQ.) or

R C
R Q bz_Gr_z,r_d) -->0 (R++,CMQ.)

, C,

N
ZL>

Case bz_B:

1. |- (RCMQ bz Gr_z,r_d)
2. P(.;8(9; S(seq(E_d,E_s));S(Em;S(s)) [- bz_Br_zr_d=>RT
3. S(Q(r_z) <B,int,E z>
S(Q (r_d) <B, (D ;G ;seq(E_d ,Es');Em)--> void, E_r>
S(9(d) = ( E2'=0 => < GT --> void,Er'>)
T =(D;G;seq(Ed  ,Es');E )
E z'

z'=0 =>< GT -->void,E_r'>

< B,int,E z>

< B (D;G;seq{(Ed ,Es")};Enm)-->void Er>
z

r

. d.|- Ez'=/=0
or .|- Rd) = Er'" and .|- Ez'=0 and . |- E_r'=/=0
Case a: R(d) =0 and .|- E_z'=/=0

8a. . |- R(r_z) = E_Z'
9a. R(r_z) =/=0
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| I'nversion of (S-t), al, Inversion of (heap-t)
)=n_l" | Inversion of (Qt), 11

| Exp Eq Transitivity, 9, 10, 11
| (st_B-nmem, 14

** Change Summary: ** New Case

| Gven

| I'nversion of
| I'nversion of

(S-t, Ct), substitution, al
(st), 1
| I'nversion of (sst-t),1
| I'nversion of (sst-t), 1
| I'nversion of (sst-t), 1

| I'nversion of (reg-file-t), 2, 3

| I'nversion of (reg-file-t), 2, 4

| Canonical Forns, Inversion of S-t, al, 6, 7

| Exp Eq Trans, 5, 8

| I'nversion of (sst-t)

| I'nversion of (sst-t)

| Valid Stack Loc Lemmm, (Inversion of (S-t),1), 11
| Exp Eq Trans, 8, 10, 12

| (sst), 13, 9

** Change Summary:** sinple (add s)

| Gven
| I'nversion of (S-t, Ct), substitution, 1
| I'nversion of (bz_Gt), 2

| I'nversion of (S-t), 1
| I'nversion of (reg-file-t), 4, 3

| Canonical Forms, (lnversion of (S-t), 1)), 5

| bz_Gtaken or bz-untaken, 6

** Change Summary:** sinple (add s, renopve col or)

| Gven
| Inversion of (S-t,Ct), substitution, 1
| I'nversion of (bz_B-t), 2

| I'nversion of (S-t), 1
| I'nversion of (reg-file-t), 4, 3

| Canonical Forns, Inversion of (S-t), 1, 5

| Canonical Forns, Inversion of (S-t), 1, 5

| Exp Eq Transitivity, 3, 6
| Exp Eq Transitivity, 8a, assunption



Progress Part 1

10a. (RCMQbz_Br_z,r_d)

Case b: .|-R(d) = Er' and
8b. R(r_z) =0

9b. R(r_d) = R .val (d)

10b. R(d) =/=10

11b. (RCMQ bz _Br_z,r_|
--> 0 (Rlpc_G-> R(d)][pc_B--> R(r_d)][d-->0],CMQ.)

Simlar to bz_B.

*

Case mal |l oc:

.|- E_z'=0 and .

d)

--> 0 (R++,CMQ.)

E r'=/=0

| bz-untaken,

assunption, 9a

Exp Eq Transitivity, 6, 3, assunption

Exp Eq Transitivity, assunption

|
| Exp Eq Transitivity, 3, 6, assunption
|
|

(bz_B-taken),

8b, 9b, 10b

** Change Summary:** new case

1. |- (RCMQ malloc[b] rg rb) | Gven
2. M= M #Dom(C) Ms | I'nversion of (S-t), 1
3. P|- Ms : s | I'nversion of (S-t), 1
4. Dom(Ms) =/= | I'nversion of (s-t-cons) and (s-t-base), 2
5. Dom(M =/=. | I'nversion of #, 2, 4
6. n = mx(Dom(M) + 1 | 5
7. (RCMQ nalloc[b] rg rb) --> 0 (R++[rg->n][rb->n],CMQ .) | (malloc), 6
Case sal l oc: ** Change Summary:** new case
1. |- (RCMQ salloc n) | Gven
2. M= M #Dom(C) Ms | I'nversion of (S-t), 1
3. P|- Ms : s | I'nversion of (S-t), 1
4. Dom(Ms) =/=. | I'nversion of (s-t-cons) and (s-t-base), 2
5. Dom(M =/=. | I'nversion of #, 2, 4
6. m= mn(Dom M) | 5
7. (RCMQsalloc n) -->0 | (salloc), 6
(R++[spg -> R(spg)-n][spb -> R(spb)-n],C,
(Mm1->0, ., mn->0), Q .)
Case sfree: ** Change Summary:** new case
1. |- (RCMQ sfree n) | Gven
2. M= M #Dom(C) Ms | I'nversion of (S-t), 1
3. P|- Ms : s | I'nversion of (S-t), 1
4. Dom(Ms) =/= . | Inversion of (s-t-cons) and (s-t-base), 2
5. Dom(M =/=. | I'nversion of #, 2, 4
6. m= nmn(DomM M) | 5
7. P;(.;S(G; S(seq(E_d,E s));S(E_.m;S(s)) |- sfree n => RT | I'nversion of (S-t,Ct), substitution, 1
8. S(s) = Et:t :: ... :: Ef: us | I'nversion of (sfree-t), 8
9. . |- Ef = E +n
10. . |- Bt = Eg
11. Q(spg) = <G sptr, Eg>
12. . |- R(spg) = Eg | Canonical Forms, Inversion of (S-t), 1, 12
13. . |- R(spg) + n = Ef | Exp Eq Trans, 9, 10, 11
14. R(spg) through R(spg)+n in Dom(M | Valid Stack Loc Lemms, 9, (Exp Eq Trans, 9, 10, 11, 13)
15. M= M,m->nm (mn-1) -> nml | 15
16. (RCMQsfreen) -->0 | (sfree), 6, 15

(R++[spg -> R(spg)+n][spb -> R(spb)+n],C, M,Q .)
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Progress Part 2

Progress Part 2

2. If |-c (RCMQir) then (RCMQir) -->0"s S

Proof by case analysis on ir.
** Change Summary:**: COWPLETE 4/11/08

For all cases, operand registers can be shown to exist using typing information.

subcase: R(pc_G = R(pc_B)

la. all c¢' =/=c¢. P(Rwval(pc_c')) = (D, Gseq(E d,E s),Ems) -->void
2a. either R(pc_G in DomC) or R(pc_B) in Don(C)

3a. R(pc_G in Don(Q

4a. rule fetch applies

Inversion of (S-t), 1
la

assunption, 2a
assunption, 3a

subcase: R(pc_G =/= R(pc_B)
1b. rule fetch-fail applies | assunption

*

Rul e op2r applies.

Rul e oplr applies.

Rul e mov-n or nov-reg applies dependi ng on syntax.

subcase a: find(QR(r_s)) = (R(r_s),n)
Rul e | d_G queue applies.

subcase b: find(QR(r_s)) = () and R(r_s) in Dom(M
Rule 1 d_G nem applies

subcase c: find(QR(r_s)) = () and R(r_s) not in Dom(M
Rule Id_Gfail or Id_Grand applies

*

Case | d_B:
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Progress Part 2

Simlar to case 1d_G
Rules I d_B-nemor Id_B-fail or Id_B-rand apply.

Case sl d:

subcase a: R(spc) + n in Dom(M
Rul e sld_c applies

subcase R(spc) + n not n Donm(M
Rule sld_c-fail applies

al. |- (RCMQ st_Br_dr_s)

1. P|- Q: S(seq(E_d,E s),(E.d ,E.s"))
2. Q= (seq(n,n"),(n_l,n_1"))

subcase a: end of queue matches r_d / r_s
aa2. Rval (r_d) = n_l and Rval (r_s) = n_I"'

3a. (RCM(seq(n,n),(n_l,n_I")),st_B r_d,r_s)
--> 0M(n_l,n_l") (R#++,CMn_l -->n_l"],seq{(n,n")},.)
subcase 2: end of queue does not match r_d / r_s

ab2. Rval (r_d) =/= n_l or Rval(r_s) =/= n_I|
3b. (RCMQst_B r_d,r_s) --> fault

subcase a: R(d) =/=10
8a. either bz-untaken-fail or bz_Gtaken-fail applies

subcase b: Rwval(d) =0
10b. either bz-untaken or bz_G taken applies

*

Case bz_B:

subcase a: Rval (r_z) not=0
Rul e bz-untaken or bz-untaken-fail applies

subcase b: Rval (r_z) =0

subsubcase ba: Rval (d) not= 0 and Rval (rd) = Rval (d)
Rul e bz_B-taken applies

subsubcase bb: Rval (d) = 0 or Rval (rd) not= Rval (d)
Rul e bz_B-taken-fail applies

*
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G ven

Inversion of (S-t), al,

Queue Lemm, 1

st_B-nem 2, aa2

st_B-nemfail,

assunption

assunption

2,

ab2

I nversion of (heap-t)



Progress Part 2

Case jnp_G

Simlar but sinpler than case bz_G
Rule jnmp_Gor jmp_G fail applies.
*

Case jnp_B:

Simlar but sinpler than case bz_B.
Rule jnp_B or jnp_B-fail applies.

file:///e)/etaft/progress2.html (3 of 3) [8/15/2008 10:26:41 AM]



Preservation Part 1

Preservation Part 1

1. If |-Z(RCMQir)
and (RCMQir) -->0"s (R,C,M,Q,ir")
then |-Z (R,C,M,Q,ir")

Proof by induction on the structure of the derivation of (RCMQir) -->0"s (R,C,M,Q,ir").

*** CHANGE SUMMARY: *** COVPLETE 4/ 10/ 08, changes 5/30/08

for all cases, replaced old #2 with new #2, old #7 with nodified #7, old #8 with new #8,
changed colored values ¢ n to regular values n, nodified step 5 to include stack type

CASE fetch: ** Change Summary:** sinple

(p1l) R(pc_G = R(pc_B)
(p2) R(pc_Q

in Dom ©)

---------------------------------------- (fetch)

(RCMQ.) -->0 (RCMQCR(pc_G))

0. [-Z(RCMQ.) | Gven

1. Dom(P) = Don{C) union Donm(M.m | I'nversion of t), O
2. M= Ms #Donm(C) M.m | Inversion of t), O
3. P|-C | I'nversion of t), O
4. <unnecessary>

5. Forall c=/=Z. P(R(pc_c)) = (D;G seq(E_d,E_s); E.ms)-->void | Inversion of (S-t), O
6. Exists S. .|- S: D | I'nversion of t), O
7. P|-Z Ms : S(s) | Inversion of t), O
8. P|-Z (MmQ (S(E_m, S(seq(E_d,E_.m)) | I'nversion of t), O
9. P|-ZR: S(Q | I'nversion of (S-t), O
4' . Forall c=/=Z. C(R(pc_c)) = C(R(pc_Q) | (p1),(p2)

10. |-Z (RCMQ(R(pc_Q)) | (St), 1,2,3,4,56,7,8,9
*

CASE fetch-fail: ** Change Summary:** none
R(pc_G =/= R(pc_B)

—————————————————————————— (fetch-fail)

(RCMQ.) -->0 fault

does not apply (fails second assunption)

CASE op2r: ** Change Summary:** sinple
R2 = R++[ r_d -> R(r_s) op R(r_t) ]

—————————————————————————————————————————————————————————— (op2r)

(RCMQ opr_d r_s, r.t) -->0 (RR,CMQ.)

0. |-Z(RCMQop r_d, r_s, r_t) | Gven

1. Dom(P) = Dom(C) union Donm( M. | I'nversion of (S-t), O
2. M= Ms #Donm(C) Mm | I'nversion of (S-t), O
3. P|-C | I'nversion of (S-t), O
4. Forall c=/=Z. C(R(pc_c)) =opr_d, r_s, r_t | Inversion of (S-t), O
5. Forall c=/=Z. P(R(pc_c)) = (D, G seq(E_d,E s);E ms)-->void | I'nversion of (S-t), O
6. Exists S |- S: D | Inversion of (St), O
7. P|-Z Ms : S(s) | I'nversion of (S-t), O
8. P|-Z(MmQ : (S(Em, S(seq(E_d,Em)) | Inversion of (S-t), O
9. P|-ZR: S(Q | I'nversion of (S-t), O
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Preservation Part 1

--> void

=< <B,int,E B>
=< <B,int, E B+1>

<c,int,E t'>

Let R2 = R++[r_d --> R(r_s) op R(r_t)]
Let @ = GH+[r_d --> <c,int, Es' op Et'>]
10. P;(D; G seq(E_d,E_s);Ems) |- opr_s,r_t,r_d ==> RT2
11. RT2 = (D, &;seq(E_d, E_s); E_ms)
12. Forall c=/=Z. P(R(pc_c)+1l) = RT2 --> void
5. Forall c=/=Z. P(R2_val (pc_c)) = (D, &;seq(E_d,E_s);E_ms)
13. P;(D; G seq(E_d,E_s);E ms)|- opr_s,r_t,r_d
==>(D; &; seq(E_d, E_s); E_ms)
14. P;(.;S(Q; S(seq(E_d,E_s)); S(Em;S(s))|- opr_s,r_t,r_d
==> (.;S(®); S(seq(E_d, E_s));S(E_m; S(s))
15. S(Q(r_s) = <c,int,E s'>
16. S(Q(r_t) = <c,int,E t'>
17. Forall a. P;. |-Z R(a) S(G (a)
18. S(Q(pc_G =< <Gint,E & and S(G (pc_B)
19. S(Q++(pc_O =< <G int,E_G+t1> and S(G ++(pc_B)
19a |- EG=EB
19b. [[EF] = [[E_B]]
19c. [[E.G] + [[1]] = [[EB]] + [[1]]
19d. [[EEG+ 1]] = [[EB + 1]
19e. . |- EG+1=EB+1
20. P |-Z R++ : S(Gt+)
21. P;. |-Z R(r_s) <c,int,Es'> and P;. |-Z R(r_t)
SUBCASE a: Z =/= ¢
2la. . |- E.s' = R(r_s) and . |- E_t' = R(r_t)
22a. [[E_s']] = [[R(r_s)]] and [[E_t']] = [[R(r_t)]]
23a. [[R(r_s)]] op [[R(r_t)]] = [[E.s"]] op [[E_t']]
24a. [[R(r_s) op R(r_t)]] =[[E.s" op E_t']]
25a. . |- E_s' : kint and . |- E_t' : kint
26a. |- (E_s' op E_t") ki nt
27a. |- (R(r_s) op R(r_t)) : kint
28a. . |- (R(r_s) op R(r_t)) = (E_s' op E_t")
29a. P |- (R(r_s) op R(r_t)) int
30a. P;.|-Z (R(r_s) op R(r_t)) <c,int, Es'" op E_t'>
SUBCASE b: Z = ¢
20b. |- Es' @ kint and . |- E_t' : kint
21b. . |- E_s' op E_t' ki nt
22b. P;.|-Z (R(r_s) op R(r_t)) <c,int, Es'" op E_t'>
MERGE:
31. P;.|-Z R(r_d) S(&2(r_d))
9. P|-ZR : S(®)
25. |-Z (RR,CMQ.)
CASE oplr
R2 = R++[ rd -> R(rs) op n ]
---------------------------------------------- (oplr)
(RCMQ oprd, rs, n) -->0 (RR,CMQ.)
Simlar to op2r.
CASE nov
(RGMQ m rd, v) -->0 (Resfrd->v] ,GMQ.)
Simlar to op2r.
CASE nov-reg:
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Inversion of (Ct), 3, 4
I nspection of (op2r-t), def of &
Inversion of (Ct), 3, 4, 11

def of ++, def of R2, 11, 12
10, 11

substitution, 6, 13

I nversion of (op2r-t), 13

I nversion of (op2r-t), 13

I nversion of (reg-file-t), 9
I nversion of
18, def Gt+
Inversion of (reg-file-t), 9
I nversion of 19a, def of [[]]
19b, def of [[]]

(reg-file-t), 9

19c, def of [[]]
19d, (E-eq)
(reg-file-t), def of R++, 19,

Inversion of (reg-file-t), 9,

Cannoni cal For s,
I nversion on (E-eq),
Subst of Eq for Eq,
def of [[]], 23a

I nversion on (E-eq),
(E-op-t), 25a
(E-int-t)

(E-eq), 26a, 27a, 24a
(int-t)
(val -t),

1, 7, 3,
2la
22a

21,

2la

29a, 28a

Int Kinding Lenmma, 21
(E-op-t), 20b
(val -zap-t),

assunption, 21b

30a/ 22b, def of R2, def of @,
def of R2, def of @&, 20, 31

(st), 1,2,3,ir=,5,6,7,8,9

** Change Summary:** none

** Change Sunmary:** none

** Change Summary:** new case

19e

15, 16

assunption



Preservation Part 1

———————————————————————————————————————————————————————— (mov-reg)
(RCMQ nv rd,

rs) (R++[rd -> R(rs)] ,CMQ.)

Simlar to op2r.

*

CASE nal | oc:
(p1) n = max(Dom(M) + 1
(RCMQmlloc[b] rg rb) -->0 (R++[rg -> n][rb ->n], C (Mn->0), Q
0. [-Z (RCMQnualloc[b] rg rb)
1. Dom(P) = Don{C) union Don(M.m
2. M= Ms #Dom(C) Mm
3. P|-C
4. Forall c=/=Z. C(R(pc_c)) = malloc[b] rg rb
5. Forall c=/=Z. P(R(pc_c)) = (D;G seq(E_d,E_s);E ms)-->void
6. Exists S. | - . D
7. P|-Z Ms S(s)
8 P|-Z(MmQ : (S(E.M, S(seq(E_d,E.m))
9. P|-ZR: S(Q
Let R2 = R++[rg -> n][rb -> n]
Let Mn2 = M.m n->0
Let =M n->0
Let @ = Gt+[rg -> <G b ref0,x>][rb -> <B,b ref0, x>]
Let D2 = D, x:int
Let En2 = upd Emx 0
Let P2 = P, n -> S(b) ref0
Let S2 = S, n/x
10. P;(D; G seq(E_d,E_s);E ms) |- nmalloc[b] rg rb ==> RT2
11. RT2 = (D2; &;seq(E_d, E_s); En2; s)
12. Forall c=/=Z. P(R(pc_c)+1l) = RT2 --> void
12. Forall c=/=Z. P(R2_val (pc_c)) = (D2; &;seq(E_d, E_ s); EnR2;s) --> void |
5'. Forall c=/=Z. P2(R2_val (pc_c)) = (D2; &;seq(E_d, E_s); EnR2;s) --> void|
13. P;(D; G seq(E_d,E_s);E ms)|- malloc[b] rg rb
==>(D2; @; seq(E_d, E_s); E_n®;s)
14. P;(.;S(Q; S(seq(E_d,E s)); S(Em;S(s))|- nalloc[S(b)] rg rb
==> (x:kint; S(®); S(seq(E_d, E_s)); S(E_n2); S(s))
15. x not in D
16. Dom(M n2) = Dom(M_.m) union {n}
17. Dom(C) union Dom(M n2) = Don(C) union Dom(Mm union {n}
18. Dom(P2) = Dom(P) union {n}
1'. Dom(P2) = Don{C) union Donm( M nR)
19. Dom(M = Dom(M.s) union Don{M.m
20. Dom{M_s) union Dom(M.nR) = Dom(M.s) union Don{M.m union {n}
21. Dom{M2) = Dom(M wunion {n}
22. Dom(M2) = Dom(M_s) uni on Don(M nR)
23. Dom({M.s) intersect Dom(M.m = enpty
24. n not in Donm(M.s)
25. Don{Ms) intersect Donm(Mn2) = enpty
26. Al Is in Dom(Ms).All Icin Dom{CQ.Al Imin Dom(Mm. Is<lc<Im
27: Al | in Dom(M. | <n
28. Al Is in Dom(Ms) union Don{Q). | <n
29: Al Is in Dom{(Ms).All Icin Dom{C.Al Imin Dom(MnR). Is<lc<Im
2'. M = Ms #Don{C) M n2
30. n not in Don(C)
3. P2|-C
31. |- n: kint
32. x not in Don(.) union Don(D)
6'. |- S2 : D2
33. [[S(EEM]] = Mm
34. P |-Z Q: S(seq(E_d, E_s))
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** Change Summary:** New Case --

not trivial

G ven

I nversi
I nver si
I nversi
I nver si
I nver si
I nver si
I nver si
I nversi
I nver si

on of (S-t),
on of (S-t),
on of (S-t),
on of (S-t),
on of (S-t),
on of (S-t),
on of (S-t),
on of (S-t),
on of (S-t),

[cNeoNoNeoNoNeoNoNoNe]

Inversion of (Ct), 3, 4

I nspection of (op2r-t), def of &
Inversion of (Ct), 3, 4, 11

def of ++, def of R2, 11, 12

12, 30 (forward reference)

10, 11

substitution, 6, 13

Inversion of (malloc-t), 13

def of
16

def of
1, 18,

M e

P2
18

Def of
Def of M.n2
Def of M2
19, 20, 21

#, 2

Def of #, 2
(pl), Def of #, 2
23, Def of M.nR2, 24

Def of #, 2
(p1)

27, 26

26, 28

Def of #, 22, 25, 29

26, (pl)

(Ct), (Inversion of (Ct), 3), 30, Psi Extension Lemm

15

(sub-t), Def of S2, Def of D2, 6, 31, 32

I nversion of (heap-t), 8



Preservation Part 1

35. all I in Dom{Mm. exists f. P,MQ|-Z 1 : b reff
36. n not in Dom(M.m

37. Mn2 = Mnin -> 0]

38. Mn2 = [[S(E_.m]] [ n->0]

39. Mn2 = [[S(Em]] [ [[n]] ->[[0]]]

40: Mn2 = [[upd S(E.m) n 0]]

41. Mn2 = [[S2(upd E.mn 0)]]

42. P |-Z Q: S2(seq(E_d,E_s))

43. P2 |- n: S(b) ref0

44, P2;MQ |- n: S(b) ref0
45, all | in DomMmnm. exists f. P2,MQ|-Z 1| : b reff
46. all | in Dom(MnR). exists f. P2,MQ[-Z 1 : b reff

8. P|-Z (Mn2,Q : (S2(upd Emn 0), S2(seq(E_d,E_s)))

47. P2 |- Mn2 : S2(upd E mx 0)
7. P2 |-Z Ms : S2(s)

48. P2 |- n: S(b) ref0

49. P2 |-Z n: <G S(b) refo0, n>
50. P2 |-Z n: <G S2(b) ref0, n>
51. P2 |-Z n: S2(<G b ref0, x>)
52. P2 |-Z R(rg) : S2(®@)(rg)
53. P2 |-Z R2(rb) : S2(&)(rb)

54. P2 |-Z R+ : S(Gt+)

55. P2 |-Z R++ : S2(G++)

9. P2 |-ZR : S2A®)

56. |-Z (R, C M2, Q .)

CASE sal |l oc:

(RCMQsalloc n) --> 0 (R++[spg -> R(spg)-n][spb -> R(spb)-n],

0. |-Z (RCMQsalloc n)

1. Dom(P) = Dom(C) uni on Donm( M.

2. M= Ms #Dom(C) M.m

3. P|-C

4. Forall c=/=Z. C(R(pc_c)) = salloc n

5. Forall c=/=Z. P(R(pc_c)) = (D, G seq(E_d,E_s);E mEt:us)-->void
6. Exists S |- S: D

7. P|-Z Ms : S(Et:us)

8. P|-Z(MmQ : (S(E.m, S(seq(E_d, E.m))

9. P|-ZR: S(Q

Let R2 = R++[spg -> R(spg)-n][spb -> R(spb)-n]

Let Ms2 = Ms,m1 ->0,...,mn->0

Let = Mm1l->0,...,mn->0

Let & = G++[spg -> <G sptr, Eg-n>][spb -> <B, sptr, Eb-n>]
Let s2 = (Et-n) : ns :: (Et-n+l) : ns :: ... . Et :

10. P;(D; G seq(E_d,E_s);E ms) |- salloc n ==> RT2
11. RT2 = (D, &;seq(E_d, E_s); Ems2)
12. Forall c=/=2Z. P(R(pc_c)+1l) = RT2 --> void

5'. Forall c=/=Z. P(R2_val (pc_c)) = (D &;seq(E_d, E_s); En®; s2)

13. P;(D; G seq(E_d,E_s);E mEt:us)|- salloc n
==>(D;, &; seq(E_d, E_s); E_ ms2)
14. P;(.;S(O;S(seq(E_d,E_s));S(E_m;S(s))|- salloc n
==> (.;S(&); S(seq(E_d, E_s));S(E_m; S(s2))

15. S(Q(spg) = <G sptr, Eg>
16. S(Q (spb) = <B,sptr, Eb>
17. . |- Eg = Eb

file:/lle/etalft/preservationl.html (4 of 19) [8/15/2008 10:26:50 AM]

(pl), def of #, 2

def of Mn2, 36

35, 37

38, def of [[]]

def of [[]], 39

Substitution Extension Lenma, 6, 15, 40

| Substitution Extension Lemmm, 6, 15, 34
| def of P2, (addr-heap-t)

| Heap Extension Lemma, 35, def of P2
| Def of M.nR2, Def of P2, 44, 45

| (heap-t), 31, 42, 46

| Substitution Extension Lemma, 6, def of S2, 15, 7
| Heap Extension Lemma, 7, Subst Extension Lemm, 6,

(E-eq)

Def of P2, (addr-heap-t)

(val -t), 47, 48

Subst Ext Lemma, 6, 15, def of S2

50, Def of S2

51, Def of R2, def of &

as in 52

9, def of ++

Subst Extension Lemm, 6, 15, 54
(R-t), 55, 53, 52, def of R2, def of @&

| (st), 1', 2, 3, ir=, 5, 6, 7, 8, ¢

** Change Sunmary:** New Case -- not trivial
———————————————————————————————————— (sall oc)
C (Mm1l->0,...,mn->0), Q .)
G ven

I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),

[eNeoNoNoNoNoNoNoNo)

| Inversion of (Ct), 3, 4

| Inspection of (op2r-t), def of &
| I'nversion of (Ct), 3, 4, 11

| def of ++, def of R2, 11, 12

| 10, 11

| substitution, 6, 13

| Inversion of (salloc-t), 14



Preservation Part 1

18. . |- Eg = Et

19. Dom(M = Dom(M.s) union Dom(M.m

20. Donm{M2) = Dom(M.s2) union Dom{M.m

21, {m1,...,mn} intersect Dom(M = enpty

22. Don{Ms) intersect Dom(M.m = enpty

23. Dom(M s2) intersect Dom(M.m = enpty

24. Al Is in Dom(Ms). all Lc in Dom(C). all
Is <lc <Im

25. Al Is in Dom(Ms2). all
Is <lc <Im

2'. M = Ms2 #Don(C) M.m

Lc in Dom(C). all

26. P;. |-Z0: ns

27. . |- Bt - 1+1=E

28. |- S(Et us) wf

29. |- S(Et-1: ns :: Et us) w

30. |- m=Et

3. . |- m1l = Et-1

27. P|-ZMs,m1->0 : S(Et-1: ns :: Et : us)
7. P|-Z Ms2 : S(s2)

29. P;. |-Z R(spg) - n: <Gsptr,Eg - n>
30. P;. |-Z R(spb) - n: <B,sptr,Eb - n>
31. P, . |-Z R2(spg) : S(&)(spg)

32. B | -Z R2(spb) S( &) (spb)

33. P |-Z R++ : S(Gt+)

9. P|-Z R : S2(®)

34. |-Z (R2, C M, Q .)

CASE sfree:

(p1) m= mn(Don(M)
(p2) M= (M, m->vl, ...,

-->_0 (R++[spg -> R(spg)+n][spb -> R(spb)+n], C M,

(R C MQsalloc n)

Let R2 = R++[spg -> R(spg)+n][spb -> R(spb)+n]
= G++[spg -> <G sptr, Eg+n>][spb -> <B, sptr, Eb+n>]

10. P;(D; G seq(E_d,E_s);E ms) |- sfree n ==> RT2
11. RT2 = (D, &;seq(E_d, E_s); Ems2)

Lmin Dom(M. ).

Lmin Dom(M. ).

0. |-Z (RCMQsalloc n)

1. Dom(P) = Dom(C) union Dom(M m

2. M= Ms #Donm(C) M.m

3. P|-C

4. Forall c=/=Z. C(R(pc_c)) = sfree n

5. Forall c=/=Z. P(R(pc_c)) = (D;G seq(E_d,E_s);E ms)-->void
6. Exists S. |- S: D

7. P|-Z Ms : S(Es)

8 P[-Z(MmQ : (S(E.m, S(seq(E_d,E m))

9. P|-ZR: S(O

12. Forall c=/=Z. P(R(pc_c)+1l) = RT2 --> void
5'. Forall c=/=Z. P(R2_val (pc_c)) = (D &;seq(E_d, E_s); EnR;s2)
13. P;(D;Gseq(E_d,E_s);E mEt:us)|- sfree n
==>(D; &; seq(E_d, E_s); E_ms2)
14. P;(.;S(O; S(seq(E_d,E_s)); S(E.m;S(s))|- sfree n
==> (.;S(®); S(seq(E_d,E_s));S(E_m; S(s2))
15. S(Q (spy) = <G sptr, Eg>
16. S(Q (spb) = <B, sptr, Eb>
17. . |- Eg = Eb
18. . |- Eg = Et
19. s =E : t :: ... Ef @ us
20. |- Ef = Eg + n
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--> void

I nversion of #-def, 2

19, def of Ms2, def of M2
(p1)

I nversion of #-def, 2

22, def of Ms2, 21, 19

I nversion of #-def, 2

| 24, (pl), def of Ms2
| (#-def), def of M2, 20, 23, 25
(ns-t)

arithnetic
I nversion of (s-t-cons), 7

(s-wf-cons), 27, 28, Subst Closed Exp Lemm
I nversion of (s-t-cons), 7, (pl)

30

(s-t-cons), 29, 31, 26, 7

repeat ed applications of (s-t-cons),
def of Ms2, def of s2, 27

| 15, case on Z: deconstruct and reconstruct using
whi chever (val-t) rule applies

| 16, case on Z: deconstruct and reconstruct using
whi chever (val-t) rule applies

29, def of R2, &

30, def of R2, &

9, def of ++

(Rt), def of R2, def of &, 31, 32, 33

| (St), 1, 2', 8, ir=, 5, 6, 7', 8, o

** Change Summary:** New Case -- not trivial

G ven

I nversion of (S-t)
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
Inversion of (S-t),

[eNeoNoNeoNoNoNeNoNe)

| I'nversion of (Ct), 3, 4

| Inspection of (op2r-t), def of &

I nversion of (Ct),

3, 4, 11

def of ++,

def of R2, 11, 12

10, 11

substitution,

6, 13

I nversion of (salloc-t), 14



Preservation Part 1

21. Dom(M = Dom(M.s) union Dom(M m

22. Don{M.s) intersect Dom(M.m = enpty

23. Al Is in Dom{(Ms). all Lc in Don{C). all Lmin Dom(Mn).
Is <lc <Im

24, . |- m=H

25. . |- mn = Ef

26. m= mn(Dom Ms))

27. mthrough mtn in Dom( M.s)

28. Ms = Ms2, m->vl, ..., mn-1->vn
29. mthrough mtn not in Dom( M.

30. Dom(M2) = Don{M s2) union Don{M m
31. Don{M.s2) intersect Dom(M.n) = enpty

33. Al Isin Dom(Ms2). all Lc in Dom{C). all Lmin Dom(Mn).

Is <lc <Im
2'. M2 = Ms2 #Dom(C) Mm

7. P|-Z Ms2 : S(Ef:us)

35. P;. |-Z R(spg) + n: <Gsptr,Eg + n>
36. P;. |-Z R(spb) + n: <B,sptr,Eb + n>
37. P . |-Z R(spg) : S(XR)(spg)

38. P; |-Z R2(spb) : S(Q&2)(spb)

39. P |-Z R++ : S(Gt+)

9. P|-ZR : S2(®)

40. |-z (R, C M, Q .)

CASE | d_G queue:

(p1) find(QR(r_s)) = (R(r_s),n)

(RCMQ Id_Gr_d, r_.s) -->0 (R++[fr_d->Gn] ,CMQ.)

P|l-Z Ms S(s)
Pl-Z(MmQ : (S(E_M, S(seq(E_d,E_.mM))
ZR: S(Q

0. [-Z(RCMQId Gr_d, r_s)

1. Dom(P) = Don(C) union Don(M.m

2. M= Ms #Dom(C) Mm

3. P|-C

4. Forall c=/=Z. C(R(pc_c)) =1d_Gr_d, r_s

5. Forall c=/=Z. P(R(pc_c)) = (D;G seq(E_d,E_s);E ms)-->void
6. Exists S |- S: D

7.

8.

9.

Let R2 = R++[r_d --> G n]
Let @ = Gt+[r_d --> <G b, B> ]
10. P;(D; G seq(E_d,E_s);Ems) |- 1d_Gr_d, r_s ==> RT2

11. RT2 = (D, &; seq(E_d,E_s); E_ms)
12. Forall c=/=Z. P(R(pc_c)+1l) = RT2 -> void
5'. Forall c=/=Z. P(R2_val (pc_c)) = (D, &;seq(E_d,E s);E ms)

13. P;(.;S(0G;S(seq(E_d,E s)); S(E.m;S(s))|- 1d_Gr_d, r_s
==>(.;S(®); S(seq(E_d, E_s)); S(E_m; S(s))

14, . |- S(G(r_s) <= <G b refh,E_s'>
15. E = sel (sequpd S(E_.m S(seq(E_d,E_s))) E.s'
16. P; . |-Z R(r_s) : <G b refh Es'>

SUBCASE a: Z = G

17a. . |- S(E_m) : kmem
18a. . |- S(seq(E_d,E_s)) : seq(kint,kint)
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| Inversion of #-def, 2

I nversion of (s-cons-t), 7, (pl), 2

Exp Eq Transitivity, 18, 20, 21

21, 23, (pl)

Repeat ed inversion of (s-cons-t), 7, 25, 19
27, (p2)

22, 27

| 21, 28, 29, (p2)
| 22, 28
| 23, 28

| (#-def), 30, 21, 23

| n Inversions of (s-cons-t), 7, 19, 27

| 15, case on Z: deconstruct and reconstruct using
whi chever (val-t) rule applies

| 16, case on Z: deconstruct and reconstruct using
whi chever (val-t) rule applies

35, def of R2, &

36, def of R2, &

9, def of ++

(Rt), def of R2, def of &, 37, 38, 39

| (s-t), 1, 2', 3, ir=, 5, 6, 7', 8 o

** Change Sunmmary:** conplete -- fixed bug in original
version, redid init flags

--(1d_G queue)

--> void

G ven

I nversion of (S-t),
I nversion of (S-t)
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),

[eNeoNeoNoNoNeoNoNoNe]

Inversion of (Ct), 3, 4

I nspection of (1d_Gt), def of &
Inversion of (Ct), 3, 4, 11

def of ++, def of R2, 12

| 10, 11, substitution, 6

| Inversion of (I1d_Gt), 13
| I'nversion of (I1d_Gt), 13

| Inversion of (reg-file-t), 9, (val-subtp-t), 14

| Exp Evaluation Lemma, |nversion on (heap-t), 8
| Inversion of (heap-t), 8, Inversion (Qt) and (Q zap-t)



Preservation Part 1

19a. . | E.s' : kint
20a. . |- E: kint

2la. P;.|-Z n: <G b, E>

SUBCASE b: Z =/= G

22b. P(R(r _s)) =breff and f <= h

23b. |- R(R_ s) in Dom(M

24b. . |- E_s' = R(r_s)

25b. f<=h ==> 7Z=/=G ==> all (R(r_s),v) inQ P |- v : b
26b. P|- n: b

27b. . |- E=n
28b. P;. |-Z n: <Gb, B>

VERGE:
22. P.|-Z R(r_d) : S(@)(r_d)
9. P|-ZR : S(@)

23. |-Z (RR,CMQ.)
* conpl ete

CASE | d_G nmem

(p1) find(QR(r_s)) = ()

(p2) R(r_s) in Dom(M

(s1) R2 = Rt+[r_d -> MR(r_s)) |
............................................... (1d_G nem
(RCMQ 1d Grd, rs) -->0 (R,CMQ.)

|-Z(RCMQId Gr_d, r_s)
Dom(P) = Don(C) uni on Dom( M m)
M= Ms #Don(C) Mm

P|-C

c=/=Z. C(R(pc_c)) =1d_Gr_d, r_s
Forall c=/=Z. P(R(pc_c)) = (D;G seq(E_d,E_ s);E_ms)-->void
Exists S |- S: D

Pl-Z Ms S(s)
(MmQ : (S(E.m), S(seq(E_d,E_nm))
: S(Q

CoNoO~ONEO
by
)
=
L

Let R2 = R++[r_d --> MR(r_s)) |
Let @ = GH+[r_d --> <G b, E> ]
10. P;(D;Gseq(E_d,E_s);Em |- Id_Gr_d, r_s ==> RT2

11. RT2 = (D, &;seq(E_d,E_s);E_ms)
12. Forall c=/=Z. P(R(pc_c)+1l) = RT2 -> void
5'. Forall c=/=Z. P(R2_val (pc_c)) = (D, &;seq(E_d,E_s);E_ms)

13. P;(.;S(O;S(seq(E_d,E s)); S(E.m;S(s))|- Id_Gr_d, r_s
==>(.; S(@2);S(seq(E_d, E_s)); S(E_m); S(s))

14, . |- S(G(r_s) <= <Gb refi,E_s'>
15. E = sel (sequpd S(E_.m S(seq(E d,E_s))) Es'

16. P, . |-Z R(r_s) : <G b refh,E_s'>

SUBCASE a: Z = G

17a. |- S(E_m : kmem

18a. |- S(seq(E_d, E_s)) : seq(kint,kint)
19a. . | E_s' ki nt

20a. |- E: kint

2la. P;.|-Z n: <G b, E>

SUBCASE b: Z =/= G

22b. P(R(r_s)) = b reff and f <= h
23b. . |- R(R_s) in Dom(M
24b. . |- E_s' = R(r_s)

25b. f=h ==> 7=/=G ==> exists (n,v) in Q
26b. f=1 ==> P |- MR(r_s)) : b
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--> void

| Canonical Forms, 1, 8, 3, 16

| By applying sequences of (E-upd-t) and (E-sel-t),
15, 17a, 18a, 19a

| (val -zap-t), assunption, 20a

| Canonical Forms, 1, 8, 3, 16

| 25b, assunption, 22b, (pl)
| Find Lenma, (pl), (Inversion of (heap-t), 8), 15, 24b

| (val-t), 26b, 27b

| 21al/28b, def of R2, def of @&, def of ++
| (reg-file-t), 9, def of R2, def of @&, def of ++ 22

| (St), 1, 2, 3, ir=., 5, 6, 7, 8, ¢

** Change Summary:** conplete -- add init flags

G ven

I nversion of (

I nversion of (

I nversion of (S-t
I nversion of (

I nversion of (

I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),

[eNeoNeoNoNoNoNoNoNe)

I nversion of (Ct), 3, 4

I nspection of (1d_Gt), def of &, 10
Inversion of (Ct), 3, 4, 11

def of ++, def of R2, 12

| 10, 11, substitution, 6

| Inversion of (I1d_Gt), 13
| Inversion of (1d_Gt), 13

| I'nversion of (reg-file-t), 9, (val-subtp-t), 14

Exp Eval uation Lenmm, |nversion on (heap-t), 8
I nversion of (heap-t), 8, Inversion (Qt) and (Q zap-t)
Canoni cal Forns, 1, 8, 3, 16
By applyi ng sequences of (E-upd-t) and (E-sel-t),
15, 17a, 18a, 19a
| (val -zap-t), assunption, 20a

| Canonical Forms, 1, 8, 3, 16



Preservation Part 1

27b. f = hor f =1

subsubcase on 27b

subsubcase bl: f = h

28bl. exists (n,v) in Q

29b1. contradiction, subcase doesn't apply
subsubcase b2: f =1

28b2. P |- MR(r_s)) : b

Mer ge:

29b. P |- MR(r_s)) : b

30b. P;. |-Z MR(r_s)) : <G b, E>
MERGE:

32. P,.|-Z R(r_d) : S(X)(r_d)
9. P|-ZR : S(®X)

23. |-Z (R, CMQ.)

CASE | d_G rand:

find(QR(r_s)) = ()
R(r_s) not in Dom(M
R2 = Rt+[r_d -> n ]

————————————————————————————————————————————————— (1d_G rand)

(RCMQ lId_Gr_d, r_.s) -->0 (RR,CMQ.)

0. |-Z(RCMQId Gr_d, r_s)

1. Dom(P) = Don(C) union Don(M.m

2. M= Ms #Dom(C) Mm

3. P|-C

4. Forall c=/=Z. C(R(pc_c)) =1d_Gr_d, r_s

5. Forall c=/=Z. P(R(pc_c)) = (D;G seq(E_d,E_s); E.ms)-->void
6. Exists S |- S: D

7. P|-Z Ms S(s)

8. P|-Z(MmQ : (S(E.m, S(seq(E_d,E_m))

9. P|-ZR: S(Q

Let R2 = R++[r_d --> n]
Let @ = Gt+[r_d --> < Gint, E_n>]
10. P;(D; G seq(E_d,E_.s);Ems) |- 1d_Gr_d, r_s ==> RI2

11. RT2 = (D, &X;seq(E_d,E_s);E_ms)
12. Forall c=/=Z. P(R(pc_c)+1l) = RT2 --> void

5. Forall c=/=Z. P(R2_val (pc_c)) = (D, &;seq(E_d, E_ s);E_ms)

13. P |- n: int

14. . |- E.n =n

15. P;. |-Zn: <Gint,E n>

16. P;. |-Z R2(r_d) S(&) (r_d)
9. P|-Z R : (@)

17. |-Z (RR,GMQ.)

