SAFE A -TERMS

1 First simulation (soundness)

1.1 Syntax

1.1.1 Index, indices and tables
%datatype index
%name index N«
n= 0
| n+1

%datatype wvector
%name vector T

m= ]
| nuZT

7

table
1,

%datatype
%name table

m= ]
| =7,

I,

1.1.2 Term

%datatype term
%name term t

t = n
t1to

At

catcht
throw ot

Remark. Syntax of safe A\.-terms:

n
| tity

| At

| get-contextt

| set-contextat

1.2 Subtraction
%judgment n; - ny=ns
ny—0=mn [minusi]
(n1+1) = (ng+ 1) = ng minus2

Y%mode 4ni— +ng=-—ns

%worlds () n;-~ns=ng

when nj1-—ng=ng

[&2]

%terminates (n1) mn1--no=n3
%unique +n; - +no=—1ng
%lemma Vn:inder - n-n=0 [minusid]
Proof.
: - — [&1]
0: index - 00 =( [minusi]  [minus-id]
n: index - _ [minus-id]
D
non=o [minus-id]
1: ) d . minus minus-lI
n+ 1: index CESVERCFSIE [ N
%mode +n - _D [min.us-ic.l]
%worlds () n - D [Ir.llnus.'ld]
%tota] (n) n - D [minus-id]

Y%lemma nq = (ng+1)=n3

= nléngz(ng—kl)

[minus-succ]

Proof.
D [&1]
0= [minus] [minus-succ]
(mi+1)=(0+1)=n; (n1+1)=0=(n1+1)
Dy D [minus-succ]
. = .
nl*(n2+1):n3 nlfn2:(773+1)
D1 Do
n1=(n2+1)=ns ni = no=(ng+1) - |
minus. = minus minus-succ
(n1+1)é((n2+1)+1):n3[ ! (n1+1)é(n2+1):(n3+1)[ /
%mode +Dl = _ D2 [minus-succ]
%worlds () D; = D, [minussuc]
%total Dl Dl = Dg [minus-succ]
%lemma n;-no=n3 = Ni--N3="no [minus-swap)]
Proof.
D S
<9 . [minus-id]
ni:index n =0
[&1]
n1—0=n1 [minus] = D [minus-swap)]
ny—n;=0
. Dl . D2 [minus-swap]
ny—n2=mns ny —n3=mns9
Dy
ny-—mnsg=n2 Dy .
[minus,] = . _ [minus-succ]
(n1+1) = (n3+1)=ny (n1+1) “ng=(n2+1)
(2]

D,
niy—ng2=ns

(n1—|—l)é(n2—|—1):n3

=

[minus,]

%mode +D; = — Dy [minus-swap]
%worlds () D, = Dy [minus-swap]
%%total Dy D1 = Dy [minus-swap]

1.2.1 Fetch (indices)
%judgment Z(ni)=mnq

(n::Z)(0) = n lfetehi]
(n:T)(ny+1)=ny 3] yhen T(ny)

%mode +Z(+ni)=-ny
%worlds () Z(n1)=mns
%terminates n; Z(ni)=nq
Y%unique +Z(+n1)=—1ng

1.2.2 Fetch (table)
%judgment Z,(n)=T

Ty
(Z::7,)(0) _ g [ferens”]
fetchg“]

Z':7,)(a+1) :I[

%mode +7,(+a)=-Z
%worlds () Z,(«
%terminates «
Y%unique +7,(+a)=-17

1.2.3 Compute
%judgment n;—Z(ng)=ns

n = I(l)=gleowputeld  yhen I(1)=k,

Y%mode +n; -~ +ZI(+n3)=—n3
%worlds ()

%terminates

ny— I(ng) =ng
{} ni1 —I(TLQ) =ns3
Y%unique +n; - +Z(+ng)=—1ng

2 Safe A -terms

2.1 Safety
%judgment necZ
c (TL . I) [memberi]
e(n'=I) [membera] yyhen nel

%mode +née+7
%worlds () neZ
%terminates 7 neZl

[target]

%lemma Z(n)=k = keI

when  I,(c

Ds

[minus-swap]

(n1+1) =ng=(n2+1)

:n2

)=1

n-k=g

Proof.
T [target] (&1]
(n::Z)(0)=nlfetehi] = pg(n:7) member] &
Dy D, [target]
In)=k ~ keZ
[&2]
Dl DQ
I(?’l) =k T keZ [target]
D)=k T pegy et
%mode +D; = —D, [tarzet]
%worlds () D, = D, [tareet]
%total (Dl) Dl = DQ [target]
%judgment  Safe®7x(t)
Safeg’z“(g) [afer]  when n-g=k, kel
Safei’z“(t u) [safe2]  yphen Safei’z“(t), Safei’I“(u)
Safe i’z“()\t) lsafes]  phen  Safe 5:’:11 g I)’I“(t)
Safeg’z“(catch t) [safea]  yyhen Safei’(z” I“)(t)
Safei’z“(throw at) [safes]  yhen Z,(a)=T', Safe i/’I“(t)

Y%mode Safe 1 r(+t)
%worlds () Safelu(t)
%terminates t Safel"r(t)

2.2 From local indices to global
%judgment |27 (1) =t,

=g ]
Lty =t )
1T O8) =Mt/ sl
J,g’z“(get-context t) =catcht’ [ba]
J,i’z“(set-context at)=throw at’ [l

Y%mode |11 (1) =1/

%worlds () 27T ()=t

%terminates t |27*

(t) =t

Y%unique J,iI’ () = —1¢/

n

indices

when n-ZI()=g

when iﬁ’z“(t) =t J,i’z“(u) =u'
when ¢§l"qu SDTu(py = ¢/

when ii’(z" Ly =¢/

when I,(o)=1T, ii/’z“(t) =t

[&2]



%lemma |, ""(t)=t' = SafelTn(t) W=l

n

Proof.
D111 D2 [target]
I =k keI
D112 Ds [minus-swap)
[&1]
Di11 D112
- [compute, ]
n=I()=g n-g=k kel
T [‘Ll} = 77 [safel] [J/safe}
(=g Safe;, " (g)
D11 Dy [ -safe]
=
L=t Safe (')
D12 Dy [{-safe]
=
bt u) =/ SafeZ-Tu(u')
&2
Dn D12 Dy D, .
Wi =t ) =’ Safer T (t)  Safer () (-sate]
— bl = T [safe,)
L (tu) =t/ o Safe; " (t'u’)
Dll = Dl [ -safe]
\Lgf:»ll::I),Iu(t):t/ Safe ’ELn++11 ::I)’I“(tl)
(&3]
Dn Dy
PRy = SRS
7.7 Nal = T,z [safey]
VETh ) = At Safe T T (M)
Dny Dy [{-safe]
\Li,(I::I“)(t):t, = Safei,(I::Iu)(t/)
[&4]
Du D1
LZAZ=Tu)yy 41 T(Z=Tpu) (4t
Jrn (t) =1 ] Safe n (t ) [safe,] [{-safe]
157+ (get-context t) = catch ¢/ Safe; " (catch t')
D2 D, :
[{-safe]
’ = ’
b T =t Safe,, " (t')
D11 D12 D11 Do
Tu(a)=T" |2 Tug) =y Tu(a)=T"  SafeZ’ Fn(t')
H \Ln ( ) N = H n [safe,] [{-safe]

J,i’I“(set-context at)=throw at’

%mode +D; = —D, safl
%worlds () D1 = D, [-safe]
%total (Dl) Dl = D2 [{-safe]

2.3 Examples

Safe® T (throw a t')

1 = 041
2 = 1+1
3 = 2+1.
%solve Safe %]’H(/\catch A(0 (throw 01)))

Remark. This example fails as expected:

%solve Safe ([)]’H(/\catch A(1 (throw 00)))

%solve i([)]’“()\get-context A(1 (set-context 0 0))) = Acatch A(1 (throw 0 1))
%solve d; i([)]’“(/\get-context A(1 (set-context 00))) = Acatch \(1 (throw 0 1))
%solve di = Dy [safe]