*

CASE Id_Gfail:

find(QR(r_s)) = ()

R(r_s) not in Dom(M
------------------------------------- (ld_Gfail)
(RCMQ Id_Gr_d, r_s) -->0 fault

does not apply (fails second assunption)
*

CASE | d_B- mem
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| 22b, def of f <=f

| 25b, subcase assunption, subsubcase assunption
| 28bl, (p1)

| 26b, subsubcase assunption
| 29b1 / 28b2

| (val-t), 24b, 29b

| 21a/30b, def of R2, def of &
| (reg-file-t), 9, def of R2, def of @&, def of ++ 32

| (st), 1, 2, 3, ir=., 5, 6, 7, 8, O

** Change Summary:** sinple

G ven

I nversion of (S-t),
I nversion of (S-t)
I nversion of (S-t),
Inversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),

[eNeoNoNoNoNeoNoNoNe]

| where E.nis just n

| Inversion of (CGt), 3, 4

| Inspection of (1d_Gt), def of &, 10

| I'nversion of (Ct), 3, 4, 11

| def of ++, def of R2, 11, 12

| (int-t)

| def of &

| (val-t), 13, 14

| 15, def of R2, def of &, Subst C osed Exp Lemm

| (reg-file-t), 7, def of R2, def of @&, def of ++, 15,

| (st), 1, 2, 3, ir=., 5, 6, 7, 8, O

** Change Summary:** none

** Change Summary:** spelled out instead of being

16



Preservation Part 1

~~~~~~~~~~~~~~ simlar to |d_Gnem not too tricky

R(r_s) in Donm(M
R = Rl++ rd -> B MR(r_s)) 1]

(RCMQ ldBrd, rs) -->0 (R,CMQ.)

|1-Z (RCMQId_Br_d, r_s) G ven
Dom(P) = Don(C) union Dom( M m I nversion of (S-t),
M= Ms #Don(C) M.m I nversion of (S-t),

Inversion of (S-t),

c=/=Z. C(R(pc_c)) =1d_Br_d, r_s I nversion of (S-t),
Forall c=/=Z. P(R(pc_c)) = (D, G seq(E_d,E s);E_ms)-->void I nversion of (S-t),
Exi sts S |- S: D I nversion of (S-t),

I nversion of (S-t),
I nversion of (S-t),
I nversion of (S-t),

CoNoOA~AONEO
b
°)
=2
L

[eNeoNoNeoNoNoNoNoNo)

Pl-Z(MmQ : (S(Em, S(seq(E_d,E_m))
P © S(9

Let R2 = R++[r_d --> MR(r_s)) |
Let @ = G++[r_d --> <B, b, E> ]
10. P;(D;Gseq(E_d,E_s);Em |- Id_Br_d, r_s ==> RT2 Inversion of (Ct), 3, 4

11. RT2 = (D, &;seq(E_d,E s); E_ms)
12. Forall c=/=Z. P(R(pc_c)+1) = RT2 -> void
5'. Forall c=/=Z. P(R2_val (pc_c)) = (D, &;seq(E_d,E_s);E ms) --> void

I nspection of (1d_B-t), def of &, 10
Inversion of (Ct), 3, 4, 11
def of ++, def of R2, 12

13. P;(.;S(Q; S(seq(E_d,E s)); S(E_.m;S(s))|- Id_Gr_d, r_s | 10, 11, substitution, 6
==>(.; S(&); S(seq(E_d, E_s));S(E_m; S(s))
14. S(Q(r_s) = <Gb refl, E s'> | I'nversion of (Id_B-t), 13
15. E = sel S(E_m E_s' | Inversion of (Id_B-t), 13
16. P; . |-Z R(r_s) : <B,b refl, E s'> | Inversion of (reg-file-t), 9, (val-subtp-t), 14

SUBCASE a: Z = B

17a. . |- S(E_m : kmem | Exp Evaluation Lemma, |nversion on (heap-t), 8
18a. . | E_s' : kint | Canonical Forns, 1, 8, 3, 16

19a. . |- E: kint | (E-sel-t), 17a, 18a

20a. P;.|-Z n: <B, b, E> | (val -zap-t), assunption, 19a

SUBCASE b: Z =/= B

22b. P(R(r_s)) = b refl | Canonical Fornms, 1, 8, 3, 16, def of f <= f

23b. . |- R(R.s) in Dom(M

24b. . |- E_s' = R(r_s)

25b. P |- MR(r_s)) : b

26b. P;. |-Z MR(r_s)) : <G b, E> | (val-t), 24b, 25b

MERCE:

32. P;.|-Z R(r_d) : S(R)(r_d) | 20a/26b, def of R2, def of &

9. P|-ZR : S(®X) | (reg-file-t), 9, def of R2, def of @&, def of ++ 32
23. |-Z (R, CMQ.) | (St), 1, 2, 3, ir=., 5, 6, 7, 8 9O

CASE | d_B-rand: ** Change Sunmary:** none

R(r_s) not in Dom(M
R =R++[ r_d -> Bn]

——————————————————————————————————————————————————— (1d_B-rand)

(RCGMQ IdBrd rs) -->0 (R,CMQ.)

Simlar to Id_Grand.

*

CASE | d_B-fail: ** Change Summary:** none
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Preservation Part 1

Rval (r_s) not in Dom(M

------------------------------------------- (ld_B-fail)

(RCMQ IdBr_d, r_s) -->0 fault

does not apply (fails second assunption)

CASE sl d_c: ** Change Summary:** New Case -- requires stack

___________ update | emma, then easy

————————————————————————————————————————————————————————————————— (sld_c)

(RCMQ sldcrdn) -->0 (R+t+r_d -> MR(spc)+n)],CMQ.)

0. |-Z(RCMQsld_c r_d n) | Gven

1. Dom(P) = Dom(C) union Dom(M m | I'nversion of (S-t), O

2. M= Ms #Dom(C) M.m | Inversion of (S-t), O

3. P|-C | I'nversion of (S-t), O

4. Forall c=/=Z. C(R(pc_c)) = sfree n | Inversion of (St), O

5. Forall c=/=Z. P(R(pc_c)) = (D, G seq(E_d,E s);E ms)-->void | I'nversion of (S-t), O

6. Exists S |- S: D | I'nversion of (S-t), O

7. P|-Z Ms S(s) | I'nversion of (S-t), O

8. P|-Z(MmQ : (S(E.m, S(seq(E_d,E_.m)) | I'nversion of (S-t), O

9. P|-ZR: S(Q | Inversion of (St), O

Let R2 = R++[r_d -> R(spc) +n]

Let @ = G++[spc -> <G b, E>]

10. P;(D; G seq(E_d,E_s);E ms) |- sld_c r_d n ==> RT2 | I'nversion of (Ct), 3, 4

11. RT2 = (D, &;seq(E_d,E_s); Ems) | I'nspection of (op2r-t), def of &
12. Forall c=/=Z. P(R(pc_c)+1l) = RT2 --> void | Inversion of (Ct), 3, 4, 11

5'. Forall c=/=Z. P(R2_val (pc_c)) = (D, &;seq(E_d,E s);E ms) -->void | def of ++ def of R2, 11, 12

13. P;(D;Gseq(E_d,E_s);E ms)|- sld_cr_dn | 10, 11

==>(D; &@; seq(E_d, E_s); E_ms)
14. P, (.;S(Q;S(seq(E_d,E s));S(E.m;S(s))|- sld_cr_dn | substitution, 6, 13

==> (.;S(®&); S(seq(E_d, E_s));S(E_m; S(s))

15. S(Q(spc) = <c,sptr, Ec> | Inversion of (sld_c-t), 14
16. . |- Ec + n = En
17. .;s |- En : <c,b, B>
18. . |- Ec = R(spc) | Canonical Forns, 1, 3, 8, (Inversion of (reg-file-t),9,15)
19. . |- R(spc) + n = En | Exp Eq Trans, 18, 16
20. P;. |-Z Ms(R(spc)+n) : <c, b, E> | Stack Lookup Lemmm, 7, 17, 19
9. Pl-ZR: (&) | (reg-file-t), 9, 20, def of ++
21 |-Z (RZ,CMQ.) | (St), 1, 2, 3, ir=., 5, 6, 7, 8 9
*
CASE sld_c-fail: ** Change Summary:** New Case -- trivial

(pl) R(spc) + n not in Dom( M
————————————————————————————————————————————————————————————————— (sld_c-fail)

does not apply (fails second assunption)
*

file:/l/e)/etalft/preservationl.html (10 of 19) [8/15/2008 10:26:50 AM]



Preservation Part 1

CASE st _G queue: ** Change Sunmary:** conplete, have to nodify P if
~~~~~~~~~~~~~~~~ Z=/ =G, need to update all known aliases

@ = ( (R(r_d), R(r_s)), Q)
——————————————————————————————————————————————————— (st _G queue)
(RCMQ st_Gr_d, r_s) -->0 (R++CMQ,.)

0. |-Z(RCMQst_Gr_d, r_s) | Gven

1. Dom(P) = Dom(C) union Dom(M.m | Inversion of (St), O

2. M= Ms #Donm(C) M.m | I'nversion of (S-t), O

3. P|-C | Inversion of (St), O

4. Forall c=/=Z. C(R(pc_c)) =st_Grd, rs | I'nversion of (S-t), O

5. Forall c¢=/=Z. P(R(pc_c)) = (D;G seq(E_d,E_s);E ms)-->void | I'nversion of (S-t), O

6. Exists S. . |- S: D | I'nversion of (S-t), O

7. P|-Z Ms : §(s) | I'nversion of (S-t), O

8. P|-Z(MmQ : (S(E_m, S(seq(E_d,E m)) | Inversion of (S-t), O

9. P|-ZR: S(Q | I'nversion of (S-t), O

Let p = increnment_f(f)

let @ = S(G++[r_d -> <G b refp, E_d >]) ** FJP needs to be updated to handl e | arger change to G as in other exanples

10. P;(D; G seq(E_d,E_s);Em |- st_Gr_d, r_s ==> RT2 | I'nversion of (CGt), 3, 4

11. RT2 = (D, G++;((E_d',E_s"),(seq(E_d,E_s)));E_ms) | Inspection of (st_Gt), def of &, 11

12. Forall c=/=Z. P(R(pc_c)+1l) = RT2 --> void | I'nversion of (Ct), 3, 4, 11

13. P;(.;S(G; S(seq(E_d,E s)); S(E_.m;S(s))|- st_Gr_d, r_s | 10, 11, substitution, 6
==>(.;S(®);((E_d",E_s"),S(seq(E_d,E_s))); S(E_m; S(s))

14, S(Q(r_d) = <G b reff,E d' > | Inversion of (st_Gt), 13

15. S(Q(r_s) = <G b,E_s'>

16. [[S(EM]] = Mm | I'nversion of (heap-t), 8

17. P|-Z Q: S(seq(E_d, E_s))

18. all I in DomMn). exists f. ,LMmQ|-Z1 : b reff

SUBCASE a: Z =G [ don't need to update P ]

5a'. Forall c=/=Z. P(R2_val (pc_c)) | def of ++, def of R2, 11, 12

= (D, &;((E.d,Es"),(seq(E_.d,E s)));E.ms) --> void

20a. |- Ed : kint . |- Es' : kint | Canonical Forms,1,8,3, (lnversion of (reg-file-t), 9, 14, 15)
2la. P |-G ((R(r_d),R(r_s)), Q : ((Ed ,E s'),S(seq(E_d,E_s))) | (Qzap-t), 17, 20a
22a. P |-G ((R(r_d),R(r_s)), Q : (S((E_d",E_s'"),seq(E_d,E_s))) | Subst Cosed Exp Lemma, 20a, 2la
23a. all | in Dom(Mm. exists f. bLMmMmQ@ |-G b reff | I'nversion/reconstruction of (init-t), (uninit-t),
(hinit-t) when Z=G
8a'. P|-G(MmQ) : (S(E_.m, S(E_d',E_s'),seq(E d EmM)) | (heap-t), 15, 22a, 23a
24a. P;. |-G R(r_d) : <G b refp, Ed > | (val-zap-t), 20a
9a'. P |- R+ : S(@&X) | (reg-file-t), 9, def of ++ def of &, 24a
25a. |-Z (R++,CM @, .) | (s-t), 1, 2, 3, ir=., 5a', 6, 7, 8a, 9a

SUBCASE b: Z =/= G[ nay need to update P to note initialization ]

20b. . |- E.d" = R(r_d) and P(R(r_d)) = b reff' and f' <=f | Canonical Forms, 1, 8, 3, (Inversion of (reg-file-t),9,14)
21b. . |- E.s'" = R(r_s) and P(R(r_s)) =b | Canonical Forns, 1, 8, 3, (Inversion of (reg-file-t),9,15)
22b. Q subset @ | def of @

23b. all I in DomMm. exists f. Mm@ [-Z | : b reff | Inversion/reconstruction of (init-t), (uninit-t),

(hinit-t), 22b
subsubcase on val ue of f'

subsubcase bl: f' = 0 [ do need to update P because change init flag fromO to 1/2 ]

Let P2 = P[R(r_d) -> b refp]

24b1. f =0 | 20b, subsubcase assunption, def of f <= f
25b2. p =h | def of p, def of increment_f

26b1. p <= f | def of f <=f, 24b1, 25bl

27bl. b refp <= b reff | (subtp-b-ref), 26bl
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Preservation Part 1

28b1. all | not R(r_d) in Dom(Mm. Exists f. P2,MmQ@ |-Z 1| : b reff

20b1. P2(R(r_d)) = b refh

30bl. (R(r_d),R(r_s)) in @
31bl. P2; Mm@ |[-Z R(r_d) : b refh

32bl. a

I I in Dom{(Mn. Exists f. P2,MmQ@ |-Z | : b reff

33bl. P2 |-Z Q: S(seq(E_d, E_s))

34bl. P2 |-Z @@ : S((E_d',E_s'),seq(E_d,E_s))

8bl'. P|-Z (MmQ) : ( S(Em, S((Ed,Es'),seq(E_d Es)) )

35b1. R(r_d) in Don(P)
1b1'. Dom(P2) = Donm(C) union Dom( M. m

40b1. R(r_d) not in Don(C)
3bl'. P2 |- C
5b1'. Forall c=/=Z. P2(R2_val (pc_c))

= (b,&;((E_d,E_s'"),(seq(Ed,E s)));Ems) --> void

41b1: P2 |- R(r_d) : b refp
42b1. P2;. |-Z R(r_d) : <G b refp, Ed' >
43b1. all a. P2;. |- R(a) : S(Q(a)

9bl'. P2 |- RH+ : S(X) (reg-file-t),
44b1. |-Z (R*+,CM @, .) | (S-t), 1b1',
subsubcase b2: f' = hor f' =1 [ do not need to update P - increnment_f(f) =f ]

24pb2. f <= h | subcase assunption

25b2. P |-Z Q@ : ((E.d,E_s'),S(seq(E_d, E_s
25b2. P |-Z @ : S((E_d,E.s'),seq(E d, E s)

8b2'. P|-Z(MmQ) : ( S(Em, S((Ed ,Es'),seq(E_d,ESs)) )

5b2'. Forall c=/=Z. P(R2_val (pc_c))

26b2: p = f
27b2. P;. |

= (D, &;((E_d,Es"),(seq(E_d,E s)));E_.ms) --> void

-Z R(r_d) : <G b refp, Ed >

9b2'. P |- Rt+ : S(QR)

28b2. |-Z (R++,C,M @, .)

MERGE:
45. |-Z (R++,CMQ2,.)

CASE st _B-nmem

(R, C M ((seq(nsl,nsl'),(n1,nl')), st_Br_d, r_s)

N~ WNEO

--> 07(nl,n1") (R++, C, Mnl->nl'], seq(nsl,nsl') , .)

|-Z (RC M((seq(nsl, nsl"),(nl,nl")),st_Gr_d, r_s)

Dom(P) = Don(C) union Dom( M m

M= Ms #Don(C) M.m

P|-C

Forall c=/=Z. C(R(pc_c)) =st_Grd, rs

Foral |l c=/=Z. P(R(pc_c))=(D; G (seq(E_d,E_s),(E_d ,E_s"));E_ ms)-->void
Exi sts S |- S: D

Pl-Z Ms : S(s)
P|-Z (Mm(seq(nsl,nsl),(nl,nl")))
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Preservation Part 1

9.

| et
| et
10.
11.

12.
13.

14,

22.
23.

24.

(S(E_m, S(seq(E_d,Em,(E_d ,E.s")))

PI-ZR: SO

P2 = P[nl1 -> b ref1]
& = S(GH+[r_d -> <G b refl, Ed'>]

P, (D G (seq(E_d,Es),(Ed ,Es"));Em |-

T2 = (D, G++; seq(E_d,E_s); upd EmEd Es'; s )
Forall c=/=Z. P(R(pc_c)+1) = T2

Forall c=/=Z. P(R2_val (pc_c))

= (D; Gt+;seq(E_d,E_s); upd EmEd Es';s ) -->void

P;(.;S(0;S(seq(E_d,E.s),(E d,Es'));S(Em; S(s

) st_B
==> (.;S(G++); S(seq(E_d, E_s); upd S(E_.m S(E_d

)

. |- S(Q(r_d) <= <B,b refh,E_d""'>
S(Q(r_s) = <B,b,E_s"'>
|- S(E_d'") = Ed’
|- S(E_s') = E_s""

[[S(EEM]] = Mm

P |-Z ((seq(nsl,nsl'),(nl,nl")) : S(seq(E_d,E s),(E_d ,Es"))

all 1 in Dom(Mm. exists f.
P, Mm ((seq(nsl,nsl"),(nl,nl")) |-Z1 : b reff

P2(n) <= P(n)

all I not nl1 in Dom(Mm. exists f.

P2; Mm ((seq(nsl,nsl'),(nl,nl")) |-Z 1| : b reff
all 1 not nl in Donm(M.m. exists f.

P2; Mm (seq(nsl,nsl') |-Z 1 : b reff

SUBCASE a. Z = B (queue is guaranteed correct)

25a. |- S(E_d') =nl
26a. . |- S(E_s') = nl
27a. P |- nl: breff and f <=h
28a. P|- nl" : b
29a. nl in Dom(M.m)
SUBCASE b. Z = G (r_s/r_d are guaranteed correct)
25b. P;. |-G R(r_d) : <B,b ref, E d"'>
26b. P;. |-Gnl : <B/b ref, E d >
27b. nl in Dom(M.m and P |- nl: bref and . |- Ed =nl
28b. P;. |-G R(r_s) : <B,b,E_s"'>
29b. P;. |-G nl" : <B,b,E_s'>
30b. P|- n1" : b and . |- Es' =nl
MERGE:
31. nl in Dom( M.
32. P|-nl" : b
33. . |- S(E.d') =nl and . |- S(E_s') = nl'
34. P(nl1) =/= P(n1")
35. P2 |- nl'" : b
37. P2 |- Mninl ->nl"](nl") : b
38. P2; Mninl ->nl']; seq(nsl,nsl') |- nl1: brefl
39. all | =/=nlin Dom(Mm. exists f.
P2;Mninl -> nl];seq(nsl,nsl') |-Z 1 : b reff
40. all | in Dom(Mm. exists f.
P2;Mninl -> nl'];seq(nsl,nsl") [-Z | : b reff
41. P |-Z seq(nsl,nsl") : S(seq(E_d, E s))
42. [[upd S(E_.m) S(E d') S(E_s')]]
= [[S(E.m]] [ [[S(E_d')]] -> [[S(E_s")]] ]
43. [[S(E_d')]] = n1 and [[S(E_s')]] = nl1'
44, [[upd S(E_m) S(E d') S(E.s')]] = M[ nl->n1" ]
45. [[S(upd EmEd E s')]] = M[ nl1 ->nl" ]
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Preservation Part 1

8. P|-Z (Mm seq(nsl, nsl")) (S(upd EmEd E_s'), S(seq(E_d,E.m))
1'. Dom(P) = Donm(C) union Donm(M nl->nl'])
2. M= Ms #Don(C) Mm
46. nl not in Don(C)
3. P2|-C
5'. Forall c=/=Z. P2(R2_val (pc_c))
= (D, G++;seq(E_d,E s); upd EmE d Es';s ) -->void
47. |-Z (R++, C, Mnl->nl1"], seq(nsl,nsl') , .)

CASE st_B-memfail:

Q= (seq(n,n"),(nl,n1"))
R(r_d) =/=nl or R(rs) =/=

(RCMQ Id_Br_d, --> 0 fault

(st_B-nemfail)

does not apply (fails second assunption)
*

(p1l) R(spg) = R(spb)
(p2) R(spg) + n in DomM

(RCMQ sst nr_v) -->0 (R++C MR(spg)+n -> R(r_v)], Q.)

0. |-Z(RCMQsst nr_v)
1. Dom(P) = Dom(C) union Dom(M_m
2. M= Ms #Don(C) M.m
3. P|-C
4. Forall c=/=Z. C(R(pc_c)) = sst nr_v
5. Forall c=/=Z. P(R(pc_c)) = (D;G seq(E_d,E_s);E ms)-->void
6. Exists S. . |- S: D
7. P|-Z Ms : S(s)
8 P[-Z(MmQ : (S(E.m, S(seq(E_d,E.m))
9. P|-ZR: S(Q
10. P;(D; G seq(E_d,E_s);E ms) |- sst nr_v ==> RT2
11. RT2 = (D, G++; seq(E_d, E_s); Em s2)
12. Forall c=/=Z. P(R(pc_c)+1l) = RT2 --> void
5'. Forall c=/=Z. P(R2_val (pc_c)) = (D; G++;seq(E_d, E_s); E_ms2) -->void
13. P, (D, G seq(E_d,E_s);E ms)|- sst nr_v
==>(D; G++; seq(E_d, E_s); E_m s2)
14. P (.;S(G;S(seq(E_d,E_s)); S(E_m);S(s))|- sst nr_v
==> (.; S(G++); S(seq(E_d, E_s)); S(E_m; S(s2))
15. S(Q (spg) = <c,sptr, Eg>
16. S(Q (spb) = <c,sptr, Eb>
17. . |- Eg = Eb
18. . |- Eg + n = En
19. S(Q(r_v) = <c, b, Ev>
20. |- S(s)[En -> <c, b,Ev>] = s'
21. |- R(spg) = Eg or |- R(spb) = Eb
22. . |- R(spg) = Eg or |- R(spb) = Eg
23. . |- R(spg) = Eg
24. |- R(spg) + n = En

7. P|-Z Ms[ R(spg)+n -> R(r_v)] : s'

25. R(spg)+n in Dom(Ms)
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Preservation Part 1

2. MR(spg)+n -> R(r_v)] = Ms[R(spg)+n -> R(r_v)] #Dom(C) M.m

9'. P |- R+ : S(Gt+)

26. |-Z (R++,C MR(spg)+n -> R(spg)+n], Q.)

CASE sst-fail:

(pl) R(spg) =/= R(spb) or R(spg) + n not in Dom(M
----------------------------------------------------------------- (sst)
(RCMQ sst nr_v) -->0 fault

does not apply (fails second assunption)

CASE bz_G unt aken:

(p1) R(d) =0 (p2) R(r_z) =/=0

————————————————————————————————————————————————————— (bz- unt aken)

(RCMQ bz Gr_z, r.d) -->0 (R++CMQ.)

0. [-Z(RCMQbz_Gr_z, r_d)

1. Dom(P) = Don(C) union Don(M.m

2. M= Ms #Dom(C) Mm

3. P|-C

4. Forall c=/=Z. C(R(pc_c)) =bz_Gr_z, r_d

5. Forall c=/=Z. P(R(pc_c)) = (D;G seq(E_d,E_s); E.ms)-->void

6. Exists S. . |- S: D

7. P|-Z Ms : S(s)

8. P|-Z (MmQ (S(E_m, S(seq(E_d,E_m))

9. P|-ZR: S(Q

Let R2 = R++

Let T = (D,G,seq(E d ,Es'),Enm;s")

Let & = G++[ d -> (E.z =0 ==> <G T ->void, E d >) ]

10. P;(D;Gseq(E_d,E_s);Em |- bz_Gr_z, r_d ==> RT2

11. RT2 = (D, &;(seq(E_d,E_s));E ms)

12. Forall c=/=2Z. P(R(pc_c)+1l) = RT2

5'. Forall c=/=Z. P(R2_val (pc_c)) = (D, &;(seq(E_d,E_s));E ms)-->void

13. P (.;S(09;S(seq(E_d,E s));S(Em)]|- bz_Gr_z, r_d
==>(.; S(&); S(seq(E_d, E_s)); S(E_m; S(s))

14. S(Q (d)= <G int, 0>

15. S(Q(r_z)= <Gint,E z>

16. S(Q(r_d)= <G T ->void, E_d' >

17. G (r_d)= <G T ->void, E d' >

SUBCASE a: Z = G

18a. |- Ez ki nt

19a. . |- E_d" : kint

20a. P;. |-Z R(d) (E.z =0 ==> <G T ->void, E d >)

SUBCASE b: Z =/= G

18b. P |- R(r_z) : <G int, E z>

19b. |- Ez = R(r_z)

20b. . |- Ez =/=0

21b. P;. |- R(d) (E.z = 0 ==> <G T ->void, E d >)

MERCE:

22. P;. |- R(d) (E.z =0 ==><GT ->vo0id, E_d >)

23. P |-Z Rt+ : S(GH+)

9. P|-ZR: S(®)

24. |-Z (R#++,CMQ.)
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Preservation Part 1

CASE bz_B- unt aken: ** Change Sunmary:** trivial

(pl) R(d) =0 (p2) R(r_z) =0
————————————————————————————————————————————————————— (bz-unt aken)
(RCMQ bzBr_z, rd) -->0 (R++CMQ.)

0. |-Z(RCMQbz_Br_z, r_d) | Gven

1. Dom(P) = Don(C) union Donm( M m | I'nversion of (S-t), O

2. M= Ms #Dom(C) M.m | I'nversion of (S-t), O

3. P|-C | Inversion of (St), O

4. Forall c=/=Z. C(R(pc_c)) =bz_Br_z, r_d | I'nversion of (S-t), O

5. Forall c=/=Z. P(R(pc_c)) = (D;G seq(E_d,E_s);E ms)-->void | Inversion of (St), O

6. Exists S. . |- S: D | I'nversion of (S-t), O

7. P|-Z Ms : S(s) | I'nversion of (S-t), O

8. P|-Z(MmQ : (S(E_m, S(seq(E_d,E.m)) | I'nversion of (S-t), O

9. P|-ZR: S(Q | I'nversion of (S-t), O

10. P (D G seq(E_d,E.s);Ems) |- bz_Gr_z, r_d ==> RT2 | Inversion of (Ct), 3, 4

11. = (D; G++; (seq(E , _s)) E ms) | Inspection of (bz_B-t), def of &, 10
12. Forall c=/=Z. P(R(pc_c)+1) = RT2 | I'nversion of (Ct), 3, 4, 11

5. Forall c=/=Z. P(R2_val (pc_c)) = (D; Gt+; (seq(E_d,E_s));E ms)-->void | def of ++ def of R2, 11, 12

9'. P |-Z R+t+ : S(Gt+) | (reg-file-t), 9, def of ++

13. |-Z (R++,CMQ.) | (St), 1, 2, 38, ir=., 5, 6, 7, 8 9
CASE bz-untaken-fail: ** Change Sunmary:** none

——————————————————————————————————————————— (bz-untaken-fail)
(RCMQ bz_crz, rd) -->0 fault

does not apply (fails second assunption)
*

CASE bz_G taken: ** Change Summary:** trivial

------------------------------------------------------------- (bz_G taken)
(RCMQ bz Gr_z, r_d) -->0 (RR,CMQ.)

0. |-Z(RCMQbz_Gr_z, r_d) | Gven

1. Dom(P) = Dom(C) union Dom(M_m | Inversion of (St), O
2. M= Ms #Donm(C) M.m | I'nversion of (S-t), O
3. P|-C | Inversion of (S-t), O
4. Forall c=/=Z. C(R(pc_c)) =bz_Gr_z, r_d | I'nversion of (S-t), O
5. Forall c=/=Z. P(R(pc_c)) = (D;G seq(E_d,E_s);E ms)-->void | I'nversion of (S-t), O
6. Exists S. |- S: D | I'nversion of (S-t), O
7. P|-Z Ms : S(s) | I'nversion of (S-t), O
8. P|-Z(MmQ : (S(E_m, S(seq(E_d,E m)) | Inversion of (S-t), O
9. P|-ZR: S(Q | I'nversion of (S-t), O
Let R2 R++[d -> R(r_d)]

Let T" = (D,G,seq(Ed ,Es'"),Enm;s")
Let @ = GH+[ d -> (E_.z =0 ==> <G T ->vo0id,E d >) ]

10. P;(D; G seq(E_d,E.s);EmM |- bz_Gr_z, r_d ==> RT2 | I'nversion of (Gt), 3, 4

11. RT2 = (D, &2;(seq(E_d,E_s)); E_ms) | I'nspection of (bz_Gt), def of &, 10
12. Forall c=/=Z. P(R(pc_c)+1l) = RT2 | Inversion of (Ct), 3, 4

5. Forall c=/=Z. P(R2_val (pc_c)) = (D, &;(seq(E_d,E_s));E ms)-->void | def of ++ def of R2, 11, 12

13. P;(.;S(G; S(seq(E_d,E s));S(EmM)|- bz_Gr_z, r_d | 10, 11, substitution, 6
==>(.;S(®); S(seq(E_d,E_s));S(E_.m)

14. S(Q(d)= <G int, 0> | Inversion of (bz_Gt), 13

15. S(Q(r_z)= <Gint, E_z> | I'nversion of (bz_Gt), 13

16. S(Q(r_d)= <G T ->void, E d' > | Inversion of (bz_Gt), 13
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Preservation Part 1

17. G(r_d)= <G T ->void, E_d' > | Inversion of (bz_Gt), 13

SUBCASE a: Z = G

18a. . |- E_z ki nt | I'nversion of (reg-file-t), 9, 15, Int Kinding Lemm
19a. . |- E.d" : kint | I'nversion of (reg-file-t), 9, 16, Int Kinding Lemm
20a. P;. |-Z R(r_d) : (Ez =0 ==><GT->vo0id,E_d >) | (val -zap-cond), 18a, 19a, assunption, 14

SUBCASE b: Z =/= G

18b. P |- R(r_z) : <G int, E z> | I'nversion of (reg-file-t), 9, 15

19b. . |- Ez = R(r_z) | I'nversion of (val-t), assunption, 18b

20b. |- Ez=0 | 19b, (p2), transitivity

21b. P;. |-Z R(r_d) : <G T ->void, E d > | Inversion of (reg-file-t), 9, 16

22b. R(r_d) =/=10 | Cannonical Fornms 3, 7, 3, 21b

23b. P;. |-Z R(r_d) : (E.z =0 ==><GT ->void, E d >) | (cond-t), 22b, 21b, 20b

MERGE:

22. P;. |- R(r_d) : (E.z =0 ==> <G T ->void, E_d >) | 20a/23b

23. P |-Z R++ : S(Gt+) | 9, def of ++

9. P|-Z R : S(®X) | (reg-file-t), 23, 22, def of R2, def of &

24. |-Z (RR,CMQ.) | (st), 1, 2, 3, ir=., 5, 6, 7, 8 9O

CASE bz_G taken-fail: ** Change Sunmmary:** none

-------------------------------------------- (bz_Gtaken-fail)
(RCMQ bz_Gr_z, r_.d) -->0 fault

does not apply (fails second assunption)

CASE bz_B-t aken: ** Change Summary:** requires extendi ng Subtyping Lemma
~~~~~~~~~~~~~~~~ to Stacks, otherwi se trivial

(p1) R(d) =/= 0
(p2) R(r_z) =0
(p3) R(r_d) = R(d)

R2 = Rlpc_G-> R(d)][pc_B -> R(r_d)][d -> G 0]
-------------------------------------------------- (bz_B-t aken)
(RCMQ bzBr_z, rd) -->0 (RR,CMQ.)

0. |-Z(RCMQz_Br_z, r_d) | Gven

1. Dom(P) = Dom(C) union Dom( M. | Inversion of (S-t), O

2. M= Ms #Dom(C) M.m | I'nversion of (S-t), O

3. P|-C | Inversion of (St), O

4. Forall c=/=Z. C(R(pc_c)) =bz_Br_z, r_d | I'nversion of (S-t), O

5. Forall c=/=Z. P(R(pc_c)) = (D, G seq(E_d,E s);E ms)-->void | I'nversion of (S-t), O

6. Exists S. . |- S: D | Inversion of (S-t), O

7. P|-Z Ms : S(s) | I'nversion of (S-t), O

8. P|-Z(MmQ : (S(E_m, S(seq(E_d,E m)) | Inversion of (S-t), O

9. P|-ZR: S(Q | I'nversion of (S-t), O

Let R = Rlpc_G-> R(d)][pc_B -> R(r_d)][d -> G 0]

Let T = (D,G,seq(E.d,Es"),Eni;s")

10. P, (D, Gseq(E_d,E_s);Em |- bz_Br_z, r_d ==> RT2 | Inversion of (Ct), 3, 4
11. RT2 = (D, G++;(seq(E_d,E_s)); E ms) | Inspection of (bz_B-t), def of &, 10
12. Forall c=/=Z. P(R(pc_c)+1l) = RT2 | I'nversion of (Ct), 3, 4,11
13. P;(.;S(G; S(seq(E_d,E s)); S(Em;S(s))|- bz_Br_z, r_d | 10, 11, substitution, 6

==>(.; §(G++) ; S(seq(E_d, E_s)); S(E_m ; §(s))
14. S(Q(d)= (E_z'=0 ==> <G T ->void, E_r'>
15. S(Q(r_z)= <B,int,E_z>

I nversion of (bz_B-t), 13
I nversion of (bz_B-t), 13

16. S(Q(r_d)= <B, T'->void, E r> I nversion of (bz_B-t), 13
17. . |- Ez = E_Z' I nversion of (bz_B-t), 13
18. . |- Er = E_r' I nversion of (bz_B-t), 13
19. Exists S'. . |- S: D I nversion of (bz_B-t), 13
20. . |- S(Q <= S (G) Inversion of (bz_Gt), 13

21. S (G)(d) = <Gint, 0>
22. S (G)(pc_GQ =<Gint,E_r'>
21. S (G)(pc_B) = <B,int,E r>

Inversion of (bz_Gt), 13
Inversion of (bz_Gt), 13
I nversion of (bz_Gt), 13
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Preservation Part 1

22. . |- S(seq(E_d,E s)) = S' (seq(E_d',E s")) | Inversion of (bz_Gt), 13

23. . |- S(E_.m) = S (E_m) | I'nversion of (bz_Gt), 13

23", . |- S(s) <= S(s") | I'nversion of (bz_Gt), 13

24. R2_val (pc_G = R2_val (pc_B) = R(r_d) = R(d) | def of R2, (p3)

SUBCASE a: Z = G

25a. P;. |-Z R(d) : <B, T'->void,E_r'> | Inversion of (reg-file-t), 7, 16

26a. P |- R(d) : T ->void | I'nversion of (val-t), assunption, 25a

27a. P |- R2_val(pc_B) : T ->void | 26a, 24

SUBCASE b: Z =/= G

25b. P;. |-Z R(d): (E_z'=0 ==> <G T ->void,E_r'> | Inversion of (reg-file-t), 7, 16

26b. P |- R(d) : T ->void | I'nversion of (cond-t), 25b, assunption, (pl)

27b. Forall c=/=Z. P(R2_val (pc_c)) =T -> void | 26b, 24

MERGE:

5. Forall c=/=Z. P(R2_val(pc_c)) = (D,G,seq(E d ,Es'),E n;s) ->void | 27a/27b

6'. Exists S. . |-S : D | 19

7. P|]- Ms: S(s") | Subtyping Lenmma, 7, 23'

27i. all 1 in DomMm. exists f. LMmQ|-Z 1 : b reff | I'nversion of (heap-t), 8

28i. [[S(ELm]] =M

29i. P|-Z Q: S(seq(E_d,E_s))

30i. [[S(CEM]] =1[[S (E.mM)]] | I'nversion of (E-nemeq), 23

31i. . |- [[S(EM]] = Mm | Exp Eq Trans Lemmm, 281, 30i

32i. P|-ZQ: S (seq(Ed ,(Es")) | I'nversion/Reconstruction of (Qt), (Qzap-t),
using Exp Eq Trans Lemma, 29i, 22

8. P|-Z(MmQ : S(E.m, seq(Ed , EmM)) | (heap-t), 27i, 31li, 32i

28. P|-ZR: S(G) | Subtyping Lemma, 9, 20

29. P,. |-Z0: <Gint,0> | (val-t)

30. P,. |-Z0: S(Q(d) | 21, 29

SUBCASE a: Z = G

30a. . |- Er' : kint | Inversion of (E-eq), 18

3la. P;. |-Z R(d) : <Gint,Er'> | (val -zap-t), assunption, 30a

32a. P;. |-Z R(d) : S(G)(pc_G | 3la, 22

33a. P;. |-Z R(r_d) : <B, T ->void,E r> | I'nversion of (reg-file-t), 9, 16

34a. P;. |-Z R(r_d) : <B,int,E r> | Subtyping Lemma, 33a, (subtp-int)

35a. P;. |-Z R(r_d) : S (G)(pc_B) | 34a, 21

SUBCASE b: Z = B

30b. . |- E_r ki nt | I'nversion of (E-eq), 18

31b. P;. |-Z R(r_d) : <B,int,E r> | (val -zap-t), assunption, 30b

32b. P;. |-Z R(r_d) : S(G)(pc_B) | 31b, 21

33b. P;. |-Z R(d) : (E_z'=0 ==> <G T ->void, E r'>) | Inversion of (reg-file-t), 9, 14
34b. <del eted>

35b. P;. |-Z R(d) <G T ->void,Er'> | I'nversion of (cond-t), assunption, 33b
36b. P;. |-Z R(d) <Gint, Er'> | Subtyping Lemma, 35b, (subtp-int)
37b. P;. |-Z R(d) S'(G)(pc_Q | 36b, 22

MERGE:

38. P;. |-Z R(d) S (G)(pc_Q | 32a / 37b

39. B, |-Z R(r_d) : S(G)(pc_B) | 35a / 32b

9. P|-ZR: S(G) | 28, def of R2,, 30, 38, 39

41. |-Z (RR,CMQ .) | (s-t), 1,2,8,ir=.,5,6",7,8,9
CASE bz_b-taken-fail: ** Change Sunmary:** none

R(r_z) =0

R(r_d) =/= R(d) or Rval(d) =0
———————————————————————————————————————————— (bz_B-taken-fail)
(RCMQ bzBr_z, r_d) -->0 fault

does not apply (fails second assunption)
*

CASE jnp_G ** Change Summary:** none
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Preservation Part 1

(pl) R(d) = 0 R2 = Re+[d -> R(r_d)]
(RCMQ jmp.Grd) -->0 (RL,CMQ.)

Simlar to bz_Gtaken.

*

CASE jnp_Gfail:

——————————————————————————————————————————— (jmp_Gfail)
(RCMQ jmp_Grd) -->0 fault

does not apply (fails second assunption)
*

(pl) R(d) =/=0
(p2) R(r_d) = R(d)
R2 = Rlpc_G-> R(d)][pc_B -> R(r_d)][d -> G 0]

(RLCMQL, jrp Brd) -->0 (RRCMQL.)

Simlar to bz_B-taken.

*

CASE jnp_B-fail:

-------------------------------------------- (jnrp_B-fail)
(RCMQ jmp_Brd) -->0 fault

does not apply (fails second assunption)
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Preservation Part 2

Preservation Part 2

2. If |- (RCMQir)
and (RCMQir) -->1"s (R,C,M,Q,ir")
then Exists ¢ . |-¢c (R,C,M,Q,ir")

Proof by induction on the structure of the derivation of (RCMQir)

*** CHANGE SUMMARY: *** COVPLETE 4/ 11/ 08

CASE reg- zap:

R(a) = n

--------------------------------------------- (reg-zap)
(RCMQir) --> 1 ( R a>n"], CMQir)

- (RCMQ.)

Donm(P) = Don(C) union Don(M.m

M= Ms #Don(C) M.m

P|-C

Forall c. C(R_val (pc_ c))

Forall c. P(R(pc_c)) = (D Gseq(Ed E s);E_ms)-->void
Exists S. .|- S: D

P|- Ms : S(s)

Pl- (MmQ : (S(E_m, S(seq(E_d,E.m))

P|l- R: S(0Q

©CeNoOrONEO

subcase on structure of S(Q (a)
SUBCASE a: S(Q(a) = <c, b, B>
10a. . |- E: Kint

1lla. P;. |-c n" : <c,b,E>

SUBCASE b: S(G(a) = ( Ez = 0 => <c, b, E> )

10b. . |- Ez : kint and . |- E: kint

11b. P;. |-cn'" : ( Ez =0 => <c,b,E>)

SUBCASE c: S(GQ(a) = ns

10c. all Z. P;. |-c n" : ns

MERGE:

10abc. Exists Z. P;. |-Z Ra ->n"](a) : S(Q(a)
llabc. Forall c. P;. |-c R: S(Q

9abc'. Exists Z. P|-Z Ra ->n"] S(Q

SUBCASE d: a not in don(S(Q)
9d'. Exists Z. P|-Z Ra->n"] : S(QO

7. P|-Z Ms : S(s)

8. P|- ( "mQ : (S(E_m, S(seq(E_d,E m))

4', Forall c=/=Z. C(R_val (pc_ c)) =ir

5'. Forall c=/=Z. P(R(pc_c)) = (D;G seq(E d,E_s);E_ms)-->void

12. |-c (Rla->cn'],CMQir)

CASE Ql- zap:
Q = (seq(ni,nl"),(nrl,mM),seq(n2,n2"))
@ = (seq(nl,nl"),(n2, M), seq(n2,n2"))

(RCMQLir) -->1 (RCMQ,ir)

0. |- (RCMQ.)
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-->_1"s (R,C,M,Q,i

| Gven

| Inversion of (S-t), O
| Inversion of (S-t), O
| Inversion of (S-t), O
| Inversion of (S-t), O
| Inversion of (S-t), O
| Inversion of (S-t), O
| Inversion of (S-t), O
| Inversion of (S-t), O
| Inversion of (S-t), O

r').

| Inversion of (reg-file-t),

| (val -zap-t), 10a

| Inversion of (reg-file-t),

| (val -zap-cond-t), 10b

[ (ns-t)

| 11a / 11 / 10c

| Col or Weakeni ng Lemma,

| (reg-file-t), 11, 10

| (reg-file-t), 11, 10

| Col or Weakeni ng Lemma,
| Col or Weakeni ng Lemm,

| 4
5

| (heap-t), 1, 2, 3, 4",

| Gven

5

subcase assunption

subcase assunption

6,

7,

8,

9abc' / 9d'



Preservation Part 2

1. Dom(P) = Dom(C) union Dom(M.m | Inversion of (S-t), O

2. M= Ms #Donm(C) Mm | Inversion of (S-t), O

3. P|-C | Inversion of (S-t), O

4. Forall c. C(R.wval(pc_c)) =ir | Inversion of (S-t), O

5. Forall c. P(R(pc_c)) = (D;Gseq(E_d E_s);E_ ms)-->void | Inversion of (S-t), O

6. Exists S. .|- S: D | Inversion of (S-t), O

7. P|-Z Ms : S(s) | Inversion of (S-t), O

8. P|-Z (MmQ : (S(E.m, S(seq(E_d,Em)) | Inversion of (S-t), O

9. P|-ZR: S(Q | Inversion of (S-t), O

let Z =G

10. [[S(E_.M]] = Mm | Inversion of (heap-t), 8

11. P |- Q: S(seq(E_d,E s))

12. all I in Dom{(Mm. exists f. PLMQ |- | : b reff

13. all | in DomMm. exists f. PMQ@ |-G : b reff | Inversion/Reconstruction of (init-t), (hinit-t),
(uninit-t), 12

14. P |-G @ : S(seq(E_d,E s)) | I'nversion of (Qt), 11, def of @, Reconstruction
with (Qzap-t)

8. P|-G(MmQ) : (S(E.M, S(seq(E_d,Em)) | (heap-t), 10, 13, 14

4', Forall c=/=G C(R.val(pc_c)) =ir | 4

5'. Forall c=/=G P(R(pc_c)) = (D, G seq(E_d,E_s);E ms)-->void | 5

7. P|]-GMs : S(s) | Col or Weakening Lenma, 7

9. P|-GRa->n11: S(Q | (reg-file-t), 11, 10

11. |-G(RCM@,ir) | (heap-t), 1, 2, 3, 4, 5,6, 7, 8, 9

CASE 2- zap:

Q (seq(nl,nl"),(mntl), seq(n2,n2")

= )
Q@ = (seq(nl,nl"),(mnR),seq(n2,n2"))
---------------------------------------------- (QL-zap)

Sanme as CASE Ql-zap.
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No False Positives Lemma

If |- (RCMQir) then Forall n. (RCMQir) -n->0 (R,C,M,Q,ir') and |- (R,C,M,Q,ir")

Proof: By induction over the nultistep definition and use of part (1) of Progress and part (1) of Preservation (with z = .)
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Definition of Multistep Judgment and Associated L emmas

S -n->_k"ss S is a sequence of n steps with k faults resulting in an output sequence ss

—————————————— (mul ti-single)
S -0->_0°() S

S --> klrsl S S -(n-1)-> k2"ss2 S
———————————————————————————————————————————— (rmul ti-conpose)
S -n->_(k1+k2)"(sl,ss2) S

QUTPUT EQUI VALENCE

al = a2 /| addresses are always the sane

al > ==> vl = v2 /1 if it's in the heap, then values are also the same
——————————————————— (out -eq-pair)

(al,vl) ~l~ (a2,v2) /11 is max of Dom(C)

_________ (out - eg- none)

sl ~I~ s2 ssl ~l ~ ss2
-------------------------- (out - eg- cons)

------------------- (out - prefix-di scard)
prefix(l) s2

sl ~l~ s2 ssl prefix(l) ss2
---------------------------- (out - prefix-consune)

Miltistep Split Lenmma

| f S -n->_07"ss S
then Exists nl1,n2,S "', ssl,ss2
n=nl+n2 and S -nl->0"ssl S' and S' -n2->0"ss2 S and ss = (ssl,ss2)

Proof: by induction on S -n-> 0"ss S' (omtted)

Militstep Faulty Conbine Lenmma
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Definition of Multistep Judgment and Associated Lemmas

| f S-nl->0"ss1 S and S -->1 Sf' and Sf' -n2-> 0"ss2 S''
then S -(nl+1+n2)-> 17(ssl,ss2) S

Proof: by induction on S -n-> k*ss S' (omtted)

Mil tistep Fault Detection Lenmma:

If S1 simc S2 and Sl -n-> 07ssl S1' (and let | = max(Don(S1.Q)))
then either S2 -n-> 07ss2 S2' and S1' simc S2' and ssl ~l~ ss2
or Exists m<=n. S2 -m>_07"ss2 fault and ss2 prefix(l) ssl

Proof: By induction on the structure of S1 -n->_07"ssl S1'

CASE 1: nulti-single

.................. (mul ti-single)
S1 -0->_07() S1

al. Sl simc S2
a2. Sl -0->_07() S1

1. S2 -0-> 07() S2 | (multi-single)
2. S2 -0->_0"() S2 and S1 simc S2 and () ~I~ () | 1, a2, (out-eg-none)

CASE 2: nulti-conpose

(pl) S1 -->_07s1 S1'° (p2) s1'' -(n-1)->_0"ssl Sl
----------------------------------------------------------- (rmul ti-compose)
S1 -n->_07(s1,ssl) Sl

al. Sl simc S2

a2. Sl -n->_0”"ssl SI'

1. either | Singlestep Fault Detection Lemmm, (al), (a2), (pl) ]
S2 --> 0"s2 S2'' and S1'' simc S2'' and sl ~l~ s2
or S2 -->07() fault

SUBCASE 2.1: fault does not occur in first step

a3. S2 --> 0"s2 S2'°
a4. S1'' simc S2''

ab. sl ~I~ s2

2. either | IH a3, a4
S2'' -(n-1)->_07"ss2 S2' and S1' simc S2' and ssl ~l ~ss2
or

Exists n2 <= (n-1). S2'' -nR->_07ss2 fault and ss2 prefix(l) ssl

SUBSUBCASE 2.1.1: fault never occurs
a6. S2'' -(n-1)->_07"ss2 S2'
a7. Sl' simc S2'

a8. ssl ~l~ss2
3. S2 -n->_07(s2,ss2) S2 | (multi-conpose), a3, a6
4. (s2,ss2) ~l~ (s1,ssl) | (out-eqg-cons), ab, a8
5. S2 -n->_07(s2,ss2) S2' and S1' simc S2' | 3, a7, 4

and (s1,ssl) ~l~ (s2,ss2)

*

SUBSUBCASE 2.1.2: fault occurs during renuminder of execution

a6. Exists nR2 <= (n-1). S2'' -nR-> 07ss2 fault
a7. ss2 prefix(l) ssl

3. S2 -(nR+1)-> 07(s2,ss2) fault | (multi-conpose), a3, a6
4. n2 + 1 <=n | a6
5. (s2,ss2) prefix(l) (s1,ssl) | (out-prefix-consune), a5, a7
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6. S2 -(nR+1)-> 07(s2,ss2) fault | 3, 5
and (s2,ss2) prefix(l) (s1,ssl)

*

SUBCASE 2.2: fault occurs during first step
a3. S2 --> 07() fault

fault -0->_07() fault
S2 -1-> 07(s2) fault

(mul ti-single)
(mul ti-conpose), a3, 2

2. |

3. |

4, 1 <=n | p2, def of (multi-conpose)

6. () ~I~ () | (out-eq-none)

5. () prefix(l) ((),ssl) | (out-prefix-consume), , 6, (out-prefix-discard)
6. S2 -1-> 07(s2) fault and () prefix ((),ssl) | 3, 5
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Lemmas for the Fault Detection Theorem

Col oring Preservation Lemma - can deduce the col oring changes of each step by the instruction that

R(spg) +n-1 -> kn,

t hen
t hen

L.If |- (RCMQir) : K and (RCMQir) -->0 (R,C,M,Q,ir")
then |- (R,C,M,Q,ir") : K
and
ir = . ==> K = K
ir =oprd,rs,rt ==> K =K rd -> K(rs) 1
ir =oprdrsn ==> K =K rd -> K(rs) ]
ir =pmov rd, n ==> all c. K =K rd ->c ]
ir=1d_Grdrs ==> K =K rd -> G]
ir =1d_Brdrs ==> K =K rd ->B]
ir =sld_crdn ==> K = K rd -> K(R(spc)+n) ]
ir =st_Grdrs ==> K =K
ir =st_Brdrs ==> K =K
ir =sst nrv ==> K = K R(spc)+n -> K(rv) ]
ir =mlloc rgrb ==> K =K rg->G][ rb->B][ Rrg) ->0]
ir =salloc n ==> K = (R(spg)-1 ->ns),..., (R(spg)-n -> ns), K
ir =sfreen ==> K = R(spg) -> k, R(spg)+1l -> K1,
ir =bz_Grz rd ==> K =K d->G]
ir =bz_Brzrd ==> K =K d->G]
ir =jnp_Grt ==> K =K
ir =jnmp_Brt ==> K =K
2. 1f |- (RCMQir) K and (RCMQir) -->1 (Ra->n]1,CMQir)
If |- (RCMQir) K and (RCMQir) -->1 (RCMQ,ir)
Proof :

1. Simlar to the proof of Preservation Part 1.
gi ves changes to G's, which translate into changes in K

K

|-G

is executed

|-"K(a) (Rla->n],CMQir)

(RCMQ,ir)

I nspection of appropriate instruction typing rule

2. Similar to the Proof of Preservation Part 2. Color of zapped value is used to type check resulting state.

K Lemra - can determ ne things about the structure of K given typing information

If P|-R: G and P|- MM: s and P |- (MQ (Emseq(Ed,Es)) and M= Ms # M
and K = color(R G, col or(Ms, s), col or(M.m

then

1. r) =< <c,b, B> ==> K(r) =c¢

2. r) =< Ez=0=><c,b,E> ==> K(r) = ¢

3. §r) =<<c,b reff,E> ==> K(R(r)) = none

4. .;s |- E: <c,b,E > ==> K(E) =c¢

5 K(pcg) = G

6. K(pcbh) =B

Proof :

1/2. Inspection of K-def, P |- R: G and subtyping definitions

3. By Canonical Forns, R(r) in Dom(Mm. by K-def, K(R(r)) = none

4. by inspection of K-def, Inversion of P |- Ms: s

5/6. Inversion of P |- R: G k-def

Col ored Pairs Lemma - info about pairs of simlar values

1. If knlsimc kn2 and k =/=c¢ then nl1 = n2

2. If Gnlsimc Gn2 and Bnl simc Bn2' then either n1 = n2 or nl' = n2'

3. If knlsimckn2 and k nl' simc k n2° then k (nl op nl') simc k (n2 op n2")
4. 1f k nl simc k n2 and then k (nl1 op n) simc k (n2 op n)
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Lemmas for the Fault Detection Theorem

5. If QL simB Q@ then QL = @

6. If knl simc k n2 and nl in Dom(M) and n2 in Don(M) then k M(nl) simc k M(n2)
Proof :

1-4. by (simval) snd/or (simval-zap)

5. by the (simQ rules and 1.
6. by simval and/or (simval-zap)

Col oring Update Lenma - updating one piece of state does not affect coloring of another piece of state

1. If K|- Ml simc M then forall a. Kfa ->c¢c] |- ML simc M
2. If K]- Rl simc R then forall a. K[| ->¢c] |- RLsimc R

proof: by (simR) and (simM, set of registers a does not intersect set of locations |

Fault Simlarity Lemmua:

If |-S: K and S-->1 Sf
then Exists c. S simc Sf

Proof: By case analysis on the definition of S -->1 Sf

CASE 1: reg-zap

R(a) = n

———————————————————————————————————————————————— (reg-zap)

(RCMQir) -->1 (Ra->n]1,CMQir)

1. |-K(a) (Ra->n"]1,CMQir) : K | Coloring Preservation Part 2, assunptions
2. K(a) n simc K(a) n' | (simval-zap)

3. K|- Rsimc Ra->n'"] | (simR), (simval), 2

4. Qsimc Q | (simQ

5. K|- Msimc M | (simM

6. (RCMQir) simc (Ra->n"]1,CMQir) | (sim$S), assunption, 1, 3, 4, 5
CASE 2: Ql-zap

(pl) & = ( seq(nl,nl"), (nl, n2), seq(n2,n2') )

(p2) @ = ( seq(ni,nl"), (m',nR), seq(n2,n2') )
------------------------------------------------ (Q-zap)

1. K|- RsimGR | (simR), (simval)

2. K|- MsimGM | (simM

3. AL simGQ | (simQzap), pl, p2

4. |-G(RCM@,ir) : K | Coloring Preservation Part 2, assunptions
5. (RCMQLir) simG(RCMQ,ir) | (sim$S), assunption, 4, 1, 2, 3

CASE 3. @-zap

simlar to CASE 2.
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Singlestep Fault Detection

Singlestep Fault Detection

Singl estep Fault Detection Lemma:

| f Sl simc S2 and S1 --> 07"sl S1'
then S2 -->_07s2 S2'
and Forall S2'. S2 -->_0"s2 S2'

either S2 --> 07s2 S2' and S1' simc S2' and sl ~max(Donm(S1.Q))~ s2

or S2 -->_07() fault

Proof: By case analysis of ir in Sl

al. S1 simc S2
a2. Sl --> 0"sl S’

1. S= (R, CM,Q,ir) and S2 = (RR,CMQ@,ir) |

2. |- (R, CM,Q,ir) : K |
3. |-c (R,CM,@,ir) : K

4. K|- RlLsimc R2

5. K|]- Ml simc M

6. QL simc Q@

7. all a. K(a) Rl(a) simc K(a) Rz(a) |
8. Dom(ML) = Dom(M2) |
9. all | in Dom(ML). K(I) ML(I) simc K(I) M(Il)

10. P;(D; G seq(E_d,E_s);Ems) |- ir ==> RT |
12. P;(.;S(Q; S(seq(E_d, E_s)); S(E_m;S(s))|- ir ==> S(RT) |

13. K |- Rl++ simc R2++ |

CASE FETCH :

By Preservation of |- S1 and S1 -->_0 S1', and inspection of

(pl) Ri(pc_G = R1(pc_B)
(p2) Ri(pc_Q in Don(C)

(R1,C,M, QL) -->0 (RL,CM,QL C(RL(pc_Q))
Case on R2(pc_G =? R2(pc_B)
SUBCASE FETCH 1.1: One of the pc's was zapped

a3. R2(pc_Q =/= R2(pc_B)

20. (R2,C,M2, Q@,.) --> 0 fault [
21. S2 --> 0°() fault |

*

SUBCASE FETCH 1.2: Neither pc was zapped
a3. R2(pc_G = R2(pc_B)

20. K(pc_Q =G K(pc_B) =B |

21. either Rl(pc_G = R2(pc_G or Rl(pc_B) = R2(pc_B) |
22. R2(pc_Q in Don(C) |
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23. (RR,C M, Q,ir) --> 0 (R, C M, R, CR(pc_Q§)) | (fetch), a3, 22

24. |- (RL,CM,Q,CRL(pc_Q)) : K | Coloring Preservation Lemmm, 2,

25. |-c (R2,C, M, @, C(R2(pc_Q))) : K | Coloring Preservation Lemmm, 3, 23,
26. Rl(pc_GQ = R2(pc_Q | Transitivity,

27. (RL,C, M, QL, C(RL(pc_Q)) simc (R2,C, M, @, C(R(pc_Q)) | (sim9), 24,

28. S2 --> 0 S2' and S1' = S2' and () = () | 27

CASE op2r:

By inspection of S1 --> 0 S1', Sl nust step as foll ows:

(dl) R1' = R1++[ rd -> R1(rs) op RI(rt) ]

——————————————————————————————————————————————————————— (op2r)

(RL,C,M,QL, oprd, rs, rt ) -->0 (RU',CM,QL,.)

(d2) let R = R2++[ rd -> R2(rs) op R2(rt) ]

20. (RR,C M, @,.) --> 0 (R, CM, Q,.) | (op2r), d2

21. |- (R1',CM,QL.) : K rd -> K(rs) ] | Coloring Preservation Lemmm, 2, a2,
22, |-c (R, CM,@,.) : K rd -> K(rs) ] | Coloring Preservation Lemmm, 3, 23,
23. K(rs) = K(rt) | Inspection of (op2r-t),

24. K(rs) (R1(rs) op Ri(rt)) simc K(rs) (R2(rs) op R2(rt)) | Color Pairs Lemmm, 7, 23

25. K[ rd -> K(rs) ] |- RI' simc R2 | (simR), 7, 14, 24

26. K[ rd -> K(rs) ] |- M' simc M | Coloring Update Lemma, 5

27. (R1',CM,QL,.) simc (R',C M, Q,.) | 21, 22, 25, 26, 6

28. S2 -->_0 S2' and S1' simc S2' and () = () | 20, 28

CASE oplr

By inspection of S1 --> 0 S1', Sl nust step as follows:

(dl) R1' = R1++[ rd -> R1(rs) op n ]

—————————————————————————————————————————————————————————— (oplr)

(R1,C,M,QlL, oprd, rs, n) -->0 (Rl',CM,QL,.)

(d2) let R = R++[ rd -> R2(rs) op n ]

20. (RR,CMQ,.) -->0 (R, CMQ,.) | (oplr), d2

21. |- (R1',CM,QL.) : K rd -> K(rs) ] | Coloring Preservation Lemm, 2, a2,
22, |-c (R, CM,@,.) : K rd -> K(rs) ] | Coloring Preservation Lemmm, 3, 23,
23. K(rs) (Ri(rs) op n) simc K(rs) (R2(rs) op n) | Color Pairs Lemma, 7

25. K[ rd -> K(rs) ] |- Rl' simc R2 | (simR), 7,

26. K[ rd -> K(rs) ] |- M' simc M | Coloring Update Lemma, 5

27. (R1',C, ML, QL,.) simc (R',C M, @,.) | 21, 22, 25, 26, 6

28. S2 --> 0 S2" and SI' simc S2° and () = () | 20, 27

*

By inspection of S1 --> 0 S1', Sl nust step as foll ows:
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——————————————————————————————————————————————————————————— (mov)

(R, C,M,QL, nv/rd, n) -->0 (Rl++[rd ->n] ,C M,QL.)

20. (R2,CMQ,.) --> 0 (R++[rd ->n],CMQ,.) | (rov)

21. |- (Rl++[rd -> n],C M, Q,.) all c. K[ rd ->c' ] | Coloring Preservation Lemma, 2, a2, ir = nov
22. |-c (R2++[rd -> n],C M, @, .) all c. Kl rd->c' ] | Coloring Preservation Lemma, 3, 23, ir = nov
23. all ¢'. ¢ nsimc c' n (simval)

24, all c¢'. Kird ->c'] |- Rl++[rd -> n] simc R2++[rd -> n]| (simR), 7, 14, 23

25. all c¢'. Kird ->c'] |- M' simc M | Coloring Update Lemma, 5

26. (R1',CM,QL.) simc (R',C M, Q,.) | 21, 22, 24, 25, 6

27. S2 --> 0 S2' and S1' simc S2' and () = () | 20, 26

*

CASE nov-r

Simlar to nov-n.

CASE LD G

By inspection of |- S1, S1 -->_0 S1' nust be one of the 4 1d_G rules:

(rd_
(rd_

G rand) does not apply by the Well-typed Domain Lemma
G fail) does not apply by Preservation Part 1

subcase A: Sl steps using (ld_G queue)

20al. (R, C,M,QL, I1d_Grd, rs) -->0 (Rl++[rd ->n],C M,QL,.)
20a2. find(QL, RL(rs)) = (RL(rs),n)

subcase B: Sl steps using (l1d_G nem

20b1. (R1L,CM,Q, 1d_Grd, rs) -->0

20b2. find(QL, RL(rs)) = ()

20b3. R1(rs) in Donm( M)

20. S(Q(rs) =< <G b refh, Es'>

21. K(rs) =G

22. K(R1(rs)) = none

23. |- sv Kird -> @

SUBCASE 1: ¢ =B --

231.
241.
251.

261.

281.

SUBCASE 2: ¢ = G --

S2 nust step using sanme rule

QA=
R1(rs) = R2(rs)
ML(RL(rs)) = M(R2(rs))

a: find(Q@, R2(rs))
b: find(Q@, R2(rs))

(R2(rs),n)
() and R2(rs)

in Dom( M2)

a: S2 --> 0 (R++[rd ->n],C, M, Q@,.)
b: S2 --> 0 (R++[rd -> M(R1(rs))],C M, @, .)

a: |-c (R++[rd -> n],C M, @,
b: |-c (R++[rd -> M(RL(rs))]

L) @ Krd -> @3
,C M, Q2,.) Kird -> @

a: GnsimB Gn
b: G ML(R1(rs)) simB G M(R2(rs))

a: Rl++[rd -> n] simB R2++[rl1 -> n]

b: Rl++[rd -> M(RL(rs))] simB R2++[r1 -> M2(R2(rs))]

a: SI'
b: S1'

simc (R++[rd ->n],C M, @,.)
simc (R++[rd -> M(RL(rs))],C M, @, .)

alb: S2 -->_0 S2" and S1' simB S2' and ()

1
—~
—~
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232. S2 --> 0 S2' where S2' is either | Progress Part 2, 3, and inspection of rules for 1d_G
c: (R++[rd ->n],C M, @, .) (1d_G queue)
d: (R2++[rd ->ML(R1(rs))],C M, Q,.) (1d_G nem
e: (R++[rd ->n"],C, M, Q,.) (1d_G rand)
f: fault (ld_Gfail)
242. for all possible pairings, | (simR), (simval-zap), 13
K[rd->@ |-
{{ RI++[rd -> n], RLl++[rd -> M(RL(rs))] }} a/ b: possible values for S1'
simG
{{ R++[rd ->n], R2++[rd ->ML(RL(rs))], R2++[rd ->n'] }} c/d/e: possible values for S2'
252. if S2 --> 0 (R',CM,Q@",.) then | c/d/e: Coloring Preservation Lenma, 3, 232, ir =1d_G
[-c (R, M, Q@ ,.) @ Krd->@g
262. if S2 --> 0 (R, C M ,Q",.) then | a/b and c/d/e, (sim$S), 23, 252, 242, 5, 6
S1' simG (R',CM,Q@',.)
26d. either
S2 --> 0 S2" and S1' simG S2' and () = () | a/b and c/d/e
or
S2 -->_07() fault | a/b and f
*
CASE LD B:
By inspection of |- S1, S1 -->_0 S1' nust be one of the 3 Id_B rules:
(1d_B-rand) does not apply by the Well-typed Domai n Lemma
(ld_B-fail) does not apply by Preservation Part 1
therefore S1 nust step using (ld_B-nmem
20. (RL,C,M,QL, IdBrd, rs) -->0 (Ri++rd -> M(RL(rs))],C M, QL,.)
21. RI(rs) in Dom( ML)
23. S(Q(rs) =< <B,b refl, Es'> | I'nversion of (ld_B-t), 13
24. K(rs) =B | K Lenmma, (Inversion of (S-t),2), 23
25. K(R1(rs)) = none | K Lemma, (Inversion of (S-t),2), 23
26. |- SI' K[rd -> B] | Coloring Preservation Lemmm, 2, a2, ir = 1d_B
SUBCASE 1: ¢ =B -- S2 may step with one of three rules
231. QL = Q@ | 6, def of (simQ, assunption
241. S2 --> 0"() S2' where S2' is either | Progress Part 2, 3, and inspection of rules for 1d_G
a: (R++[rd ->n"),C M, Q,.) (1d_B-nmem
b: (R2++[rd -> M2(R2(rs)),C M, @, .) (1d_B-rand)
c: fault (1d_B-fail)
251. for all possible pairings, | a/b: (simR, (simval-zap), 13
Klrd->B] |-
{{ RLl++[rd -> ML(RL(rs))] }} possi bl e value for S1'
simB
{{ R++[rd ->n"], R2++[rd ->M(R2(rs))] }} a/ b: possible values for S2'
261. if S2 -->0 (R',CM,Q@",.) then | a/b: Coloring Preservation Lemma, 3, 241, ir =1d_B
[-c (RR",C M, Q@ ,.) : Krd-> B
262. if S2 -->0 (R',CM,Q@",.) then | a/b: (sim$S), 261, 26, 251, 5, 6
S1' simG (R, M, @', .)
26d. either
S2 -->0S2 and S1' simGS2 and () = () | a/b, 241, 262
or

SUBCASE 2: ¢ = G --

232.
242.
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252. R2(rs) in Dom( M)
262. S2 --> 0 (R2++[rd --> M2(R2(rs))],C M, @, .)

272. ML(RL(rs)) = M2(R2(rs))
282. B ML(R1(rs)) simB B M(R2(rs))
292. K[rd ->B] |-

Rl++[rd --> M(RL(rs))] simB R2++[rd --> M(R2(rs))]

302. |-c (R2++[rd --> M2(R2(rs))],C M, @, .) K[ rd->B]
312. S1' simc (R2++[rd --> M2(R2(rs))],C M, @, .)

*

CASE SLD:

20. S1 -->_0 (Ri++[rd -> M(RL(spc)+n)],C M, QL,.)
21. R(spc) + n in Donm( M)

23. S(Q(spc) = <c',sptr, Ec>
24, .;s |- Ec + n: <c,b, B>

25. Rl(spc) = Ec

26. K(Rl(spc)+n) = c'
27. K(spc) = c'
subcase on R2(spc) in Dom M)

SUBCASE A: R2(spc) in Dom (M)

27a. S2 -->_O(R2++[rd -> M(R2(spc)+n)],C M, @, .)

28a. c¢' ML(R(spc)+n) simc c'
29a. K[rd ->c'] |-

M2( R(spc) +n)

Rl++[rd -> ML(RL(spc)+n)] simc R2++[rd -> M2(R2(spc)+n)]

30a. |- S1' : K[ rd ->c']
3la. |- S2' @ K[ rd ->c']

32a. K[rd ->c¢'] |- ML simc M

33a. S1' simc (R2++[rd -> M(R2(spc)+n)],C M, @, .)

34a. S2 --> 0 S2' and Sl1' simc S2'

and () = ()

SUBCASE B: R2(spc) not in Dom (M)
27b. S2 --> 07() fault

*

CASE ST G

20. S1 --> 0 (Rl++ C M, ((RL(rd), RL(rs)), QL),.)
21. S2 -->_0 (R2++,C, M, ((R2(rd),R2(rs)), @),.)

22. |- sS1' @ K

23. |-c S2' : K

24, S(Q(rd) = <G b reff, Ed >
25. S(Q(rs) = <G b, Es' >

26. K(rd) = K(rs) = G

27. GRL(rd) simc GR2(rd) and GRL(rs) simc G R2(rs)
28. ((RL(rd),Ri(rs)), Q) simc ((R2(rd),R2(rs)), @)

29. SI'

*

simc S2'

CASE ST B:

20.(R1,C ML, (QL',(nl,nl"),.)
--> 07(nl,nl") (Rl++,C M[nl1 ->nl"],Q",.)
21. Ri(rd) =nl
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22. Rl(rs) = nl'

23. S(Q(rs) = <B,b, Es> | I'nversion of (st_B), 13

24. . |- S(Q(rd) <= <B,b refh, Ed' >

25. K(rs) = B and K(rd) = B | K Lemma, (Inversion of (S-t),2), 23, 24
26. B R1(rs) simc B R2(rs) and B Rl(rd) simc B R2(rd) | 7, 25

27. @ = (@', (n2,n2")) | I'nspection/lnversion of (simQ, 6

28. Gnl simc Gn2 and Gnl simc G n2
29. Q' simc Q'

subcase on (R2(rd) = n2 and R2(rs) n2')

SUBCASE A: (R2(rd) = n2 and R2(rs) = n2")
30a. S2 -->_07"(n2,n2'") (R2++,C, M[N2 -> n2'],Q@",.) | (st_B), assunption

3la. ¢=G ==> R1(rd) = R2(rd) and R1(rs) = R2(rs) | Colored Pairs, 26

32a. ¢=G ==> nl = n2 and nl' = n2' | 31a, 21, 22, assunption

33a. c=B ==> nl = n2 and nl' = n2' | Colored Pairs, 28

34a. nl = n2, nl' = n2' | 32a / 33a

35a. K |- M[nl ->nl"] simc M[nl -> n2'] | (simval), 9, 34a

36a. |- S1' : K | Coloring Preservation Lemma, 2, 20, ir = st_B
37a. |- S2' : K | Coloring Preservation Lenmm, 3, 30a, ir = st_B
38a. S1' simc (R++C, M[n2 -> n2'],Q2,.) | (simS), 36a, 37a, 13, 35a, 29

35a. S2 -->_0 S2' and S1' simc S2' and (nl,nl") ~l~ (n2,n2") | 30a, 38a, 34a

SUBCASE B: (R2(rd) =/=n2 or R2(rs) =/=n2")

27b. S2 -->_07() fault | (sst-fail), assunption

*

CASE SST

20. S1 --> O0"M(R1(spg)+n, RL(rv)) | a2, Preservation Part 1, inspection of sst rules
(R1++, C M[R1(spg)+n ->Ri(rv)], QL,.)

21. R(spg) + n in Don(M) | I'nversion of (sst), 20

22. R(spb) = R(spg)

23. S(G(spg) = <G sptr, Eg> and S(Q (spb) = <B,sptr, Eb> | I'nversion of (l1d_B-t), 13

24. . |- s [Eg + n -><c,b,Ev>] = s'

25. S(G(rv) = <c, b, Ev>

Eg and R2(spb) = Eb Canoni cal Forms, Inversion of (S-t), al, 23
K Lemma, (lInversion of (S-t),2), 25

K Lemma, (lnversion of (S-t),2), 23

Col ored Pairs Lemmm, 7, 28, 29

26. Rl(spg) =
27. K(rv) =¢c'
28. K(spg) = G and K(spb) = B

29. either R1(spg) = R2(spg) or R1(spb) = R2(spb)

subcase on ( R2(spg)=R2(spb) and R2(spg)+n in Donm( M2) )

SUBCASE A: R2(spg)=R2(spb) and R2(spg)+n in Don( M)
27a. S2 --> 0"(R2(spg)+n, R2(rv)) | (sst), assunption
(R2++C, M[R2(spg) +n ->R2(rv)], Q2,.)

28a. Rl(spg)+n = R2(spg)+n | Transitivity, 22, assunption, 29
29a. RI(rv) Ri(rv) simc Ri(rv) R2(rv) | 7, 27
30a. K[ Ri(spg)+n -> K(rv)] | (simM, 8, 9, 28a, 29a
|- M[RL(spg)+n ->R1(rv) simc M[R2(spg)+n ->R12(rv)]
3la. |- S1' : K[ RL(spg)+n -> K(rv)] | Coloring Preservation Lemma, 2, 20, ir = sld
32a. |-c S2' : K[ R2(spg)+n -> K(rv)] | CAoring Preservation Lemmm, 3, 27a, ir = sld
33a. K[ RI(spg)+n -> K(rv)] |- Rl++ simc R2++ | Coloring Update Lemma, 13
34a. S1' simc (R2++C M[R2(spg)+n ->R2(rv)], @, .) | (sims), 3la, 32a, 30a, 33a, 6
35a. Rl(spg) + n in Dom(Ms) and Rl(spg) + n < max(Don{c)) | 24, 26, Inversion of (S-t), 2
36a. (RL(spg)+n, R1(rv)) ~(max(Donm(C))~ (R2(spg)+n, R2(rv)) | 28a,
37a. S2 --> 0 S2' and Sl' simc S2' and sl ~l~ s2 | 27a, 34a, 36a

SUBCASE B: ( R2(spg)=/= R2(spb) or R2(spg)+n not in Dom(M2) )

file:///e)/etalft/fdsinglestep.html (6 of 10) [8/15/2008 10:26:57 AM]
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27b. S2 --> 0°() fault
*

CASE MALLCC:

dl. let n = max(Dom(M)) + 1
20. S1 --> 0 (Rl++[rg -> n][rb -> n],C (M, n->0),QL,.)

21. n = max(Dom(M2)) + 1
22. S2 --> 0 (R2++[rg -> n][rb -> n],C (M, n->0), @, .)
23. all k'. all n. k' n" simc k' n'
24. K[rg -> Q[rb -> B][R(rg) -> none]
|- Rl++[rg -> n][rb -> n] simc R2++[rg -> n][rb -> n]

25. K[rg -> none][rb -> none] |- (ML, n->0) simc (M, n->0)

31. |- St
32. |-c S2

Krg -> none][rb -> none][R(rg) -> none]
K[rg -> none][rb -> none][R(rg) -> none]

33. (Rl++[rg -> n][rb -> n],C (M, n->0),QL,.)
simc
(Re++[rg -> n][rb -> n], C (M, n->0), @@, .)

CASE SALLCC:

dl. let n = mn(Don(M))
d2. let M' =M, m1->0, ..., mn->0

20. S1 --> 0 (RL++[spg->R1(spg)-n][spb->R1(spb)-n],C M', QL,.)
21. n = min(Dom{ML)= m n(Donm( M2)
d3. let @ =M, m1->0, ..., mn->0
22. 82 -->_0 (R2++[spg->R2(spg) - n] [ spb->R2(spb)-n], C, M, Q2,.)
d4. let K = (R(spg)-1 -> none),..., (R(spg)-n -> none, K
23. K(spg) R1(spg)-n simc K(spg) R2(spg)-n
24. K(spb) R1(spb)-n simc K(spb) R2(spb)-n
25. K |- Rl++[spg -> RL(spg)-n][spb -> R1(spb)-n]
simc R2++[spg -> R2(spg)-n][spb -> R2(spb)-n]
26. none 0 simc none O

27. K |- M' simc M

28. |- S1' @ K
29. |-c 82" : K

40. ((Rl++[spg->R1(spg)-n][spb->Rl(spb)-n], C M, QL,.)
simc
(R2++[ spg- >R2(spg) - n] [ spb->R2(spb)-n], C, V', @, .)

CASE SFREE:

dl. let n = mn(Don(M))

20. S1 -->_0 (Rl++[spg->R1(spg)+n][spb->RL(spb)+n],C M', QL,.)
21, ML = M', m->vl, ..., mn+l -> vn

22. n = m n(Donm( M2)
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23. =M, ml1->0, ..., mn->0 | 8, 21
24, S2 -->_0 (R2++[spg->R2(spg)-n][spb->R2(spb)-n],C, M, Q@,.) | (sfree), 22, 23