2.4 Closure, environment and stack

%datatype clos Y%name clos c
%datatype c-env Y%name c-env &
%datatype k-env Y%name k-env &,
%datatype stack  %name stack S
c u= (t,&,&)
E == ()
| (¢€)
Eu = 0
I (S:€0)
S ==
| ¢S
%datatype state
%name state o
o u= (t,£,&,,S)

2.5 Judgments

2.5.1 Fetch a closure
%judgment E(n)=c

(C; 5) (0) =c [fetchi]
(¢;€)(n+1) =clfetchel  yhen E(n)=c
%mode +E&(+n)=—c
%worlds () &(n)=c
Y%terminates £ E(n)=c
%unique +&(+n)=-1c
2.5.2 Fetch a stack
%judgment E,(n)=8

(5:£,)(0) =8 =]
(8%E,)(n+1) =8 Fetehil  yhen £,(n)=8
%mode +E&,(+n)=-S
%worlds () E.(n)=S
%terminates &, &,(n)=S
Y%unique +E&,(+n)=-1S
2.5.3 Evaluation rules

%judgment oy~ 09

(k,E,E4,8)~ (t,E, &L, S) vl when E(k)=(t,€',E}))
((tw),£,E4, Sy~ (t,E,E,, (u,E,E,)::S) [k-app]

A E Epy e S) s (t, (6 E), E,, S) loabs]

(catcht,£,E,,8) ~ (t,£,(S;E,),S) leeateh]
(throw a t,£,&,,8) ~ (t,€,£,,8") llc-throw] b o Er(a) =8

Y%mode 401~ —09
%worlds () o1~ 09
Y%unique +o1~ —1og

2.6 Abstract machine for safe A.-terms (with indirection tables)

2.6.1 Syntax

%datatype clos
%datatype c-env
%datatype k-env
%datatype stack
Y%name clos ¢
Y%name c-env &
Y%oname k-env &,
Y%name stack S
c = (t»n7I»Ip,7gvgﬂ)
E == ()
| (&€)
gﬂ = ()
| (S§ 5#)
S ==
| ¢:=8

%datatype state
%name state &

A= (t,n,I,Iﬂ,g,gu,aSN')
2.6.2 Fetch a closure
%judgment € (n)=¢

(6, (0) =7 [i-fetchﬂ
c

%)
(@ E)(n+1)=¢lifetehl  ypen E(n)=é

%mode +&(+n)=—¢
%worlds () E(n)=¢
%terminates £ &(n)=¢
%unique +&(+n)=-1¢

2.6.3 Fetch a stack
%judgment E,(n)=38

(57 #)(O) :S [i-fetchf]
(Sl;gu)(n-i- 1) =8 Hfetehl  yhen E£,(n)=8

%mode +&,(+n)=-8
Y%worlds () &,(n)=8

%terminates &, E.(n)=S
%unique +E,(+n)=—18

3 Evaluation rules
%judgment G~ Go

(l,n,I,Iu,g,gu,S’)w(t,n’N,I’ 7,8 &, S) vl

P 72)
when n-I(l)=g, E(9)=(t,n,1',1],E' &)

tad 78}

<(tu)7n7I7Iu7(€,gu,S> ~ (t,n,I,Iu,g,gm (u’nP’Z?Iu’g’gu) ::S'> [i-app]
M1, T, T, €0, 8) s (tn+ 1, (n+1:1),T,, (6 €),E,,S) Fabs]
(get-context t,n,I,Iu,g,gu,S) ~(t,n,ZT, (I::Iu%g, (g;gﬂ)’g> [i-catch]

(set-context at,n,Z,Z,,E,E,,8) ~ (t,n,T',L,,,E,E,,S") Fthrov]
when T, (a)=T', Eua)=8'

Y%mode 401~ —09
%worlds () o1~ 09
Y%unique +o1~ —1og

4 Translation

*

%judgment ¢*=c
%judgment S*=S8
%judgment E£*=¢E
%judgment £, =&,

(1.2, 20, €, €)= (0, €,€,) ) when |77 (t)=u, E*=€, E,=¢,

(&5]

SECTION 4



SOUNDNESS

[]* _ H [stacki]

(5::3)*20::S[StaCk5] when c¢*=c, S*=8

()* _ () [c-envi]

(& E) =(c;E) o™il when é*=c¢, E*=E

()* _ () k-envy

(SN;éH)*z(S;Eu)[k'emg] when S*=8, &£,=E,
%mode

+cf=—c

+8&*=-§

+&=-¢

+E&S ==&,

%worlds ()

c*=c
S§*=8
E*=¢
EF=E,

%unique
+c*=-1c
+8*=-1S
+E=-1€
+E=-1&,

%judgment 6*=o0
(t,n,I,IM,g,gu,SV:(u,S,Su,S>[State*] when (t,n,I,IN,g,gu)*z(u,g,gu), S§*=8
%mode +7*=—0o
%worlds () ¢*=o0
Y%unique +d*=-—10

5 Soundness

* [fetch-sound]