25. |- S1' : K | Coloring Preservation Lemma, 2, 20, ir = sfree
26. K = R(spg) -> k, R(spg)+1l -> k1, ..., R(spg)+n-1 -> kn, K
27. K(spg) Ril(spg)+n simc K(spg) R2(spg)+n | Colored Pairs Lemma, 7
28. K(spb) R1(spb)+n simc K(spb) R2(spb)+n | Colored Pairs Lemm, 7
29. K |- Rl++[spg -> R1(spg)+n][spb -> R1(spb)+n] | (simR), 13, 27,28, Coloring Update Lenmm, d4
simc R2++[spg -> R2(spg)+n][spb -> R2(spb) +n]
30. K |- M' simc W | (simM, 8 9, 21, 23, 26
31. |-c S2' : K | Coloring Preservation Lenma, 3, 24, ir = sfree
43. ((RLl++[spg->R1(spg) +n] [ spb->R1(spb)+n], C M, QL,.) | (simsS), 25, 31, 29, 30, 6
simc
(R2++[ spg- >R2('spg) +n] [ spb- >R2(spb) +n], C, M2, Q2, .)
*
CASE BZ_G

By Inspection of S1 -->_0 S1', one of the four bz_G rules may apply.
By Preservation, (bz-untaken-fail) and (bz_Gtaken-fail) do not apply.

subcase A: Sl steps using (bz-untaken)

20a. (RL,C, M, Ql,bz Grz, r) --> 0 (RL++, C M, QL,.)
2la. RI(d) =0

22a. Rl(rz) =/=0

subcase B: Sl steps using (bz_Gtaken)

20b. (R1,C M, Ql, bz Grz, r) --> 0 (Rl++[d->R1(rd), C, M, QL,.)
21b. R1(d) =0

22b. Rl(rz) =0

23. S(G(d) = <Gint, 0> | I'nversion of (bz_Gt), 12
24. S(Q(rz) = <Gint, Ez>
25. S(Q(rd) = <G T->void, Ed' >
26. K(d) = K(rz) = K(rd) = G | K Lemma, (lnversion of (S-t), 2), 23, 24, 25
27. a: |- (R++,CM,QL,.) : K[ d -> G] | Coloring Preservation Lenmm, 2, 20a/20b, ir = bz_G
b: |- (RI++[d->R1(rd)],C, M, QL,.) : K[ d-> g
28. K[ d ->G] |- ML simc M | Coloring Update Lemma, 5
SUBCASE 1: ¢ = B -- S2 nust step using the same rule
271, QAL = @ | 6, def of (simQ
281. R1(d) = R2(d) | Colored Pairs Lemmm, 26, assunption, 7
291. Rl(rz) = R2(rz) and Ri(rd) = R2(rd) | Colored Pairs Lemma, 26, assunption, 7
301. a: R2(d) =0 and R(rz) =/=0 | 281, 291, (21a,22a) / (21b, 22b)
b: R2(d) = 0 and R2(rz) =0
311. a: S2 --> 0 (R++,C, M, @2, .) | (bz-untaken), 301la
b: S2 --> 0 (R++[d->R2(rd),C M, @2, .) | (bz-taken), 301b
331. a: |-¢c (R++,C M, Q,.) : K[ d->G] | Coloring Preservation Lemma, 3, 311, ir = bz_G
b: |-c (R++[d->R2(rd),C,M2,@,.) : K[ d-> Q3
341. a: K[ d -> G] |- Rl++ simc R2++ | 13, 26
b: Kl d ->G] |- RI++[d->R1(rd)] simc R3++[d->R2(rd)] | 13, 26, 7
361. a: S1' simc (R2++,C M2, Q2,.) | (simsS), 27, 331, 341, 28, 6
b: S1' simc (R2++[d->R2(rd), C, M2, Q,.)
371. S2 -->_0 S2° and S1' simc S2' and () = () | 311, 361
SUBCASE 2: ¢ = G -- S2 may step using any of the 4 applicable rules

272. S2 --> 0 S2' where S2' is either
c: (R++,C M, Q,.) | (bz-untaken)

file:///e/etalft/fdsinglestep.html (8 of 10) [8/15/2008 10:26:57 AM]



Singlestep Fault Detection

d: fault (bz-unt aken-fail)
e: (R++[d->R2(rd), C M2, @, .) (bz_G taken)
f: fault (bz_Gtaken-fail)
282. for all possible pairings (simR), (simval-zap), 13,
K[ d->G] |-
{{ R1++, Rl++[d-> Ri(rd)] }} a/ b: possible values for SI'
simG
{{ R++, R2++[d-> R2(rd)] }} c/e: possible values for S2'
292. if S2 --> 0 (R',CM,Q@",.) then c/e: Coloring Preservation Lemma, 3, 272, ir = bz_G
|-c (R, M, @' ,.) : Kld->g
262. if S2 -->0 (R',CM,Q@",.) then a/b and c/e, (sim$S), 27, 292, 272, 28, 6
S1' simG (R',CM,Q@',.)
26d. either
S2 --> 0 S2" and S1' simGS2' and () = () a/b and c/e
or
S2 -->_07() fault a/b and d/f
*
CASE BRZ_B:
By Inspection of S1 --> 0 S1', one of the four bz_B rules may apply.
By Preservation, (bz-untaken-fail) and (bz_B-taken-fail) do not apply.
20. S(Q(d) = E=0 => <G b, Er' > | I'nversion of (bz_B-t), 12
21. S(Q(rz) = <B,int, Ez>
22. S(Q(rd) = <B, T->void, Er>
23. K(d) =G | K Lemma, (Inversion of (S-t), 2), 20, 21, 22
24. K(rz) = K(rd) =B
25. |- S1' @ K d->(g | Coloring Preservation Lemma, 2, a2, ir = bz_B
26. K[d -> @G |- ML simC M | Coloring Update Lemmm, 5
subcase A: Sl steps using (bz-untaken)
25a. (R1,C, M, QL bz Brz, r) -->0 (RLl++,C M, Q1, .)
26a. R1(d) =0
27a. Rl(rz) =/=0
subsubcase Al: ( R2(d) = 0 and R2(rz) =/=0) -- S2 also steps with bz-untaken
29al. S2 -->_0( Rl++,C M, QL,.) | (bz_B-untaken), assunption
30al. |-c ( R++,CM, @,.) : K d->(Qg | Coloring Preservation Lenmma, 3, 29al, ir = bz_|
3lal. ( R1++, C M, QL,.) simc ( R1++ C M, Q1,.) | (sim$S), 25, 30al, 13, 26, 6
32a2. S2 -->_0 S2' and S1' simc S2' and () = () | 29al, 3lal
subsubcase A2: ( R2(d) =/=0 or R2(rz) =0) -- S2 steps with a bz-fail
29a2. ¢ = B ==> R1(d) = R2(d) | Colored Pairs Lemma, 7, 23, 24
c =G==>RIl(rz) = R(rz)
30a2. ¢ = B ==>R(d) =0 | 29a2, 26a, 27a
c=G==>R2(rz) =/=0
3la2. ¢ = B ==> R2(d) =0 and R(rz) =0 | 30a2, assunption
¢ = G==>R2(rz) =/=0 and R(d) =/=0
32a2. ¢ = B==> S2 -->07() fault | (bz_Gtaken-fail), 31a2
c =G==> S2 -->07() fault | (bz-untaken-fail), 2la2
33a2. S2 -->_07() fault | 32a2

subcase B: Sl steps using (bz_B-taken)

25b. (R1,C, M, Ql,bz_Grz, r)
--> 0 (Rl++[pcg -> RI(rd)][pcb -> Ri(rd)][d->0],C M, Q1,.)
26b. R1(d) =/=0
27b. Rl(rz) =0
28b. R1(rd) = R1(d)
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subsubcase B1:

( R(d) =/=0 and R2(rz) = 0 and R(rd) = R(d) )

29b1l. S2 -->_0 (R2++[pcg -> R2(rd)][pcb -> R2(rd)][d->0],C M, @, .)
30bl. |-c (R2++[pcg->R2(rd)][pcb -> R2(rd)][d->0],C M2, @, .): K d->3
31bl. ¢ = G ==> RI(rd) = R2(rd)

c = B ==> RI(d) = R2(d)
32bl. ¢ = G ==> Ri(rd) = R2(rd)

¢ = B ==> Rl(rd) = R2(rd)
33bl. all k. k Ri(rd) simc k R2(rd)
34bl. K[d->§ |-

R1++[ pcg->R1(rd)][pcb -> Ri(rd)][d->0]

simc

R2++[ pcg->R2(rd)] [pch -> R2(rd)][d->0]
35b1l. S1' simc (R2++[pcg -> R2(rd)][pcb -> R2(rd)][d->0],C M, @, .)
32a2. S2 -->_0 S2' and S1' simc S2' and () = ()
subsubcase B2: R2(d) = 0 or R2(rz) =/=0 or R(rd) =/= R2(d)
29b2. ¢ = G==> Rl(rz) = R2(rz) and R1(rd) = R2(rd)

¢ = B ==> RI(d) = R2(d)
30b2. ¢ = G==> R2(rz) =0 and R2(rd) =/=0

c =B==>R(d) =/=0
31b2. ¢ = G==> R2(rz) =0 and (R2(d) = 0 or R2(rd) =/= R2(d))

¢ =B ==>R2(d) =/=0 and (R2(rz) =/=0 or R2(rd) =/= R2(d))
32b2. ¢ = G==> R2(rz) =0 and (R2(d) = 0 or R2(rd) =/= R2(d))

¢ = B ==> either R2(d)=/=0 and R2(rz)=/=0

or R2(d)=/=0 and R2(rz) = 0 and R2(rd) =/= R2(d)

33b2. ¢ = G==>S2 --> 07() fault

c = B==>ceither S2 -->_07() fault

or S2 --> 07() fault

34b2. S2 -->_07() fault
CASE JMP_G

simlar to BZ_B

*
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Fault Tolerance Theorem

Faul t Tol erance Theorem
EEEE R EEEEEEEEEEEEEEEEEEES]

If |- Sand S -n->_0"ss S (and let I = max(Donm(CQ)))
then either Exists m<=n+l. S -m>_17ssf fault and ssf prefix(l) ss
or S -(n+l1)-> 17ssf Sf and Exists c. S simc Sf and ss ~l ~ ssf

Pr oof :

CASE: nulti-single

-------------- (mul ti-single)
S -0->07() S

al. |- S
a2. S-0->0°) S

S-->1 sf
Exi sts c.
0 ~1~0
S -1->_17() Sf
and Exists c.

S simc Sf

rPwnhpE

*

CASE: nul ti-conpose

(pl) S-->0"s1 S'" (p2) S

S -n->_07(ss) S

al. |- S
a2. S-n->_0"ss S

n =nl+ n2

S -nl->_0”"ssa Snl
Snl -n2-> 0"ssh S
ss = (ssa, ssh)

rPwnhpE

o

Snl -->_17() Snif
6. Exists c. Snl simc Snif

7. either
a: Snlf -n2-> 07ssbf Sf'
and ssbf ~I~ ssb

and S

or
b: Exists nR2<=n2. Snilf
and ssbf prefix(l) ssb

SUBCASE: fault not reached yet
a3. Snlf -n2->_07ssbf Sf'

a4d. S simc Sf'

a5. ssbf ~lI~ ssb

8. let ssf = (ssa, ssbf)
9. S -(n+l1)-> 1nssf Sf'
10. ss ~I ~ ssf

11. S -(n+1)->_1nrssf Sf'

and S simc Sf'

Ssimc Sf and () ~I~ ()

-(n-1)->_07ss2 S
------------------------------- (mul ti-conpose)

By case analysis on the definition of S -n->_k”ss S

(reg-zap), (Ql-zap), or (Q-zap)
Fault Simlarity Lemm, 1
(out - eg- none)

1, 2, 3

(s1) ss = (s1,ss2)

| Multistep Split Lemma, a2

| (reg-zap), (Ql-zap), or (Q2-zap)
| Fault Sinmilarity Lenmm, 5

| Lemma Multistep-Fault-Detection, 3, 6

simc Sf'

-mR2->_07ssbhf fault

| Multistep Conbine Lenmm, 2, 5, a3, 8
| repeated applications of (out-eqg-cons),

|9, A4, 10

file://lel/etalft/fdtheorem.html (1 of 2) [8/15/2008 10:26:57 AM]

a5, 8, 4



Fault Tolerance Theorem

and ss ~| ~ ssf

SUBCASE: fault reached

a3. Exists n2 <= n2

ad4. Snlf -nR2->_07ssbf fault
ab. ssbf prefix(l) ssb

8. let m=nl+ 1+ ne

9. m<= n+l

10. let ssf = (ssa,ssbf)
11. S -m>_17ssf fault
12. ssf prefix(l) ss

13. m<= n+l and S -m>_17ssf fault
and ssf prefix of ss
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MiniC Syntax and Typing

types tau =
var contxt X :

val ues \
value list vs

st at enent S

funct decls fds =

local decls Ids =

program p ti=

int | tauref | A->tau

|  x:tau, X /1 specific contexts: F functions
n | x | refv

| v, vs
X =V
| x=vopyv
| x =1lv
| vi:i=v
| if vthen s else s
| while v do s
| x = x(vs)
| s; s

| tau f(A) {lds; s; return v;} fds

| tau x =v; lds
fds; lds; s;

X |- v tau
--------------- (var-t) Semmeemea e aaee-- (ref-t)
X |- x X(x) X |- ref v tau ref
X |- v tau X |- vs ps
------------------------------ (vs-t)
X |- v, vs x:tau, ps
|- v tau
|- vi int (A union L) |- v2 int
——————————————————————————————————————————————————————————————————— (s-op-t)

F;, AL |- x =vl op v2 ok
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——————————————————————————————————————————————— (s-deref-t)

------------------------------------------------------- (s-update-t)

(Aunion L) |- v : int F, AL |- sl ok F, AL |- s2 ok

———————————————————————————————————————————————————————————— (s-if-t)
F,AL |- if v then sl else s2 ok

(A wunion L) |- v int F,AL |- s ok
----------------------------------------- ('s-whi | e-0k)

F,A;L |- while v do s ok

Fl-f ps -> tau (A union L) |- vs ps L]- x tau
—————————————————————————————————————————————————————————————— (s-call-t)
F,AL |- x =f(vs) ok

F, AL |- sl ok F,A L |- s2 ok

--------------------------------- (s-seq- ok)

F, AL |- sl;s2 ok

| FAL |- Ids @ L' |

------------------- (lds-.-t)

F,AL |- L

x notin Dom(F union A union L)

(Aunion L) |- v : tau

F, A L[x:tau] |- Ids : L'

------------------------------------- (lds-val-t)

f notint Dom(F)

F,A . |- 1ds @ L F,A L |- s ok (Aunion L) |- v : tau
F[f : A->tau] |- fds : F
——————————————————————————————————————————————— (lds-val -t)
F |- tau x(A) {lds; s; return v;} fds : F

| |- p ok |
|- fds : F
F,. |- lds : L
F,.;L |- s ok
L]-v: int
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Trandation from MiniCtoETAL _FT

REG STERS

Kkkkkkkk*k

to ... tt /1 tenporaries. nunber required cal cul ated during translation
pcg pcb /| program counters
spg spb /] stack pointers

CALLI NG CONVENTI ON

Kkkkkkkkhkkkhkkkkkkk*

Many are possi ble, but here's one:

-- function entry: load args into registers

-- before call: spill all tenps corresponding to Ids, push args vnB vnG ...
-- after call: restore result, restore all Ids into tenps

-- function exit: pop args, push return val ues

NOTATI ON

kkkkkkkk

t count

(tcount',r1,r2) = freshReg(tcount)
(tcount',rl1,...,rn) = freshRegs(tcount)

(| X ->(r,r), V
Vg(x) refers to first conponent
Vb(x) refers to second

C @i =def= let | = mx(dom(C) in I+l ->i]
B ::= . | x->n
DEFI NI TI ONS

Kkkkkkkkkk*k

| et ha be sone address in nmenory

TYPE TRANSLATI ONS

Khkkkkkkkkkkhkkkkk*

| [[ tau]] =0b
------------------------------ (trans-int)
[[ int ]] =int

[[ tau]] = b

——————————————————————————————————————————— (trans-ref)
[[ tau ref 1] = b refl
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]

[[ A] Es: <G bl,aal> ::...:: al-1:<B,bn,aan> :: al:as
[[ tau ]] =

bt

=

amem apc, at, anmenr, at fresh

Dr = anmenr knmem at: kint
G = spg -> <G sptr,al-2>, spb -> <B,sptr,al-2>
pcg -> <G int,ar> pcb -> <Gint,ar>
d -><Gint, 0>
E mr = amenr
sr =al-2: <Gbt,at>:: al -1 : <B,bt,at> :: al : as
Tr = (Dr, G, (), E_nr, sr)

D = (amem knem apc: kint, al:kint, as:kstack, aal:kint,
G = spg -> <G sptr, Es-2>, spb -> <B, sptr, Es-2>,

// translate argunents into a stack type
/] translate return type

11 fresh vars for return

/1 stack pointer to top of stack

/1 program counters are return address

11 no junps in progress

/1 menory contents may change during call

/1 stack has popped args and ret addr and pushed ret val
/1

., aan:kint)

pcg -> <G int,apc> pcb -> <Gint,apc> d -> <Gint, 0>

E m= amem

s = Es-2 : <G Tr->void,ar> :: Es-1: <B,Tr->void, ar>
Es:<Gtl,aal> ::...:: al-1:<B,tn,aan> :: al:as

[[ A->tau]] = (D, G(),Em s) -> void

[[ 11 = al:as
[[ tau ]] = bt
[[ A]] = Es:us
at fresh

I [l As]l_V=6 |

[[ A Es:us ]]_V=0G
G =G Vg(x) -> <G bt,at> Vb(x) -> <B, bt,at>

<G bt,at> :: Es-1: <B,bt,at> :: Es :

[ [l XTIV =¢G|

(r.11.vs=
([ LII.v=ada
[[ tau ]] = bt
at fresh

G = 4, Vg(x) -> <G bt,at> WVb(x) -> <B, bt,at>
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/1 used inside a function to get

/] add return addresses to stack

_____ (trans-functtp)

/1 translating paraneters into stack type

(gen-s-enpty)

(gen- G args-enpty)

------- (gen- G args)
us ]1]_ V=G

/1 generate types for registers corresponding to source variables (local

(gen-G1ds)

regi sters corresponding to argunents

or argunents)
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| [[ A->tau; L]]_V = (D Gseq(E d ESs),Ems) | /'l generates Theta for a points in a function between statenents
------------------------------------------------ 11

[[A->tau]] = (D, G(),E.m s) -> void /'l type at function entry

G =G, [[ LII_ VW [[ Al11_V /1 add on the local variable info and argunment info

--------------------------------------- (gen- Thet a)
[[ A>tau; L ]]1_V=(D,G(),En,s")

VALUE TRANSLATI ONS

kkkkkhkhkkhkhkkhkhkkhkk k%

| [[ X|]- v : tau]] Ctcount V=C tcount' rgrb | /1 move v into fresh tenporary registers rg and rb

(tcount',rg, rb) = freshReg(tcount)
C =C@novrgn@novrbn

[[ X]- n: int]] Ctcount V=C tcount' rgrhb

[[ X]- x: X(x) ]] Ctcount V= C tcount Vg(x) Vb(x)

v : tau ]] Ctcount V = Cv tcountv rgv rbv

t
count',rga, rba) = freshReg(tcountv)
C = Cv @malloc[ bt ] rga rba;

@st_Grga rgv

@st_B rba rbv
——————————————————————————————————————————————————————————— (trans-ref)
[[ X|]- ref v: tauref ]] Ctcount V=C tcount' rga rgb

| [[ X|- vs: ps]] Ctcount V Phum= C tcount' | /] generates code to push arguments on to stack, assunes allocation done
————————————————————————————————————————————————— /1 Pnumis an integer representing the arg nunber of the 1st in |ist

[[ X]- . : . 1] Ctcount V Phum= C tcount

[[ X|- v : tau]] Ctcount V = Cv tcountv rvg rvb
Q' = Qv @sst (Pnunt2) rvg; sst (Pnunt2+1) rvb
[[ X|- vs: ps]] O tcountv V (Pnumtl) = Cvs tcountvs

————————————————————————————————————————————————————————————— (vs-t)
[[ X]- v, vs : x:tau, ps ]] Ctcount V Pnum= Cvs tcountvs

if calling f(vO,...,vn), layout is first arg | owest on stack, each green |ower than correspondi ng bl ue
| |

[ |

| vnb |

| vng |

[

| |

[

| vOb |

| vOg | <-- spg, spb
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PROLOGUE / EPI LOGUE GENERATI ON

KkKKKKK KKK KKk Khkkkhkkkkkkkkkkkk k%%

| [[ Al]_prologue Ctcount V Pnum= C tcount' V | /1 generates function prologue fromargunent |ist

-------------------------------------------- (trans-prol ogue-enpty)
[[ Al]_prologue C tcount V Pnum= C tcount V

(tcountx,rg, rb) = freshRegs(tcount)
Cx = C @sld_G (Pnunt2+2) rg // load arg into registers

@sld_B (Pnun¥2+3) rb
[[ Al]_prologue Cx tcountx (Pnumtl) V[x->(rg,rb)] = C tcount' V' // extend V with the new registers
-------------------------------------------------------------------- (trans-prol ogue)
[[(x:tau, A)] _prologue C tcount V Pnum= C tcount' V

| [[ (Aunion L) |- v : tau]]_epilogue Cs tcounts Vids ps = C tcount' | // generates function epilogue from argunent |ist

[[ (Aunion L) |- v : tau]] Cs tounts Vids = Cv tcountv rvg rvb
(tcount', rag, rab) = freshRegs(tcountv)
argspace = sizeof (ps)*2 + 2
C =C@sld_GO rag @sld_B1rab
@sfree argspace @salloc 2

@sst 0 rgv @sst 1 rbv
@jnp_G rag @jnp_B rab
[[ (Aunion L) |- v tau]] _epilogue Cs tcounts Vids = C tcount'

STATEMENT TRANSLATI ONS

KkKkKkKkKkKKKKKKKKA K XK KKK %

| [[ RAL]|]- s ok]]_f Ctcount VB =C tcount' | // translating statenent s in function f

[[ (AunionL) |- v : tau]] Ctcount V = Cv tcountv rgv rbv
C = Cv @nov Vg(x) rgv

@nov Vb(x) rbv
------------------------------------------------------------ (trans-s-assign)
[[ FAL]- x=v ok ]]_f Ctcount VB = C tcountv

[[ (AunionlL) |- vl: int ]] C tcount V
[[ (Aunion L) |- v2: int ]J] Cl tcountl V
C =C @op Vg(x) rgl rg2

@op Vb(x) rbl rb2
-------------------------------------------------------------- (trans-s-op)

Cl tcountl rgl rbl
C2 tcount2 rg2 rbh2

[[ (AunionL) |- v : tauref ]] Ctcount V = Cv tcountv rg rb
C =Cv @ld_GVg(x) rg @ld_B Vb(x) rb
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(trans-s-deref)

Cl tcountl rgl rbl

[[ FAL]- x=1!vok]]_f Ctcount VB = C tcountv
[[ (AunionL) |- vl : tauref ]] C tcount V =
[[ (Aunion L) |- v2 : tau ]] Cl tcountl V =

C =C @st_Grgl rg2 @st_B rbl rb2

tcount 2

F,AL |- vl :=v2 o0k ]]_f Ctcount VB =C

¢ = max(dom(C)) + 1
[ AunionL) |- v :

I
[ int ]] Ctcount V

(tcountc, rtg, rfg, rjtg, rjfg, rtb, rfb, rjtb,

rjfh,

C2 tcount2 rg2 rb2

= Cv tcountv rgv rbhv

reg,

(trans-s-update)

/1 get the conditional registers

reb)

= freshReg(tcountv) // fresh registers for the block |abels

| fixtrue = max(Don{Cv) +1)
Cc =Cv @nov rtg 1 @nov rtbh 1
@bz_Grgv rtg @bz_B rbv rtb

[[ ;AL |- s2 0ok ]]_f Cc tcountc V = Cf tcountf
I fixjoin = max(Don{Cf)+1)

' =C @nmov rjfg 1 @nov rjfb 1

@jmp_Grifg @jnp_Brjfg
| bzt arget = nmax(Don(Cf') +1)
[[ AL |- s2 o0k ]J]_f C' tcountf V = Ct tcountt
l'join = max(Don(Ct) +1)
' = & @nov reg ljoin @nov reb Ijoin

@jnp_Greg @jnp_B reb

C =a'[Ifixjoin ->nmov rjfg |join]

[Ifixjoin+tl -> mov rjfb |join]

[Ifixtrue -> nov rtg | bztarget]

[Ifixtrue+tl -> nov rtb | bztarget]
tcount' = tcount
[[ AL |- if v then sl else s2 ok ]J]_f Ctcount VB =C
Istart = max(Don{C) +1)
[[ (Aunion L) |- v : int J]_f Ctcount V = Cv tcountv rgv rbv
(tcountc, reg, reb, rsg, rsh) = freshReg(tcountv)
I fixend = max(Dom( Cv) +1)
Cc = Cv @nov reg linfloop @nov reb |infloop

@bz_Grgv reg @bz_B rbv reb

[[ AL |- s ok ]]_f Cc tcountc V = Cs tcounts
Cs' = Cs @nov rsg Istart @nov rsb Istart
@jnp_Grsg @jnmp_B rsb
I end = max(Donm(Cs') +1)
C =GCs'[ Ifixend -> nov reg lend ]
[ Ifixend+l -> nov reb lend ]
tcount' = tcounts

tcount’

[[ X]- while v do s ok ]]_f Ctcount VB =C

argspace = (size(vs) * 2) + 2
vspace = size(Dom(V)) * 2
spi | | space = vspace + argspace

Ctenps = C @salloc spillspace
@sst (argspace+0) Vx(x1)
@...

@ sst (argspacetvspace-1) Vb(xn)

[[ (AunionL) |- vs : ps ]] Cenps tcount V1 =

/1 alloc space for tenps,
/1 spill

al |
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/1 finish of the first block beginning at

tenporarily set to branch to ending code

/'l translate false (fallthru) block

/1 tenporarily set to branch to ending code

/1 translate true branch

/1 patch end of false to junp to join

/1 patch up branch target to true block

(trans-s-if)
tcount'

/1 get the conditional registers

/1 tenporarily set to branch to ending code

(trans-s-while)

args, return address
temps in Range of V

Cvs tcountvs // get each arg and store onto stack

I fixme
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(tcountcall, rfg, rfb, rag, rab)
= freshRegs(tcountvs)

retaddr = max(Donm(Cvs)) + 9

Ccall = Cvs @nov rag retaddr @sst 0 rag /1l store return addresses
@nov rab retaddr @sst 1 rab

@nmov rfg B(g) @mov rfb B(f) // call g

@jnp_Grfg @jm_Brfb
@sl d_G (2+0) Vx(x1) /1 restore tenps (alternate |oad col or)
@.

@sl d_B (2+vspace-1) Vb(xn)
@sld_G Vvg(x) 0 @sld_B Vb(x) 1// x <- return val ues
@sfree (vspace+2) /1 remove space for return values and spilled tenps

——————————————————————————————————————————————————————————————————— (trans-s-call)
[[ AL |- x =g(vs) ok ]]_f Ctcount VB = Ccall tcountcall

f C tcount V B = Cl tcountl
f Cl tcountl V B = C2 tcount2
---------------------------------------------------- (trans-s-seq)
[[ AL |- sl;s2 ok ]]_f Ctcount V B = C2 tcount2

LOCAL DECLARATI ON TRANSLATI ON

KkKKKKKKK KKKk Kk kkkkkkkkkkkk k%

[l AL]- . :L]] Ctcount V=Ctcount V

[[ (Aunion L) |- v : tau ]] Ctcount V = Cv tcountv rvg rvb
(tcountld, rg, rb) = freshReg(tcountv)

Vid = V[x -> (rg,rb)]

Cdd=C @nov rg rvg @nov rb rvb

[[ FAL[x:tau] |- Ids : L' ]] dd tcountld Vid = C tcount' V
—————————————————————————————————————————————————————————————————— (trans-1ds)
[[ FAL|- taux =v; lIds : L' ]] Ctcount V=C tcount' V

FUNCTI ON TRANSLATI ON

khkkkkhkkkhkhkrkhkhkkkhkkkhkk*k

| [[ F|- fds: F ]] €CB=C B n| /'l extends C with new function, adds address of new function to B, n is max num
——————————————————————————————————— of tenp registers used by any one function

----------------------------------- (trans-fds-enpty)

faddr = max(Donm(C) +1))
prol ogue(ps) C0O V0O = Cp tcountp Vp

[[ F[f : ps ->tau]l;ps;. |- Ids : L ]] Cp tcountp Vp = A ds tcountlds Vlds
[[ F[f : ps -> tau]l;ps;L |- s ok ]]_f COds tcountlds Vids B = Cs tcounts
[[ (Aunion L) |- v : tau]]_epilogue Cs tcounts Vids ps = C tcountr

tcount = max(tcountr, tcountfds)
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[[ F|- tau f(ps) {lds; s; returnv;} fds : FF]] CB=C B tcount

PROGRAM TRANSLATI ON

Khkkkkhkkkhkhkkhkhkkkkkx*k

| [[ |- pok]] = Ctcount startaddr | // returns code mem and nax
Cstart = ha -> nov t0 ha
ha+tl -> nov t1 ha
ha+2 -> jmp_G1t0
ha+3 -> jnmp_Gt1l
[[ . |- fds : F]] Cstart 0 . = Cfds Bfds tcountfds
startaddr = max(Don( Cf ds) +1)
[[ F;.;. |- 1ds : L]] Cds 0. = dds tcountlds Vids
[[ F,.;L |- s ok ]] dds tcountlds Vids Bfds = Cs tcounts
[[ L |- vV tau]] _epilogue Cs tcounts Vids () = C tcountr
tcount' = max(tcountr, tcountfds)
--------------------------------------------------------- (trans-p)
[[ |- fds; Ids; s; returnv ok ]] = C tcount' startaddr
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/1 code memstarts with infinite | oop



Translation Theorem

Trandation Theorem

formed

| BF |- C: P | /1l code nmenory contains wf functions
P|- C /1 code nenory is well

all f inF. P(B(f)) =[[F(f)]] /1 functions starts are correct
Don( P) = Don( C)

P(ha) = ( ( ap:kint,amknem al : kint, as: kstack ), 11

( pcg -> <G int, 1>,
spg -> <G sptr, al >,

d -> <G int, 0>

(), am al:as )
BF|- C: P
| T<=T |
Exists S. D |- S: D
S(G) <= G
D|- S(EmM) = Em
D|- S(s) =s

0 not in Donm(C
I m= max(Don( Q)
Dom(P) =
all 1 in Dom(C).

P(1) =T ->void

and P; T |- C(I) => RT

and (RT = T' ==> P(l +1)
P(lml) =T -> void

Dom(C) union (I m+l)

pcb -> <B,int, 1>,
spb -> <B, sptr, al >,

).

/1 current state T a subtype of another

(T-subt p)

/'l code mermory is well

=T

(Cpartial-t)
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Translation Theorem

| XV |- Tw |
T = (D, G seq, Ems)
all x:tau in X

V(x) = (rg,rb)

Grg) = <G [[tau]], Eg>
Q(rb) = <B,[[tau]], Eb>
D |- Eb

m
«Q
1

| f;:V;B;F;AL |- C: P| /1 code menory contains wf functions and one
function f in progress that is
---------------------- consistent with [[AL]]_V

P|-C: T

(Aunion L);V |- Tw

T<=1[[ F(f);L]]_V /1 translation in progress is in a constistent
state

all f' inF. P(B(f)) =T[[F(f')]] /1 functions starts are correct

P(ha) = ( ( ap:kint,amknem al : kint, as: kstack ),

( pcg -> <Gint, 1>, pchb -> <B,int, 1>,
spg -> <G sptr,al> spb -> <B,sptr, al >,
d -><Gint,0>),

(), am al:as )

----------------------------------------------------- (wWf-s)
f;V;B,F,A,L |- C: P
Code Addition Lemma
kkkkkkkkhkkkikikikhkhkikkikikhk*
If P|- C: T1
P, T1 |- il: T2
P, T2 |- i2: T3
P, Tn |- in: T
then P |- C@il @... @in: T
where P = P, (max(Dom(P) +1) -> (T2->void), (I mt3) -> (T3->void), ..., (max(Dom P)+n) -> (T ->void)

Proof: by inversion/reconstruction of (C partial-t)
*

Bl ock Extensi on Lenma

*hkhkkhkxhhkkdkrkdkrhhxhhkhkx

If P|- C
and P;T1 |- i1 : T2
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and P;T2 |- i2 : T3

and ...

and P,Tn |- in: T

then P |- C@il @... @in: T

where PP = P, (max(Dom(P)+1) -> (T1l->void), (max(Dom(P)+n) -> (Tn->void), (max(Don(P)+n+1)

>voi d)

Proof: simlar to Code Addition Lemma. deconstruction (Ct) to build first (Cpartial-t)

Val ue Transl ati on Lemmn

*hkhkkkhkrkdkrhkrkxdhkrkdxkhkkkx

If [[ X|- v : tau]] Ctcount V =C tcount' rgrb

and P |- C: (D G seq, Ems)

and X,V |- T wf

t hen

Exists EMd, PP. P |- C : (D,drg -> <G [[tau]],Eg>][rb -> <B,[[tau]], Eb>], seq, En, s)
and D |- Eg = Eb

Proof: By case analysis on [[ X |- v : tau]] Ctcount V =C tcount' rgrb
case (trans-n): inmmediate from (nov-t)
case (trans-v): imediate from (nmov-t) and inversion of (T-V-w)
case (trans-ref):
let P be P extended with the new | ocation returned by mall oc

P |- C: T by inversion/reconstruction of (G partial-t) and Heap Extension Lemma
then use (malloc-t), (st_Gt), and (st_B-t)

*

Local Decl Translation Lemmm
EIE I I b I b I R A I I b b b I b I I I b

If [[ FAL]|]-1lds: L' ]] CnV=C n V

and f;V;B;F; AL |- C: P

then Exists PP. f;V ;B F;AL |- C: P

Proof: by case analysis on [[ F;A/ L |- lds: L' ]] CnV=C n" V

case (trans-lds-enpty): inmediate

case (trans-1ds):

pl. [[ (Aunion L) |- v : tau]] CRV =C Rvrvg rvb

p2. (tcountld, rg, rb) = freshReg(tcount)

p3. Vid = V[x -> (rg,rb)]

pd. dd =C @nmov rg rvg @nmov rb rvb

p5. [[ F;A L[x:tau] |- Ids : L' ]] dd tcountld VId = C tcount' V
—————————————————————————————————————————————————————————————————— (trans-1ds)
[[ FAL]- taux =v; lds : L' ]] CRV =C tcount' V
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1. P|-C: T | I'nversion of (wf-s), a2
2. (Aunion L);V |- T w
3. T<=[] Kf);L]]_V
4. all f' in F. P(B(f)) =[[F(f')]] and P(ha) = Thalt
5. T=(DG(),Ems) | 2, inspection of (T-subtp)
6. Exists P, EmM | Vvalue Trans Lemma, pl, 1, 2, 5
P |- O (DJrvg -> <G [[tau]], Eg>]
[rvb -> <b,[[tau]], Eb>],
(),Em,s)

and D |- Eg = Eb

di. T2 = (D, drvg -> <G [[tau]],Eg>][rvb -> <b,[[tau]], Eb>]
[rg -><G[[tau]],Eg>][rb -> <b,[[tau]], Eb>],

(), Em,s)
7. P |- Qv @nov rg rvg @nov rb rvb : T2 | Code addition Lemma, 6, (nov-t)
8. (A union L[x:tau]);(V,x->(rg,rb)) |- T2 wf | Inversion/reconstruction of (T-V-wf), 2, 5,
di
9. T2 <= [[ F(f);L ]]1_(V,x->(rg,rb)) | I'nversion/reconstruction of (T-subtp), 3,
(gen- Thet a)
10. f;(V,x->(rg,rb));B;F, A L[x:tau] |- Cv : P | (WM-s), 7, 8, 9, 4
11. Exists PP'. f;V ;B F,AL |- C : P’ | I.H p5, 10
*
Argument Transl ation Lenma
EE R S I S S S S
If [[ X|- vs : ps]] Ctcount V Pnum= C tcount'
and vs = x1:taul, ..., xn:taun
and P |- C: (D G seq, Ems)
and s = El:t :: ... :: El+2*Pnum: t1 :: ... :: El +2*(Pnumtn-1) : tn :: s"'
then P |- C : (D G,seq,En,hs")
where s' = E:t :: o El+2*Pnum: <G [[taul]],E1> :: ... :: El +2*(Pnum#tn-1) <B,[[taun]], En>::
oy
and G <= G
Proof: by case analysis of [[ X |- vs : ps ]] Ctcount V Pnum= C tcount’
case trans-vs-.: trivial

case trans-vs: uses Value Translation Lemma, Code Addition Lemma, and (sst-t)
G <= G because only new tenporary registers are nodified

Pr ol ogue Lenmm

EE R I R O

If prologue(ps) Ctcount V Pnum= C tcount' V
and F;B |- C
then Exists PP. f;V ;B F[f: ps->tau];ps;. |- C : P

Proof: by induction on prologue(ps) Ctcount V Pnum= C tcount' V
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Translation Theorem
case (trans-prolog-enpty): trivial

case (trans-prol ogue):

deconstruct (wf-f), use (gen-Theta) to get evidence to construct Exists Pp |- Cp :
then build (wf-s)
Epi | ogue Lemmm
R R S S I S
If [[ (Aunion L) |- v : tau]]_epilogue Ctcount V=C V tcount'
and f;V;B;F; AL |- C: P
then Exists P'. B;F|- C: P
Pr oof :
deconstruct (wf-s), show how additional code nodifies s
now have type that satifies ret addr
Statenment Translation Lemma
If [[ FAL]- s ok ]]_f Ctcount VB = C tcount'

and f;V;B,F,A L |- C: P
then Exists PP. f;V;B;F,ALl-C : P
Proof: by case analysis on [[ F;A;L |- s ok ]]_f Ctcount VB = C tcount'
1. P|-C: T | Inversion of (wf-s), a2
2. (Aunion L);V |- T w
3. T<=][[ Kf);L]]_V
4, all f' in F. P(B(f')) =[[F(f')]] and P(ha) = Thalt
5. T=(D,G(),Ems) | I'nspection of (T-subtp),
CASE TRANS- S- ASSI GN:
pl. [[ (Aunion L) |- v : tau]] Ctcount V = Cv tcountv rgv rbv
p2. C = Cv @nov Vg(x) rgv

@nov Vb(x) rbv

———————————————————————————————————————————————————————————— (s-assign-t)
[[ AL ]- x=vok]]_f Ctcount VB = C tcountv
6. Exists P, En. | Value Trans Lemma, pl, 1,

P |- O (Ddrvg -> <G [[tau]], Eg>]

[rvb -> <b,[[tau]], Eb>], (), Enl,s)
and D |- Eg = Eb

di. T2 = (D, drvg -><G|[[tau]],Eg>][rvb -> <b,[[tau]], Eb>]
[Vg(x)-> <G [[tau]], Eg>][Vb(x)-> <b,[[tau]], Eb>],

[[A->tau;.]]_Vp

3

2

(),EmM,s)
7. P |- Qv @nov rg rvg @nov rb rvb : T2 | Code addition Lemma, 6, (nov-reg-t)
8. (Aunion L);V |- T2 wf | I'nversion/reconstruction of (T-V-wf), 2, dil
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9. T2 <=[[ Kf);L]]_V | I'nversion/reconstruction of (T-subtp), 3, di
10. f;V,;B, F, A Ll- C : P | (wf-s), 7, 9, 9, 4, p2

*

CASE TRANS- S- OP, TRANS- S- DEREF, TRANS- S- UPDATE:

simlar to trans-s-assign

apply appropriate typing rules to get endi ng Ganma

then need to showit's a subtype of Gfrom[[ F(f);L ]]_V

all new tenps can be dropped

two conputations do equiv things, so can build new substitution using sane variables for nodified
regi sters

*

CASE TRANS- S- SEQ

i mediate from | H.

CASE TRANS- S- CALL:

dl. argspace = (size(vs) * 2) + 2
d2. vspace = size(Dom(V)) * 2
d3. spillspace = vspace + argspace

d4. Ctenps = C @salloc spillspace

@ sst (argspace+0) Vx(x1)

@...

@ sst (argspace+vspace-1)
pl. [[ (Aunion L) |- vs : ps ]] CGenps tcount V 1 = Cvs tcountvs // get each arg and store onto
stack

p2. (tcountcall, rfg, rfb, rag, rab)
= freshRegs(tcountvs)

d5. retaddr = max(Don(Cvs)) + 9
d6. Ccall = Cvs @nov rag retaddr @sst 0 rag

@nov rab retaddr @sst 1 rab
@nmov rfg B(Qg) @nov rfb B(f)

@jmp_Grfg @jnp_B rfb
@sld_G (2+0) Vx(x1)
@

@sl a_B (2+vspace-1) Vb(xn)
@sld_GVg(x) 0 @sld_B Vb(x) 1
@sfree (vspace+2)

——————————————————————————————————————————————————————————————————— (trans-s-call)

file//ejfetal ftitransthm.html (6 of 12) [8/15/2008 10:27:03 AM]



Translation Theorem

6. Exists El,us. s = El : us | def of s
7. Exists PP,EM. P |- Cemps : (D g,(),EM,s") | Code Addition Lenmm, 1, 6, (salloc-t), (sst-
t), d4

where s' = El -spil |l space : ns

El -vspace-1: ns
El -vspace : G Vg(x1l)) | EI - spillspace + argspace = vspace

El-1: GVb(xn))

El : us
8. Exists Ps,Ens,Gs. Ps |- Cvs : (D, Gs, (), Ens, ss) | Argunent Translation Lemma, pl, def of vs, 1,
7, dl, d2, d3
where ss = El -spill space : ns
;. El-spillspace+l : ns
El -spill space+2 : <G [[taul]], E1>
El -vspace-1: <B,[[taun]], En>
El -vspace : Vg(x1)) | El - spillspace + argspace = vspace
El-1: G Vb(xn))
:: El : us
and ps = xn:taul, ..., xn:taun
and Gs <= G
41. let Tret = (Dr,G, (), Enr,sr) | build type after call returns
wher e
Dr anenr : kmem at:kint

G spg -> <G sptr, El -vspace-2>, spb -> <B, sptr, El -vspace- 2>
pcg -> <G int,ar> pcb -> <Gint,ar>
d -> <Gint, 0>

E nr = anmenr

sr = El -vspace-2 : <G [[tau]], at>
.. El-vspace-1: <B,[[tau]], at>
El - vspace © §(Vg(x1))
El-1 . QVb(xn))
El Dous

Tr = (Dr, &, (), E_m, sr)

42. P ,retaddr ->(Tret->void) - retaddr : Tret->void| (heap-addr-t)

10. Exists Pg,Eng. Pg |- Cvs @nov rag retaddr | Code Addition Lenma, 8, (nov-n-t), (sst-t),
(jmp_Gt), 42

@sst 0 rag

@nov rab retaddr

@sst 1 rab

@nov rfg B(Q)
@nov rfb B(f)

@jm_Grfg
: (Db &g, (), Eng, sg)
where sg = El -spil | space . <G [[Tret->void]], retaddr>

El -spill space+l : <B,[[Tret->void]], retaddr>
El -spill space+2 : <G [[taul]], E1>

El -vspace-1: <B,[[taun]], En>
El -vspace : QVg(x1)) | EI - spillspace + argspace = vspace
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Translation Theorem

11.
12.

13.
14

141. target's ret type can be satified by Tret

15.
16.
17.
18.
19.
20.

21.

t),

23.

*

El-1: QVb(xn))
.. El : us
& <= G |

equalities hold for all pairs in current state |
equalities hold for all pairs in target state |
using fresh exp vars

target stack is abstracted above args
target nemis a fresh exp var

build S

target d, pcG pcB have appropriate types
S(&) <= G target

S(sg) <= s_target

S(Eng) <= Em target

Pg |- Cv's @... @jnp_Brfg |

Exi sts Pc.
Pc; Tret |- sld_G (2+0) WVx(x1) |
(sfree-t), (gen-Theta)
@. ..
@sld B (2+vspace-1) Vb(xn)
@sld_GWvg(x) O @sld_B Vb(x) 1
@sfree (vspace+2)
. Tcall
and Tcall <= [[ F(f);L ]]_V
and (A union L);V |- Tcall w

f;V;B;F; AL |- Ccall : Pc |

CASE TRANS- S-| F:

di.
pl.

p2.

d2.
ds.

p3.
d4.
ds.

dé.
p4.
d7.
ds.

do.

lc = mx(dom(C)) + 1

only fresh tenp regs are nodified

I nversion of (T-V-wf), 2
4, (trans-functtp)

4, (trans-functtp)
4, (trans-functtp)
41, 4, (trans-functtp), g

11, 12,

13, 14

4, (trans-functtp)

15, 4, (trans-functtp),
15, 4, (trans-functtp),

15, 14

(C't)! 10! (an't),

15-19

Code Addition Lenma, 41,

(wf-s),

21, 4

[[ Aunion L) |- v : int ]] Ctcount V = Cv tcountv rgv rbv

(tcountc, rtg, rfg, rjtg, rjfg, rthb, rfb, rjtb, rjfb, reg,
freshReg(tcountv) // fresh registers for the block Iabels

| fixtrue = max(Don{Cv) +1)
Cc =Cv @nmov rtg 1 @nov rtb 1
@bz Grgv rtg @bz _B rbv rth

[[ FAL|- s2 ok ]]_f Cc tcountc V = Cf tcountf
I fixjoin = max(Don( Cf) +1)
' = @nov rjfg 1l @nov rjfb 1

@jm_Grjfg @jm_Brjfb

| bztarget = max(Don(Cf') +1)
[[ AL |- s2 ok ]J]_f Cf'" tcountf V = C tcountt
ljoin = max(Dom( Ct) +5)

' = & @nov reg ljoin @nmov reb ljoin
@jmp_Greg @jnp_B reb )
C = Ca'[Ifixjoin ->nmov rjfg |join]
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Translation Theorem

[Ifixjointl -> nov rjfb |join]
[Ifixtrue -> nmov rtg | bztarget]
[Ifixtrue+l -> nov rtb | bztarget]

d10. tcount' = tcount

———————————————————————————————————— (trans-s-if)

[[ AL |- if v then sl else s2 ok ]]_f Ctcount VB = C tcount'

6. Exists Pc, Ent.
Pc |- C : (D Ce, (), Ent,s)
(mov-n-t),(bz_Gt),(bz_B-t), 4
where G <= G
7. f;V;B,F; AL |- Cc : Pc

8. Exists P1. f;V;B;F, AL |- C : P1

9. Exists P1', Entl'.

(mov-n-t), (jmp_Gt), (jnp_B-t), 4
P1' |- Cf (D Ge, (), EmL' |, s)
where Gl <= G
and P1' (I bztarget) = [[ F(f);L ]]1_V

10. f;V;B;F, AL |- CF" @ PI
11. Exists P2. f;V,;BF, AL |- C : P2

12. Exists P2', EnR'.

(nmov-n-t), (jrp_Gt), (jnp_B-t), 4
P2 |- &' : (D &, (), EnR',s)
where & <= G
and P2' (Ijoin) =[] F(f);L]]_V

13. f;V;B,F;A L |- C : P2
14. Exists Pfix. f;V,;B;F;AL |- C : Pfix

*

CASE TRANS- S- VWHI LE:

simlar to TRANS-S-1F.

*

Function Transl ati on Lemm

EIE R I R I R S I I I O
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(Wf-s), (T-V-wf), 6, 4
IH p3, 7
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IH p4, 10
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Translation Theorem

If [[ F|]- fds: FF ]] CB=C B n
and BjF |- C: P
then exists P. B;F |- C : P
Proof: by induction on the structure of [[ F |- fds : FF ]] CB=C B n

CASE TRANS- FDS- EMPTY: trivi al

CASE TRANS- FDS:

dl. faddr = max(Dom(C) +1))
pl. prologue(A) CO V 0O = Cp tcountp Vp

p2. [[ F[f : A->tau]l;A . |- Ids : L]] Cp tcountp Vp = Cds tcountlds Vds
p3. [[ F[f : A->tau];A L |- s ok ]]_f dds tcountlds Vids B = Cs tcounts
p4. [[ (Aunion L) |- v : tau ]]_epilogue Cs tcounts Vids = Cf tcountf

p5. [[ F[f : A->tau] |- fds : F ]] C B[f -> faddr] = C B tcountfds

d2. tcount = max(tcountf, tcountfds)
——————————————————————————————————————————————————————————————————————————————— (trans-fds)
[[ F |- tau f(ps) {lds; s; returnv;} fds : FF]] CB=C B tcount

1. 0 not in Dom( Q) | I'nversion of (Wf-F), assunption 2
2. Dom(P) = Don( Q)
3. all | in DomQ.

P(1) =T ->void
and P, T |- C(I) => RT
and (RT = T ==> P(1+1) = T -> void)

4, all f in F. P(B(f)) = [[F(f)]]

5. P(ha) = Thalt

6. Exists Pp. f;Vp ;B F[f: A->taul;A . |- Cp . Pp | Prol ogue Lemma, pl, assunption 2

7. Exists Plds. f;Vlds;B;F[f: A->tau];A L |- Cds : Plds | Local Declaration Translation Lema, p2,
6

8. Exists Ps. f;Vids; B, F[f: A->tau];AL |- Cs . Ps | Statenment Translation Lemma, p3, 7

9. Exists Pf. F[f: A->tau]; B |- Cf : Pf | Epilogue Lenma, p5

10. xists PP. F;B |- C : P | 1.H p5, 9

Transl ati on Theorem

EE R R R R R R

If [[ |- fds;lds;s ok ]] = C tcount startaddr

t hen

st = mi n(Don(C) - 3)

R = buil dR(tcount)[pcg -> startaddr][pcb -> startaddr][spg -> st][spb -> st]
M=st+2 -> 0, st+l -> ha, st -> ha

I' (R, C, M ()! )

Pr oof :

1. Cstart = ha->npv t0 1, ha+l->nmov t1 1, ha+2->jnmp_Gt0, ha+t3->jmp_Gtl | I'nversion of (trans-
p), assunption

2. [[ . |- fds : F]] Cstart O . = Cfds Bfds tcountfds

file///ejfetal ftitransthm.html (10 of 12) [8/15/2008 10:27:03 AM]



Translation Theorem

3. startaddr = nmax(Donm( Cf ds) +1)
4. [[ F,.;. |- lds : L]] Cfds 0. = dds tcountlds Vlds
5. [[ F;.;L |- s ok ]] dds tcountlds VIds Bfds = Cs tcounts
6. [[ L |- v : tau]]_epilogue Cs tcounts Mids () = Ctcountr
8. tcount = max(tcounthalt, tcountfds)
dil. Dhalt = ap:kint,amkmem al :kint, as: kst ack
d2. Ghalt = pcg -> <G int, 1>, pcb -> <B,int, 1>,
spg -> <G sptr,al> spb -> <B,sptr, al >,
d -><Gint,0>
d3. Thalt = ( Dhalt, Chalt, (), am al:as )
d4. Pstart = 1 -> Thalt
2 ->( Dhalt, Ghalt[t0-><G Thalt,1>], (), am al:as )
3 ->( Dhalt, Ghalt[t0-><G Thalt, 1>][t1l-><B, Thalt,1>], (), am al:as )
4 -> ( Dhalt, Ghalt[t0-><G Thalt, 1>][t1-><B, Thalt,1>][d-><G Thalt,1>], (), am al:as )
9. Pstart |- Cstart | (Ct), 1, d4, (nmov-n-t),
(jmp_Gt), (jrmp_B-t)
10. .;. |- C: P | deconstruction of (Ct), 9,
reconstruction of (W-F), d4
11. exists Pfds. Bfds;F |- Cfds : Pfds | Function Translation Lemmg,
2, 10
ds. FF = F[main: ()->int] | main is a fresh function nane
not inF
B = B[main : startaddr ]
dé. Tmain = ( (al:kint,as: kstack, am knem apc: kint),
(spg -> <G sptr,al-2> spb -> <B, sptr, al - 2>,
pcg -> <G int,apc> pcb -> <Gint,apc> d -> <Gint,0>),
(),
am
al-2:<G Tr->void,int> :: al-1: <B, Tr->void,int> :: al as )
where Tr = ( (anr:knem at: kint),
(spg -> <G sptr,al-2> spb -> <B,sptr, al - 2>,
pcg -> <G int,apc> pcb -> <Gint,apc> d -> <Gint, 0>),
anr,
OF
al-2 : <Gint,at>:: al -1 : <B,intt,at>:: al : as)
d7. P = Pfds, startaddr -> (Tmain -> void)
12. P |- Cfds : Tmain | (Cpartial-t), inversion of
(W-F), 11, d7
13. .;. |- Trmain w | (T-V-wf)
14. all f' in F. P(B (f)) = [[F(f')]] | inversion of (wWf-F), 11, d5
15. P(ha) = Thalt | inversion of (W-F), 11
16. Tmain <= [[ ()->int;. ]]_. | d6, (gen-Theta)
17. main;.;B;F;.;. |- Cfds : P | (wf-s), 12, 13, 14, 15, 16
18. Exists Plds. main;Mds;B ;F;.;L |- Odds : Plds | Local Decl Translation Lemms,
4, 17, weakening of B/F
19. Exists Ps. main;Vids;B ;F;.;L |- Cs : Ps | Statement Translation Lemma,
5, 18, weakening of B/ F
20. Exists P. B;F |- C: P | Epilogue Lemma, 6, 19
dio. Ms = M
dil. Mm=
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Translation Theorem

I nversion of (wW-F),
(#-def), def of M st
I nversion of (W-F), 2

d7,

d -> <G int, 0>,

1'. Donm(P) = Donm({C) uni on Don( My

2. M= M #(dom(C)) Dom Mn

3. P|-C

4' . ir = .

5'. P(startaddress) = (Dmain, Grain, (), am smai n)

renoved

where Dmain = (al:kint,as: kstack, am knmem apc: ki nt),
Grain = (spg -> <G sptr,al-2> spb -> <B,sptr, al - 2>,
pcg -> <G int,apc> pchb -> <G int, apc>,

smain = al-2:<G Tr->void,int> :: al-1:

Tr = ( (anr:kmemat:kint),
(spg -> <G sptr, al - 2>,
pcg -> <G int, apc>,

spb -> <B, sptr, al - 2>,
pcb -> <G int, apc>,

<B, Tr->void,int> ::

al : as )

d -> <Gint, 0>),

al

anr,
(),
al-2 : <Gint,at>:: al -1 : <B,intt,at> ::
6'. S = (st+2/al), (sbasel/as), (enmp/am, (startaddr/apc)
21, P |- (st+2 -> 0) st+2 : sbase
22. P;. |- ha: <B,Tr->void,int>
23. P;. |- ha: <G Tr->void,int>
7. P|- Ms: st:<G Tr->void,int>
st+1:<B, Tr->void,int> :: st+2:sbase
24, all | in Dom(MY)....
25. [[enp]] = Mn
26. P |- ():0)
8. P|- (MnQ : (S(am, S())
27. P;. |- startaddr <c,int,startaddr>
28. P;. |- st : <c,sptr,st>
9. P|- R: S(Q
30. |- (R G M (), .)
7, 8, 9
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(s-t-base)
(addr-heap-t), d4
(addr - heap-t), d4
(s-t-cons), 21, 22, 23

di1
dii, [[ ]]
(Qenp-t)
(heap-t), 24, 25, 26
(int-t)
(sptr-t)
(reg-file-t),

(st), 1, 20 3, 4,

0

5

27, 28, 6",

20, di1

code nmem part of P never

5

6



TAL_CF Syntax

TAL CF Syntax

MACHI NE STATE SYNTAX

colors c = B | G| R

val ues Y = cn

registers r = ri | rl1 | ... | rn

reg file R = {r->v,...,r->v}

instructions i = movi rd v /Il rd :=v
| sub rdrsl rs2 /l rd :=rsl - rs2
| intend rt /] intend to jump to rt (ri :=rt)
| intendz rz rt /l if rz =0then intend to junp to rt
| recovernz rz // if rz =0, branch to fault recovery code

bl ock b = i;b | joprt | brzrzrt

Code Menory C = {n->b,...,n->b}

Hi story h :=11. I k /1 often witten (h,Ik) when only the |ast

State S::=(C h, R b)

Machine States MS ::= S| recover(h) | hwerror(h)

TYPI NG SYNTAX

Ki nds k ::= kint | kseq

Exp Contexts D ::= . | D x:ik

Substitutions S ::= . | S FHx

ri types rit::= ok | go | goz | check

base types t' = int | AI[D(GA | rit

static exps E = x | n | E-E | E?E:E

types t := <c,t',BE>

reg file type G ::= . | G r->t

type option to ::= t | undef

heap typing P = | P, n->t /1 P(n) = undef if n not in Don(P)

| ocation seq seq = enpty | alpha | seq o E

fault tag f = ¢ | cf

zap tag z = . | f

cf
I\
9
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Dynamic Semantics

Dynamic Semantics

(C h, R novi rdv; b) -->0 (C, h, Rrd->v], b)

v' = Rcol(rsl) (Rwval(rsl) - Rval(rs2))

(C h, R subrd, rsl, rs2; b) -->0(C, h, R rd ->vVv' ], b

(C h, R intend rt; b) -->0 (C, h, Rri ->R(rt)], b)

Rval(rz) =0
-------------------------------------------------------------- (i ntendz-set)
(C h, R intendz rz rt; b) -->0 (C, h, Rri ->R(rt)], b)

————————————————————————————————————————————————— (intendz-unset)
(C, h, R intendz rz rt; b) -->_0 (C, h, R b)

—————————————————————————————————————————————— (recovernz- ok)
(C, h, R recovernz rz; b) -->_0 (C, h, R b)

-------------------------------------------- (recovernz-halt)

(C, (h,1), R brz rz rt) -->0 (C, (h/1,1+1), Rri -> RRval(ri)], C(l+1))

Rval(rz) =0 R val (rt) in Don(C)
----------------------------------------------------------------------------------------- (brz-taken)
(C (h,1), R brzrzrt) -->0(C, (h,/I1,Rval(rt)), Rri ->RRwval(ri)], C(Rwval(rt)))

Rval(rz) =0 R val (rt) not in Dom C
————————————————————————————————————————— (brz-hwerror)

(C, h, R brzrzrt) -->0 hwerror (h)

R val (rt) in Don(C)

(C h, R jmprt) -->_0 (C, (h,Rwval(rt)), Rri -> RRwval(ri)], C(Rwval(rt)))
R val (rt) not in DomC)

————————————————————————————————— (j mp-hw-error)
(C, h, R jnmp rt) -->0 hwerror(h)
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Dynamic Semantics

(C, h, R by -->1(C h, Rr ->cn'], b)

R(rz) =/=0 I in Don(C)
——————————————————————————————————————————————————————————————— (zap-recover-1inQ
(C, h, R recover rz; b) -->1 (C, (h, 1), R C))

R(rz) =/=0

——————————————————————————————————————————————————————————————— (zap-recover-InotinQ

(C, (h,1), R recover rz; b) -->_1 hwerror(h)
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TAL_CF Typing

TAL _CF Typing

| D|- E| Static Expression Equality
X in Don(D)

------------ (wf-var)

D|- x : D(x)

-------------- (W -int)

(wf-i fexp)

D|- E1 ? E2: E3 : k

| D|- E=E | Static Expression Equality

D |- ELl:kint D |- E2: kint

Forall S. . |- S: D ==> [[S(E1)]] = [[S(E2)]]
——————————————————————————————————————————————————— (E-eq)
D|- E1 = E2

D |- ELl:kint D |- E2: kint

Forall S. . |- S: D ==> [[S(E1)]] =/=[[S(E2)]]
——————————————————————————————————————————————————— (E-eq)

| [[ET |

[[n]] = n

[[EL - E2]] = [[E1]] - [[E2]]

[[Eb?Et:Ef]] = if [[Eb]] then [[Et]] else [[Ef]]
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TAL_CF Typing

| D|- S: D |

D|- S: D D|- Ek X not in (D union D)
——————————— (subst-enpt-t) ----------mooi e
D|- . : . D|- SEx : (D,x:k)
| P|l-n: t" | I nteger Typing Judgment
——————————————— (int-t) --------------- (address-t) -----------
P|l- n: int P|- n: P(n) Pl- n: rit
| D|- t <=1t" | Subt ypi ng Judgment
D|- E1 = E2
—————————————————————————— (subtp-reflex)

--------------------------- (subtp-int)

——————————————————————————————— (G subt p)

| Db P|-Z v : t | Value Typing Judgnent

P|l-n t' D|- E=n

——————————————————————————— (val -t)

DP|-Z cn <c,t',E>

D|- E: kint

--------------------------- (val -zap-c-t)

DP|-c ¢cn: <ct', E>

D|- E: kint

¢ =Bor c =G <-- Note: value can be red
--------------------------- (val -zap-cf-t)

DP|-cf cn <c',t',E>

| DPG |- i G | I nstruction Typi ng Judgnent

rd =/=ri
—————————————————————————————————————————————————— (novi -t)
(D;P;Q |- novi rdci @ d rd -><c,int,i>]

rd =/=ri
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TAL_CF Typing

G(rsl) = <c,int,Esl> G(rs2) = <c,int,Es2>

---------------------------------------------------- (sub-t)
D;P;G |- subrdrslrs2: d rd -> <c,int,Esl-Es2> ]

Gri) = <ci, ok, Ei > Grt) = <B,AI[Dt](C&, At), Et>
————————————————————————————————————————————————————— (intend-t)
D;P;,G|- intend rt : G ri -> <B,go,Et> ]

G(ri) = <B,go, E >

Grt) = <B,AI[D] (&, At), Et>

G(rz) = <B,int, Ez>
----------------------------------------------------- (intendz-t)
D;P;G |- intendz rz rt : d ri -> <B,goz, Ez?Ei : Et> ]

| DbP;,GAE ;to |- b | Block Typing Judgnent
/1 Ei is where we had intended to go, on block entry will always describe ri
/1 to is type of fallthru bl ock

DP,G |- i G D;P,G;AE ;to |- b
——————————————————————————————————————————————————————— (sequence-t)
Db P, G A E; to]|-i;b

G(rz) = <R int, Ez> D x:kint |- Ez = El - x

G(ri) = <R check, x>

D|- Grilrz W D |- seq wf D|- E : kint
D,P,Jrz-><Rint,0>][ri-><B,ok,El>]; seq o El; El; to |- b

------------------------------------------------------------------ (recovernz-t)

(D,x:kint); P, G seq o El; x; to |- recovernz rz; b

= <R int, Ez>
= <R check, El'i >
Ez = Eli - Ela
Eli = Ela
. ; i -><Rok,Eli>]; seq o Ela; Ei; to |- b
------------------------------------------------- (recovernz-eg-t)
.; P, G seq o Ela; Eli; to |- recovernz rz ; b

G(rz) <R int, Ez>
Q(ri) <R, check, El i >
. |- Ez = Ei - Ha
|- BEli =/=Ha
————————————————————————————————————————————————— (recovernz-neg-t)
.; P, G seqo Ela; Eli; to |- recovernz rz; b

G(ri)= <B,goz, Ez' ?Ef' : Et' >
D|- BEf' =Ea+1

Grt) = <G A I[Dt](G,At), Et>
D|- Bt = Et'

Exists St. D|- St : Dt

D|- dri -> <R check,Et'>] <= St(Q)
D|- seq o Ela o Et' = St(At)

Exists Sf. D |- Sf : Df

D|- dri -> <R check, Ef'>] <= Sf(&)
D |- seq o Ela o Ef' = Sf(Af)

(D, P, G seq o Ela; Ei; AII[DI](G,Af) ) |- brzrzrt
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G(ri)= <B,go, Et'>

Qrt) = <GAI[D] (G, At), Et>
D|- Et = Et'

Exists S. D|- St : Dt
D|- gri -> <R check,Et'>] <= St(Q)
D|- seq o Ela o Et = St(At)

(D P, G seqo Ela E; t) |- jnprt

| |- C: P Code Typi ng Judgnent

Forall n in Don(C) union Don(P).

P(n) = AII[D, Y:kint, al pha: kseq] ((G ri-><R, check, Y>), al pha o n)

/\ D|- Gw /\ Forall r' in DomQ. Gr') =/=<Rt', E >

/\ D|- P(n+l) w

I\ (D, Y:kint,al pha: kseq); P; (G ri-><R check, Y>); alpha on; Y; P(n+l) |- C(n)

Forall r. P;. |-Z R(r) G(r)
------------------------------ (R1)
P|-Z R: G

| |- h: seq| Sequence Typi ng Judgnent
—————————————————————————————— (h-enpty-t)
[- () : enpty

|- E=n

|- h: seq

------------------------------ (h-append-t)

| 1-Z (C, h, R b) | Machi ne Typi ng Judgment
|- C: P

P|-ZR: G

|- (hl) : A

Z=cf 2. |-E ==1 :]-E =I

Qri) == <R check,Ei > ==> . |- E =1

L PGAE;P(I+1) |- b

|-Z (C (h,1),R Db)
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L emmas

Canoni cal Fornms Lemmam

If .;P|-Zcn: <',t'",EE> and |- C: P
then
1. if Z=cf and (¢' =Bor ¢ =@, then. |- E : kint
2. if Z==c¢" thenc=c¢ and . |- E : kint
3. if Z=/=¢" and (Z =/=cf or ¢’ =/=Band c' =/= G then
c =c¢ and
t' =int => |- E =n
t" =rit => . |- E =n
t' = AI[D(GA) ==> ninDbDon(C and . |- E =n

Subt ypi ng Lemma:

If D|-t <=t' and D;P |-Z v:t then D;P |-Z v:t'

Proof :
By induction on the derivation of D;P |-Z v:t. Each case uses inversion
of the subtyping rules and transitivity of D|- El1 = E2.

Equal Code Label s Lemm:

If .;P|-f ¢ nl: <c,AI[Dl](&,A2),Et> and . |- Et = n2

then P |- n2 : AI[Dl] (&, A2)

Proof :

For some f =/= ¢, inversion tells us that P |- AII[D1](Q&,A2) : Et and . |- Et = nl.
By transitivity, . |- nl = n2.

By equality, P |- n2 : AI[Dl] (&, A2)

Exp Conditional Lenma

If D|- EZ=0 then D |- Ez?Ef:Et
If D|- Ez =/=0 then D |- Ez?Ef:Et

Et.
Ef .

Proof: By definition of D|- E = E and definition of [[E]]

Substitution Structure Lemma

If D|- S: (D,x:k)
then Exists E,E S. S=S, Efx and D|- E: k and D|- S : D

Proof: By inspection of (subst-t)
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Exp Eq Trans Lenmma

If D|- E1L =E2 and D|- E2 =E3 then D|- El = E3
If DJ|- seql = seq2 and D |- seq2 = seq3 then D |- seql = seq3

Proof: By definition of D|- El1 = E2 and definition of [[E]].

Col or Weakeni ng Lenma

: v : t and then D;P |-c

If DP |- t
If DDP|-c v: t and c = Bor ¢

Vo
G then D;P |-cf v:it

Proof: By case analysis of DP |- v : t

Substitution Lemma

1. If Dx:k |- E: k and D|- E: k then D|- E[EX] : k'

2. If DDx:k |- E1 = E2 and D |- E: k then D|- E1[E/ x] = E2[E X]

3. If Dx:k;P|[-Zv :t and D|- E: k then DP|-ZvVv : t[EX]

4. If Dx:k;P,GAEt;t |- b and D|- E: k then D P,GEXx];AE/X];Et[E/X];t[E/X] |- b

5. If (D1,D2) |- E:k' and Dl |- S: D2 then D1 |- S(E) : k'

6. If (D1,D2) |- E1 = E2 and Dl |- S: D2 then Dl |- El[E/ x] = E2[H X]

7. If (D1,D2);P|-Zv : t and Dl |- S: D2 then DI;P |-Z v : S(t)

8. If (D1,D2);P;GIl1;AEi;to |- b and D1 |- S: D2 then DI1;P;S(Q;S(l);S(A);S(E);S(to) |- b

PROOF:
1. By induction on the structure of D;x:k |- E :k'.
2. By case analysis on the structure of D, x:k |- E1 = E2 using Part 1.
3. By case analysis on the structure of D;x:k;P |-Z v : t using Parts 1 and 2.
4. By induction on the structure of D x:k;P;GI|;A |- b using Parts 1-3. The case for recovernz-t
divides into two subcases depending on if Ez = 0 and uses recovernz-eq-t or recovernz-neq-t as appropriate.

5-8. By induction on the size of D, using Parts 1-4 respectively.
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Progress

1. If |- Sthen S-->0 ¢
2. If |-ZSthen S-->0FS

PART 1: If |- (C h,Rb) then (Ch Rb) -->0 (C,h',R,b")

PROOF: By case analysis on b

CASE MWI: b = novi rd v; b'

1. (C h, R nmovi rdv; b)) -->0(C, h, Rrd->v], b") [ (rovi) ]
* MOVl conplete

CASE SUB: b = sub rdrs rs; b’

dl. let v' = Rcol(rs) (Rwval(rs) - Ruval(rt)) [ definition ]
1. (Ch,Rsubrd, rs, rt; b') -->0 (Ch,R rd->v' ], b") [ (sub) ]
* SUB conpl ete

CASE INTEND: b = intend ri rt; b'

1. (Ch,Rintend rd rs; b') -->0 (Ch,Rrd ->R(rs)], b") [ (intend) ]
* | NTEND conpl ete

CASE INTENDZ: b = intendz rz rt; b'

subcase on R val (rz) =?= 0:

SUBCASE | NTENDZ. a:

aal. Rval(rz) =0 [ subcase assunption ]
la. (Ch,Rintendz rz rdrs; b') -->0 (Ch,Rrd -> R(rs)],b") [ (intendz-set), aal ]
* | NTENDZ. a conpl ete

SUBCASE | NTENDZ. b:
abl. Rwval(rz) =/=0 [ subcase assunption ]

1b. (Ch,R intendz rz rdrs; b') -->0 (Ch,RDb") [ (intendz-unset), abl ]

* | NTENDZ. b conpl ete

CASE RECOVERNZ: b = recovernz rz; b

al. |- (C (h,1),Rrecovernz rz; b")

1. |- C: P [ I'nversion of (S-t),
2. P|-R: G

3. |- (h1) : A

4. . |- B =1

5. ., P,GAE;P(I+1) |- b
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subcase on the structure of 5 (recovernz-t doesn't apply since D= .)
SUBCASE RECOVERNZ. A:

= <R/int, Ez>
= <R, check, Ei >

|- Ez = E - Ela

|- B = FEa
.; P, dri -><Rok,Ei>]; seq o Ela; E; t |- b
————————————————————————————————————————————————— (recovernz-eqg-t)
.; P, G seqo Ela; E; t |- recovernzrz ; b

Inversion of (Rt), 2, pal ]

6a. .;P|-Z R(rz) : <R int,Ez> [

7a. |- Rwval(rz) = Ez [ Canonical Forns, 6a, 2 ]

8a. |- Ela - E =0 [ pad ]

9a. |- Rval(rz) =0 [ Exp Eq Transitivity, 7a, pa3, 8a ]
10a. (C, (h,1), R recovernz rz; b) -->0 (C, (h,1), R b) [ recovernz-ok, 9a ]

* RECOVERNZ. A conpl ete

SUBCASE RECOVERNZ. B

) = <R int, Ez>
Gri) = <R check, E >
|- Ez = E - EHa

|- B =/=FEa
————————————————————————————————————————————————— (recovernz-neg-t)

; P, G seqo Ela; Ei; t |- recovernzrz; b
6b. . |- Ela =1 [ I'nversion of (h-append-t), 3]
7b. . |- BEla = E [ Exp Eq Transitivity, 4, 6b ]
8b. subcase does not apply [ 7b contradicts pb4 ]

* RECOVERNZ. B conpl ete

CASE BRZ: b =brzrz rt

al. |- (Ch,Rbrzrzrt)
subcase on R val (rz) =?= 0:
cC: P

|_
P|- R: G
. P,GAE ;P(I+1) |- brz rz rt

wnN e

subcase on Rval (rz) =?=0

SUBCASE BRZ. a:

aal. Rval(rz) =0 [ subcase assunption ]

4a. Qrt) = <GAI[D](&,It,R), Et> [ I'nversion of (brz-t), 3]

5a. .;P |- R(rt) : Qrt) [ Inversion of (Rt), 4a]

6a. Rval(rt) in Don(C [ Canonical Forms, (4a, 5a), 1]

7a. (Ch,Rbrzrzrt) -->0 (C (h,Rval(rt)),Rri ->RRwval(ri)],C(Rval(rt))) [ brz-taken, aal, 6a ]
* BRZ.a conplete

SUBCASE BRZ. b:
abl. Rwval(rz) =/=0 [ subcase assunption ]

4b. P(1+1) = AII[Df] (G, Af)

5b. 1+1 in Donm(P)

6b. 1+1 in Don( Q)

1b. (Ch,Rbrz rz rt [ri]; b") -->0 (Ch,Rb")
* BRZ.b conplete

I nspection of (brz-t), 3]
4b, def of P ]

Inversion of (Ct), 1, 5b ]
brz-unt aken, abl, 6b ]

CASE JMP: b =jnp rt

al. |- (ChRjnp rt)

c: P

1. |-
2.P|-R: G
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3. .sPGAE ; ;P(I+1) |- brzrz rt

4., grt) = <GAI[D](&,It,Rt), Et> [ I'nversion of (jnp-t), 3]

5. ;P |- R(rt) @ rt) [ I'nversion of (Rt), 2]

6a. Rval(rt) in Don(C [ Canonical Forms, (4, 5), 1]
7a. (Ch,Rjmp) -->0 (C (h,Rval(rt)),Rri -> RRwval(ri)],CR.wval(rt))) [ jmp, 6a ]

* JWP conpl ete

** Progress Part 1 Conplete.

PART 2. If |-Z (G h,Rb) then (Ch,Rb) --> 0 FS

PROCF: By case analysis on b

CASES MOVI, SUB, | NTEND, | NTENDZ:

As in Progress Part 1. (Don't depend on typing info.)
* MOVI, SUB, |NTEND, | NTENDZ conpl ete

CASE RECOVERNZ: b = recovernz rz; b’

subcase on R val (rz) =?= 0:

SUBCASE RECOVERNZ. a:

aal. Rval(rz) =0

la. (C h,Rrecovernz rz; b') -->0 (Ch,Rb") [ (recovernz-ok), aal ]
* RECOVERNZ. a conpl ete

SUBCASE RECOVERNZ. b:

abl. Rwval(rz) =/=0

1b. (C, h, R recovernz rz; b) -->_0 recover(h) [ (recovernz-halt), abl ]
* RECOVERNZ. b conplete

CASE BRZ: b =brz rz rt

al. |-Z (Ch,Rbrzrzrt)
subcase on R val (rz) and then Rval(rd) in Don(C).

SUBCASE BRZ. a:
aal. Rval(rz) =/=0

la. |- C: P [ Inversion of (S-t), al]

2a. .;P,GAE ;P(l+1) |- brzrz rt

3a. P(I+1) = AII[Df] (G, Af) [ Inspection of (brz-t), 2a]
4a. 1+1 in Donm(P) [ 3a, def of P ]

5a. | +1 in Dom(C) [ I'nversion of (Ct), la, 4a]
6a. (Ch,Rbrzrzrt [ri]; b') -->0 (Ch,Rb") [ brz-untaken, aal, 5a ]

* BRZ.a conplete

SUBCASE BRZ. b:

abl. Rwval(rz) =0

ab2. R val(rd) in Donm(C)

1b. (Ch,Rbrz rz rt)-->0(C (h,I,Rval(rt)),Rri -> RRwval(ri)],C(Rwval(rt))) [ (brz-taken), abl, ab2 ]
* BRZ.b conplete

SUBCASE BRZ. b:

acl. Rwval(rz) =0

ac2. Rval(rd) not in Dom C)

lc. (Ch,Rbrz rz rd; b) --> 0 hwerror(h) [ (brz-hwerror, acl, ac2 ]
* BRZ.c conplete
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CASE JMP: b =jnp rt

al. |-Z (Ch,Rbrzrzrt)
subcase on R val (rd) in Don(C).

SUBCASE JMP. a:

aal. Rval(rd) in Don(C

la. (CGh,Rjnp rt)-->0(C (h,Rval(rt)),Rri
* JWP.a conplete

SUBCASE JMP. b:

abl. R val(rd) not in DomC)

la. (Ch,Rjnmp rt) -->_0 hwerror(h)
* JMP. b conplete

** Progress Part 2 conplete

-> RRwval(ri)],(Rval(rt)))
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Preservation

Preservation

1. If |- S and S-->0S then |- &
2. If |-f S and S-->0 S then Exists 2. |[-Z S and Z2 >=f
3. If |- Sand S-->1 S then Exists ¢c. |-¢c S

Corol lary: Preservation-Fault-El evation

If |-ZS and S -->k S then Exists Z2. |-Z2 S and Z2 >= Z

P R R R

* Lemma Preservation-No-El evation: *

khkkkkhkkhkkhhkkkhkkkkhkhkkkkhkkkkkkk ok kk

If |-Z (Ch RDb) and b =/= brz and b =/= jnp and (C h,Rb) -->S then |[-Z §

PROOF: By case analysis of S-->0 S

*k ok ok kK

----------------------------------------------------------- (movi)

(C (h,1), R movi rdv; b) -->_0 (C, (h,1), Rrd->v], b)

al. |-Z (C, h, R novi rd v; b)

1. |- C: P

2. P|-ZR: G

3. |- (h,1) : A

4x. Z=cf ? . |- E =/=1 : |- E =1

4y. ri) =/= <R check,Ei> ==> . |- E =1

5. .;P,GAE ;to |- movi rdv; b

6. .;P;G |- nmovi rd (ci) : g rd <- <c,int,i>] [ Inversion of (segence-t),
5. .;Pdrd-><c,int,i>;AE;t |- b [ I'nversion of (sequence-t),
7. P|- i :int [ (int-t) ]

8. . |- 0 =i [ (E-eq) ]

9. ;P |- ci <c,int,i> [ (val-t), 7, 8]

10. .;P|-Zc i : <c,int,i> [

11. Forall r'. ;P |-Z R(r") : Qr") [ I'nversion of (Rt),

2. P|- Rrd->ci] : rd -><c,int,i>] [ (Rt), 11, 10 ]

12. rd =/=ri [ I'nversion of (nmovi-t),
4y'. drd -><c,int,i>](ri) =/= <R check,Ei>==> . |- E =1 [ 12, 4y ]

12. |-Z (C, (h,1), Rrd ->v], b) [ (s-t), 1, 2",

* MOVI conplete

CASE SUB:

(C (h,1), R subrd, rsi, rs2; b) -->0 (C (h/I), R rd->v' ], b)

al. |-Z (C, (h,I), R subrd, rsl, rs2; b)
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1. |- . P
2. P|-ZR: G
3. |- (h,1) : A
4x. Z=cf ? . |- E =/=1 |- E =1
4y. Qri) =/= <R check,E > ==> . |- B =
5. .;P,GAE;to |- subrd, rsl, rs2; b
6. .;P;G|- subrd, rsl, rs2 : § rd <- <c,int,Esl-Es2> ] [ I'nversion of (segence-t), 5, Inspection of (sub-t) ]
5. .;P;drd<-<c,int,Esl-Es2>];AE;t |- b [ Inversion of (sequence-t), 5, 6 ]
7. rsl) = <c,int,Esl> [ I'nversion of (sub-t), 6 ]
8. Q(rs2) = <c,int, Es2>
9. ;P |-Z R(rsl) <c,int, Esl> [ I'nversion of (Rt), 2, 7]
10. .;P |-Z R(rs2) <c,int, Es2> [ I'nversion of (Rt), 2, 8]
subcase Z =/=c¢ and (Z =/=cf or ¢ =/= B and ¢ =/= Q
1la. Rcol(rsl) = c¢ and |- Esl = Rval(rsl) [ Canonical Forms, 9, 1]
12a. Rcol(rs2) =c and . |- Es2 = Rval(rs2) [ Canonical Forms, 10, 1]
13a. [[Es1l]] = Rwval(rsl) and [[Es2]] = R.val(rs2) [ I'nversion of (E-eq), 1la, 12a ]
14a. [[Es1]] - [[Es2]] = Rwval(rsl) - R.val(rs2) [ 13a ]
15a. [[Esl1l-Es2]] = Rval(rsl) - R.val(rs2) [ def of [[E]], 14a ]
16a. . |- Es1-Es2 = Rwval(rsl1l) - R.val(rs2) [ (E-eq), 15a]
17a. P |- Rwval(rsl) - Rval(rs2) int [ (int-t) ]
18a. .;P |-Z R.col(rs) (Rwval(rsl) - Rval(rs2)) <c,int,Esl-Et2> [ (val-t), 1lla, 16a, 1l7a ]
subcase Z = ¢
11b. R col(rsl) = c¢ and |- Esl : kint [ Canonical Forms, 9, 1]
12b. R col(rs2) = c¢ and |- Es2 : kint [ Canonical Forms, 10, 1]
13b. |- (Esl-Es2) : Kkint [ (wi-sub), 12b ]
14b. .;P |-c Rcol(rsl) (R.val(rsl) - Rval(rs2)) <c,int,Esl-Et2> [ (val-zap-c-t), 13b, 11b ]
subcase Z = c¢f and (¢ = Bor ¢ = QG
1lc. |- Esl : kint [ Canonical Forns, 9, 1]
12c. |- Es2 : kint [ Canonical Forms, 10, 1]
13c. . |- (Esl-Es2) ki nt [ (W-sub), 1lc, 12c ]
14c. .;P |-cf Rcol(rs) (Rwval(rsl) - Ryval(rs2)) <c,int,Esl-Et2> [ (val-zap-cf-t), 12c ]
ner ge
19. .;P |-Z Rcol(rs) (Rwval(rsl) - Rval(rs2)) <c,int,Es-Et> [ 18a, 14b, 14c ]
2. P|-ZR rd->v'" ]: d rd <- <c,int,Esl-Es2> ] [ (Rt), (Inversion of (Rt), 2), (19, pl) ]
20. rd =/=ri [ I'nversion of (sub-t), 6]
4y'. rd -><c,int,i>](ri) =/= <R check,Ei>==>. |- E =1 [ 12, 4y ]
21. |-Z (C, (h, 1), R rd ->v' ], b) [ (S-t), 1, 2, 3, 4x, 4y', 5 ]
* SUB conpl ete
CASE | NTEND:
———————————————————————————————————————————————————————————————— (i ntend)
(C, (h,1), R intend rt; b) -->0 (C, (h,I), Rri ->R(rt)], b)
al. |-Z (C, (h,1), R intend ri rt; b)
1. |- . P
2. P|-ZR: G
3. ]- (h1) : A
4x. Z=cf ? . |- E =/=1 |- E =1
4y. ri) =/= <R, check,E > ==> . |- B =
5. .;P,GAE;to |- intend ri rt; b
6. .;P;G |- intend ri rt dri -> <B,go, Et> [ I'nversion of (sequence-t), 5,
5. .;Pd ri <- <Bjint,Et>];AE ;t |- b [ Inversion of (sequence-t), 5, 6 ]
7. ¢rt) = <BAI[D](&,At), Et> [ I'nversion of (intend-t), 6 ]
8. .;P|-ZR(rt) <B,AII[DX](&G,It,At), Et> [ I'nversion of (Rt), 2, 7]
subcase Z = cf
10a. |- Bt : kint [ Canonical Forms, (9, subcase assunption), 1 ]
1la. .;P |-cf R(rt) <B,int, Et> [ (val-t), 10a, 1la ]
subcase Z = B
10b. . |- Et kint and Rcol(rt) =B [ Canonical Forms, (9, subcase assunption), 1]
11b. .;P |-B R(rt) <B,int, Et> [ (val -zap-c-t), 10b ]
subcase Z =/= B and Z =/= cf
10c. |- Rval(rt) = Et and Rcol(rt) =B [ Canonical Forms, (9, subcase assunption), 1]
11c. P |- Rwval(rt) i nt [ (int-t) ]
12c. .;P |-G R(rt) <B,int, Et> [ (val-t), 10c, 11c ]
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Preservation

ner ge

13. ;P |-Z R(rt) : <B,int, Et> [ 11a, 11b, 12c ]

14. Forall r'. ;P |-Z R(r') @ Qr") [ I'nversion of (Rt), 2]

2. P|-ZRri ->R(rt)] : gri -><B,int, Et>] [ (Rt), 14, 13 ]

15. Qri) = <ci, ok, Ei > [ I'nversion of (intend-t), 6 ]
4y'. . |- B =1 [ 4y, 15]

16. |-Z (C, (h,1), Rri -> R(rt)], b) [ (St), 1, 2, 3, 4x, 4y', 5 ]

* | NTEND conpl ete

CASE | NTENDZ- SET:

————————————————————————————————————————————————————————————————————— (i ntendz-set)
(C, (h,1), R intendz rz rt; b) -->0 (C, (h,1), Rri -> R(rt)], b)

al. |-Z (C (h,1), R intendz rz rt; b)

1. |- . P

2. P|-ZR: G

3. ]- (h1) : A

4x. Z=cf ? . |- E =/=1 : |- E =1

4y. ri) =/= <R check,Ei> ==> . |- E =1

5. .;P,GAE ;to |- intendz rz ri rt; b

6. .;P;G|- intendz rz ri rt : G[ri <- <B,int,Ez?E :Et>] [ I'nversion of (sequence-t), 5, Inspection of (intendz-t) ]