%lemma £*=& A E(n)=¢ = é&=c A En)=c for somec
Proof.
- [&1]
D11 o
cr=c EXx=¢& o~ s D11 etch-soun
e (6;E)(0)=¢lifeten] = T A (5 £)(0) = ¢ [fetet] [feteh-sound]
D12 Dy D3 Dy [fetch-sound]
grme " Em=c T e=c " em)=c "
2
: D12 Dy Dy
6/*26/ g*:g g — g =
——= [c~env;] N — ~(n) — [i-fetch,] = ~Z)3 N 7 (n) ¢ [fetch,] [fetch-sound]
(¢%:€)"=(c:€) (@) (n+1)=¢ ¢r=c (5 E)n+1)=c
%mode +D1 A +Dy = —D3 A — Dy [fetch-sound]
%worlds () Dy A Dy = Dy A D, [fetchsound
%total (DQ) Dl A DQ = Dg A D4 [fetch-sound]
%lemma E,=E, AN Ea)=8S = S§*=8 A Ea)=S for someS [Meteh!sound]
Proof.
[&1]
Dn o
S*=§ &E=¢ - = < u D u etch -soun
(Sg )*_E‘Sg)“ [kenvi] A (S,(‘:H)(O)zs["fe“hl] = 3*1:18 A (S;gu)(O)ZS[fetChl] [fetch# d]
s ) — I
D2 Dy 2 Dy [fetch#-sound]
. A s = A
E=Ep Eula) =S §*=S§ En(a) =8 &3]
: D12 Dy Dy
S=8" &r=¢&, Eula)=S8 Dy Eu(@)=8
——— k-env? A ——— = [i-fetch” = ~ A fetch” [fetch*-sound]
(§78,) = (sse,) (S8, arn=g S+ =5 &)t =8
%mode —|—D1 A + DQ = — Dg A — D4 [fetch*-sound]
%worlds () Dy A Dy = Dz A D, [fetchtsound]
%total (Dg) Dl AN DQ = Dg A D4 [fetch*-sound]
%theorem G61~~Gs A 61 =01 = o01~02 A Go*=09 for some gy [SOUndness]
Proof.
D212 Dl?’ D31 D4 [fetch-sound]
G x A S\ A A A A = A A A T T A ! e! A _ N2
8 :5 g(g)_(tanazazp.a 76‘#) (tanaIaIua(‘:)g,u) _(U’)g)gp.) g(g)_(uvg7gu) [ ]
&1
n=I()=g » D212 :
e — J, ~* -
. D1 ) Dis o l«»,l;l—u(l):g 1~ NE =& gu*:gu felos?] ~D22 Dy ~/D3~.1l ) ~D22
n=Il)=g E(g)=(t,n,T,1,,E &) AT (1,n,7,7,,€,€,) = (9., &) S*=§ e E(g)=(u,&",&,) ST (t.n" .77, &u)" = (u,E",E))  §*=S§ stager]  lsoundness]
1,n,T,7,,€,6,,8S)~ (t,n, 1,1}, &, S) 1,0, T,Z,,E,6,,8) =(g9,E,E,,S) (9:€,64,8) ~(u,&".E],S) t.n, 1,1, £, S) = (u,E",E,S)
Da111 Da112 Do112 Do12 Do
L=t ) = D D D D D L) = =€ Er=E D
n = n v D21z Das 112111 D212 Das n _© Iz clos?] = 23
T = () dfrmg £r=6, oy Do =t Er=f &= (DT b)) = WhE g, §T28
R . L - - tu),n,Z,2,,E,£,)" =((t'u),E,E S =8 t.n,L,2,,E,6.) =, E,E u,n,L,2,,E,£):8) =, &,E,):S :
((tuw),n,T,T,,E,E4,8)~ (t,n,L,L,,E,E, (u,n,T,L,,E,Ep) : §) lappl A ((tw) £ “)~ ~((~ ) w) [tate] = ((t'u),E,E,,S)~ (', E,E, (0!, E,E,) = S) leappl A ( K - ( “N) ~(S s n):S) = v [stater] Soundness]
<(tu)7n’I7Ip.a5a5p.?S>*:<(tlu/)7878ﬂ?8> <t7n7I7Ip.7ga5p.7(U’an7IaI,uag7g,u)::S>*:<tl7878ua u/a578u)..8>
[&3]
Doin Doo1 Do1o
n+1:7),T = G
lgljl ) “t)=t' : D212 D213 Daay Do ( D)2111 *=c E*=E& : ] Do1s
T — a0 =& Er=€ F=c & =8 DIy = ¢/ eV = (&) T Er=¢€ D
‘LTL ()\(;\2 I)\; g g )*_()\t/ g gu) - [CIOS*] (~"¢§)*_C [Stack;] \L +(1t n+1((f),'L+1I) (;_7 ()65)(6(;:; ;*—(t/ (C g) ug ) [Clos*] 3*2:228
)‘ta 7171. 7575 7~::‘§ tv +17 +]—::IvI7 ~;g 7g 73 [i-abs] A e — > 1 7 N'” - — [state*] = )\tl75787 IZS tl7 75 78 ,S [ic-abs] A ’ ’ - el ! ’ N~ j ,j ! e [state*] [soundness]
oo LT &, 88 ) font 1 (b 1 2), Ty (658), 64 8) T, T €80 62 8) = (NI, € 02 5) W58, B e S 866, 60 8) (on+ 1 12), Ty (658), 808 ) = (0, (1 6), 6, )
&4
D2111 D22 D213 e
I,(Z:T,) Y Cx C o
i (t)=t " Dai2 Da13 Da111 Do12 S =8 ES=E, o]
iﬁ’z“(get-contextt)zcatcht' 4o frmg Er=¢, o Do ii’(l:;lu)(t):t/ Ex=¢ (S§ép)*=(335u) 2 - Do
S o t-context t,n,Z,Z,,&,&,)" = (catcht’, &, & T Sr=s tn I (T2T0),E,(S:€)) = (t,€,(S: € e Sr=s
<get-contextt,n,I,Iﬂ,E,E#,S>-><t,n,I, (I::Iﬂ)a 7(8;8#)’S>[1'Camh] A (ge commex i L N)~ ~(C~a < N) [state*] = <CatChtl7575uaS>W<t/ag7(8;gu)as> [k.catCh] A ( n ( N) ( ~ M)'”) = (~ ( N)) [state"] [soundness]
(get-contextt,n,Z,7,,£,E,,S)*=(catcht’ £, E,,S) <t,n,I,(I::IH),E,(S,Eu),8>*=<t’,8,(S;E,J,S)
Doi3 D12 D32 Dy [fetch#-sound]
. A s = A
En =&y Eula)=S8' Sr=8 Eula) =5 [&5]
: D112
Zu(a)=T" ii/’z“(t)zt/ D212 Do Dai112 Do12 Dais
D11 D12 iﬁ’z“(set-contextat):throwat’ =g Er=E, felos*] : Dy ii ’I“(t):t/ Er=E & =&, felos*] D3y
Zu(e) =1' gu(a):‘gl fothrow] A (Set-contextat,n,I,Iu,g,gu)*:(throwat’,é‘,gu) §* =8 stater] = Eula) =8’ lethrow] A (tvn’I/vIuvgvgu)*:(tlvgvgu) §r=s [statex] [soundness]
<set-contextat,n,I,Iﬂ,E,Eﬂ,S>-><t,n,I’,Iﬂ,8,5H,Sl> (set-context at,n,Z,7Z,,£,E,,S)*=(throwat' E,E,,S) (throw at’,&,&,,S) ~ (t',£,E,,S") <t,n,I’,Iu,€,€u,S/>*:<t’,5,8u,8’>

Y%mode +D1 N +Dy = —D3 A —D, [soundness]
% worlds () Di AN Dy = D3 A Dy [soundness|
%total (Dl) Di N Dy = D3 A Dy [soundness]

[&2]




\documentclass{article}
\usepackage{geometry,amsmath,amssymb}
\usepackage{twelf}
\usepackage{kam_ct_1}
\geometry{a0paper}

%%%%%%%%%% Start TeXmacs macros
\newcommand{\cdummy}{\cdot}
\newcommand{\tmop}[1]{\ensuremath{\operatorname{#1}}}
\newcommand{\tmrsub}[1]{\ensuremath{_{\textrm{#1}}}}
\newcommand{\tmrsup}[1]{\ensuremath{^{\textrm{#1}}}}
\newenvironment{proof}{\noindent\textbf{Proof\ }}{\hspace*{\fill}$\Box$\medskip}
%%%%%%%%%% End TeXmacs macros

\begin{document}

\section{First simulation (soundness)}

\subsection{Syntax}

\subsubsection{Index, indices and tables}

{\metadeclrev{{\unary}}{{\metatypedatatype}}}

{\metaname{{\unary}}{n{\hspace{1em}}{\alpha}}}



{\metadeclgrammar{{\unaryZ}}{{\unary}}}

{\metadeclentry{{\unaryS{{\unary}}}}{$\unary$}}



{\metadeclrev{{\unaries}}{{\metatypedatatype}}}

{\metaname{{\unaries}}{{\mathcal{I}}}}



{\metadeclgrammar{{\unariesempty}}{{\unaries}}}

{\metadeclentry{{\unariescons{{\unary}}{{\unaries}}}}{{\unaries}}}



{\metadeclrev{{\itable}}{{\metatypedatatype}}}

{\metaname{{\itable}}{{\mathcal{I}}\tmrsub{{\mu}}}}



{\metadeclgrammar{{\itableempty}}{{\itable}}}

{\metadeclentry{{\itablecons{{\unaries}}{{\itable}}}}{{\itable}}}



\subsubsection{Term}

{\metadeclrev{{\term}}{{\metatypedatatype}}}

{\metaname{{\term}}{t}}



{\metadeclgrammar{{\tvar{{\unary}}}}{{\term}}}

{\metadeclentry{{\tapp{{\termone}}{{\termtwo}}}}{$\term$}}

{\metadeclentry{{\tlam{{\term}}}}{$\term$}}

{\metadeclentry{{\tcatch{{\term}}}}{$\term$}}

{\metadeclentry{{\tthrow{{\unaryalpha}}{{\term}}}}{$\term$}}

{\remark*{Syntax of safe $\lambda_{\tmop{ct}}$-terms:



{\metadeclgrammar{{\tvar{{\unary}}}}{{\term}}}

{\metadeclentry{{\tapp{{\termone}}{{\termtwo}}}}{$\term$}}

{\metadeclentry{{\tlam{{\term}}}}{$\term$}}

{\metadeclentry{{\tcatch{{\term}}}}{$\term$}}

{\metadeclentry{{\tthrow{{\unaryalpha}}{{\term}}}}{$\term$}}}}

\subsection{Subtraction}

{\metadeclrev{{\opminus{{\unaryone}}{{\unarytwo}}{{\unary}}}}{{\metatypejudgment}}}



{\metadefnleft{{\metaruleaxiom{}{{\opminus{n\tmrsub{1}}{{\unaryZ}}{n\tmrsub{1}}}}{minus\tmrsub{1}}}}}