5. .; P, dri -> <B,int,Ez?Ei:Et>]; seq~>Ez?:Et; A|- b [ Inversion of (sequence-t), 5, 6 ]
7. ¢rt) = <BAI[D](&,It,A), Et> [ I'nversion of (intendz-t), 6 ]

8. Q(rz) = <B,int, Ez>

9. ri) = <B,go, E >

11. SP|-Z R(rt) : <BAI[D](&,A), Et> [ Inversion of (Rt), 2, 7]

12. .;P |-Z R(rz) : <B,int, Ez> [ I'nversion of (Rt), 2, 8]

13. ;P |-Z R(ri) : <B,go, Ei > [ I'nversion of (Rt), 2, 9]

ay'. . |- B =1 [ 4y, 9]

subcase Z =/= B and Z =/= cf

14a. R val (rz) = Ez Canoni cal Forns, 12, subcase assunption, 1 ]
15a. Ez =0 Exp Eq Transitivity Lemma, pl, 14a ]

16a. . Ez?Ei : Et = Et Exp Conditional Lenma, 15a ]

17a. Rcol(rt) =B and . |- Rwval(rt) = Et Canoni cal Forns, 11, subcase assunption, 1 ]

Exp Eq Transitivity, 16a, 17a ]
(rit-t) ]
(val-t), 17a, 18a, 19a ]

19a. R val (rt) : go
20a. . |-Z R(rt) : <B,go, Ez?Ei: Et>

| -
|_
|-
 C

18a. . |- Rwval(rt) = Ez?E : Et
|-
P

subcase Z = B

14b. Rcol(rt) =B and . |- Et : kint [ Canonical Forns, 11, subcase assunption, 1 ]
15b. . |- Ez : kint [ Canonical Forms, 10, 1]

16b. . |- E : kint [ Canonical Forms, 11, 1]

17b. . |- Ez?Ei:Et : kint [ (wi-ifexp, 14b, 15b, 16b ]

18b. .;P |-B R(rt) : <B, go, Ez?Ei: Et> [ (val-zap-c-t), 14b, 17b ]

subcase Z = cf

14c. . |- E =/=1 [ 4x, Z=cf ]

15c. contradiction -- subcase does not apply [ 4y', 15c ]

ner ge

21. ;P |-Z R(rt) : <B,go, Ez?Ei: Et> [ 20a, 18b, 15c ]

2. P|-ZRri ->R(rt)] : dri -> <B,go, Ez?Ei : Et >] [ (Rt), (Inversion of (Rt), 2), 27 ]
22. |-z (C (h1), Rri ->R(rt)], b) [ (St), 1, 20, 3, 4x, 4y', 5 ]

* | NTENDZ- SET conpl et e

CASE | NTENDZ- UNSET:

R val (rz) =/=0
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(i ntendz-unset)

(C, (h,1), R intendz rz rt; b) -->_0 (C, (h,1), R b)

al. |-Z (C, (h,1), R intendz rz rt; b)

1. |- P

2. P|-ZR: G

3. |- (h1) : A

4x. Z=cf ? . |- E =/=1 |- E =1

4y. ri) =/= <R check,E > ==> . |- B =1

5. .;P,GAE;;to |- intendz rz ri rt; b

6. .;P,G |- intendz rz ri rt G[ri <- <B,int,Ez?E:Et>] [ I'nversion of (sequence-t), 5, Inspection of (intendz-t) ]
5. .; P, dri -><B,int,Ez?Ei :Et>]; seq~>Ez?:Et; A|- b [ I'nversion of (sequence-t), 5, 6 ]
7. ¢rt) = <BAI[D](&,It,At), Et> [ I'nversion of (intendz-t), 6 ]

8. (rz) = <B,int, Ez>

9. §ri) = <B,go, E >

11. ;P |-Z R(rt) <B,AII[Dt] (&G, At), Et> [ I'nversion of (Rt), 2, 7]

12. ;P |-Z R(rz) <B,int, Ez> [ I'nversion of (Rt), 2, 8]

13. ;P |-Z R(ri) <B, go, Ei > [ I'nversion of (Rt), 2, 9]

4y'. . |- B =1 [ 4y, 9]

subcase Z =/= B and Z =/= cf

14a. |- Rwval(rz) = Ez [ Canonical Forms, 12, subcase assunption, 1]
15a. |- Ez =/0 0 [ Exp Eq Transitivity Lemma, pl, 1l4a ]
16a. . |- Ez?Ei:Et = E [ Exp Conditional Lemma, 15a ]

17a. R.col(ri) =B and |- Rwval(ri) = Ei [ Canonical Forms, 13, subcase assunption, 1]
18a. . |- Rwval(rt) = Ez?E : Et [ Exp Eq Transitivity, 16a, 17a ]
19a. |- Rwval(rt) goz [ (rit-t) ]

20a. .;P|-Z R(rt) <B, goz, Ez?Ei : Et > [ (val-t), 17a, 18a, 19a ]

subcase Z = B

14b. R col(ri) = B and . |- Ei:kint [ Canonical Fornms, 13, subcase assunption, 1 ]
15b. |- Ez : kint [ Canonical Forns, 12, 1]

16b. |- Et : kint [ Canonical Forms, 11, 1]

17b. . |- Ez?E : Et ki nt [ (wi-ifexp, 14b, 15b, 16b ]

18b. .;P |-B R(ri) <B, goz, Ez?Ei : Et > [ (val-zap-c-t), 14b, 17b ]

subcase Z = cf

14c. |- B =/=1 [ 4x, Z=cf ]

15c. contradiction -- subcase does not apply [ 4y', 15c ]

ner ge

24, ;P |-Z R(ri) : <B,goz, Ez?Ei: Et> [ 23a, 18b, 15c ]

2. P|-ZR: ({ri -> <B,goz, Ez?Ei : Et >] [ (Rt), (Inversion of (Rt), 2), 24 ]

15. |-Z (C, (h,1), R b) [ (St), 1, 2", 3, 4x, 4y', 5 ]

* | NTENDZ- UNSET conpl et e

CASE RECOVERNZ- OK:

R val(rz) =0

----------------------------------------------------- (recover nz- ok)

(C, (h,1), R recovernz rz; b) -->0 (C (h,1), R b)

al. |-Z (C, (h,I), R recovernz rz; b)

1. |- . P

2. P|-ZR: G

3. ]- (h1) : A

4x. Zz=cf ? . |- E ==1 : . |- E =1

4y. Qri) =/= <R check,Ei> ==> . |- E =1

5. .;P,GAE ;to |- recovernz rz; b

subcase on the structure of 5 -

SUBCASE RECOVERNZ- OK. A: usi ng (recovernz-eqg-t)
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Grz) = <Rint, Ez>
G(ri) = <R check, El'i >
. |- Ez =Hi - Ela
. |- Eli =FHa
.; P, dri -><Rok,Eli>]; seq o Ela; Eli; to
.; P, G seq o Ela; Eli; to |- recovernz rz ;
6a. .;P |-Z Rwval(ri) <R, check, El i >
7a. .;P|-Z Ruwval(ri) <R, ok, El'i >
2 P|-ZR: ri -> <R ok, Eli>]
5. .; P, dri -><Rok,Eli>]; seq o Ela; Hi
8a. . |- BEla=1
', . |- Bi =1
8a. |-Z (C (h,1), R b)
* RECOVERNZ- K. A conpl ete
SUBCASE B: using (recovernz-neq-t)
Grz) = <R int, Ez>
Gri) = <R check, El'i >
. |- Ez =Hi - Ela
|- Eli =/=FEa
; P, G seq o Ela; Eli; to |- recovernz rz; b

subsubcase Bl: Z =/= R

6bl. . |- Rwval(rz) = Ez
7b1. . |- Ez =0
8bl. . |- Eli = Ela

|- b

|- b

9b1. 8bl contradicts p4. subsubcase doesn't apply

subsubcase B2: Z = R

6b2. . |- Bla = |
7b2. . |- Bi =
8b2. . |- Ei = Ha

9b2. 8b2 contradicts p4. subsubcase doesn't apply

* RECOVERNZ- OK. B conpl et e

CASE RECOVERNZ- HALT:

(C, h, R recovernz rz; b) -->_0 recover
recover(h) =/= ¢

case does not apply
* RECOVERNZ- HALT conpl ete

CASES BRZ- UNTAKEN, BRZ- TAKEN, BRZ- HW ERROR:

Do not apply (i = brz)

CASES JMP, JMP- HW ERRCR:

Do not apply (i = jnp).

** LEMVA PRESERVATI ON- NO- ELEVATI ON conpl et e

(recovernz-halt)

(recovernz-eqg-t)

[

Inversion of (Rt), 2, pa2]

(val -t), Inversion/Reconstruction of val-t rules,

(rit-t) for (val-t) case ]
(Rt), 2, 7a]

pas ]

I nversion of (h-append-t), 3]
Exp Eq Transitivity, p4, 8a ]

(St), 1, 2, 3, 4x, 4y', 5 ]

(recovernz-neqg-t)

Canoni cal Forns, (lnversion of (Rt), 2, pbl),
Exp Eq Transitivity, 6bl, pl ]
pb3, 7bl ]

I nversion of (h-append-t), 3]
4x, subcase assunption ]
Exp Eq Transitivity, 7b2, 8b2 ]

file:///e|/tal cf/preservation.html (5 of 17) [8/15/2008 10:27:13 AM]

1]

usi ng



Preservation

khkkkkhkkhkhhkhkkhkkkkhkhkkkkhkkkkkkkkkk k%

* LEMVA PRESERVATI ON- JMP- BRZ- EMPTY- Z *

hkkkkhkhhkhhhhhkhkhhkhkhkhkkhkkhkkkhhkk k%

If |- S and and b =brz or b =jnp and S-->0S then |- S

PROOF: By case analysis of S-->0 S

*kk Kk K

CASES MOVI, SUB, I NTEND, |NTENDZ-SET, | NTENDZ-UNSET, RECOVERNZ- OK, RECOVERNZ- HALT:

al. |- S
a2. S-->0§8

1. i =/=jnp or brz [ inspection of rules ]
* CASES MOVI, SUB, | NTEND, | NTENDZ-SET, | NTENDZ- UNSET, RECOVERNZ- OK, RECOVERNZ- HALT conpl ete

CASE BRZ- UNTAKEN:

———————————————————————————————————————————————————————————————————————————————— (brz-unt aken)
(C (h,1), R brzrzrt) -->0(C, (h/I,I+1), Rri -> RRwval(ri)], CI+1))

al. |- (C (h, 1), R brzrzrt)

1. |- C: P

2. P|- R: G

3. |- (h,1) : A

4x. . |- E =1

4y. Qri) =/= <R check,Ei> ==> . |- E =1

5. s PRGAE;P(1+1) |- brz rz rt

6. .;P;Gseq o Ela; Ei; AII[DI](G,Af) |- brzrzrt [ I'nspection of (brz-t), 5]

7. ri)= <B,goz, Ez' ?Ef"': Et' > [ I'nversion of (brz-t), 6 ]

8. . |- Eff =Ha+1

9. Qrz) = <Gint, Ez>

10. . |- Ez = Ez'

11. Exists Sf. . |- Sf : Df

12. . |- dri -> <R check, Ef'>] <= Sf(d&)

13. . |- seq o Ela o Ef' = Sf(Af)

14. Forall r'. ;P |- R(r') : Qr") [ I'nversion of (Rt), 2]

15. .;P |- R(ri) : <B,goz,Ez'?Ef':Et'> [ 14, 7]

16. . |- Rwval(ri) = Ez' ?Ef"' : Et"' [ I'nversion of (val-t), 15 ]

17. P |- Rwal(ri) : check [ (rit-t) ]

18. .;P |- R(rz) : <Gint, Ez> [ 14, 9]

19. |- Rval(rz) = Ez [ I'nversion of (val-t), 18 ]

20. |- Ez' =/=0 [ Exp Eq Transitivity, 19, pl, 10 ]
21. |- Ez' ?Ef':Et' = Ef' [ Exp Conditional Lenma, 20 ]

22. |- Rwval(ri) = Ef' [ Exp Eq Transitivity, 16, 21 ]
23. .;P |- RRwval(ri) : <R check, Ef'> [ (val-t), 17, 22 ]

24. P |- Rri ->RRuwval(ri)] : dri -> <R check, Ef' >] [ (Rt), 14, 23]

2. P |- Rri ->RRwval(ri)] : Sf(&) [ Repeated applications of Subtyping Lemma, 12, 24 ]
25, |- 1 = Ha [ I'nversion of (h-append), 3, 6]
26. |- Ef" =1 +1 [ Exp Eq Transitivity, 8, 25 ]
27. |- (h,1,1+1) : seq o Ela o Ef' [ (h-append), 3, 26 ]

3. |- (h,1,1+1) : Sf(Af) [ Exp Eq Transitivity, 27, 12 ]
28. P(l+1) = AII[DF] (G, Af) [ Inspection of 5, 6]

29. Df = (Df', Y:kint, alpha:kseq) and Af = alpha o (I+1) [ I'nversion of (Ct), 1, p2, 28]

30. G (ri) = <R check, Y>
31. Df; P, Gf; Af; Y, P(1+2) |- C(I+1)
5. .; P St(G); SF(Af); Sf(Y); SF(P(1+2)) |- C(I+1) [ Substitution Lemmm, 11, 31 ]

32. . |- <R check, Ef' > <= Sf (<R, check, Y>) [ 12, 30 ]
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Preservation

33. . |- Ef'" = Sf(Y) [ I'nversion of (subtp-reflex), 32 ]
4. . |- Sf(Y) =1+1 [ Exp Eq Transitivity, 26, 33 ]
34: |- (C, (h,1,1+41), Rri -> RRwval(ri)], C(I+1)) [ (St), 1, 2, 3, 4, 4, 5 ]

* BRZ- UNTAKEN conpl et e

CASE BRZ- TAKEN:

Rval(rz) =0 R val (rt) in Don(C)
------------------------------------------------------------------------------------------ (brz-taken)
(C (h,1), R brzrzrt) -->.0(C, (h,1,Rval(rt)), Rri ->RRwval(ri)], CR.wval(rt)))

al. |- (C (h/1), R brzrzrt)

1. |-C: P

2. P|]- R: G

3. |- (h,1) : A

ax. |- E =1

4y. Qri) =/= <R check,E > ==> . |- E =1

5. ;PR GAE ;P(I+1) |- brz rz rt

6. .;P;Gseq o Ela; Ei; AI[D](G,Af) |- brzrz rt [ I'nspection of (brz-t), 5]

7. §ri)= <B,goz, Ez' ?Ef': Et' > [ I'nversion of (brz-t), 6]

8. rz) = <G int, Ez>

9. . |- Ez = EZ

10. ¢rt) = <GAI[D](&,At), Et>

11. . |- Bt = Et*

12. Exists St. D|- St : Dt

13. . |- dri -> <R check,Et'>] <= St(Q)

14. . |- seq o Ela o Et' = St(At)

15. Forall r'. ;P |- R(r') : Q(r") [ I'nversion of (Rt), 2]

16. .;P |- R(ri) : <B,goz,Ez'?Ef':Et'> [ 15, 7]

17. . |- Rwval(ri) = Ez' ?Ef': Et' [ I'nversion of (val-t), 16 ]

18. P |- Rwval(ri) : check [ (rit-t) ]

19. .;P |- R(rz) : <Gint, Ez> [ 15, 8]

20. |- Rwval(rz) = Ez [ I'nversion of (val-t), 19 ]

21. . |- Ez' =0 [ Exp Eq Transitivity, 20, pl, 9]
22. |- Ez'?Ef':Et' = Et [ Exp Conditional Lenma, 21 ]

23. |- Rwval(ri) = Et [ Exp Eq Transitivity, 17, 22 ]

24, ;P |- RRwal(ri) : <R check, Et'> [ (val-t), 18, 23]

25. P |- Rri ->RRwval(ri)] : dri -> <R check, Et'>] [ (Rt), 15, 24 ]

2. P |- Rri ->RRwval(ri)] : st(&) [ Repeated applications of Subtyping Lemma, 13, 24 ]
26. .;P |- rt : <GAI[D](&G,At), Et> [ 15, 10 ]

27. . |- Ruwval(rt) = Et [ I'nversion of (val-t), 26 ]

28. . |- (h,I,Rwval(rt)) : seq o Ela o Et' [ (h-append), 3, 27 ]

3. . |- (h/1,Rwval(rt)) : St(At) [ Exp Eq Transitivity, 28, 14 ]

29. Dt = (Dt', Y:kint, alpha:kseq) and At = alpha o Rval(rt) [ Inversion of (Ct), 1, p2, (lnversion of (val-t), 26) ]
30. G(ri) = <R check, Y>

31. Dt; P, G; At; Y, P(Rwval(rt)+1) |- C(R.val(rt))

5. ;PSt(&); St(At); St(Y); St(Rwval(rt)+1) |- C(Rval(rt)) [ Substitution Lenma, 31, 12 ]
32. . |- <R check, Et' > <= St(<R check, Y>) [ 13, 30 ]

33. . |- Et' = St(Y) [ I'nversion of (subtp-reflex), 32 ]
4'. . |- St(Y) = Rwval(rt) [ Exp Eq Transitivity, 33, 27, 11 ]
34: |- (C (h,I,Rval(rt)),Rri -> RRwval(ri)],CRval(rt))) [ (St), 1, 2, 3, 4, 4, 5 ]

* BRZ- TAKEN conpl et e

R val (r) in Don(C)

-------------------------------------------------------------------------------- (i)
(C h, R jnmprt) -->_0 (C, (h,I,Rval(rt)), Rri ->RRval(ri)], CRval(rt)))

al. |- (C (h1), R jmprt)

1. |- C: P

2. P|- R: G

3. |- (h,1) : A

ax. . |- E =1
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Preservation
4y. Qri) =/= <R check,E>==> . |- B =1

5 ,P,GAE; ;P(I+1) |- jnp rt

6. .; P, G seqo Ela E; t |- jnmrt [
7. §ri)= <B,go, Et'> [
8. ¢(rt) = <GAI[D](G,R), Et>

9. . |- Bt = Et’

10. Exists S. D|- St : Dt

11. . |- dri -> <R check,Et'>] <= St(Q)

12. . |- seq o Ela o Et = St(At)

13. Forall r'. ;P |- R(r') : Qr") [
14. ;P |- R(ri) : <B,go, Et'>

15. . |- Rwval(ri) = Et' [
16. P |- Rwval(ri) : check [
17. .;P |- RRwal(ri) : <R check, Et'> [
18. P |- Rri -> RRwval(ri)] : dri -> <R check, Et' >] [
2. P |- Rri ->RRwval(ri)] : st(&)

19. ;P |- rt <GAI[D](G,At), Et> [
20. . |- Rwal(rt) = Et [
21. . |- (h,I,R.val(rt)) : seq o Ela o Et' [
3. . |- (h/I,Rval(rt)) : St(At) [
22. Dt', Y:kint, alpha:kseq) and At = alpha o Rval(rt) [

Dt = (
23. G (ri) = <R check, Y>

24. Dt; P, &; At; Y, P(Rwval(rt)+1) |- C(R.val(rt))

5. P sSt(G); St(At); St(Y); St(R.val(rt)+1) |- C(R.val(rt)
25. . |- <R check, Et'> <= St (<R, check, Y>) [
26. . |- Et' = St(Y) [
4'. . |- St(Y) = Rwval(rt) [
34: |- (C (h,I,Rwval(rt)), Rri -> RRwval(ri)], C(R.wval(rt)

* JMP conpl ete

CASES BRZ- HW ERROR, JMP- HW ERRCR:

Rval(rz) =0 R val (rz) not in Donm(C)

(C h, R brzrzrd) -->0 hwerror

R val (r) not in Donm(C)

I nspection of (jnmp-t), 5]

I nversion of (jmp-t),

61

Inversion of (Rt), 2]

[ 13, 7]
I nversion of (val-t),

(rit-t) ]

(val-t), 15, 16 ]
(R-t), 13, 17 ]

14 ]

Repeat ed applications of Subtyping Lemm, 11, 18 ]

13, 8]

I nversion of (val-t),
(h-append), 3, 20 ]
Exp Eq Transitivity,

19 ]

21, 12 ]

Inversion of (Ct), 1, pl, (Inversion of (val-t),

) [ Substitution Lemmm, 24, 10 ]

11, 23]

I nversion of (subtp-reflex), 25 ]

Exp Eq Transitivity,

) [(st), 1, 27, 3,

(brz-hwerror)

———————————————————————————————————————————————————————————————— (j mp- hwerror)

(C, hy, R jnpr) -->0 hwerror
(Ch,Rb) --/-->0S

cases do not apply
* BRZ- HW ERROR, JMP- HW ERROR conpl et e.

** PRESERVATI ON- JMP- BRZ- EMPTY- Z COVPLETE

26, 9, 20 ]

4, 4,5 ]

B R

* LEMVA PRESERVATI ON- BRZ- PCSS| BLE- ELEVATI ON *

hhkkkkhkkhhkhhkhkkhkhkkhkkkkkkkkhkkhkkkkhkkkkkk kK k%

If |-f (C (h,1), R brzrzrt)
and Gis regfile type used
and Qrz) = <Gint, Ez>

and Q(ri) = <B,goz, Ez' ?Ef"': Et' >
and Q(rt) = <GAI[D](&,At), Et>
and |- h: seq o Ela

and (C (h,1),Rbrzrzrt) -->0 S
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t hen
(1)) f =R == |-R S

(2) f =/=cf

(3) f = Gand

(a) Rval(rz) =/=0and . |- Ez =/=0 ==> |-G S // correct fallthru (

(rz correct)
(b) Rval(rz) =/=0and . |- Et = Ela + 1 ==> |-G S // correct fallthru

(branch/fallthru targets are equal)
(a) Rval(rz) =/=0and . |- EZz =0 and . |- Et =/=Ea+ 1 ==> |-cf S // incorrect fallthru

(that doesn't accidentally work out)
(c) Rval(rz) = Oand. |- EzZz =0 and . |- Rwval(rt) = Et ==> |-G S' // correct branch
(c) Rval(rz) = Oand. |- EZz =0 and . |- Rwval(rt) =/= Et ==> |-cf S // incorrect branch (rt corrupt)
(d) Rval(rz) = Oand. |- Ez =/=0 and . |- Rwval(rt) = EHa + 1 > |-G S /] correct branch (two wongs neke a right)
(b) Rval(rz) = Oand. |- Ez =/=0 and . |- Rwval(rt) =/=Ea+ 1 ==>]-cf S // incorrect branch

(rz corrupt, doesn't accidentally work out)
(5) f =B and

(a) Rwval(rz) =/=0 and |- Rwval(ri) = Ef' => |-B & /1 correct fallthru
(b) Rwval(rz) =/=0 and . |- Rwal(ri) =/=E"' ==> |-cf & /'l incorrect faullthru
(c) Rval(rz) = 0 and . |- Rwal(ri) = Et' => |-B S /'l correct branch
(d) Rval(rz) = 0 and |- Rwval(ri) =/=E" ==> |-cf S /1 incorrect branch

PROOF: By case analysis of S-->0 S

*kk Kk k K

CASES MOVI, SUB, | NTEND, | NTENDZ- SET, | NTENDZ-UNSET, RECOVERNZ- OK, RECOVERNZ- HALT, JMP, JMP-HW ERROR

al. |-f S
a2. S-->0¢8

1. i == brz [ inspection of rules ]
* CASES MOVI, SUB, | NTEND, | NTENDZ-SET, | NTENDZ- UNSET, RECOVERNZ- OK, RECOVERNZ- HALT, JMP, JMP-HW ERROR conpl ete

CASE BRZ- UNTAKEN:

———————————————————————————————————————————————————————————————————————————————— (brz-unt aken)
(C (h,1), R brzrzrt) -->0(C, (h/I,I+1), Rri -> RRwval(ri)], CI+1))

al. |-f (C (h,1), R brzrzrt)

1. |- C: P

2. P|-f R: G

3. |- (h,1) : A

4x. f =cf 2?2 . |- E =/=1 : . |- E =1

4y. Qri) =/= <R check,Ei> ==> . |- E =1

5. .sP,GAE ;P(l+1) |- brz rz rt

6. .;P;Gseq o Ela; Ei; AI[DI](G,Af) |- brzrz rt [ Inspection of (brz-t), 5]

7. ((ri)= <B,goz, Ez' ?Ef': Et' > [ I'nversion of (brz-t), 6]

8. . |- BEf' =Ha+1

9. §rz) = <Gint, Ez>

10. . |- Ez = Ez' and . |- Et = Et'

11. Exists Sf. . |- Sf : Df

12. . |- dri -> <R check, Ef'>] <= Sf(d&)

13. . |- seq o Ela o Ef' = Sf(Af)

14. Forall r'. ;P |-f R(r') : Qr") [ I'nversion of (Rt), 2]

15. .;P |-f R(ri) : <B,goz, Ez' ?Ef':Et'> [ 15, 7]

16. .;P |-f R(rz) : <G int, Ez> [ 15, 9]

18. P(l+1) = AII[Df] (G, Af) [ I'nspection of 5, 6]

19. Df = (Df', Y:kint, alpha:kseq) and Af = alpha o (I+1) [ I'nversion of (Ct), 1, p2, 18]
200 & = d&', ri-> <R check, Y>

21. Df; P, G; Af; Y; P(1+2) |- C(1+1)

22. Df' |- &' ok /\ Df* |- P(l+2) ok

23. Sf = Eal pha/al pha, EY/Y, Sf'/Df' and . |- Sf':Df' [ Substitution Structure Lenma, 12, 19 ]
dl. Let Sfb = (seq o Ela)/alpha, Rwval(ri)/Y, Sf'/Df' [ definition ]

24, . |- Sfb : Df [ (subst-t), 23, dl1]

6. .; P; Sfb(&); Sfb(Af); Sfb(Y); Sfb(P(1+2)) |- C(I+1) [ Substitution Lemma, 24, 21 ]
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25. Forall r
26. Forall r'
27. Forall r

=ri.
ri.
ri.

P -f Rri ->RRwval(ri)](r")

28. P | - R_val(rl) : che
. R R val (ri)
30. fb( )(ri) = <R, che

3. ;P |-f Rri ->RRwval(ri)](ri) Sfb(G)(ri)
2. P|-f Rri ->RRwval(ri)] Sfb(G)
32. |- (h,1,1+1) seq o Ela o | +1

33. |- (h,1,1+1) Sfb(al pha o | +1)

3. |- (h/1,1+1) Sfb( Af)

subcase f = R:

34a. |- Rwval(ri) = Ez' ?Ef': Et

35a. |- Rval(rz) = Ez

36a. . |- Ez' =/=

37a. . |- Ez'?Ef':Et' = Ef'

38a. |- Rwval(ri) = Ef'

39a. |- Sfb(Y) = Ef'

40a. |- Ela =1

4a' . . |-Sfb(Y) =1 +1

2a'. P |-R Rri ->RRwval(ri)] Sfb(G)
subcase f = Gand . |- Ez =/= 0 : green corruption does not
34b. |- Rwval(ri) = Ez' ?Ef': Et'

35bh. |- Ez' =/=0

36b. . |- Ez'?Ef':Et' = Ef'

37b. . |- Rwal(ri) = Ef'

38b. |- Sfb(Y) = Ef'

39b. |- Ela =1

4b' . |- Sfb(y) =

subcase f = Gand . |- Et = Ela + 1 :

34c. . |- Rwval(ri) = Ez' ?Ef': Et’

35c. |- Et' = Ef'

36c. . |- Rwval(ri) = Ef"'

37c. . |- Sfb(Y) = Ef'

38c. |- Ela =1

4c |- Sfb(Y) =1 +1

2c'. P |-G Rri ->RRwval(ri)] Sfb(G&)
subcase f = Gand . |- EZz =0 and . |- Bt =/=Ea + 1 :
34d. . |-G Rwal(ri) = Ez' ?Ef': Et

35d. |- Ez2 =0

36d. |- Ez'?Ef':Et' = Et'

37d. . |- Rval(rl) = Et

38d. . |- Sfb(Y) = Et

39d. . |- Ela =1

40d. |- Bt =/=1 +1

4d' . . |- Sfb(Y) =/=1+1

2d'. P |-cf Rri ->RRwval(ri)] Sfb(G)
subcase f = Band . |- Rwval(ri) = Ef': intention set
34e. |- Ela =1

35e. . |- Ef' =1 +1

36e. . |- Rwval(ri) =1+1

4e' . |- Sfb(Y) I +1

2¢'. P|-BRri ->RRuwval(ri)] Sfb(G&)
subcase f = Band . |- Rval(ri) =/= Ef":
34f . |- Ela =1

35f. . |- Ef' =1 +1

36f. . |- Rwval(ri) =/=1+1

4t 0 |- SEb(Y) =/=1+1

2f'. P|-B Rri -> RRwval(ri)] Sfb(G)
subcase f = cf:

34g. . |- B =/=1

359g. . |- B =1

36g. contradiction, subcase doesn't apply
ner ge:

4x' . f =cf 2. |- B ==1 |- E =1
2. P |-f'" Rri ->RRwval(ri)] Sfb(G)

- I+ 1
2b'. P |-G Rri ->RRwval(ri)]

[- &r") <= St(&)(r")
[- &r") <= Stb(G)(r")

ck
<R, check, R val (ri)>
ck, R val (ri)>

Sib(G)

4y' . G (ri) = <R, check, Ei >

43. |-f (C, (h,1,1+1), Rri -> RRval(ri)],

* BRZ- UNTAKEN conpl et e
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CASE BRZ- TAKEN:

Rval(rz) =0 R val (rt) in Don(C)
------------------------------------------------------------------------------------------ (brz-taken)
(C (h,1), R brzrzrt) -->0(C (h/I,Rval(rt)), Rri ->RRwval(ri)], C(Rwval(rt)))

al. |-f (C (h/1), R brzrzrt)

1. |-C: P

2. P|-f R: G

3. |- (h1) : A

4. f =cf ==>. |- B =/=1 :.|-E|:I

5. ri) =/= <R check,Ei>==> . |- B =1

6. .;P,GAE ; ;P(1+1) |- brz rz rt

7. .;P;Gseq o Ela; Ei; AI[D](G,A) |- brzrz rt [ I'nspection of (brz-t), 6]
8. Q(ri)= <B,goz, Ez' ?Ef' : Et' > [ I'nversion of (brz-t), 7]
9. Qrz) = <Gint, Ez>

10. . |- Ez = Ez and . |- Ef' = Ha+1

11. grt) = <GAI[D] (&, At), Et>

12. . |- Bt = Et*

13. Exists St. . |- St : Dt

14. . |- dri -> <R check,Et'>] <= St(Q)

15. . |- seq o Ela o Et' = St(At)

16. Forall r'. ;P |-f R(r') : Qr") [ I'nversion of (Rt), 2]
17. ;P |-f R(ri) : <B,goz, Ez' ?Ef':Et' > [ 16, 8]

18. .;P |-f R(rz) : <G int, Ez> [ 16, 9]

19. ;P |-f R(rt) : <GAI[D](G,At), Et> [ 16, 11 ]

20.P(Rwval (rt)) = AII[D](4,A) [ I'nversion of (Ct), 1, p2]
21. D = (D', Y:kint,al pha: kseq)

22. d = (d',ri-><R check, Y>)

23. A = al phao R val (rt)

24, D' |- ok /\ Forall r' in Dom(@d'). @' (r") =/=<Rt',E>

25. D' |- P(Rval(rt)+1) ok

26. D; P, d; A; Y, P(Rval(rt)+1l) |- C(R.val(rt))

8 subcases (based on f, further subdivided for f = G and B) divided into groups dependi ng on outcone

GROUP A: Control Flow OK

subcase f = R:

30al. . |- Ruwval(rt) = Et [ I'nversion of (val-t), f=R 19 ]

3lal. . |- Rwval(rz) = Ez [ I'nversion of (val-t), f=R 18 ]

32al. |- Ruwval(ri) = <Ez'?Ef':Et'> [ I'nversion of (val-t), f=R 17 ]

33al. |- Ez =0 [ Exp Eq Transitivity, 3lal, pl, 10 ]

34al. |- Rwval(ri) = Et' [ Exp Eq Transitivity, 32al, (Conditional Exp Lemmm, 33al) ]
subcase f = Gand . |- Ez =0 and . |- Rwval(rt) = Et: green corruption does not affect branch direction or location ==> no fault el evation
30a2. . |- Rwval(rt) = Et [ subcase assunption ]

3la2. |- Ez' ?Ef':Et' = Et' [ Exp Conditional Lemma, (subcase assunption, 10) ]

32a2. |- Ruwval(ri) = Ez' ?Ef"': Et' [ I'nversion of (val-t), f=G 17 ]

33a2. |- Rwval(ri) = Et' [ Exp Eq Transitivity, (Exp Conditional Lenmma, 31a2), 32a2 ]
subcase f = Band . |- Rval(ri)

30a3. |- Rwval(rt) = Et [ I'nversion of (val-t), f=B, 19 ]

31a3. |- Rwval(ri) = Et' [ subcase assunption ]

nerge:

35a. . |- Rwval(rt) = Et [ 30al, 30a2, 30a3 ]

36a. . |- Rwval(ri) = Et' [ 34al, 33a2, 3l1a3 ]

37a. P(R_val (rt)) I[Dt](Ga, At) [ Equal Code Labels Lemma, (Inversion of (Rt), 2, 11), 35a ]
38a. D = Dt, G,AI:At [ 37a, 20 ]

39a. . | dri -> <R check, Et'>] <= st(&) [ 14 ]

40a. .;P |-f RRvaI(rl) : <R check, Et' > [ (val-t), (rit-t), 36a]

4la. P |-f Rri -> RRwval(ri)] : dri -> <R check, Et'>] [ (Rt), 2, 40a ]

22, P|-f Rri ->RRwval(ri)] : St(&) [ Repeated applications of Subtyping Lemma, 39a, 4la ]

6'. . ; P, St(@); St(At); St(Y); St(P(R.val(rt)+1))) |- C(Rwval(rt)) [ Substitution Lemma, (13, 38a), 26 ]

42a. |- (h,1,Rval(rt)) : seq o Ela o Et' [ (h-append), 3, (Exp Eq Transitivity, 35a, 12) ]

3. |- (h/I,Rval(rt)) = St(At) [ 42a, 15 ]

43a. | - <R check, Et' > <= St(R, check,Y) [ 39a, 22 ]

44a. . |- Et' = St(Y) [ I'nversion of (subtp-reflex), 43a ]

4'. . |- St(Y) = Rwval(rt) [ Exp Eq Transitivity, 44a, 12, 35a ]
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5. st(d)(ri)

45a. |-f (C, (h,1,Rva
* BRZ- TAKEN. A conpl ete

GROUP B: Control Flow

= St (<R check, Y>)

I(rt)), Rri ->RRwval(ri)], C(Rval(rt)))

Messed up - elevate to cf fault

[ 22]

[

(s-t), 1, 2, 3, 4, 5, 6" ]

dlb. Let SI' = {42/x | Di(x) = kint} union {enpty/x | D (x) = kseq } [ build a substitution of nonsense val ues ]
d2b. Let SI = SI', (seq o Ela)/alpha, Rval(ri)/Y
29b. |- Sl : (D', al pha: kseq, Y: ki nt) [ (subst-t), dlb, d2b ]
6'. .;P;SI(d);SI(A);SI(Y);SI(P(Rval(rt)+1)) |- C(R.wval(rt)) [ Substitution Lenma, 29b, 28b ]
30b. Forall r'" =/=ri. .;P |-cf R(r") S(d)(r") [ (val -zap-cf-t), 24 ]
31b. P |- Rwval(ri) check [ (rit-t) ]
32b. .;P |-cf RRwal(ri) <R, check, R val (ri)> [ (val-t), 31b ]
33b. .;P |-cf Rri ->RRwval(ri)](ri) Sl(d)(ri) [ 32b, d2b, 22 ]
2': P |-cf Rri ->RR.val(ri)] sl(d) [ (Rt), 30b, 33b ]
34b. |- (h,1,Rwval(rt)) seq o Ela o Rwval(rt) [ (h-append-t), 3]
3. |- (h1,Rwval(rt)) SI(A) [ 34b, d2b, 23]
35b. |- Rwval(ri) = Ez'?Ef"': Et' [ Inversion of (val-t), 17, f=G]
36b. |- Bla =1 [ Inversion of (h-append), 3]
subcase: f = G and |- Ez =/=0 and |- Rval(rt) =/=Ea + 1 : should have taken fallthru but didn't end up there
==> elevate to cf fault
37b1. |- Rwval(ri) = Ef' [ Conditional Exp Lemma, 35b, (subcase assunption, 10) ]
38b1. |- Rval(ri) =Ea+1 [ Exp Eq Transitivity, 37bl, 10 ]
39b1. |- Rwval(ri) =/= Rwval(rt) [ Exp Eq Transitivity, 38bl, subcase assunption ]
subcase: f = G and |- Ez =0 and . |- Rwval(rt) =/= Et shoul d have junped, but went to wong place ==> elevate to cf fault
37b2. . |- Rwval(ri) = Et [ Conditional Exp Lenma, 35b, (subcase assunption, 12) ]
38b2. |- Ruwval(ri) =/= Rwval(rt) [ Exp Eq Transitivity, 37b2, subcase assunption ]
subcase: f = B and |- Rwval(ri) =/= Et' intentions think we shoul d have gone el sewhere
37b3. . |- Rwval(rt) = Et [ I'nversion of (val-t), f=B, 19 ]
38b3. . |- Ruwval(ri) =/= Rwval(rt) [ Exp Eq Transitivity, subcase assunption, 12, 37b3 ]
nerge:
40b. |- Rwval(ri) =/= Rwval(rt) [ 39b1, 38b2, 37b3 ]
4", |- SI(Y) =/= Rval(rt) [ 40b, db2 ]
5. SI(d)(ri) = SI(<R check, Y>) [ 22]
41b. |-cf (C, (h,I,Rval(rt)), Rri -> RRwval(ri)], ¢(Rwval(rt))) [ (St), 1, 2, 3, 4, 5, 6" ]
* BRZ- TAKEN. B conpl et e
SUBCASE C. f = Gand . |- Ez =/=0 and |- Rval(rt) = Ea+ 1 Two wrongs make a right
- control flow should have taken fallthru, but ends up jnping to fallthru
30c. P(I+1) = AII[Df] (G, Af) [ I'nspection of 6, 7]
31lc. Exists Sf. . |- Sf : Df [ Inversion of (brz-t), 7]
32c. |- dri -> <R check, Ef'>] <= Sf(Q&)
33c. |- seq o Ela o Ef' = Sf(Af)
34c. |- Bla =1 [ I'nversion of (h-append), 3]
35c. |- Rval(rt) =1 +1 [ Exp Eq Transitivity, subcase assunption, 34c ]
36¢. |- Rwval(ri) = Ez' ?Ef': Et' [ I'nversion of (val-t), f=G 17 ]
37c. |- Ez'?Ef' :Et' = Ef' [ Conditional Exp Lemma, (Exp Egq Transitivity, subcase assunption,
38c. . |- Rwval(ri) = Ef"' [ Exp Eq Transitivity, 36c, 37c ]
39c. .;P|-f RRwval(ri) <R, check, Ef"' > [ (val-t), (rit-t), 38c ]
40c. Df =D, & =d, A = A [ 20, 30c, 35c ]
41c. . |- dri -> <R check, Ef'>] <= Sf(d&) [ 32c ]
42c. P |-G Rri -> RRwval(ri)] dri -> <R check, Ef' >] [ (Rt), 2, 39c ]
2. P|-GRri ->RRuwval(ri)] St (&) [ Repeated applications of Subtyping Lemma, 41lc, 42c ]
6'. .;P;Sf(G);Sf(Af);SF(Y);Sf(P(Rval(rt)+1)) |- C(R.val(rt)) [ Substitution Lemma, 31c, 26, 40c ]
43c. |- Rwval(rt) = Ef' [ Exp Eq Transitivity, 35c, 10 ]
44c. |- (h,1,Rwval(rt)) seq o Ela o Ef' [ (h-append-t), 3, 43c ]
3. |- (h/I,Rwval(rt)) St (Af) [ Exp Eq Transitivity, 44c, 33c ]
45c. | - <R check, Ef' > <= Sf (<R check, Y>) [ 32c, 40c, 22 ]
46¢. |- Sf(Y) = B [ I'nversion of (subtp-reflex), 45c ]
4' |- Sf(Y) = Rwval(rt) [ Exp Eq Transitivity, 46c, 43c ]
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5. SF(G)(ri) = Sf(<R check, Y>) [ 22 ]

41b. |-G (C (h,1,Rval(rt)), Rri -> RRval(ri)], C(Rval(rt))) [ (St), 1, 2, 3, 4, 5, 6 ]
* BRZ- TAKEN. C conpl et e

SUBCASE D f = cf:

30d. . |- B =/=1 [ 4, subcase assunption ]
41d. . |- B =1 [ 5 8]
32d. contradiction, subcase doesn't apply [ 30d, 31d ]

* BRZ- TAKEN. D conpl ete

* BRZ- TAKEN conpl et e

CASES BRZ- HW ERROR

Rval(rz) =0 R val (rz) not in Dom( Q)
———————————————————————————————————————————————————————————— (brz-hwerror)
(C h, R brzrzrd) -->0 hwerror

(Ch,Rb) --/-->0S
cases do not apply
* BRZ- HW ERROR conpl et e.

** LEMVA PRESERVATI ON- BRZ- POSSI BLE- ELEVATI ON

B R R R

* LEMVA PRESERVATI ON- JMP- PCSSI BLE- ELEVATI ON *

hhkkkkhkkhhkhhkhkkhkkhkkhkhkkkkkkkhkhkkkkkkkkkk kK k%

If [-f (C (h1), R jnprt)
and Gis regfile type used
and Qri) = <B,goz, Et'>
and Q(rt) = <GAI[D] (&, At), Et>
and (C (h,1),Rbrzrzrt) -->0 S

then
(1) f =R ==> |-R S

(2) f =/=cf

(3) f = Gand

(a) Rwval(rt) = Et S /'l correct junp target

(b) Rwval(rt) =/= Et S /1 incorrect junp target
(4) f =B and

(a) Rwval(ri) = Et' => |-B & /'l correct intention

(b) Rwal(ri) =/= Et"' ==> |-cf & /1 incorrect intention

PROOF: By case analysis of S-->0 S

koK k ok k K

CASES MOVI, SUB, | NTEND, | NTENDZ-SET, | NTENDZ-UNSET, RECOVERNZ- OK, RECOVERNZ- HALT, BRZ- TAKEN, BRZ- UNTAKEN, BRZ- HW ERRCR:

al. |-f S
a2. S-->08S

1. i == brz [ inspection of rules ]
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* CASES MOVI, SUB, | NTEND, | NTENDZ- SET,

R val (rt) in Dom( Q)

C(R_val (rt)))

jmp rt) -->_0 (C, (h,Rwal(rt)), Rri -> RRwval(ri)],

| - . P
P|-ZR: G
|- (h, 1) : A

Z=cf ==>. |- E =/=1
y. (ri) =/= <R check, Ei > ==> .
G PGAEGP(I+L) |- jmport

and

Z=R./G==> |- E =
|- B =1

Ei

6. .; P, G seq o Ela;
7. ri)= <B,go, Et'>
8. ¢(rt) = <GAI[D](G,R),Et>
9 |- Bt = B’
Exists S. D|- St : Dt
|- dri -> <R check, Et'>] <= St(&)
|- seq o Ela o Et = St(At)

Ei; t |- jnmprt

Forall r
P -
P -

.o P -
R(ri)
R(rt)

al(rt)) = AI[D](GE,A)
(D', Y:kint, al pha: kseq)
(d',ri-><R check, Y>)
al pha o R.val (rt)

d' ok /\ Forall r’
P(R val (rt)+1) ok
d; A; Y, P(R.wval (rt)+1)

R(r') « ¢r")
<B, go, Et' >
<GAI[D](G,R), Et>

naunn<

inDom(@'). @' (r')

P(R_
Di
d

. A
D" =/= <R t',FE
o
D ;

|_
| -
P; |- C(R.wval(rt))

5 subcases (based on f, further subdivided for f = G

and f = B) divided

| NTENDZ- UNSET, RECOVERNZ- OK, RECOVERNZ- HALT, BRZ- TAKEN,

BRZ- UNTAKEN, BRZ- HW ERROR conpl et e

[ I'nspection of (jnmp-t), 5]
[ I'nversion of (jmp-t), 6]

[ I'nversion of (Rt), 2]

[ 13, 7]

[ 13, 8]

[ Inversion of (CGt), 1, pl]

>

into groups dependi ng on outcone

GROUP A: Control Flow &K ( f = R or f =Gand . |- Rval(rt) = Et or f =Band. |- Rval(ri) = Et"' )
subcase f = R :

24al. |- Rwval(ri) = Et' [ I'nversion of (val-t), f=R 14 ]
25al. |- Rwval(rt) = Et [ I'nversion of (val-t), f=R 15 ]
subcase f = Gand . |- Ryval(rt) = Et: green corruption does not affect jnp location

24a2. |- Rwval(ri) = Et' [ I'nversion of (val-t), f=G 14 ]
25a2. |- Rwval(rt) = Et [ subcase assunption ]

subcase f = Band . |- Rwval(ri) = Et': blue corruption does not affect intention

24a3. |- Rwval(ri) = Et' [ subcase assunption ]

25a3. |- Rwval(rt) = Et [ I'nversion of (val-t), f=B, 15 ]
ner ge:

24a. |- Rwval(ri) = Et'

26a. |- Rwval(rt) = Et [ 25a1, 25a2 ]

27a. P(Rwval(rt)) = AI[D] (G, At) [ Equal Code Labels Lenmma, 8, 26a ]
28a. D =D, d =&, Al = At [ 27a, 16 ]

29a. .;P|-f RRwal(ri) <R, check, Et' > [ (val-t), (rit-t), (Exp Eq Transitivity, 24a, 9) ]
30a. P |-f Riri -> RRwval(ri)] dri -> <R check, Et' >] [ (Rt), 2, 29a ]

22, P|-f Rri ->RRwval(ri)] St(Q) [ Repeated applications of Subtyping Lemma, 29a, 11 ]
6'. . ; P, St(@); St(At); St(Y); St(P(R.val(rt)+1))) |- C(Rwval(rt)) [ Substitution Lemmm, (13, 28a), 23]
3la. |- (h,I,R.wval(rt)) seq o Ela o Et [ (h-append), 3, 26a ]

3. |- (hI,Ryval(rt)) = St(At) [ 31a, 12 ]

32a. |- <R check, Et' > <= St (<R, check, Y>) [ 11, (18, 28a) ]

33a. . |- Et' = St(Y) [ I'nversion of (subtp-reflex), 32a ]
4'. . |- St(Y) = Rwval(rt) [ Exp Eq Transitivity, 33a, 9, 26a ]
5'. St(d)(ri) = St(<R check, Y>) [ 22 ]

45a. |-f (C, (h,I,Rwval(rt)), Rri -> RRwval(ri)], C(Rwval(rt))) [ (S-t), 1, 2", 3, 4, 5, 6 ]

* JMP. A conpl ete

GROUP B: Control Flow Messed up - elevate to cf fault
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dlb. Let SI' = {42/x | Di(x) = kint} union {enpty/x | D (x) = kseq } [ build a substitution of nonsense val ues ]
d2b. Let SI = SlI', (seq o Ela)/alpha, Rval(ri)/Y

29b. . |- Sl : (D', al pha: kseq, Y: ki nt) [ (subst-t), dib, d2b ]