{\metadefnleft{{\metarulewhen{$\opminus{n_1}{n_2}{n_3}$}{{\opminus{{\metaparen{{\unaryS{n\tmrsub{1}}}}}}{{\metaparen{{\unaryS{n\tmrsub{2}}}}}}{n\tmrsub{3}}}}{minus\tmrsub{2}}}}}



{\metamode{{\opminus{+n\tmrsub{1}}{+n\tmrsub{2}}{-n\tmrsub{3}}}}}

{\metaworlds{{\metaparen{}}{\hspace{1em}}{\opminus{n\tmrsub{1}}{n\tmrsub{2}}{n\tmrsub{3}}}}}

{\metaterminates{{\metaparen{n\tmrsub{1}}}{\hspace{1em}}{\opminus{n\tmrsub{1}}{n\tmrsub{2}}{n\tmrsub{3}}}}}

{\metaunique{{\opminus{+n\tmrsub{1}}{+n\tmrsub{2}}{-1n\tmrsub{3}}}}}



{\metadeclrev{{\minusid{{\metabracesforall{{\metatypedvar{n}{{\unary}}}}}}{{\opminus{n}{n}{{\unaryZ}}}}}}{{\metatypelemma}}}

\begin{proof}
  
  
  
  
  {\metadefnleft{{\metarule{}{{\minusid{{\metatermbefore{{\unary}}{{\unaryZ}}}}{{\metaruleaxiom{}{{\opminus{{\unaryZ}}{{\unaryZ}}{{\unaryZ}}}}{minus\tmrsub{1}}}}}}{\&1}}}}
  
  
  
  
  
  {\metadefnleft{{\metarule{
  
  {\minusid{{\metatermbefore{{\unary}}{n}}}{{\metaterm{{\opminus{n}{n}{{\unaryZ}}}}{{\mathcal{D}}}}}}}{{\minusid{{\metatermbefore{{\unary}}{{\unaryS{n}}}}}{{\metarule{{\metaterm{{\opminus{n}{n}{{\unaryZ}}}}{{\mathcal{D}}}}}{{\opminus{{\metaparen{{\unaryS{n}}}}}{{\metaparen{{\unaryS{n}}}}}{{\unaryZ}}}}{minus\tmrsub{2}}}}}}{\&2}}}}
  
  
  
  
  
  {\metamode{{\minusid{+n}{-{\mathcal{D}}}}}}
  
  {\metaworlds{{\metaparen{}}{\hspace{1em}}{\minusid{n}{{\mathcal{D}}}}}}
  
  {\metatotal{{\metaparen{n}}{\hspace{1em}}{\minusid{n}{{\mathcal{D}}}}}}
\end{proof}

{\metadeclrev{{\minussucc{{\opminus{n\tmrsub{1}}{{\metaparen{{\unaryS{n\tmrsub{2}}}}}}{n\tmrsub{3}}}}{{\opminus{n\tmrsub{1}}{n\tmrsub{2}}{{\metaparen{{\unaryS{n\tmrsub{3}}}}}}}}}}{{\metatypelemma}}}

\begin{proof}
  
  
  
  
  {\metadefnleft{{\metarule{}{{\minussucc{{\metaterm{{\opminus{{\metaparen{{\unaryS{n\tmrsub{1}}}}}}{{\metaparen{{\unaryS{{\unaryZ}}}}}}{n\tmrsub{1}}}}{{\mathcal{D}}}}}{{\metaruleaxiom{}{{\opminus{{\metaparen{{\unaryS{n\tmrsub{1}}}}}}{{\unaryZ}}{{\metaparen{{\unaryS{n\tmrsub{1}}}}}}}}{minus\tmrsub{1}}}}}}{\&1}}}}
  
  
  
  
  
  {\metadefnleft{{\metarule{
  
  {\minussucc{{\metaterm{{\opminus{n\tmrsub{1}}{{\metaparen{{\unaryS{n\tmrsub{2}}}}}}{n\tmrsub{3}}}}{{\mathcal{D}}\tmrsub{1}}}}{{\metaterm{{\opminus{n\tmrsub{1}}{n\tmrsub{2}}{{\metaparen{{\unaryS{n\tmrsub{3}}}}}}}}{{\mathcal{D}}\tmrsub{2}}}}}}{{\minussucc{{\metarule{{\metaterm{{\opminus{n\tmrsub{1}}{{\metaparen{{\unaryS{n\tmrsub{2}}}}}}{n\tmrsub{3}}}}{{\mathcal{D}}\tmrsub{1}}}}{{\opminus{{\metaparen{{\unaryS{n\tmrsub{1}}}}}}{{\metaparen{{\unaryS{{\metaparen{{\unaryS{n\tmrsub{2}}}}}}}}}}{n\tmrsub{3}}}}{minus\tmrsub{2}}}}{{\metarule{{\metaterm{{\opminus{n\tmrsub{1}}{n\tmrsub{2}}{{\metaparen{{\unaryS{n\tmrsub{3}}}}}}}}{{\mathcal{D}}\tmrsub{2}}}}{{\opminus{{\metaparen{{\unaryS{n\tmrsub{1}}}}}}{{\metaparen{{\unaryS{n\tmrsub{2}}}}}}{{\metaparen{{\unaryS{n\tmrsub{3}}}}}}}}{minus\tmrsub{2}}}}}}{\&2}}}}
  
  
  
  
  
  {\metamode{{\minussucc{+{\mathcal{D}}\tmrsub{1}}{-{\mathcal{D}}\tmrsub{2}}}}}
  
  {\metaworlds{{\metaparen{}}{\hspace{1em}}{\minussucc{{\mathcal{D}}\tmrsub{1}}{{\mathcal{D}}\tmrsub{2}}}}}
  
  {\metatotal{{\mathcal{D}}\tmrsub{1}{\hspace{1em}}{\minussucc{{\mathcal{D}}\tmrsub{1}}{{\mathcal{D}}\tmrsub{2}}}}}
\end{proof}

{\metadeclrev{{\minuscommute{{\opminus{n\tmrsub{1}}{n\tmrsub{2}}{n\tmrsub{3}}}}{{\opminus{n\tmrsub{1}}{n\tmrsub{3}}{n\tmrsub{2}}}}}}{{\metatypelemma}}}

\begin{proof}
  
  
  
  
  {\metadefnleft{{\metarule{{\minusid{{\metatermbefore{{\unary}}{n\tmrsub{1}}}}{{\metaterm{{\opminus{n\tmrsub{1}}{n\tmrsub{1}}{{\unaryZ}}}}{{\mathcal{D}}}}}}}{{\minuscommute{{\metaruleaxiom{}{{\opminus{n\tmrsub{1}}{{\unaryZ}}{n\tmrsub{1}}}}{minus\tmrsub{1}}}}{{\metaterm{{\opminus{n\tmrsub{1}}{n\tmrsub{1}}{{\unaryZ}}}}{{\mathcal{D}}}}}}}{\&1}}}}
  
  
  
  
  
  {\metadefnleft{{\metarule{
  
  {\metahypsabove{{\minuscommute{{\metaterm{{\opminus{n\tmrsub{1}}{n\tmrsub{2}}{n\tmrsub{3}}}}{{\mathcal{D}}\tmrsub{1}}}}{{\metaterm{{\opminus{n\tmrsub{1}}{n\tmrsub{3}}{n\tmrsub{2}}}}{{\mathcal{D}}\tmrsub{2}}}}}}{{\minussucc{{\metarule{{\metaterm{{\opminus{n\tmrsub{1}}{n\tmrsub{3}}{n\tmrsub{2}}}}{{\mathcal{D}}\tmrsub{2}}}}{{\opminus{{\metaparen{{\unaryS{n\tmrsub{1}}}}}}{{\metaparen{{\unaryS{n\tmrsub{3}}}}}}{n\tmrsub{2}}}}{minus\tmrsub{2}}}}{{\metaterm{{\opminus{{\metaparen{{\unaryS{n\tmrsub{1}}}}}}{n\tmrsub{3}}{{\metaparen{{\unaryS{n\tmrsub{2}}}}}}}}{{\mathcal{D}}\tmrsub{3}}}}}}}}{{\minuscommute{{\metarule{{\metaterm{{\opminus{n\tmrsub{1}}{n\tmrsub{2}}{n\tmrsub{3}}}}{{\mathcal{D}}\tmrsub{1}}}}{{\opminus{{\metaparen{{\unaryS{n\tmrsub{1}}}}}}{{\metaparen{{\unaryS{n\tmrsub{2}}}}}}{n\tmrsub{3}}}}{minus\tmrsub{2}}}}{{\metaterm{{\opminus{{\metaparen{{\unaryS{n\tmrsub{1}}}}}}{n\tmrsub{3}}{{\metaparen{{\unaryS{n\tmrsub{2}}}}}}}}{{\mathcal{D}}\tmrsub{3}}}}}}{\&2}}}}
  
  
  
  
  
  {\metamode{{\minuscommute{+{\mathcal{D}}\tmrsub{1}}{-{\mathcal{D}}\tmrsub{2}}}}}
  
  {\metaworlds{{\metaparen{}}{\hspace{1em}}{\minuscommute{{\mathcal{D}}\tmrsub{1}}{{\mathcal{D}}\tmrsub{2}}}}}
  
  {\metatotal{{\mathcal{D}}\tmrsub{1}{\hspace{1em}}{\minuscommute{{\mathcal{D}}\tmrsub{1}}{{\mathcal{D}}\tmrsub{2}}}}}
\end{proof}

\subsubsection{Fetch (indices)}

{\metadeclrev{{\sub{{\unaries}}{{\unaryone}}{{\unarytwo}}}}{{\metatypejudgment}}}



{\metadefnleft{{\metaruleaxiom{}{{\sub{{\metaparen{{\unariescons{n}{{\mathcal{I}}}}}}}{{\unaryZ}}{n}}}{fetch\tmrsup{{\mathcal{I}}}\tmrsub{1}}}}}

{\metadefnleft{{\metarulewhen{{\sub{{\mathcal{I}}}{n\tmrsub{1}}{n\tmrsub{2}}}}{{\sub{{\metaparen{{\unariescons{n}{{\mathcal{I}}}}}}}{{\unaryS{n\tmrsub{1}}}}{n\tmrsub{2}}}}{fetch\tmrsup{{\mathcal{I}}}\tmrsub{2}}}}}



{\metamode{{\sub{+{\mathcal{I}}}{+n\tmrsub{1}}{-n\tmrsub{2}}}}}

{\metaworlds{{\metaparen{}}{\hspace{1em}}{\sub{{\mathcal{I}}}{n\tmrsub{1}}{n\tmrsub{2}}}}}

{\metaterminates{n\tmrsub{1}{\hspace{1em}}{\sub{{\mathcal{I}}}{n\tmrsub{1}}{n\tmrsub{2}}}}}

{\metaunique{{\sub{+{\mathcal{I}}}{+n\tmrsub{1}}{-1n\tmrsub{2}}}}}

\subsubsection{Fetch (table)}

{\metadeclrev{{\tsub{{\itable}}{{\unary}}{{\unaries}}}}{{\metatypejudgment}}}



{\metadefnleft{{\metaruleaxiom{}{{\tsub{{\metaparen{{\itablecons{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}}}}}{{\unaryZ}}{{\mathcal{I}}}}}{fetch\tmrsup{{\mathcal{I}}\tmrsub{{\mu}}}\tmrsub{1}}}}}

{\metadefnleft{{\metarulewhen{{\tsub{{\mathcal{I}}\tmrsub{{\mu}}}{{\alpha}}{{\mathcal{I}}}}}{{\tsub{{\metaparen{{\itablecons{{\mathcal{I}}'}{{\mathcal{I}}\tmrsub{{\mu}}}}}}}{{\unaryS{{\alpha}}}}{{\mathcal{I}}}}}{fetch\tmrsup{{\mathcal{I}}\tmrsub{{\mu}}}\tmrsub{2}}}}}



{\metamode{{\tsub{+{\mathcal{I}}\tmrsub{{\mu}}}{+{\alpha}}{-{\mathcal{I}}}}}}

{\metaworlds{{\metaparen{}}{\hspace{1em}}{\tsub{{\mathcal{I}}\tmrsub{{\mu}}}{{\alpha}}{{\mathcal{I}}}}}}

{\metaterminates{{\alpha}{\hspace{1em}}{\tsub{{\mathcal{I}}\tmrsub{{\mu}}}{{\alpha}}{{\mathcal{I}}}}}}

{\metaunique{{\tsub{+{\mathcal{I}}\tmrsub{{\mu}}}{+{\alpha}}{-1{\mathcal{I}}}}}}



\subsubsection{Compute}

{\metadeclrev{{\compute{{\unaryone}}{{\unaries}}{{\unarytwo}}{{\unary}}}}{{\metatypejudgment}}}



{\metadefnleft{{\metarulewhen{{\metahypscomma{{\sub{{\mathcal{I}}}{l}{k}}}{{\opminus{n}{k}{g}}}}}{{\compute{n}{{\mathcal{I}}}{l}{g}}}{compute\tmrsub{1}}}}}



{\metamode{{\compute{+n\tmrsub{1}}{+{\mathcal{I}}}{+n\tmrsub{2}}{-n\tmrsub{3}}}}}

{\metaworlds{{\metaparen{}}{\hspace{1em}}{\compute{n\tmrsub{1}}{{\mathcal{I}}}{n\tmrsub{2}}{n\tmrsub{3}}}}}

{\metaterminates{{\metabraces{}}{\hspace{1em}}{\compute{n\tmrsub{1}}{{\mathcal{I}}}{n\tmrsub{2}}{n\tmrsub{3}}}}}

{\metaunique{{\compute{+n\tmrsub{1}}{+{\mathcal{I}}}{+n\tmrsub{2}}{-1n\tmrsub{3}}}}}

\section{Safe $\lambda_{\tmop{ct}}$-terms}

\subsection{Safety}

{\metadeclrev{{\member{{\unary}}{{\unaries}}}}{{\metatypejudgment}}}



{\metadefnleft{{\metaruleaxiom{}{{\member{n}{{\metaparen{{\unariescons{n}{{\mathcal{I}}}}}}}}{\hspace{6.4em}}}{member\tmrsub{1}}}}}

{\metadefnleft{{\metarulewhen{{\member{n}{{\mathcal{I}}}}}{{\member{n}{{\metaparen{{\unariescons{n'}{{\mathcal{I}}}}}}}}{\hspace{5.6em}}}{member\tmrsub{2}}}}}



{\metamode{{\member{+n}{+{\mathcal{I}}}}}}

{\metaworlds{{\metaparen{}}{\hspace{1em}}{\member{n}{{\mathcal{I}}}}}}

{\metaterminates{{\mathcal{I}}{\hspace{1em}}{\member{n}{{\mathcal{I}}}}}}



{\metadeclrev{{\target{{\sub{{\mathcal{I}}}{n}{k}}}{{\member{k}{{\mathcal{I}}}}}}}{{\metatypelemma}}}



\begin{proof}
  
  
  
  
  {\metadefnleft{{\metarule{}{{\target{{\metaruleaxiom{}{{\sub{{\metaparen{{\unariescons{n}{{\mathcal{I}}}}}}}{{\unaryZ}}{n}}}{fetch\tmrsup{{\mathcal{I}}}\tmrsub{1}}}}{{\metaruleaxiom{}{{\member{n}{{\metaparen{{\unariescons{n}{{\mathcal{I}}}}}}}}}{member\tmrsub{1}}}}}}{\&1}}}}
  
  
  
  
  