5. P SI(A);SI(A);SI(Y);SI(P(Rval (rt)+1)) |- C(R.val(rt)) [ Substitution Lemma, 29b, 23]

30b. Forall r' =/=ri. ;P |-cf R(r') : S(A)(r") [ (val -zap-cf-t), 20 ]

31b. P |- Rwval(ri) : check [ (rit-t) ]

32b. .;P |-cf RRwval(ri) : <R check,Rval(ri)> [ (val-t), 31b ]

33b. ;P |-cf Rri ->RRwval(ri)](ri) : sSl(d)(ri) [ 32b, d2b, 18]

2': P|-cf R: SI(G) [ (Rt), 30b, 33b ]

34b. |- (h,I,R.val(rt)) : seq o Ela o Rval(rt) [ (h-append-t), 3]

3. |- (h/I,Rval(rt)) : SI(A) [ 34b, d2b, 19 ]

subcase: f = Gand . |- Rwval(rt) =/= Et : Junped to wong pl ace

35b1. . |- Rwval(ri) = Et' [ I'nversion of (val-t), 14, f=G]

36bl. . |- Rwval(ri) =/= Rwval(rt) [ Exp Eq Transitivity, subcase assunption, 12, 35bl ]
subcase: f = Band . |- Rwval(ri) =/= Et': Intended target is wong

35b2. . |- Rwval(rt) = Et [ I'nversion of (val-t), 15, f = B ]

36b2. . |- Rwval(ri) =/= Rwval(rt) [ Exp Eq Transitivity, subcase assunption, 12, 25b2 ]
ner ge:

36b. . |- Rwval(ri) =/= Rwval(rt) [ 36bl/36b2 ]

4x'. . |- SI(Y) =/= Rwval(rt) [ 36b, d2b ]

4y' . SI(A)(ri) = SI(<R check, Y>) [ 22 ]

41b. |-cf (C, (h,I,Rwval(rt)), Rri -> RRwval(ri)], CRwval(rt))) [ (Sst), 1, 2", 3, 4x', 4y', 5 ]
* JMP.B conplete

SUBCASE C. f = cf:

30c. . |- B =/=1 [ 4, subcase assunption ]
3lc. . |- B =1 [ 5 8]
32c. contradiction, subcase doesn't apply [ 30c, 3ic ]

* JMP.C conpl ete

* JMP conpl ete

CASES JMP- HW ERROR:

R val (r) not in Don(C)
———————————————————————————————————————————————————————————————— (j mp- hwerror)
(C, hy R jnpr) -->0 hwerror

(ChRb) --/-->0S

case does not apply
* JMP- HW ERROR conpl et e.

** LEMVA PRESERVATI ON- JMP- POSSI BLE- ELEVATI ON conpl et e

P

* PRESERVATI ON PART 1: *

kkkkkhkkhkhhkhkhkhkhkkhkkkk*

1. If |- S and S-->0S then |- S

PROOF: By case analysis on the structure of S.b

koK k oKk K

Each case uses Lenma Preservation-No-El evation or Lenma Preservation-Jnp-Brz-Enpty-Z as appropriate.

kkkKkkkhkhkhhhhkhkhkhkkhhkkk*
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* PRESERVATI ON PART 2: *

kkkkkhkkhkhkkkhkhkkhkhkhkkkk*

2. If |-f S and S-->0 S then Exists 2. [-Z S and Z

PROOF: By case analysis on the structure of S.b

ko k ok kK

Each case uses Lenma Preservation-No- El evation or
Preservati on- Jnp- Possi bl e- El evati on as appropri ate.

>= f

Lemma Preservation-Brz- Possi bl e- El evati on or

Lemma

kkkkkhkkhkhhhhkhkhkhkkhhkkkk*

* PRESERVATI ON PART 3: *

P R R

If |- Sand S-->_1 S then Exists c. |-¢c S

PROOF: By case analysis of S-->1§

*ok ok ok kK

CASE ZAP- REG

(C (h, 1), b) -->_1 (C, (h, 1), Rr ->cn'],

(zap-reg)

heck, Ei > ==> . Ei =1

o 0

..

R(r') © Qr")
Pr. |- R(r) © (r)
Exists t',E. ¢(r) = <c,t',E>
. P, ]-c ¢cn : <ct',EBE>
10. Forall r'. P;. |-¢c R(r")
2. P|-c Rr ->cn'] : G

12. |-c¢ (C, hi, ha,
* ZAP- REG conpl ete

©oPND

qr)

Rr ->cn'], b)

CASE ZAP- RECOVER:

(C, (h,1), R recover
(C, (h,1), R recover
|- (C (h,1),RDb)

seq o El a

=/ = <R, check, Ei> ==> . |- Ei
Gseq o Ela;Ei |- recover rz;b

=11
P
does not

subcase on structure of 5 (recovernz-t apply as D = .

subcase RECOVERNZ- EQ T:
<R int, Ez>
<R, check, Ei >
|- Ez = E - Ela
. |- B =Ha
., P, dri -> <R ok, E >];

rz) =
Qri) =

seq o Ela; E; to |- b
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[ I'nversion of (S-t),

Inversion of (R1t),
6]

7, pil,
(val -zap-c-t) ]

(Rt), 10, 8, 9]

[ (St), 1, 2, 3, 4x,

(zap-recover-1inC

(zap-recover-I notinC)

al ]

2]

ax,

[ Inversion of (S-t),

Col or Weakening Lenma, 6 ]

5]

al,

inspection of (val-t) ]

I nspection of (recovernz-t)'s ]



(recovernz-eq-t)

.; P, G seq o Ela; Ei; to |- recovernzrz ; b
6a. §rz) = <R int, Ez> [ Inversion of (recovernz-eg-t), 5]
7a. . |- Ez = E - Ha
8a. . |- Rwval(rz) = Ez [ Inversion of (val-t), Z=., (2, 6a) ]
9a. |- Ez =0 [ Exp Eq Transitivity, 8a, pl ]
10a. |- B =/=Ha [ 9a, 7a ]
11a. |- 1 =Ea [ I'nversion of (h-append-t), 3]
12a. |- E =/=1 [ Exp Eq Transitivity, 10a, 1la ]
subcase does not apply [ 12a contradicts 4x ]
subcase RECOVERNZ- NEQ T:
G(rz) = <Rint, Ez>
Gri) = <R check, E >
. |- Ez=E - Ea
|- Ei =/=Ea

------------------------------------------------- (recovernz-neq-t)

; P, G seq o Ela; Ei; to |- recovernz rz; b

subcase does not apply

* ZAP- RECOVER- Li nC and ZAP- RECOVER- Lnoti nC conpl ete

CASE ZAP- RECOVER

[ p4 contradicts 4x ]

I in Don( Q)

--------------------------------------------------------------- (zap-recover-1inQ)
(C (h,1), R recover rz; b) -->_1 (C, (h, 1), R Cl))

Rz

** Progress Part 3 conplete

COROLLARY: PRESERVATI ON- FAULT- ELEVATI ON:

LR R R RS RS EREEEEREEEEEEEEEEEEERERERERSEEEESEESES

If |-ZS and S -->k S and k <= 1 then Exists Z. |-Z2 S and Z' >= Z

PROOF: By Case analysis on Z and k.

* ok k ok k%

If Z=. and k = 0, then by Preservation Part 1 and . >= .
If Z=1f and k = 0, then by Preservation Part 2

If k =1, then by Preservation Part 3

* Corollary Conplete
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Fault Tolerance Definitions

Fault Tolerance Definitions

................... (simval)

--------------------------- (simval - zap)

——————————————————————————— (simR)

Rf simc R

[- (ChR b)

|-¢ (C h,Rf,Db)

Rf simc R

--------------------------- (simS)

(G h,Rf,b) simc (Ch,RDb)

| S--> S | Block Transition - transitition between bl ocks

(CGh,Rb) -->0 (C (h,1),R,b")
------------------------------- (trans-eval)
(Ch,Rb) --> (C(h,1),R,b")

| S-->_k M5 | Block Evaluation -- evaluate to last instruction in current block adding k faults
------------- (when k is left off, assume 0)

(Ch,Rb) -->0 recover
-------------------------- (bl k-eval -recover)
(Ch,Rb) -->*_0 recover

--------------------------------------- (bl k-eval -j np)
(Gh,Rjmp rt) -->*_k (ChRjnmprt)

------------------------------------------- (bl k-eval - brz)
ChRbrzrzrt) -->_k (ChRbrzrzrt)

(Ch,Rb) --> ki1 (ChR,b") (ChR,b") -->_k2 M5
----------------------------------------------------------------- (bl k- eval - sequence)
(C h,Rb) -->*_(k1+k2) M5
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| S-->h M5 | Program Execution -- evaluate a programthrough a sequence of bl ocks

------------ (when k is left off, assume 0)

------------------------- (prog-exec- bl k)

S -->h_k § S -->0 hwerror
—————————————————————————————————————— (prog-exec-seqg-hwerror)

-------------------------------------- . (prog-exec-seg-trans-bl k)
S -->"(h,l)_k MS
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Fault Tolerance Lemmas

Fault Tolerance Lemmas

Lenmma SI M _C- TYPI NG

(1) sf =
(2) s
(3) |
(4) P
(5) P
(6) I

1. Sf = (Ch,Rf,b) and S = (C h,R b) [ By inspection of (simS), al ]

|-c (Ch,Rf,Db) [ By inversion of (sims), al ]
-C: P [ By inversion of (S-t), 3]

0. .;P,GAE ; ;P(I+1) |- b

11. Forall r. Rf(r) simc R [ I'nversion of (simR), 4]
12. Forall r. Rf_col(r) = Rcol(r) [ 11, inspection of (val-t) and (val-zap-c-t) ]

13. Forall r. ;P |- R(r) : )

14. Forall r. Qr) = <Rcol(c),t'_r, Er> [ def of G 13 ]
15. Forall r. . |- E_r : kint [ I'nversion of (val-t), 14, 14 ]
16. Forall r where R.col(r) = c. [ (val-zap-c-t), (14, 12), 15 ]
P ]-c Ri(r) @ Qr)
17. Forall r where R.col(r) =/=c. [ I'nversion of (val-t), 13 ]
. |- E.r = Rwval(r) and P |- Rwval(r) : t'_r
18. Forall r where Rcol(r) =/=c. [ (val-t), 17, (14, 12) ]
P ]-c Ri(r) @ Qr)
19. P |-c Ri(r) : Qr) [ 16/18 ]
20. conclusions 1 - 8 [ 1, 1, 5, 6, 19, 7, 8, 10 ]

* Lemma Simc-Typi ng conplete

Lenmma NonFaul ty Bl ock Execution

If |-S then S--->§
If |- S then S-->h S

Proof: By repeated Progress Part 1 and Preservation Part 1

Lemma Prog Exec Split

If S->h S and length h >= 1 then Exists S1,S2,S3 hl, h2. S -->'hl S1 and S1 -->"| S2 and S2 -->* S3
and S3 -->"h2 S and h = (hi,1,h2).

Proof: By induction on the structure of S -->*h M5
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Lemma Prog Exec Join

If S-->h1_kl S1 and S1 -->" S2 and S2 -->*_k2 S3 and S3 -->"h2_k3 S
then S -->"(h1,1, h2)

Proof: By induction on the structure of S -->"h2_k3 S

Lemma Fault | ntroduction

I1f S--> g
then Exists c. S-->_1 Sf and Sf simc S or S -->_1 recover

Pr oof :

By induction on the structure of S-->* S . Single step as in progress 3 -- also prove the Rf simc R
Use Block Step Lemma after fault occurs.
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Control Flow Recovery Lemma

Control Flow Recovery Lemma

CF Recovery Lenma

If |-cf Sf then Sf -->* recover(Sf.h)

By induction on the length of b.

Length(b) = 1:
Since |-cf Sf and b = jnp or brz, contradiction and subcase does not apply

Length(b) = 2:
Call CF Step Lemma. Since b' = jnp or brz, nust be that S -->_0 recover. then use bl k-evak-recover.

I nducti ve case:
Call CF Step Lemmm. Either
(1) S --> 0 recover -- use bl k-exec-recover

(2) S-->0S and |-cf S. Use IH and then put back together with S-->_ 0 S using bl k-eval -sequence and bl k-eval -recover.

If |-cf (Ch,RDb)
then either (1) (Ch,Rb) -->0 (ChR,b") and |-cf S
(2) (Ch,Rb) -->_0 recover(h)

Proof: By case analysis on the structure of b -

CASE MWI: b = novi rd v; b'

al. |-cf (C,h,Rnovi rd v; b")

(Ch,Rmovi rd v; b') -->0(C h, Rrd->v], b") [ (rovi) ]

|-cf (C h, Rrd->v], b") [ Progress-No-Elevation, al, 1]
(Ch,Rmovi rd v;b') -->0 (ChRrd->v],b") and |-cf (Ch,Rrd ->v],b") [ 1, 2]

MOVI conpl ete

*onNE

CASE SUB: b = sub rdrs rs; b'

al. |-cf (Ch,Rsubrdrsrs; b')

(Ch,Rsubrdrs rs;b') -->0 (Ch/Rrd->v],b) and |-cf (Ch,Rrd ->v],b) [ 1, 2]
SUB conpl ete

dl. let v' = Rcol(rsl) (Rwval(rsl) - Rval(rs2))

1. (Ch,Rsubrdrsrs; b') -->0(C, h, Rrd->v], b) [ (sub), dl]

2. |-cf (C h, Rrd->v], b) [ Progress-No-El evation, al, 1]
3.

*

CASE INTEND: b = intend ri rt; b'
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Control Flow Recovery Lemma

al. |-cf (C (h,1),R
. |- E
G(ri)
. P, G A E ; P(l +1)

=/ =

wh e

4. Qri) = <ci, ok, Ei >
5. |- B =1

6. contradiction

case does not apply

* | NTEND conpl et e

intend ri rt; b")

=/ = <R, check, Ei > ==> .

|- B =1
intend ri rt; b

CASE INTENDZ: b = intendz rz rt; b’

al. |-cf (C (h,1),R
|- B =l=1
G(ri)
. P, G A E ; P(l +1)

wh e

4. Qri) = <R check, El'i >
5

. |- B =1
6. contradiction
case does not apply
* | NTENDZ conpl ete

intendz rz rt; b")

=/ = <R, check, Ei > ==> . |-

E =1
intendz rz rt; b'

CASE RECOVERNZ: b = recovernz rz; b'

E =1

al. |- (C (h,1),Rrecovernz rz; b')
1. . |- B =/=1

2. ri) == <R check, Ei > ==> . |-
3. |- (h1) seq o Ela

4. .;P,Gseq o Ela;Ei;P(l+1) |-

recovernz rz;

b

[

[

Inversion of (S-t),

I nversion of (sequence-t), 3,

2, 4]
1, 5]

Inversion of (S-t),

Inversion of (S-t), al,

subcase on the structure of 4 (recovernz-t does not apply as D = .)

SUBCASE RECOVERNZ. A:

= <R/int, Ez>
= <R, check, Ei >
|- Ez = B -
. |- B =FEa
., P dri

El a

-> <R ok, Eli>];

.; P, G seq o Ela; Ei;

5a. . |- 1 =FHa

6a. . |- E =1

7a. contradiction
subcase does not appl
* RECOVERNZ. A conpl et

SUBCASE RECOVERNZ. B:

Grz) = <R/int, Ez>
Gri) = <R check, E >
|- Ez = E - EHa
|- Ei =/=FHa

y
e

.; P, G seq o Ela; Ei;

5b. P|-cf R: G
6b. .;P |-cf R(ri)
7b. ;P |-cf R(rz)
8b. |- Rwval(ri) =
9b. . |- Rwval(rz) =
10b. . |- Rwval(rz) =
11b. Rwval(rz) =/=0
12b. (C, (h,1), R
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to |-

to |-

seq o Ela; Ei;

recovernz rz ;

<R, check, Ei >

<R,int, Ez>
Ei
Ez

Ei - Ela

recovernz rz; b)

recovernz rz; b

-->_0 recover(h,I)

[
[
[

(recovernz-eqg-t)

rsion of (sequence-t), 3,

al |

al |

I nspection of

I nversion of (h-append-t), 3]

(recovernz-neg-t)

Exp Eq Transitivity, pa4, 5a ]
6a, 1]

Inversion of (S-t), al ]

I nversion of (Rt), 5b, pb2 ]
Inversion of (R-t), 5b, pbl ]

Canoni cal Forms, 6b,
Canoni cal Forns, 7b,
Exp Eq Transitivity,
10b, pb4 ]

(recover-halt), 11b ]

(I'nversion of (S-t),
(I'nversion of (S-t),

9b, pb3 ]

(recovernz-t,

al) ]
al) ]

Inversion of (intend-t), ]

I nversion of (intendz-t), ]

-eq-t,

-neq-t)

]



*

Control Flow Recovery Lemma

RECOVERNZ. B conpl et e

CASE BRZ: b =brz rz rt

al. |-cf (C (h,1),R brzrzrt)

wh e

4.
5

6.

|- E =/=1
Gri) =/= <R check,Ei>==> . |- E =1
. PGAE ;P(I+1) |- brz rz rt

Q(ri) = <B,goz,Ez' ?Ef' . Et' >
|- B =1
contradiction

case does not apply

*

BRZ conpl ete

CASE JMP: b =jnp rt

al. |-cf (C (h,1),R jnprt)

wh e

4.
5

6.

|- B =/=1

Gri) =/= <R check,Ei>==> . |- E =1
P GAEGP(I+L) |- jport

Q(ri)= <B,go, Et'>

|- B =1
contradiction

case does not apply

*

JMP conpl ete
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Block Lemmas

Block Lemmas

Bl ock Execution Lemma

If Sf simc S and S -->* S

then either (1) sf -->* sf' and Sf' simc S
(2) sSf -->* recover(S. h)

PROCF: By induction on the structure of S -->* &

CASE- BLK- EVAL- RECOVER:

(C h,Rb) -->0 recover(h)
-------------------------- (bl k-eval -recover)
(C h,Rb) -->*_0 recover(h)

S -/->* recover(h) [ Non Faulty Block Execution Lemma, al ]

subcase does not apply
* BLK- EVAL- RECOVER conpl et e

CASE BLK- EVAL- BRZ:

------------------------------------------- (bl k-eval - brz)
(Ch,Rbrzrzrt) -->_0 (Ch Rbrzrzrt)

1. Sf = (ChR,jnp rt) [ I'nversion of (simS), al ]
2. Sf -->*_0 Sf [ (blk-eval-brz), 1]
3. Sf -->* Sf and Sf simc S [ 2, al ]

* BLK- EVAL- BRZ conpl ete

CASE BLK- EVAL- JVP:

——————————————————————————————————————— (bl k-eval -j )
(Ch,Rjnp rt) -->* 0 (Ch,Rjnprt)

1. Sf = (ChR,jnp rt) [ I'nversion of (simS), al ]
2. Sf -->* 0 Sf [ (blk-eval-jnp), 1]
3. Sf -->* Sf and Sf simc S [ 2, al ]

* BLK- EVAL-JMP conpl ete

CASE BLK- EVAL- SEQUENCE:

(Ch,Rb) --> ki1 (ChR,b") (Ch,R,b") -->_k2 M
----------------------------------------------------------------- (bl k- eval - sequence)
(Ch,Rb) -->*_0 M""
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Block Lemmas

1. Sf --> 0 Sf' and Sf' simc (Ch,R,b") [ Block Step Lemma, al, pl ]
OR Sf -->_0 recover
subcase on 1.

SUBCASE BLK- EVAL- SEQUENCE. A: Faul ty execution has been sinulating original...
al. Sf -->_0 Sf'
a2. Sf' simc (ChR,i'";b")

3a. Sf' -->* Sf'' and Sf'' simc S [ 1.H, a2, p2]
OR Sf' -->* recover(h)
subcase on 3a.

subsubcase BLK- EVAL- SEQUENCE. Al: ...and continues to do so
aal. Sf' -->* sSf'!
aa2. Sf'' simc S

4al. Sf -->* Sf'! [ (bl k-eval -sequence), al, aal ]
5al. Sf -->* Sf'' and Sf'' simc S [ 4al, aa2 ]

* subsubcase BLK- EVAL- SEQUENCE. A1 conpl ete

subsubcase BLK- EVAL- SEQUENCE. A2: ...but recovers in the last step

aa2. Sf' -->* recover(h)

5b2. Sf -->* recover(h) [ (bl k-eval -sequence), al, abl ]

* subsubcase BLK- EVAL- SEQUENCE. A2 conpl ete

SUBCASE BLK- EVAL- SEQUENCE. B: Faulty execution has al ready recovered

al. Sf -->_0 recover(h)

2a. Sf -->* recover(h) [ (blk-eval -recover), al ]
* SUBCASE BLK- EVAL- SEQUENCE. B conpl ete

** Bl ock Execution Lenma Conpl ete

Bl ock Step Lemma

I f Sf simc (Ch,Rb) and (Ch Rb) -->0 (ChR,b")
then either (1) sf -->_ 0 sf' and Sf' simc (Ch,R,b")
(2) Sf -->_0 recover(h)

PROOF: By case analysis of (Ch,Rb) -->0 (ChR,b")

al. Sf simc (C h,RDb)
a2. (Ch,Rb) -->0(ChR,b")

1. Sf = (C h,Rf,b) [ Lemma Simc-Typing, al ]

2. |-C: P

3. P|- R: G

4, P|-c Rf : G

5 |- h: A

6. |- Ei = end(h)

7. .;P,GAE ;P(I+1) |- b

8. Forall r. Rf(r) simc R(r) [ I'nversion of (sim$S), al, Inversion of (simR) ]
9. |- (CGh,R,Db") [ Preservation Part 1, (Inversion of (sim$S), al), a2 ]
10. |-c (C h,Rf,b) [ I'nversion of (simS), al ]

CASE MovI

———————————————————————————————————————————————————— (novi )

15. (C, h, Rf, nmovi rd v; b) --> 0 (C, h, Rf[rd -> v], b) [ (movi) ]

16. |-¢c (C, h, Rf[rd -> v], b) [ Preservation-No-El evation, 10, 15 ]
17. v simc v [ (simval) ]

18. Rf[rd ->v] simc Rrd -> V] [ (simR, 8, 17 ]

19. (C h, Rf[rd ->v], b) simc (C, h, Rrd->v], b) [ (simsS), 9, 16, 18 ]
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20. Sf --> 0 Sf' and Sf' simc S [ 15, 19 ]
* MOVl conplete

CASE SUB:

——————————————————————————————————————————————————————————————— (sub)

(C, h, R subrd, rsl, rs2; b) --> 0 (C, h, R rd ->vVv' ], b

15. Rf(rsl) simc R(rsl) [ 8]

16. Rf_col (rsl) = R col(rsl) [ Inspection of (val-t) ]

dl. let vf' = Rf_col(rsl) (Rf_val(rsl) - Rf_val (rs2))

subcase Rf_col (rsl) =c

17a. vf' simec vf [ (simval-zap), 16, subcase assunption ]

subcase Rf_col (rsl) =/=c¢

17b. .;P;G |- sub rd, rsl, rs2 : G [ I'nversion of (sequence-t), 7 ]

18b. R col (rsl) = R col(rs2) [ I'nversion of (sub-t), 3]

19b. Rf(rsl) = R(rsl) and Rf(rs2) = R(rs2) [ I'nversion of (simval), 18, subcase assunption ]
20b. vf' simc V' [ (simval), 19b, di1, pl ]

mer ge:
21. vf' simc V' [ 17al/ 20b]

22. (C, h, Rf, subrd, rsl, rs2; b) --> 0 (C, h, Rf[ rd ->vf' ], b) [ (sub) ]

23. |-c (C, h, Ri[rd ->v], b) [ Preservation-No-El evation, 10, 22 ]
24, Rf[rd -> vf'] simc Rrd -> v'] [ (simR, 8, 21]

25. (C, h, Rf[rd ->v], b) simc (C, h, Rrd->v], b) [ (simS), 9, 23, 24 ]

26. Sf --> 0 Sf' and Sf' simc S [ 22, 25 ]

* SUB conpl ete

CASE | NTEND:

—————————————————————————————————————————————————————————— (i ntend)
(C, h, R intend rt; b) -->0 (C, h, Rri ->R(rt)], b)

15. (C, h, Rf, intend rt; b) -->0 (C, h, Ri[ri -> Rf(rt)], b) [ (intend) ]

16. |-¢ (C, h, Rf[ri -> Rfi(rt)], b) [ Preservation-No-El evation, 10, 15 ]
17. Rf(rt) simc R(rt) [ 8]

18. Rf[ri -> Rf(rt)] simc Rri -> R(rt)] [ (simR, 8, 17 ]

19. (C, h, Rf[ri -> Rf(rt)], b) simc (C h, Rri ->R(rt)], b)[ (simS), 9, 16, 18 ]

20. Sf -->_0 Sf' and Sf' simc S [ 15, 19 ]
* | NTEND conpl et e

CASE | NTENDZ- SET:

Rval(rz) =0

—————————————————————————————————————————————————————————————— (i ntendz-set)

(C, h, R intendz rz rt; b) -->0 (C, h, Rri ->R(rt)], b)

14. Rcol(rz) = Rf_col(rz) =B [ I'nversion on (sequence-t), (intendz), Canonical Forms, 4, 5]

subcase ¢ =/= B:

1l4a. Rval(rz) = Rf_val (rz) [ I'nversion on (val-t), ¢ =/=B, 14a, 8]
15a. (C, h, Rf, intendz rz rt; b) --> 0 (C, h, Ri[ri -> Rf(rt)], b) [ (intendz-set), (14a, pl) ]

16a. |-c (C, h, Rf[ri -> Rf(rt)], b) [ Preservation-No-El evation, 10, 15a ]
17a. Rf[ri -> Rf(rt)] simc Rri -> R(rt)] [ (simR, 8, 14a, 14 ]

18a. (C, h, Rf[ri -> Rf(rt)], b) simc (C h, Rri ->R(rt)], b) [ (simS), 17a, 9, 16a ]

19a. Sf --> 0 Sf' and Sf' simc S [ 15a, 18a ]

* | NTENDZ- SET. A conpl ete

subcase ¢ = B and Rf_val(rz) =0
14b. (C, h, Rf, intendz rz rt; b) -->0 (C, h, Rf[ri -> Rf(rt)], b) [ (intendz-set), subcase assunption ]

15b. [-c (C, h, Rf[ri -> Rf(rt)], b) [ Preservation-No-El evation, 10, 14b ]
16b. Rf(rt) simB R(rt) [ (simval), 14, ¢ = B]
17b. Rf[ri -> Rf(rt)] simec Rri -> R(rt)] [ (simR), 8, 16b ]
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b)

b)

18b. (C, h, Rf[ri -> Rf(rt)], b) simB (C h, Rri ->R(rt)],
19b. Sf --> 0 Sf' and Sf' simc S [
* | NTENDZ- SET. B conpl ete

subcase ¢ = Band Rf_val =/=0

14c. (C, h, Rf, intendz rz rt; b) --> 0 (C, h, Rf, b) [
15c. |-c¢ (C, h, Rf, b) [
16c. Rf_col(ri) =B [
17c. Rf(ri) simB R(rt) [
18c. Rf simB Rri -> R(rt)] [
19c. (C, h, Rf, b) simB (C, h, Rri ->R(rt)], b) [
20c. Sf --> 0 Sf* and Sf' simc S [
* | NTENDZ- SET. C conpl ete

CASE | NTENDZ- UNSET:

Rval(rz) =/=0
————————————————————————————————————————————————— (i ntendz-unset)
(C, h, R intendz rz rt; b) --> 0 (C, h, R b)

14. Rcol(rz) = Rf_col(rz) =B [
subcase ¢ =/= B:

l4a. Rwval(rz) = Rf_val (rz) [
15a. (C, h, Rf, intendz rz rt; b) -->0 (C, h, Rf, b) [
16a. |-c (C, h, Rf, b) [
17a. Rf simc R [
18a. (C, h, Rf, b) simc (C, h, R b) [
19a. Sf --> 0 Sf' and Sf' simc S [
* | NTENDZ- UNSET. A conpl ete

subcase ¢ = B and Rf_val(rz) =/=10

14b. (C, h, Rf, intendz rz rt; b) --> 0 (C, h, Rf, b) [
15b. |-c (C, h, Rf, b) [
16b. Rf simc R [
17b. (C, h, Rf, b) simB (C h, R b) [
18b. Sf --> 0 Sf' and Sf' simc S [
* | NTENDZ- SET. B conpl ete

subcase ¢ = Band Rf_val =0

14c. (C, h, Rf, intendz rz rt; b) --> 0 (C, h, Ri[ri -> R(rt)],
15c. |-¢ (C, h, Ri[ri -> R(rt)], b)

16c. Rf_col(rt) =B

17c.
18c.

Rf(rt) simB R(rt)
Rf[ri -> R(rt)] simBR
19c. (C, h, Rf[ri -> R(rt)],
20c. Sf --> 0 Sf' and Sf*
* | NTENDZ- SET. C conpl ete

b) simB (C, h, R
simc S

b)

CASE RECOVERNZ- OK:

Rval(rz) =0

R, recovernz rz; b) -->_0 (C, h, R

(recover nz- ok)

14. Rcol(rz) = Rfi_col(rz) =R
subcase Rf _val (rz) = O:

15a. (C, h, Rf, recovernz rz;

16a. |-c (C, h, Rf, b)

17a. Rf simc R

18a. (C, h, Rf, b) simR (C h, R b)
19a. Sf --> 0 Sf' and Sf' simc S

* RECOVERNZ- CK. A conpl ete

b) -->_0 (C, h, Rf, b)

subcase Rf_val (rz) =/= 0:
15a. (C, h, Rf, recovernz rz;
* RECOVERNZ- CK. B conpl ete

b) --> 0 halt(h)

CASE RECOVERNZ- HALT:
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Rval(rz) =/=0

(C, h, R recovernz rz; b) -->_0 recover(h)
S-/->08

case does not apply
* RECOVERNZ- HALT conpl ete

CASES BRZ- UNTAKEN, BRZ- TAKEN, JMP:

S'.h =/=Snh
cases do not apply
* BRZ- UNTAKEN, BRZ- TAKEN, JMP conplete

CASES BRZ- HW ERROR, JMP- HW ERROR:

S-/->0¢
cases do not apply
* BRZ- HW ERROR, JMP- HW ERROR conpl et e

** BLOCK STEP LEMVA COWMPLETE

(recovernz-halt)
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Transition Lemmas

Bl ock Transition Lenma

If Sf simc S and S -->' S
then either (1) Sf -->* Sf' and Sf' simc §
(2) Sf -->_0 hwerror(S. h)
(3) Sf -->" sSf' and Sf' -->* recover(S.h,1")

By analysis of the structure of S -->*"' S'.

By inspection of (trans-eval), we're looking at all -->_0 rules where the history is extended.

CASE BRZ- UNTAKEN:

R val (rz) =/=0 I+1 in Don( Q)

---------------------------------------------------------------------------- (brz-unt aken)

(C (h, 1), R brzrzrt) -->0(C, (h/I,I1+1), Rri -> RRwval(ri)], C(I+1))

al. Sf simsc S

a2. S-->\' S

1. sf =(C(h,1),Rf,brz rz rt) [ Lemma Simc-Typing, al, Inspection of (brz-t) ]

2. S= (C(h1),R,brzrzrt)

3. |-C: P

4. P|- R: G

5. P|-c Rf : G

6. |- (h,1) seq o Ela

7. |- B =1

8. .;P;,Gseq o ELa;E ;P(I+1) |- brz rz rt

9. Forall r. Rf(r) simc R(r) [ I'nversion of (sim$S), al, Inversion of (simR) ]

10. |-c Sf [ I'nversion of (simS), al ]

11. ¢rz) = <Gint, Ez> [ I'nversion of (brz-t), 10 ]

12. ;P |- R(rz) <G int, Ez> [ I'nversion of (Rt), 4, 11 ]

13. . |- Rwval(rz) = Ez and Rcol(rz) =G [ Canonical Forms, 12, 3]

14. ;P |-c Ri(rz) <G int, Ez> [ I'nversion of (Rt), 5 11 ]

15. . |- Ez =/=0 [ Exp Eq Transitivity, pl, 13 ]

16. Qrt) = <GAI[D](G,At), Et> [ I'nversion of (brz-t), 10 ]

17. ;P |- R(rt) <GAI[D](&,At), Et> [ I'nversion of (Rt), 4, 11 ]

18. . |- Rwval(rt) = Et and Rcol(rt) =G [ Canonical Forms, 17, 3]

19. .;P|-c Ri(rt) <GAI[D](G, At), Et> [ I'nversion of (Rt), 5 11 ]

20. ¢ri) = <B,goz,Ez' ?Ef': Et'> [ I'nversion of (brz-t), 10 ]

21. ;P |- R(ri) <B, goz, Ez' ?Ef': Et' > [ Inversion of (Rt), 4, 11 ]

22. |- Rwval(ri) = Ez'?Ef':Et' and Rcol(ri) =B [ Canonical Forms, 21, 3]

23. ;P |-c Ri(ri) <B, goz, Ez' ?Ef "' : Et' > [ I'nversion of (Rt), 5, 11 ]

24, . |- 1 =FHa [ I'nversion of (h-append-t), 6]

25. |- Ez = Ez' [ I'nversion of (brz-t), 10 ]

25. |- S [ Preservation, (lnversion of simsS, al),
(I'nversion of trans-eval-brz, a2) ]

subcase on ¢

SUBCASE BRZ-UNTAKEN. R ¢ = R

25r. Rf(ri) = R(ri) [ I'nspection of (simval), 9, 22, c=R]
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26r. Rf[ri -> RRf_val(ri)] simc Rri -> R Rwval(ri)]

27r. Rf(rz) = R(rz)
28r. Rf_val(rz) =/=0

20r. Sf -->0 (C (h,1,1+1), Ri[ri -> RR_val(ri)], C(I+1))
30r. [-R(C, (h,1,1+1), Ri[ri -> RR _val(ri)], C(+1))
31r. (C (h,l1,1+1), Ri[ri -> RRf_val(ri)], C(l1+1)) simR S

32r. Sf -->7(1+1) Sf' and Sf' simR S
* BRZ- UNTAKEN. A conpl ete

SUBCASE BRZ-UNTAKEN.B: ¢ = B

25b. Rf(rz) = R(rz)
26b. Rf_val(rz) =/=0

27b. Sf -->0 (C, (h,1,1+1), Rri -> RRwval(ri)], C(I+1))
subsubcase on Rf_val (ri) ?= R.val(ri)

subsubcase Bl: . |- Rf_val(ri) = Rwval(ri) -
28bl. Rf[ri -> RRf_val(ri)] simB Rri -> R Rwval(ri)]
29b1. . |- Ez'?Ef':Et' = Ef'

30b1. . |- Rf_val(ri) = Ef'

31b1. |-B (C, (h,I,1+1), Rf[ri -> RRf_val(ri)], C(I+1))
32bl. (C, (h,1,1+1), Rf[ri -> RRf_val(ri)], C(I1+1)) simB &
32a. Sf -->7(1+1) Sf' and Sf' simB S

* BRZ- UNTAKEN. B1 conpl ete

subsubcase B2: . |- Rf_val(ri) =/= Rwval(ri) -

28b2. . |- Ez'?Ef':Et' = Ef’

29b2. . |- Rf_val(ri) =/= Ef’

30b2. |-cf (C (h,I,1+1), Rf[ri -> RRf_val(ri)], C(I+1))
31b2. Sf' -->* recover(h, |, +1)

32b2. Sf -->M(1+1) Sf' and Sf' -->* recover(h,|,l+1)
* BRZ- UNTAKEN. B2 conpl ete

SUBCASE BRZ-UNTAKEN.G ¢ = G

25g. Rf(ri) = R(ri)
26g. Rf[ri -> RRf_val(ri)] simGRri ->RRwval(ri)]

bl ue fault does affect

[ (simR, 9, (simval), 25r ]

[ I'nspection of (simval), 9, 14, c=R]
[ 27r, pl]

[ (brz-untaken), 28r, p2]
[ Lemra Preservation-Brz-Possi bl e- El evati on,
[ (simsS), 26r, 30r, 25 ]

[ 29r, 31r ]

[ Inspection of (simval), 9, 14, c=B]
[ 26b, p1]

[ (brz-untaken), 26b, p2 ]

blue fault does not affect intention value and sinulation continues

10,

[ (simR), 9, (simval), subsubcase assunption ]

[ Exp Conditional Lenmma, (Exp Eq Transitivity,

f=R ]

15, 25) ]

[ Exp Eq Transitivity, 22, 29bl, subcase assunption ]

[ Lemma Preservation-Brz-Possi bl e-El evati on,
[ (sim$S), 28bl, 31bl, 25 ]
[ 27b, 32bl ]

intention value and faulty version recovers
[ Exp Conditional Lemma, (Exp Eq Transitivity,

10,

f=B, 26b, 30bl ]

15, 25) ]

[ Exp Eq Transitivity, 22, 28b2, subcase assunption ]

[ Lemma Preservation-Brz-Possi bl e-El evati on,
[ CF Lemma, 30b2 ]
[ 27b, 31b2 ]

[ (simR, 9, (simval), 25g ]

subsubcase on Rf_val (rz) =?= 0 and then Rf _val (rt) =?= Ela + 1 and then Rf_val (rt) in Don(C)

subsubcase Gl: Rf_val (rz) =/=0: rz faults to another non-zero val ue,

27g1. Sf --> 0 (C, (h,1,1+1), Ri[ri -> RRf _val(ri)], O(1+1))
28g1. |-G (C (h,I,1+1), Ri[ri -> RRf_val(ri)], O(I+1))

29g1. (C, (h,I,1+1), Rf[ri -> RRf_val(ri)], C(1+1)) simG S
30gl. Sf -->A(1+1) Sf' and Sf' simc S
* BRZ- UNTAKEN. GL conpl et e

subsubcase &: Rf_val(rz) =0 and . |- Rf_val(rt) = Ela + 1:

2792. . |- Rwval(rt | 1

fallthru proceeds

[ (brz-untaken), subcase assunption, p2 ]

[ Lemma Preservation-Brz-Possi bl e-El evati on,
subcase assunption, 15 ]

[ (sim$S), 29g1, 25, 26g ]

[ 2791, 2991 ]

faulty conputation incorrectly branches, but target

fallthrough, so everything a-ok

[ subcase assunption, 24 ]

) = +
28g92. Sf -->_0 (C (h,I,Rwval(rt)), Rf[ri -> RRf_val(ri)], C(Rwval(rt)))[ (brz-taken), subcase assunption, p2 ]
t

29g2. |-G (C (h,I,Rval(rt)),Ri[ri -> RRf_val(ri)], C(Rwval(rt)))

30g2. (C (h,I,Rwval(rt)),Rf[ri -> RRf_val(ri)],C(Rwval(rt))) simG§S

31g92. Sf -->7(1+1) Sf' and Sf' simc S
* BRZ- UNTAKEN. @ conpl ete

subsubcase G3: Rf_val(rz) =0 and . |- Rf_val(rt) =/= Ea + 1

[ Lemma Preservation-Brz-Possi bl e-El evati on,
2892, subcase assunptions, 15 ]

[ (simS), 2992, 25, 26g, 2792 ]

[ 28g2, 31g2 ]

|- Rf_val(rt) in Dom(C)
branches sonmewhere else in C

2793. Sf -->_0 (C (h,I,Rwval(rt)), Rf[ri -> RRf_val(ri)], C(Rval(rt)))[ (brz-taken), subcase assunptions ]

28g3. |-cf (C (h,I,Rval(rt)),Rf[ri -> RRf_val(ri)], C(R.val(rt)))

29g3. Sf' -->* recover(h,1,Rval(rt))
30g3. Sf -->A(l1+1) Sf* and Sf' -->* recover(h,l,Rval(rt))
* BRZ- UNTAKEN. G3 conpl et e
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subsubcase G4: Rf_val(rz) =0 and . |- Rf_val(rt) =/=Ea+ 1 and . |- Rf_val(rt) not in Dom(C) : faulty conputations incorrectly
branches and craps out

2794. Sf -->_0 hwerror(h,l) [ (brz-hwerror), subcase assunptions ]
* BRZ- UNTAKEN. &4 conpl ete

* BRZ- UNTAKEN conpl et e

CASE BRZ- TAKEN:

Rval(rz) =0 R val (rt) in Don(C
————————————————————————————————————————————————————————————————————————————————————————— (brz-taken)
(C (h,1), R brzrzrt) -->0(C, (h,1,Rval(rt)), Rri ->RRwval(ri)], CR.wval(rt)))

al. Sf simsc S
a2. S-->\' S

1. Sf = (C (h,1),Rf,brz rz rt) [ Lemma Simc-Typing, al, Inspection of (brz-t) ]

2. S= (C(h1),R,brzrzrt)

3. |-C: P

4. P|- R: G

5. P|-c R : G

6. |- (h,1) seq o Ela

7. |- B =1

8. .;P;,Gseq o ELa;E ;P(I+1) |- brz rz rt

9. Forall r. Rf(r) simc R(r) [ I'nversion of (sim$S), al, Inversion of (simR) ]

10. |-c Sf [ I'nversion of (simS), al ]

11. rz) = <Gint, Ez> [ I'nversion of (brz-t), 10 ]

12. ;P |- R(rz) : <Gint, Ez> [ I'nversion of (Rt), 4, 11 ]

13. . |- Rwval(rz) = Ez and Rcol(rz) = G [ Canonical Forms, 12, 3]

14. ;P |-c Ri(rz) : <Gint, Ez> [ I'nversion of (Rt), 5, 11 ]

15. . |- EZz =0 [ Exp Eq Transitivity, pl, 13 ]

16. ¢rt) = <GAI[D](G, At), Et> [ I'nversion of (brz-t), 10 ]

17. ;P |- R(rt) : <GAI[D] (&, At), Et> [ I'nversion of (Rt), 4, 11 ]

18. |- Rval(rt) = Et and Rcol(rt) =G [ Canonical Forns, 17, 3]

19. ;P |-c Ri(rt) : <GAI[D](G&,At), Et> [ I'nversion of (Rt), 5, 11 ]

20. ¢ri) = <B,goz,Ez' ?Ef': Et' > [ I'nversion of (brz-t), 10 ]

21. .;P |- R(ri) : <B,goz,Ez'?Ef':Et'> [ I'nversion of (Rt), 4, 11 ]

22, . |- Rwval(ri) = Ez'?Ef':Et' and R.col(ri) =B [ Canonical Forms, 21, 3]

23. .;P|-c Ri(ri) : <B,goz,Ez'?Ef':Et'> [ I'nversion of (Rt), 5 11 ]

24, . |- 1 =FHa [ I'nversion of (h-append-t), 6

25. . |- Ez = EZ' [ I'nversion of (brz-t), 10 ]

25. |- S [ Preservation, (lnversion of sims, al),
(I'nversion of trans-eval-brz, a2) ]

SUBCASE BRZ-TAKEN.R ¢ = R

25r. Rf(ri) = R(ri) [ I'nspection of (simval), 9, 22, c=R]

26r. Rf[ri -> RRf_val(ri)] simc Rri -> RRwval(ri)] [ (simR, 9, (simval), 25r ]

27r. Rf(rz) = R(rz) [ I'nspection of (simval), 9, 14, c=R]

28r. Rf_val(rz) =0 [ 27r, p1]

29r. Rf(rt) = R(rt) [ Inspection of (simval), 9, 18, ¢ = R]

30r. Rf_val(rt) in Dom( Q) [ 29r ]

31r. Sf -->_0 (C (h,I,Rf_val(rt)),Rf[ri -> RRf_val(ri)],C(Rf_val(rt))) [ (brz-taken), 28r, 30r ]

32r. |-R(C (h,I,Rf_val(rt)),Rf[ri -> RR_val(ri)],C(Rf_val(rt))) [ Lemma Preservation-Brz-Possible-El evation, 10, 31r, f=R]

33r. (C (h,I,Rf_val(rt)),Rf[ri -> RR_val(ri)],C(Rf_val(rt))) simR S [ (simsS), 26r, 32r, 25, 29r ]

32r. Sf -->7(1+1) Sf' and Sf' simR S [ 31r, 33r ]

* BRZ- TAKEN. A conpl ete

SUBCASE BRZ- UNTAKEN.B: ¢ = B

25b. Rf(rz) = R(rz) [ I'nspection of (simval), 9, 14, c=B]
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26b. Rf _val(rz) =/=0 [ 26b, pl]
27b. Rf(rt) = R(rt) [ I'nspection of (simval), 9, 18, c=B]
28b. Rf _val (rt) in Don(C) [ 27b, pl]

29b. Sf -->0 (C (h,I,Rf_val(rt)),Rf[ri -> RRf_val(ri)],C(Rf_val(rt))) [ (brz-taken), 26b, p2 ]

subsubcase on Rf _val (ri) ?= Rwval(ri)

subsubcase Bl: . |- Rf_val(ri) = Rwval(ri) - blue fault does not affect intention value and sinulation continues

28bl. Rf[ri -> RRf val(rl)] simB Rri -> R Rwval(ri)]

29b1. . |- Ez'?Ef': = B’