  {\metadefnleft{{\metarule{
  
  {\target{{\metaterm{{\sub{{\mathcal{I}}}{n}{k}}}{{\mathcal{D}}\tmrsub{1}}}}{{\metaterm{{\member{k}{{\mathcal{I}}}}}{{\mathcal{D}}\tmrsub{2}}}}}}{{\target{{\metarule{{\metaterm{{\sub{{\mathcal{I}}}{n}{k}}}{{\mathcal{D}}\tmrsub{1}}}}{{\sub{{\metaparen{{\unariescons{k'}{{\mathcal{I}}}}}}}{{\unaryS{n}}}{k}}}{fetch\tmrsup{{\mathcal{I}}}\tmrsub{2}}}}{{\metarule{{\metaterm{{\member{k}{{\mathcal{I}}}}}{{\mathcal{D}}\tmrsub{2}}}}{{\member{k}{{\metaparen{{\unariescons{k'}{{\mathcal{I}}}}}}}}}{member\tmrsub{2}}}}}}{\&2}}}}
  
  
  
  
  
  {\metamode{{\target{+{\mathcal{D}}\tmrsub{1}}{-{\mathcal{D}}\tmrsub{2}}}}}
  
  {\metaworlds{{\metaparen{}}{\hspace{1em}}{\target{{\mathcal{D}}\tmrsub{1}}{{\mathcal{D}}\tmrsub{2}}}}}
  
  {\metatotal{{\metaparen{{\mathcal{D}}\tmrsub{1}}}{\hspace{1em}}{\target{{\mathcal{D}}\tmrsub{1}}{{\mathcal{D}}\tmrsub{2}}}}}
\end{proof}



{\metadeclrev{{\safe{{\unaries}}{{\itable}}{{\unary}}{{\term}}}}{{\metatypejudgment}}}



{\metadefnleft{{\metarulewhen{{\metahypscomma{{\opminus{n}{g}{k}}}{{\member{k}{{\mathcal{I}}}}}}}{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tvar{g}}}}{\hspace{15.6em}}}{safe\tmrsub{1}}}}}

{\metadefnleft{{\metarulewhen{{\metahypscomma{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t}}}{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{u}}}}}{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tapp{t}{u}}}}{\hspace{14em}}}{safe\tmrsub{2}}}}}

{\metadefnleft{{\metarulewhen{{\safe{{\metaparen{{\unariescons{{\unaryS{n}}}{{\mathcal{I}}}}}}}{{\mathcal{I}}\tmrsub{{\mu}}}{{\unaryS{n}}}{t}}}{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tlam{t}}}}{\hspace{14.4em}}}{safe\tmrsub{3}}}}}

{\metadefnleft{{\metarulewhen{{\safe{{\mathcal{I}}}{{\metaparen{{\itablecons{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}}}}}{n}{t}}}{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tcatch{t}}}}{\hspace{7.6em}}}{safe\tmrsub{4}}}}}

{\metadefnleft{{\metarulewhen{{\metahypscomma{{\tsub{{\mathcal{I}}\tmrsub{{\mu}}}{{\alpha}}{{\mathcal{I}}'}}}{{\safe{{\mathcal{I}}'}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t}}}}}{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tthrow{{\alpha}}{t}}}}{\hspace{4.2em}}}{safe\tmrsub{5}}}}}



{\metamode{{\safe{+{\mathcal{I}}}{+{\mathcal{I}}\tmrsub{{\mu}}}{+n}{+t}}}}

{\metaworlds{{\metaparen{}}{\hspace{1em}}{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t}}}}

{\metaterminates{t{\hspace{1em}}{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t}}}}



\subsection{From local indices to global indices}

{\metadeclrev{{\litogi{{\unaries}}{{\itable}}{{\unary}}{{\termone}}{{\termtwo}}}}{{\metatypejudgment}}}



{\metadefnleft{{\metarulewhen{{\compute{n}{{\mathcal{I}}}{l}{g}}}{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tvar{l}}}{{\tvar{g}}}}{\hspace{33.2em}}
}{{\downarrow}\tmrsub{1}}}}}

{\metadefnleft{{\metarulewhen{{\metahypscomma{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t}{t'}}}{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{u}{u'}}}}}{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tapp{t}{u}}}{{\tapp{t'}{u'}}}}{\hspace{28em}}}{{\downarrow}\tmrsub{2}}}}}

{\metadefnleft{{\metarulewhen{{\litogi{{\metaparen{{\unariescons{{\unaryS{n}}}{{\mathcal{I}}}}}}}{{\mathcal{I}}\tmrsub{{\mu}}}{{\unaryS{n}}}{t}{t'}}}{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tlam{t}}}{{\tlam{t'}}}}{\hspace{29.8em}}}{{\downarrow}\tmrsub{3}}}}}

{\metadefnleft{{\metarulewhen{{\litogi{{\mathcal{I}}}{{\metaparen{{\itablecons{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}}}}}{n}{t}{t'}}}{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tcatch{t}}}{{\tcatch{t'}}}}{\hspace{7.2em}}}{{\downarrow}\tmrsub{4}}}}}

{\metadefnleft{{\metarulewhen{{\metahypscomma{{\tsub{{\mathcal{I}}\tmrsub{{\mu}}}{{\alpha}}{{\mathcal{I}}'}}}{{\litogi{{\mathcal{I}}'}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t}{t'}}}}}{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tthrow{{\alpha}}{t}}}{{\tthrow{{\alpha}}{t'}}}}{\hspace{1.6em}}}{{\downarrow}\tmrsub{5}}}}}



{\metamode{{\litogi{+{\mathcal{I}}}{+{\mathcal{I}}\tmrsub{{\mu}}}{+n}{+t}{-t'}}}}

{\metaworlds{{\metaparen{}}{\hspace{1em}}{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t}{t'}}}}

{\metaterminates{t{\hspace{1em}}{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t}{t'}}}}

{\metaunique{{\litogi{+{\mathcal{I}}}{+{\mathcal{I}}\tmrsub{{\mu}}}{+n}{+t}{-1t'}}}}





{\metadeclrev{{\upsafe{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t}{t'}}}{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t'}}}}}{{\metatypelemma}}}



\begin{proof}
  
  
  {\metadefnleft{{\metarule{{\metahypsabove{{\target{{\metaterm{{\sub{{\mathcal{I}}}{l}{k}}}{{\mathcal{D}}\tmrsub{111}}}}{{\metaterm{{\member{k}{{\mathcal{I}}}}}{{\mathcal{D}}\tmrsub{2}}}}}}{{\minuscommute{{\metaterm{{\opminus{n}{k}{g}}}{{\mathcal{D}}\tmrsub{112}}}}{{\metaterm{{\opminus{n}{g}{k}}}{{\mathcal{D}}\tmrsub{3}}}}}}}}{{\upsafe{{\metarule{{\metarule{{\metahyps{{\metaterm{{\sub{{\mathcal{I}}}{l}{k}}}{{\mathcal{D}}\tmrsub{111}}}}{{\metaterm{{\opminus{n}{k}{g}}}{{\mathcal{D}}\tmrsub{112}}}}}}{{\compute{n}{{\mathcal{I}}}{l}{g}}}{compute\tmrsub{1}}}}{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tvar{l}}}{{\tvar{g}}}}}{{\downarrow}\tmrsub{1}}}}{{\metarule{{\metahyps{{\metaterm{{\opminus{n}{g}{k}}}{{\mathcal{D}}\tmrsub{3}}}}{{\metaterm{{\member{k}{{\mathcal{I}}}}}{{\mathcal{D}}\tmrsub{2}}}}}}{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tvar{g}}}}}{safe\tmrsub{1}}}}}}{\&1}}}}
  
  
  
  
  
  
  
  {\metadefnleft{{\metarule{{\metahypsabove{{\upsafe{{\metaterm{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t}{t'}}}{{\mathcal{D}}\tmrsub{11}}}}{{\metaterm{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t'}}}{{\mathcal{D}}\tmrsub{1}}}}}}{{\upsafe{{\metaterm{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{u}{u'}}}{{\mathcal{D}}\tmrsub{12}}}}{{\metaterm{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{u'}}}{{\mathcal{D}}\tmrsub{2}}}}}}}}{{\upsafe{{\metarule{{\metahyps{{\metaterm{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t}{t'}}}{{\mathcal{D}}\tmrsub{11}}}}{{\metaterm{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{u}{u'}}}{{\mathcal{D}}\tmrsub{12}}}}}}{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tapp{t}{u}}}{{\tapp{t'}{u'}}}}}{{\downarrow}\tmrsub{2}}}}{{\metarule{{\metahyps{{\metaterm{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t'}}}{{\mathcal{D}}\tmrsub{1}}}}{{\metaterm{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{u'}}}{{\mathcal{D}}\tmrsub{2}}}}}}{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tapp{t'}{u'}}}}}{safe\tmrsub{2}}}}}}{\&2}}}}
  
  
  
  
  
  
  
  {\metadefnleft{{\metarule{{\upsafe{{\metaterm{{\litogi{{\metaparen{{\unariescons{{\unaryS{n}}}{{\mathcal{I}}}}}}}{{\mathcal{I}}\tmrsub{{\mu}}}{{\unaryS{n}}}{t}{t'}}}{{\mathcal{D}}\tmrsub{11}}}}{{\metaterm{{\safe{{\metaparen{{\unariescons{{\unaryS{n}}}{{\mathcal{I}}}}}}}{{\mathcal{I}}\tmrsub{{\mu}}}{{\unaryS{n}}}{t'}}}{{\mathcal{D}}\tmrsub{1}}}}}}{{\upsafe{{\metarule{{\metaterm{{\litogi{{\metaparen{{\unariescons{{\unaryS{n}}}{{\mathcal{I}}}}}}}{{\mathcal{I}}\tmrsub{{\mu}}}{{\unaryS{n}}}{t}{t'}}}{{\mathcal{D}}\tmrsub{11}}}}{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tlam{t}}}{{\tlam{t'}}}}}{{\downarrow}\tmrsub{3}}}}{{\metarule{{\metaterm{{\safe{{\metaparen{{\unariescons{{\unaryS{n}}}{{\mathcal{I}}}}}}}{{\mathcal{I}}\tmrsub{{\mu}}}{{\unaryS{n}}}{t'}}}{{\mathcal{D}}\tmrsub{1}}}}{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tlam{t'}}}}}{safe\tmrsub{3}}}}}}{\&3}}}}
  
  
  
  
  
  
  
  {\metadefnleft{{\metarule{{\upsafe{{\metaterm{{\litogi{{\mathcal{I}}}{{\metaparen{{\itablecons{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}}}}}{n}{t}{t'}}}{{\mathcal{D}}\tmrsub{11}}}}{{\metaterm{{\safe{{\mathcal{I}}}{{\metaparen{{\itablecons{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}}}}}{n}{t'}}}{{\mathcal{D}}\tmrsub{1}}}}}}{{\upsafe{{\metarule{{\metaterm{{\litogi{{\mathcal{I}}}{{\metaparen{{\itablecons{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}}}}}{n}{t}{t'}}}{{\mathcal{D}}\tmrsub{11}}}}{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tcatch{t}}}{{\tcatch{t'}}}}}{{\downarrow}\tmrsub{4}}}}{{\metarule{{\metaterm{{\safe{{\mathcal{I}}}{{\metaparen{{\itablecons{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}}}}}{n}{t'}}}{{\mathcal{D}}\tmrsub{1}}}}{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tcatch{t'}}}}}{safe\tmrsub{4}}}}}}{\&4}}}}
  
  
  
  
  
  
  
  {\metadefnleft{{\metarule{{\upsafe{{\metaterm{{\litogi{{\mathcal{I}}'}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t}{t'}}}{{\mathcal{D}}\tmrsub{12}}}}{{\metaterm{{\safe{{\mathcal{I}}'}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t'}}}{{\mathcal{D}}\tmrsub{2}}}}}}{{\upsafe{{\metarule{{\metahyps{{\metaterm{{\tsub{{\mathcal{I}}\tmrsub{{\mu}}}{{\alpha}}{{\mathcal{I}}'}}}{{\mathcal{D}}\tmrsub{11}}}}{{\metaterm{{\litogi{{\mathcal{I}}'}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t}{t'}}}{{\mathcal{D}}\tmrsub{12}}}}}}{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tthrow{{\alpha}}{t}}}{{\tthrow{{\alpha}}{t'}}}}}{{\downarrow}\tmrsub{5}}}}{{\metarule{{\metahyps{{\metaterm{{\tsub{{\mathcal{I}}\tmrsub{{\mu}}}{{\alpha}}{{\mathcal{I}}'}}}{{\mathcal{D}}\tmrsub{11}}}}{{\metaterm{{\safe{{\mathcal{I}}'}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t'}}}{{\mathcal{D}}\tmrsub{2}}}}}}{{\safe{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tthrow{{\alpha}}{t'}}}}}{safe\tmrsub{5}}}}}}{\&5}}}}
  
  
  
  
  
  
  
  {\metamode{{\upsafe{+{\mathcal{D}}\tmrsub{1}}{-{\mathcal{D}}\tmrsub{2}}}}}
  
  {\metaworlds{{\metaparen{}}{\hspace{1em}}{\upsafe{{\mathcal{D}}\tmrsub{1}}{{\mathcal{D}}\tmrsub{2}}}}}
  
  {\metatotal{{\metaparen{{\mathcal{D}}\tmrsub{1}}}{\hspace{1em}}{\upsafe{{\mathcal{D}}\tmrsub{1}}{{\mathcal{D}}\tmrsub{2}}}}}
\end{proof}

\subsection{Examples}

{\metaabbrev{{\unaryone}}{{\unaryS{{\unaryZ}}}}}

{\metaabbrev{{\unarytwo}}{{\unaryS{{\unaryone}}}}}

{\metaabbrev{{\unary}}{{\unaryS{{\unarytwo}}}}}



{\metasolve{{\safe{{\unariesempty}}{{\itableempty}}{{\unaryZ}}{{\tlam{{\tcatch{{\tlam{{\metaparen{{\tapp{{\tvar{{\unaryZ}}}}{{\metaparen{{\tthrow{{\unaryZ}}{{\tvar{{\unaryone}}}}}}}}}}}}}}}}}}}}}

{\remark*{This example fails as expected:

{\metasolve{{\safe{{\unariesempty}}{{\itableempty}}{{\unaryZ}}{{\tlam{{\tcatch{{\tlam{{\metaparen{{\tapp{{\tvar{{\unaryone}}}}{{\metaparen{{\tthrow{{\unaryZ}}{{\tvar{{\unaryZ}}}}}}}}}}}}}}}}}}}}}}}

{\metasolve{{\litogi{{\unariesempty}}{{\itableempty}}{{\unaryZ}}{{\tlam{{\tcatch{{\tlam{{\metaparen{{\tapp{{\tvar{{\unaryone}}}}{{\metaparen{{\tthrow{{\unaryZ}}{{\tvar{{\unaryZ}}}}}}}}}}}}}}}}}}{{\tlam{{\tcatch{{\tlam{{\metaparen{{\tapp{{\tvar{{\unaryone}}}}{{\metaparen{{\tthrow{{\unaryZ}}{{\tvar{{\unaryone}}}}}}}}}}}}}}}}}}}}}



{\metasolvenamed{{\done}}{{\litogi{{\unariesempty}}{{\itableempty}}{{\unaryZ}}{{\tlam{{\tcatch{{\tlam{{\metaparen{{\tapp{{\tvar{{\unaryone}}}}{{\metaparen{{\tthrow{{\unaryZ}}{{\tvar{{\unaryZ}}}}}}}}}}}}}}}}}}{{\tlam{{\tcatch{{\tlam{{\metaparen{{\tapp{{\tvar{{\unaryone}}}}{{\metaparen{{\tthrow{{\unaryZ}}{{\tvar{{\unaryone}}}}}}}}}}}}}}}}}}}}}

{\metasolve{{\upsafe{{\done}}{{\mathcal{D}}\tmrsub{2}}}}}

\subsection{Closure, environment and stack}

{\metadeclrev{{\clos}}{{\metatypedatatype}}}{\hspace{7.4em}}{\metaname{{\clos}}{c}}

{\metadeclrev{{\cenv}}{{\metatypedatatype}}}{\hspace{5.4em}}{\metaname{{\cenv}}{{\cenv}}}