30b1. . |- Rf_val(rl) = Et'
31bl. |-B Sf'

32b1. (C (h,I,Rf_val(rt)),Rf[ri -> RRf_val(ri)],C(Rf_val(rt)))simB S
32a. Sf -->"(1+1) Sf' and Sf' simB S
* BRZ- UNTAKEN. B1 conpl ete

[
[
[
[

[
[

(simR), 9, (simval), subsubcase assunption ]

Exp Conditional Lenma, (Exp Eq Transitivity, 15, 25) ]
Exp Eq Transitivity, 22, 29bl, subcase assunption ]
Lemma Preservation-Brz-Possi bl e-El evati on, 10, f=B,

29b, 30b1 ]
(sim$S), 28bl, 31bl, 25, 27b ]
27b, 32bl ]

subcase assunption ]

subsubcase B2: . |- Rf_val(ri) =/= Rwval(ri) - blue fault does affect intention value and faulty version recovers

28b2. . |- Ez'?Ef':Et' = Et' [ Exp Conditional Lemma, (Exp Eq Transitivity, 15, 25) ]
29b2. . |- Rf_val(ri) =/= Et"' [ Exp Eq Transitivity, 22, 28b2,

30b2. |-cf Sf'

31b2. Sf' -->* recover(h,|,Rf_val(rt))
32b2. Sf -->M(1+1) Sf' and Sf' -->* recover(h,l,Rval(rt))
* BRZ- UNTAKEN. B2 conpl ete

SUBCASE BRZ-UNTAKEN. G ¢ = G

25g. Rf(ri) = R(ri)
26g. Rf[ri -> RRf_val(ri)] simGRri ->RRwval(ri)]

subsubcase Gl: Rf_val(rz) =/=0and . |- Bt = Ela +1 - faulty conputation falls through when original

[ Lemma Preservation-Brz-Possibl e-El evation, 10,

f=B, 29b, 29b2 ]
[ CF Lemma, 30b2 ]
[ 27b, 31b2, 27b ]

[ (simR), 9, (simval), 25g ]

but it's ok because branch target is sanme as fallthru

26gl. . |- Rwval(rt)
27g1. Sf -->0(C(h
28gl. |-G (C (h, 1,1+

= + 1
I, |+1) Ri[ri -> RR_val(ri)], C(I+1))
1), Rf[ri -> RRf_val(ri)], C(1+1)))

[ subcase assunption, 24 ]

br anches,

[ (brz-taken), subcase assunption,
[ Lemma Preservation-Brz-Possibl e-El evation, 10,

p2 ]

f=G 27gl, subcase assunptions, 15 ]
29g1. (C (h,I,l1+1), Rf[ri -> RRf_val(ri)], C(I+1)) simG S [ (sim$S), 29g1, 26gl, 25, 26g ]
30gl. Sf -->7(1+1) Sf' and Sf' simc S [ 2791, 2991 ]
* BRZ- TAKEN. G1 conpl ete
subsubcase &: Rf_val(rz) =/=0and . |- Bt =/=Ea + 1 - faulty conputation falls through when original branches off el sewhere
2792. . |- Rwval(rt) =1 +1 [ subcase assunption, 24 ]
28g2. Sf -->_0 (C (h,1,1+1), Rf[ri -> RRf_val(ri)], C(1+1)) [ (brz-untaken), subcase assunption, p2 ]

29g2. |-cf (C (h,I,1+1), Rf[ri -> RRf_val(ri)], C(I+1))

3092. Sf' -->* recover(h,I,1+1)
31g2. Sf -->M(1+1) Sf' and Sf' -->* recover(h,Il,|+1)
* BRZ- TAKEN. @ conpl ete

[ Lemma Preservation-Brz-Possibl e-El evation, 10,

f=G subcase assunptions,
[ CF Lemma, 2992 ]
[ 2892, 3092 ]

subsubcase G3: Rf_val(rz) = 0 and . |- Rf_val(rt) = Et - faulty conputation takes the same branch as ori gi nal

2693. . |- Rf_val(rt) = Rwval(rt)
279g3. Sf -->_0 (C (h,I,Rf_val(rt)),Rf[ri -> RRf_val(ri)],C(Rf_val(rt)))
28g93. |-G Sf*'

29g3. Sf' simc S
30gl. Sf -->7(1+1) Sf' and Sf' simc S
* BRZ- TAKEN. G3 conpl et e

subsubcase G4: Rf_val(rz) = 0 and . |- Rf_val(rt) =/= Et and Rf_val(rt)

26g4. Sf -->_0 (C (h,I,Rf_val(rt)),Rf[ri -> RRf_val(ri)],C(Rf_val(rt)))
2794. |-cf Sf'

28g4. Sf' -->* recover(h,|,Rf_val(rt))
29g4. Sf -->M(Rf_val(rt)) Sf' and Sf' -->* recover(h,|,Rf_val(rt))
* BRZ- TAKEN. G4 conpl ete

subsubcase Gb: Rf_val(rz) = 0 and . |- Rf_val(rt) =/= Et and Rf_val (rt) not

26g5. Sf -->_0 hwerror(Rf_val(rt))
* BRZ- TAKEN. G5 conpl ete
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15 ]

[ Exp Eq Transitivity, subcase assunption, 18 ]
[ (brz-taken), subcase assunption,
[ Lemmra Preservation-Brz-Possi bl e- El evati on, 10,

f=G subcase assunptions,

15 ]

[ (simS), 25, 2993, 26g2, 26g ]

[ 2791, 2991 ]

(p2, 26g3) ]

in DomC - faulty conputation branches off el sewhere in C

[ (brz-taken), subcase assunptions ]
[ Lemma Preservation-Brz-Possi bl e-El evati on, 10,

f=G subcase assunptions, 15 ]
[ CF Lemma, 2794 ]
[ 2694, 28g4 ]
in DomC - faulty conputation craps out

[ (brz-hwerror), subcase assunptions ]



Transition Lemmas

(C h, R jnprt) -->0 (C, (h,Rwval(rt)), Rri ->RRwval(ri)], CRwval(rt)))

Simlar to BRZ cases

*
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Fault Tolerance Theorem

Fault Tolerance Theorem

Fault Tol erance Theorem

If |-S and S -->h S
then either (1) S -->h_1 Sf and Sf simc S

(2) S -->"hf_1 hwerror(S.h,hf) and hf prefix of h
(3) S -->"hf_1 recover(S.h,hf) and hf prefix of h

(4) S -->hf_1 recover(S.h,hf) and hf = (h1,1') and h = (h1,1,h2)

Case on the structure of S -->*h &

CASE PROG EXEC- BLK:

————————————————————————— (prog- exec- bl k)
S -->() M

1. Exists c. S-->_1 Sf and Sf simc M5
OR S -->*_1 recover(S. h)
subcase on 1.

Subcase A

aal. S -->*_1 Sf

aa2. Sf simc Ms

2a. S -->M() Sf

3a. S-->*() and Sf simc M5
* PROG EXEC- BLK. A conpl ete

Subcase B:

abl. S -->*_1 recover(S.h)

2b. S -->"() recover(S. h)

3b. S -->*() recover(S.h) and () prefix of ()
* PROG EXEC- BLK- B conpl ete

CASE PROG- EXEC- SEQ- HW ERRCR:

S -->h & S -->0 hwerror
...................................... (prog-exec-seq-hw-error)
S -->"h hwerror

S -/->"h hwerror

subcase does not apply
* PROG EXEC- SEQ HW ERROR conpl et e

CASE PROG EXEC- SEQ- TRANS- BLK:

—————————————————————————————————————— PR (prog-exec-seq-trans- bl k)

S -->(h,1)_k M5

1. Exists S1,S2,S3 hl, h2.

2. S-->'hl 81

3. S1 -->"\ 82

4. S2 -->* S3

5. S3 -->*"h2 &

6. h = (hi,1,h2).

7. Exists ¢c. S2 -->*_1 Sf and Sf simc S3
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/1 fault wasn't detected
/1 hardware caught error and <= 1 wong visited
/'l recover called even though no cf fault
/1l recover called after cf fault
(only one wong block visited)

[ Fault Introduction Lemma, pl ]

[ (prog-exec-blk), aal ]
[ 2a, aa2 ]

[ (prog-exec-blk), abl ]
[ 2b]

[ Non Faulty Execution Lemma ]

[ Lemma Prog Exec Split, a2 ]

[ Lenma Fault Introduction, 4]



Fault Tolerance Theorem

OR S2 -->*_1 recover(S.h,h1, 1)

Ei t her [ Faulty Conputation Lemma, 7, 5 ]

8.

(8.1) Sf -->*h sf* and Sf' simc S

(8.2) Sf -->hf hwerror(S. h,h1,1,hf) and hf prefix of h2

(8.3) Sf -->Mhf recover(S.h,h1,1,hf) and hf prefix of h2

(8.4) Sf -->Mhf recover(S.h,hl,1,hf) and hf = (h',I') and h = (h",1,h"")

9. Either [ Lenma Prog Exec Join, 8]
(8.1) S-->h_1sf' and Sf' simc S

(8.2) S -->*hf hwerror(S. h,hl,1,hf) and (h1,1,hf) prefix of (hi, I, h2)

(8.3) S -->"hf recover(S.h,h1,1,hf) and (hl,1,hf) prefix of (hi, I, h2)

(8.4) S -->"hf recover(S.h,h1,1,hf) and hf = (hl,1') and h = (hi,1,h2)

* PROG EXEC- SEQ TRANS- BLK conpl et e

* FAULT TOLERANCE THEOREM COWPLETE

Faul ty Conputation Lemma

If Sf simc S and S -->‘h &

then either (1) Sf -->*h Sf' and Sf' simc S // fault wasn't detected
(2) sf -->*hf hwerror(S. h,hf) and hf prefix of h /1 hardware caught error and at nost one w ong block visited
(3) Sf -->Mhf recover(S.h,hf) and hf prefix of h /1 recover called even though no cf fault

(4) Sf -->"hf recover(S.h,hf) and hf = (hl,1") and h = (h1,1,h2) // recover called after cf fault

PROOF: By induction on the structure of S -->'h &

al. Sf simc S

CASE PROG EXEC- BLK:

S -->* M8

------------------------- ( prog- exec- bl k)

S -->N() M8

1. 8 =8 [ NonFaulty Bl ock Execution Lenma,
2. Sf -->* Sf' and Sf' simc S [ Block Execution Lemma, al, pl ]

or Sf -->* recover(S.h)
subcase on 2.

SUBCASE PROG- EXEC- BLK. A: Faul ty conputati on executes first block and continues to sinulate original
aal. Sf -->* Sf°

aa2. Sf' simc S

3a. Sf -->7() Sf' [ (prog-exec-blk), aal ]
4a. Sf -->7() Sf' and Sf' simc S [ 3a, aa2 ]

* PROG EXEC-BLK. A conpl ete

SUBCASE PROG- EXEC- BLK. B: Faul ty conputation recovers while executing first block

abl. Sf -->* recover(S. h)

1b. Sf -->"() recover(S. h) [ (prog-exec-blk), abl ]
2b. Sf -->7() recover(S.h) and () prefix () [ 1b, abl ]

* PROG EXEC- BLK. B conpl ete

CASE PROG EXEC- SEQ- HW ERROR:

S -->h S S' -->0 hwerror
...................................... (prog-exec- bl k-hwerror)
S -->"h hwerror

1. S-/->0 hwerror [ Non Faulty Bl ock Execution Lenma,

subcase does not apply
* PROG EXEC- SEQ HW ERROR conpl et e
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CASE PROG EXEC- SEQ- TRANS- BLK:

—————————————————————————————————————— R (prog- exec-seqg-trans-bl k)
S -->"(h,l1)_k M

1. M8 =8 [
2. Sf --> h Sf'" and Sf'' simc S [

OR Sf -->"hf hwerror(S.h,hf) and hf prefix of h

OR Sf -->"hf recover(S.h,hf) and hf prefix of h

OR Sf -->"hf recover(S.h,hf) and hf = (hl,1') and h = (hl,12, h3)
subcase on 2

Faul ty Bl ock Execution Lemma, |nversion of (sim$9),

Non
I.H, al, p1]

SUBCASE PROG- EXEC- SEQ TRANS-BLK. A: First part of faulty execution sinulates original
aal. Sf -->"h Sf''

aa2. Sf'' simc S

3a. Sf'' -->  sf''' and Sf''' simc S [ Block Transition Lemma, aa2, p2 ]
OR Sf''" -->_0 hw_error(S. h,h)
OR Sf'' -->M"' sf' and Sf' -->* recover(S.h,hI")

subsubcase on 3a.

SUBSUBCASE PROG- EXEC- SEQ TRANS- BLK. Al: Faulty execution takes the correct transition...

aall. Sf'' -->7 SfY
aal2. Sf''' simc S’
3al. Sf''' -->* Sf' and Sf' simc S [ Block Evaluation Lemma, aal2, p3 ]
OR Sf''' -->* recover(S.h,h 1)
subsubsubcase on 3al.
subsubsubcase PROG EXEC- SEQ TRANS- BLK. A1A: ...and continues to sinmulate the original
aalal. Sf''' -->* Sf'
aala2. Sf' simc S
4ala. Sf -->7(h,l) Sf' [ (prog-exec-seqg-trans-blk), aal, aall, aalal ]
5ala. Sf -->"(h,1) Sf' and Sf' simc S [ 4ala, aala2 ]
* subsubsubcase PROG EXEC- SEQ TRANS- BLK. A1A conpl et e
subsubsubcase PROG EXEC- SEQ TRANS- BLK. A1B: ...and recovers prematurely
aalbl. Sf''' -->* recover(S.h,h,1)
4alb. Sf -->"(h,l) recover(S. h,h,1) [ (prog-exec-seqg-trans-bl k), aal, aall, aalbl ]
5alb. Sf -->7(h,1) recover(S.h,h1) and (h,1) prefixof (h,I) [ 4alb ]

* subsubsubcase PROG EXEC- SEQ TRANS- BLK. A1B conpl et e

SUBSUBCASE PROG- EXEC- SEQ TRANS- BLK. A2: Faulty execution encounters a hwerror

aa2l. Sf'' -->_0 hw_error(S.h,h)
3a2. Sf -->"h hwerror(S. h,h) [ (prog-exec-seq-hwerror), aal, aa2l ]
3a2. Sf -->"h hwerror(S.h,h) and h prefixof h [ 3a2 ]

* SUBSUBCASE PROG EXEC- SEQ TRANS- BLK. A2 conpl ete

SUBSUBCASE PROG- EXEC- SEQ TRANS- BLK. A3: Faulty execution goes to the wong place

aa3l. Sf'' -->7' Sf

aa32. Sf' -->* recover(S.h,h,1")

3a3. Sf -->7(h,1") recover(S.h,h,1") [ (prog-exec-seq-trans-blk), aal, aa3l, aa32 ]
4a3. Sf -->7(h,l1') recover(S.h,h,1") and (h,I') = (h,1') and (S.h,h1) = ((S. hh),I,.) [ 3a3]

* PROG EXEC- SEQ TRANS- BLK. A3 conpl ete

SUBCASE PROG- EXEC- SEQ TRANS-BLK. B: First part of faulty execution encounters a hwerror
abl. Sf -->"hf hwerror(S. h,hf)

ab2. hf prefix of h

3b. Sf -->"hf hwerror(S. h,hf) and hf prefix of (h,I) [ abl, ab2 ]
* PROG EXEC- SEQ TRANS- BLK. B conpl ete

SUBCASE PROG- EXEC- SEQ TRANS-BLK. C: First part of faulty execution recovers prematurely
acl. Sf -->"hf recover(S.h,h)

ac2. hf prefix of h

3c. Sf -->"hf recover(S.h,h) and hf prefix of (h,I) [ acl, ac2 ]
* PROG EXEC- SEQ TRANS- BLK. C conpl et e

SUBCASE PROG EXEC- SEQ TRANS-BLK. D: First part of faulty execution heads off on it's own and recovers
adl. Sf -->"hf recover

ad2. hf = (h1,1") and h = (h1,12,h3)

3d. Sf -->"hf recover and hf = (h1,1') and h = (h1,12,h3,1) [ adl, ad2 ]

* PROG EXEC- SEQ TRANS- BLK. D conpl ete
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Trandation Definitions

S ::= X :=n
| x1:= x2 - x3
| if x =0 then sl else s2
| while x=/=0 do s
| s1; s2
X = [ X x
L ::= I11...1m
is ::= .| is; movi rdv | is; subrdrarb
MACROS:
intendjnmp It =def= /1 1t is target
movi tb B It; intend tb; movi tg GIt; jnmp tg
intendbrz rz It If =def= /1 rz is cond reg, If is fallthrough label, It is target
novi tb B If; intend tb; novi tb BIlt; intendz rz' tb; nmovi tg GIt; brz rz tg
check | =def= /1 1 is current |abel
movi tg RI; sub tg tg ri; recovernz tg
| X|- s
x in X
———————————— (wf - assi gn)
X]-x:=n

x1in X x2in X x3in X

——————————————————————————— (W - sub)
X |- x1:=x2 - x3

xinX X]|]-s1 X]|- s2
————————————————————————————— (W -if)
X |- if x =0 then s2 el se s2
xinX X|-'s
———————————————————————— (wf-while)

X |- while x =/=0 do s

X]- sl X|- s2

| Blks(s) | The nunmber of blocks added by translating s

Bl ks(x :=n) =0

Bl ks(x1 := x2 - x3) =0

Bl ks(if x = 0 then sl else s2) = Blks(sl) + Blks(s2) + 3
Bl ks(while x=/=0 do s) = 3 + Blks(s)

Bl ks(s1 ; s2) = Blks(sl) + Blks(s2)
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| InitRegFile(X) | Make the initial register file corresponding to X
X = x1 xn
R=r1->GO, r1' ->BO,..., rn->G0, rn" ->BO,

ri ->BO,

| [[X]]_l | Generate type for |abel | given variable context X

X =x1 xn

al...an, ahist,ari,atgl,atbl, atb2,atrl1 fresh

D = al:kint, ..., an:kint, ahist:khist, ari: int, atg:kint, atb:kint

A = ahist o |

G={ rl:<Gint,al> rl':<g,int,al> ..., rn:<Gint,an> rn':<Gint,an>,

ri: <R, check, ari >,
tg:<Gint,atg> tb:<B,int,atbh>}

[[X]_I = ForallI[D] (G A)

| X;P1 |- C: P2 | Code Menory Cis well-typed, but labels in P1 may not have correspondi ng bl ocks built yet.

Dom(C) = Don( P2)
Don(P1) intersect Don(P2) = enptyset
Forall n in Don(P1).
P1(n) = [[X]_n
Forall n in Donm(P2).
P2(n) = [[X]]_n
[[X]]_n = AllI[D((Gri-><R, check, Y>), al pha o n)
D; (P1 union P2); (Gri-><R check,Y>); alpha on; Y; (P1u P2) (n+l) |- C(n)
————————————————————————————————————————————————————————————————————————————————————————————— (trans-C-t)

| GenPsi(X,L) | Cenerate the Code Typing for a set of |abels

GenPsi(.) = .
GenPsi (L,l1) = GenPsi (L), [[X]_!

D|- G
Forall xk in X Qrk) = <G tk,Ek> and G(rk') = <B,tk,Ek'> and D |- Ek = Ek'
G(ri) = <c, ok, Ei >

X |- (DG good
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to get the effect of a sequence of

| DDP,G |- is G | Strings together instances of D;P,G|- i : G

----------------- (is-enpty-t)

D, PG |- G

DP,G |- i G DPG |- is Gs

——————————————————————————————————— (is-seq-t)

DP,G |- i;is Gs

| X |- is good | Cood instruction sequences al ways duplicate code and use valid registers

(trans-assign)

(trans-sub)

X |- enpty good

xd in X X |- is good
——————————————————————————————————————— (i s-novi - good)

X |- is; mwvi rd Gn; novi rd" B n good

xd in X X |- is good

xain X xbin X
------------------------------------------- (i s-sub-good)
X |- is; sub rd rarb; sub rd" ra rb' good

| X |- (L,Cis,|) good |

Let P1 = GenPsi(L,1I)

Let P2 = GenPsi (Don(Q))

X, PL |- C: P2

X |- is good

X |- (L, Cis,|) good

| [[X |- s]] (L, Cis,I) = (L",C,is",I") | Statenent Transl ation
is'" =is; mvi rk Gv; novi rk' Bv

[[X]- xk :=v]] (L Cis,I) = (L Cis',I)

is'" =is; subrk rmrn; sub rk' rm rn

[[X]- xk :=xm- xn]] (L,Cis,I) = (L, Cis"',I)

let If =1+1 /1 fallthrough (false)
let It =1f + Blks(sl) /1 target (true) |
let Ij =1t + Blks(s2) /1 join |abel

let bl = (check I); is; intendzbrz rk If It

[[X |- s1]] ( (L, If), I ->bl], ., It ) = (L', &', ist', It")
[[X]- s2]] ( (L, 1t), CI ->bl], ., If ) = (L', C", isf', If")

let C = (C" union C'")[ It" ->check It'; ist'; intendjnmp Ij ][ If’
[[X |- if xk =0 then sl elses2]] (L, C is, I ) =(LC,.,1j)

let I1b =1 +1 /1 begi nning | abel
let Is =1b + 1 /1 body (s) I abel
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Trandation Definitions

let le = 1s + Blks(s)

let bl = check I; is; intendjmp Ib

let bb = (check Ib); intendzbrz rk le Is
[[X]- s]] ( (L 1e), I ->bl][Ib -> bb],
let bs = check Is'; iss'; intendjnp Ib
let C =GCs'[ Is' -> bs ]

[-s1]] (L, C is, | ) =(L1, Cl',
|- s2]] ( L1, c1', isl', 1) = (L',

/1 end | abel

------------------ (trans-seq)
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Tranglation Lemmas

Trandation Lemmas

If X|]- (DG good and X |- is good
then (D;P;,Q |- is: G and X |- (D, G) good

Proof by induction on the structure of is:
enmpty case - G =G

nmov/ sub cases - both rk and rk' updated equivalently, new G reflects these changes

Bl ock Addition Lemma:

If X GenPsi(L,l1) |- C: GenPsi(C and [[X]_l = AI[D((Gri-><R check, Y>), al pha o n))
and D; (Pl union P2); (Gri-><R check,Y>); alpha on; Y; P(n+tl) |- b
then X; GenPsi (L) |- I ->Db] : GenPsi(C 1)

By inversion and reconstruction of (trans-Ct).

Bl ock Construction Lemma:

If X|- (L, Cis, 1) ok

then Forall I" in (L,1) or Donm(C).

(1) GenPsi(X,L) |- (I ->check |I; is; intendjnmp I'] : GenPsi (X (Dom(C), 1))

(2) if 141 in (L,1) or DomC). GenPsi(X/L) |- CI ->check I; is; intendbrz rz I'] : GenPsi (X (Don(C),1))
Pr oof

Definitions:

dP1l. P1 = GenPsi(L,1)

dP2. P2 = GenPsi (Donm(C))

dP3. P3 = P1 union P2

dDl1. let D1 D, Y: ki nt, al pha: kseq

dD2. let D2 D, al pha: kseq

dtol. to = P3(l+1)

dGl. let GlL = Gri-><R, check, Y>

d&. let & = (Gri-><R check, Y>)[tg-><R int,|>]
d&. let B = (Gri-><R check, Y>)[tg-><R int,|-Y>]
dA. let A = (Gri-><B,ok,|>)[tg-><R/int,0>]

d& = #15

dG6. G5[ tb -> <B,P(1"),I"> ][ tg-> <G P(l"),I"> ][ ri -><B,go,|">]
dG7 = G5[ tb -> <B,P3(1"),I"> ][ tb -> <B,P3(l1+1),1+1> ][ tg -> <G P3(l"),I'"> ][ ri -> <B,goz,Ez'?I+1:1"'> ]

dSst. St = E61/all',...,E6n/anl', E6tg/atgl', E6tb/atbl', E6ri/aril', (alpha o I)/ahistl"'
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X;PL |- C: P2 [ Inversion of (partial-trans-ok), al, dPl, dP2 ]
<del et ed>
X |- is good

wnN e

P1(1) [[X7]_] [ I'nversion of (trans-Ct), 1, dPl ]
P1(1) A I[D1] ((Gri-><R check, Y>),al pha o I) [ I'nspection of ([[X]]), 6]

D |- G ok

Forall r' in Dom(GQ. QEr') =/=<Rt',E >

D |- P(l+1) ok

0. Forall k =1 ton. Qrk) = <Gint, Ek>

and Q(rk') = <B,int,Ek'> and D |- Ek = Ek'

BoOo®®NOo O

11. D2 |- &4 [ dD2, d&4, 7 ]
12. Forall k =1 to n. G4(rk) = <Gint, Ek> [ dA, 10 ]
and A(rk') = <B,int,Ek'> and D |- Ek = Ek'
13. CGA(ri) = <B, ok, I> [ d&4 ]
14. X |- (D2,&#4) ok [ (GDgood), 5, 11, 12, 13 ]
15. (D2;P3;#4) |- is : G5 [ is Lemma, 14, 3]

(
16. X |- (D2,G5) good

17. D2 |- G [ I'nversion of (GD-good), 16 ]
18. Forall xk in X. Q(rk) = <Gint,Ek> and rk') = <B,int,Ek'> and D | - EK=EK'
19. G5(ri) = <c, ok, Ei >

dl'. let |I' be alabel inlL

26. D2 |- S: D' [ dst, 22, 25 ]

27. D2 |- &[ ri -> <R check,Et'>] <= St(d") [ (Gsubtp), (subtp-reflex), (subtp-int), dG5, 24, dSt ]
28. &b(rz) = <Gint,Ez> and G(rz') = <Gint,Ez'> and D2 |- Ez = Ez' [ 18]

dl 1. assume |+1 in L
29. Deconstruct structure of P3(I+1) and build Sf as in 20 - 27 for |’ [ dI', 20 - 27, all code bl ocks have sane type ]

Gr(ri) = <B,goz,Ez'?I +1:1"'> [ dG7 ]
D2 |- 1+1 =1 +1 [ 1]
Gr(rz) = <Gint, Ez> [ dG7, 28 ]
D2 |- Ez = EZ' [ dG7, 28 ]
Gr(rt) = <GAI[D"'](G"',A"),I"> [ dG7, 21 ]
D2 |- 1" =1" []
D2 |- st : D' [ 26 ]
D2 |- GB[ ri -> <R check,Et'>] <= St(d") [ 27 ]
D2 |- alpha ol ol" = S(A") [ 23, dS]
D2 |- Sf : D1 [ 29 ]
D2 |- GB[ ri -> <R check,Et'>] <= St(d1) [ 29 ]
D2 |- alpha ol o (I1+1) = S(A 1) [ 29 ]
--------------------------------------------------------------------- (brz-t)
D2; P3; Gb; al phaol ;1;to |- movi...intendz : G7 D2; P3; G7; al phaol ;1;to |- brz rz tg
D2; P3; G5; al phaol ;1;to |- nmovi tb B 1+1; intend tb; novi tb B (1+1); intend tb; novi tg GI1'; intendz rz' th; brz rz tg
------------------------------------------------------------------------------------------------------------------------- [ macro expansion ]
D2; P3; G5; al phaol ;1;to |- intendzbrz rz | I’
30. if I+1 in L. D2; P3; G5; al phaol ;1;to |- intendzbrz rz | |’
G6(ri) = <B,go,|"'> [ dG5 ]
GB(rt) = <GP(l'),I'> [ d&6 ]
D2 |- 1" =1 [ ]
D2 |- st : D' [ 26 ]
D2 |- G8[ ri -> <R check,Et'>] <= St(Qd") [ 27 ]
[ (mov-t), (sequence-t), (intend-t), (sequence-t), (nov-t), 19 ] D2 |- alphao!l ol"'" = S(A") [ 23, dS]
--------------------------------------------------------------------------------------------------------------------- (jmp-t)
D2; P3; G5; al phaol ;1;to |- mov tb B I'; intend tb; mov tg GI1'; G& D2; P3; G6; al phaol ;1;to |- jnp tg
———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————— (sequence-t)
D2; P3; G5; al phaol ;1;to |- mov tb B I'; intend tb; mov tg GI1'; jnp tg
————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————— [ macro expansion ]
D2; P3; Gb; al phaol ;1;to |- intendjnp |’
31. D2;P3;G5;al phaol ;1;to |- intendjnp |’
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32. let bend be either intendjnp |' or intendzbrz rz | |
33. D2; P3; G5; al phaol ;1;to |- bend [ 30, 31, 32 ]
34. D2; P, &4; al phaol ;1;to |- is;bend [ (sequence-t), 15, 33 ]

G3(tg) = <Rjint,l-Y> [ d& ]
G3(ri) = <R/int,Y> [ d&B ]
D2 |- G/rilrz ok [ 7, d&, dD2?]
D2 |- al pha [ dD2 ]
D2 |- | [ dD2 ]
D2; P, G4; al phaol ;1;to |- is;bend [ 34 ]
—————————————————————————————————————————— (sub-t) S e e eieeee-ie---------------- (recovernz-t)
tg =/=ri D1; P3; &; al phaol ; Y;to |- sub tg tgri : G D3, Y; ki nt; P; G3; al phaol ; Y;to |- recovernz tg;is;bend
——————————————————————————— (nmovi -t) S e e------------------------ (sequence-t)
D1;P3;GL |- movi tg Rl : @ D1; P3; &; al phaol ; Y;to |- sub tg tg ri; recovernz tg; is; bend
—————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————— (sequence-t)
D1; P3; Gl; al phaol ; Y;to |- nmovi tg R1Il; sub tg tg ri; recovernz tg; is; bend
—————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————— [ macr o expansi on]
D1; P3; Gl; al phaol ; Y;to |- check | ;is;bend
35. D1; P3; GL; al phaol ;Y;to |- check I; is; intendjnp I’
36. if I+1 in L. D1;P3;@Gl;al phaol ;Y;to |- check I; is; intendzbrz rz | I’
37. P3 = (P1/1) union (P2[1 ->[[X]_I 1) [ dP3 ]
38. X;(P1/1) |- CI ->check I; is; intendjnp '] : P2[I -> [[X]]_l ] [ (partial-trans-ok), 1, 37, 35]
39. if I+l inL [ (partial-trans-ok), 1, 37, 36 ]
X; (P1/1) |- I ->check |I; is; intendbrz rz I'] : P2[I ->[[X]_l ]
40. X; GenPsi (X, L) |- CI -> check I; is; intendjnp |'] : GenPsi (X, (Dom(C),I)) [ 38, dP1, dP2 ]
41. if 1+1 in L. [ 39, dP1, dP2 ]
X; GenPsi (X, L) |- CI ->check I; is; intendbrz rz I'] : GenPsi (X, (DomC),1))
* Bl ock Construction Lenma Conpl ete
Partial Trans Lenma
If [[X]- s]] (L Cis,I) =(L",C,is",I") and X |- (L,Cis,|) good
then X |- (L',C,is",l") good and L = L'
Proof: By induction on the structure of [[X |- s]] (L, Cis,I) = (L ,C,is",I")
a2. X |- (L, Cis,|) good
CASE TRANS- ASSI G\:
is'" =is; movi rk Gv; novi rk' Bv
————————————————————————————————————————————————————————————————— (trans-assign)
[[X]- xk:=v]] (LCis/ 1) =(LCis,I)
dl. P1 = GenPsi(L,I) [ Inversion of (partial-trans-ok), a2 ]
d2. P2 = GenPsi (Don{C))
1. X, PL |- C: P2
2. X |- is good
10. xk in X [ Inversion of (W-assign), al ]
2. X |- is; movi rk Gv; nmovi rk' B v good [ (is-nmovi-good), 2, 10 ]
12. X |- (L, Cis',l) good [ (partial-trans-ok), di, d2, 1, 2' ]
13. L =1L

CASE TRANS- SUB:

is' =is; subrk rmrn; sub rk' rm rn'
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————————————————————————————————————————————————————————————————— (trans-sub)
[[X]- xk :=xm- xn]1] (L,Cis,I) = (L,Cis',I)

dl. P1 = GenPsi(L,I) [ I'nversion of (partial-trans-ok), a2 ]
d2. P2 = GenPsi (Dom C))
1. X, PL |- C: P2

2. X |- is good

10. xk in X and xmin X and Xn in X [ Inversion of (W -assign), al ]

2'. X |- is; subrk rmrn; sub rk' rmi rn'" good [ (is-sub-good), 2, 10 ]

12. X |- (L,Cis",l) good [ (partial-trans-ok), di, d2, 1, 2' ]
13. L =1L

* TRANS- SUB conpl ete

CASE TRANS- | F:

pl. let If =1+1 /1 fallthrough (false) |abel

p2. let It =1f + Blks(sl) /1 target (true) | abel

p3. let Ij =1t + Blks(s2) /1 join Iabel

p4. let bl = (check |); is; intendzbrz rk If It

p5. [[X |- s1]] ( (L, If), I ->bl], ., It ) = (L', &', ist', It")

p6. [[X |- s2]] ( (L, 1t), I ->bl], ., If ) = (Lf", C", isf', If")

p7. let C = (&' union C")[ It" ->check It'; ist'; intendjmp Ij ][ If" -> check If'; isf'; intendjmp I ]
------------------------------------------------------------------------------------------ (trans-if)

[[X]- if xk =0 then sl elses2]] (L, C is, | ) =(LC,., 1))

dl. P1 = GenPsi(L,I) [ I'nversion of (partial-trans-ok), a2 ]

d2. P2 = GenPsi (Dom(C))

1. X, PL |- C: P2

2. X |- is good

3. X |- ( (L It,If), C is, | ) good [ Weakening on L, a2 ]

4. X; GenPsi (X, (L, If,It)) |- C I ->bl ] : GenPsi(X(C1l)) [ Block Construction Lemma, 3, p4 ]

5. X |- . good [ is-enpty-good ]

6. X |- ( (L, If), I ->bl], ., It ) good [ (partial-trans-ok), 4, 5]

7. X |- ( (L, 1t), I ->mbl], ., I'f ) good [ (partial-trans-ok), 4, 5]

8. X |- ((L,If), a', ist', It") good and {Don(C),|,It} subseteq {Donm{Ct"'),It"} [ I.H, p5 6]

9. X |- ((LIt), cf", isf', If") good and {Dom(C),!|,If} subseteq {Don(Cf'),If"} [ 1.H, p6, 7]

10. X; GenPsi(L,If,It") |- &' : GenPsi(Ct") [ I'nversion of (partial-trans-ok), 8]

11. X |- ist' good

12. X; GenPsi(L,It,If") |- Cf' : GenPsi(Cf") [ I'nversion of (partial-trans-ok), 9 ]

13. X |- isf' good

14. {Dom(CO),!,It,If} subseteq {Dom(Cf'),Donm(Ct"),It", If"} [ 8 9]

15. X; GenPsi(L,It",If") |- (C&" union Cf') : GenPsi(Ct' union Cf") [ Block Addition Lenma, 10, 12, 14 ]

6. X; GenPsi(L,It',If"',Ij) |- (C&" union Cf") : GenPsi(Ct"' union Cf'") [ Weakening on L, 15 ]

17. X |- ( (L, 1f",1j), (&' union Cf'), ist', It") good [ (partial-trans-ok), 16, 11 ]

18. X; GenPsi(L,I1f",1j) |- [ Block Construction Lemma, 17 ]
(Ct" union Cf")[It" -> check It'; ist'; intendjnp Ij] : GenPsi(C' union Cf', It")

19. X |- ((L,1j),(Ct"unionCf')[It'->check It';ist';intendjnp Ij],isf',If") good [ (partial-trans-ok, 18, 13 ]

20. X; GenPsi(L,lj) |- C : GenPsi(C) [ Block Construction Lemma, 19, p7 ]

21. X |- (L, C,.,lIj) good [ (partial-trans-ok), 20, 5]

22. {Dom(C), |} subseteq {Dom(C),!|j} [ 8 9]

* TRANS-| F conpl ete

CASE TRANS- WHI LE:

pl. let Ib=1 +1 /1 begi nni ng | abel

p2. let Is =1b + 1 /1 body (s) Iabel

p3. let le =1s + Blks(s) /1 end | abel

p4. let bl = check |I; is; intendjmp |Ib

p5. let bb = (check Ib); intendzbrz rk le Is

p6. [[X |- s]] ( (L,1e), CI ->bl][Ib ->0bb], ., Is) =(Ls', Cs', iss', Is")

p7. let bs = check Is'; iss'; intendjmp Ib

p8. let C =GCs'[ Is" -> bs ]

—————————————————————————————————————————————————————————————————————————————————————————— (trans-while)

[[X]|- while xk =/=0dos]] (L, C is, | ) =(L C, le)

dl. P1 = GenPsi(L,I) [ I'nversion of (partial-trans-ok), a2 ]

d2. P2 = GenPsi (Dom C))

1. X, PL |- C: P2
2. X |- is good
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X |- ( (L, Ib), C is, I ) good
X; GenPsi (X, (L,Ib)) |- C I ->bl ] : GenPsi(X (C1l))
X |- ( (L lels), I ->bl], ., Ib) good

X; GenPsi (X (L,le,l1s)) |- ClI->bl][Ib->bb] : GenPsi (X (C1,Ib))
X|- ( (L le), I ->bl][lb->bb], ., I's) good

X |- ( (L1e), Cs', iss', Is") good

{Dom(Q),I,Ib,Is} subseteq {Dom(Cs'),Is"}

©®XNOOA®

10. GenPsi (X, (L,le)) |- Cs'[Is' -> bs] : GenPsi(Cs',Is")
11. X |- (L, C, ., le) good

12. {Donm(C), 1)} subseteq {Dom(C),le}

* TRANS- WHI LE Conpl et e

CASE TRANS- SEQ

Weakening on L, a2 ]

Bl ock Construction Lemma, 3, p4 ]

(partial -trans-ok),

4,

(is-enmpty-t),

Bl ock Construction Lemma, 5, p5 ]

(partial -trans-ok),
I.H 7, p6]

6,

(is-enmpty-t) ]

Bl ock Construction Lenmma, 8, p7 ]

(partial -trans-ok),
9]

.H, pl, a2 ]
H, p2, 1]

pl. [[X |- s1]] (L, C is, I ) =(L1, C1', isl, I1")

p2. [[X |- s2]] ( L1, c1', isl", I1") = (L', C, is", I")
—————————————————————————————————————————————————————————————————————————————————————————— (trans-seq)
[[X]- s1;82]] (L, C is, I ) =(L C, is 1)

1. X |- (L1, Cc1', is1, 11") good and {Donm(C),|} subseteq {Donm(Cl'),I1"}

2. X |- (L',C,is",I") good and {Don(Cl'),I 1"} subseteq {Dom(C),I"}

3. X |- (L',C,is',I") and {Dom(C),|} subseteq {Donm(C),I"'}

* TRANS- SEQ conpl ete

** Partial Trans Lemma Conpl ete
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Trandation Theorem

Transl ati on Theorem

I f X|-s and [[X][|- s]] (.,.,.,1) =(.,C,is",I")
and InitRegFile(X) = R
then |- (C[l"'-> check I'; is'; intendjnp Ih][lh -> check Ih; intendjnp 1h],0, R intendjnp 1)
Pr oof
1. GenPsi(X /1) |- . : . [ (trans-Ct), def of GenPsi() ]
2. X|- (.,.,.,1) good [ (partial-trasn-ok), (is-enpty-t) ]
3. X |- (.,C,is"',|I") good [ Partial Trans Lenma, a2, 2 ]
6. X |- (Ih},C,is",1") good [ 3, Weakening on L ]
7. GenPsi (X {Ih}) |- [ Block Construction Lemma, 6 ]
C[l'" ->check I'; is'; intendjnp Ih] : GenPsi(C,I1")
8. X |- (..Cl"->...1],.,1h) good [ (partial-trans-good), 7, (is-enpty-good)]
9. GenPsi (X, .) |- C[I"->..1[Ih->..]1 : GenPsi(C,I"',Ih) [ Block Construction Lemma, 8 ]
dP. P = GenPsi (Dom(C [I'-> check I'; is"; intendjnp Ih][Ih -> check Ih; intendjnmp Ih])
4. X;. |- C[I'-> check I';is';intendjnmp Ih][lh -> check I h;intendjnp Ih] : P [ I'nversion on (partial-trans-good), 3]
1'. |- C[I"->check I';is";intendjnmp Ih][Ih -> check I h;intendjnp Ih] : P [ Inversion on (trans-C-t), 4, (Ct),

def of [[X]]_I ]

déG={ rl -><Gint,0> rl1l -> <B,int, 0>,

rn -> <Gint,0> rn" -> <B,int, 0>,
ri -> <B, ok, 0>,
tg -> <Gint,0> tb -> <B,int,0>}

10. Forall r. .;P |- R(r) : Q) [ a3, def of InitRegFile, dG (int-t), (rit-t),(val-t) ]
2. P|-R: G [ (Rt), 11 ]
3. ]-0: enmpty 0 0

dG. G =(dtg -> <GP(1),1>][tb -> <B,P(1),1>][ri -> <B, go, 1>]
S =

ds. 0/al',...,0/an', 1/atg, 1/ath, 1/ari, (enptyoO)/alpha
13. P(1) =[[X]_l [ I'nversion of (trans-Ct), 1, dP]
14. P(1) = AIl[D1] (GL, Al) [ I'nversion of ([[X]), 13 ]
15. D1 = al:kint, ..., an:kint, alpha:khist,
ari: int, atg:kint, atbt:kint, atbf:kint, atr:kint
16. Al = alpha o 1
17. Gl = { rl:<Gint,al> rl' :<g,int,al>,

rn:<Gint,an> rn':<Gint,an>,
ri: <R, check,ari>,
tg:<Gint,atg> th:<B,int,ath>}

18. G ={ rl:<Gint,0> rl :<B,int, 0>, [ dG, dG]
rn:<Gint,0> rn':<B,int, 0>

ri:<B, go, 1>,
tg: <G P(1),1> th:<B,P(1),1>}

19. . |- S: DL [ dS, 15 ]
20. . |- G [ri-><R check, 1>] <= S(Gl) [ (Gsubtp), (subtp-reflex), 17, dS, dG ]
G (ri) = <B,go, 1> [ dG ]
G(rt) = <GAI[D1](GL, A1), 1> [ dG ]
[-1=1 []
|- s: D1 [ 19 ]
. |- G[ ri -> <R check,Et'>] <= S(Gl) [ 20 ]
[ (nov-t), (sequence-t), (nmov-t), (sequence-t), (intend-t), 19 ] . |- empty 0 0 0 1 = S(A1) [ 16, dS ]
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.; P; G enptyoO; O; undef |- nmov tb B 1; intend tb; nmov tg G1; G . P, G ;enptyoO; O;undef |- jmp tg
------------------------------------------------------------------------------------------------------------------------------- (sequence-t)

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" [ macro expansion ]
.; P; G enptyo0; O; undef |- intendjnp 1

6'. .;P;Genptyo0; 0;undef |- intendjnp 1

4. . ]1-0=0

5. . |-0=0

21. |- (C[lI'->check I'; is"; intendjnp Ih][Ih -> check Ih; intendjmp Ih],0,Rintendjmp 1) [ (S-t), 1', 2', 3, 4, 5, 6 ]

* Transl ati on Theorem Conpl et e
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