{\metadeclrev{{\kenv}}{{\metatypedatatype}}}{\hspace{5.4em}}{\metaname{{\kenv}}{{\kenv}}}

{\metadeclrev{{\stack}}{{\metatypedatatype}}}{\hspace{5.8em}}{\metaname{{\stack}}{{\stack}}}



{\metadeclgrammar{{\closclosure{{\term}}{{\cenv}}{{\kenv}}}}{{\clos}}}



{\metadeclgrammar{{\cenvempty}}{{\cenv}}}

{\metadeclentry{{\cenvcons{{\cenv}}{{\clos}}}}{$\cenv$}}



{\metadeclgrammar{{\kenvempty}}{{\kenv}}}

{\metadeclentry{{\kenvcons{{\kenv}}{{\stack}}}}{{\kenv}}}



{\metadeclgrammar{{\stackempty}}{{\stack}}}

{\metadeclentry{{\stackcons{{\clos}}{{\stack}}}}{$\stack$}}



{\metadeclrev{{\state}}{{\metatypedatatype}}}

{\metaname{{\state}}{{\sigma}}}



{\metadeclgrammar{{\statetriple{{\term}}{{\cenv}}{{\kenv}}{{\stack}}}}{{\state}}}

\subsection{Judgments}

\subsubsection{Fetch a closure}

{\metadeclrev{{\fetch{{\cenv}}{{\unary}}{{\clos}}}}{{\metatypejudgment}}}



{\metadefnleft{{\metaruleaxiom{}{{\fetch{{\cenvcons{{\mathcal{E}}}{c}}}{{\unaryZ}}{c}}}{fetch\tmrsub{1}}}}}

{\metadefnleft{{\metarulewhen{{\fetch{{\mathcal{E}}}{n}{c}}}{{\fetch{{\cenvcons{{\mathcal{E}}}{c'}}}{{\unaryS{n}}}{c}}}{fetch\tmrsub{2}}}}}



{\metamode{{\fetch{+{\mathcal{E}}}{+n}{-c}}}}

{\metaworlds{{\metaparen{}}{\hspace{1em}}{\fetch{{\mathcal{E}}}{n}{c}}}}

{\metaterminates{{\mathcal{E}}{\hspace{1em}}{\fetch{{\mathcal{E}}}{n}{c}}}}

{\metaunique{{\fetch{+{\mathcal{E}}}{+n}{-1c}}}}

\subsubsection{Fetch a stack}

{\metadeclrev{{\kfetch{{\kenv}}{{\unary}}{{\stack}}}}{{\metatypejudgment}}}



{\metadefnleft{{\metaruleaxiom{}{{\kfetch{{\kenvcons{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}}}}{{\unaryZ}}{{\mathcal{S}}}}}{fetch\tmrsup{{\mu}}\tmrsub{1}}}}}

{\metadefnleft{{\metarulewhen{{\kfetch{{\mathcal{E}}\tmrsub{{\mu}}}{n}{{\mathcal{S}}}}}{{\kfetch{{\kenvcons{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}'}}}{{\unaryS{n}}}{{\mathcal{S}}}}}{fetch\tmrsup{{\mu}}\tmrsub{2}}}}}



{\metamode{{\kfetch{+{\mathcal{E}}\tmrsub{{\mu}}}{+n}{-{\mathcal{S}}}}}}

{\metaworlds{{\metaparen{}}{\hspace{1em}}{\kfetch{{\mathcal{E}}\tmrsub{{\mu}}}{n}{{\mathcal{S}}}}}}

{\metaterminates{{\mathcal{E}}\tmrsub{{\mu}}{\hspace{1em}}{\kfetch{{\mathcal{E}}\tmrsub{{\mu}}}{n}{{\mathcal{S}}}}}}

{\metaunique{{\kfetch{+{\mathcal{E}}\tmrsub{{\mu}}}{+n}{-1{\mathcal{S}}}}}}

\subsubsection{Evaluation rules}

{\metadeclrev{{\evaluation{{\stateone}}{{\statetwo}}}}{{\metatypejudgment}}}



{\metadefnleft{{\metarulewhen{{\fetch{{\mathcal{E}}}{k}{{\closclosure{t}{{\mathcal{E}}'}{{\mathcal{E}}'\tmrsub{{\mu}}}}}}}{{\evaluation{{\statetriple{{\tvar{k}}}{{\mathcal{E}}}{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}}}}{{\statetriple{t}{{\mathcal{E}}'}{{\mathcal{E}}'\tmrsub{{\mu}}}{{\mathcal{S}}}}}}}{k{\cdummy}var}}}}

{\metadefnleft{{\metaruleaxiom{}{{\evaluation{{\statetriple{{\metaparen{{\tapp{t}{u}}}}}{{\mathcal{E}}}{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}}}}{{\statetriple{t}{{\mathcal{E}}}{{\mathcal{E}}\tmrsub{{\mu}}}{{\stackcons{{\closclosure{u}{{\mathcal{E}}}{{\mathcal{E}}\tmrsub{{\mu}}}}}{{\mathcal{S}}}}}}}}}{k{\cdummy}app}}}}

{\metadefnleft{{\metaruleaxiom{}{{\evaluation{{\statetriple{{\tlam{t}}}{{\mathcal{E}}}{{\mathcal{E}}\tmrsub{{\mu}}}{{\stackcons{c}{{\mathcal{S}}}}}}}{{\statetriple{t}{{\cenvcons{{\mathcal{E}}}{c}}}{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}}}}}}{k{\cdummy}abs}}}}

{\metadefnleft{{\metaruleaxiom{}{{\evaluation{{\statetriple{{\tcatch{t}}}{{\mathcal{E}}}{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}}}}{{\statetriple{t}{{\mathcal{E}}}{{\kenvcons{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}}}}{{\mathcal{S}}}}}}}{k{\cdummy}catch}}}}

{\metadefnleft{{\metarulewhen{{\kfetch{{\mathcal{E}}\tmrsub{{\mu}}}{{\alpha}}{{\mathcal{S}}'}}}{{\evaluation{{\statetriple{{\tthrow{{\alpha}}{t}}}{{\mathcal{E}}}{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}}}}{{\statetriple{t}{{\mathcal{E}}}{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}'}}}}}{k{\cdummy}throw}}}}



{\metamode{{\evaluation{+{\sigma}\tmrsub{1}}{-{\sigma}\tmrsub{2}}}}}

{\metaworlds{{\metaparen{}}{\hspace{1em}}{\evaluation{{\sigma}\tmrsub{1}}{{\sigma}\tmrsub{2}}}}}

{\metaunique{{\evaluation{+{\sigma}\tmrsub{1}}{-1{\sigma}\tmrsub{2}}}}}

\subsection{Abstract machine for safe $\lambda_{\tmop{ct}}$-terms (with
indirection tables)}

\subsubsection{Syntax}

{\metadeclrev{{\iclos}}{{\metatypedatatype}}}

{\metadeclrev{{\icenv}}{{\metatypedatatype}}}

{\metadeclrev{{\ikenv}}{{\metatypedatatype}}}

{\metadeclrev{{\istack}}{{\metatypedatatype}}}

{\metaname{{\iclos}}{\tilde{c}}}

{\metaname{{\icenv}}{\widetilde{{\cenv}}}}

{\metaname{{\ikenv}}{{\ikenv}}}

{\metaname{{\istack}}{\widetilde{{\stack}}}}



{\metadeclgrammar{{\iclosclosure{{\term}}{{\icenv}}{{\unary}}{{\unaries}}{{\itable}}{{\ikenv}}}}{{\iclos}}}



{\metadeclgrammar{{\icenvempty}}{{\icenv}}}

{\metadeclentry{{\icenvcons{{\icenv}}{{\iclos}}}}{{\icenv}}}



{\metadeclgrammar{{\ikenvempty}}{{\ikenv}}}

{\metadeclentry{{\ikenvcons{{\ikenv}}{{\istack}}}}{{\ikenv}}}



{\metadeclgrammar{{\istackempty}}{{\istack}}}

{\metadeclentry{{\istackcons{{\iclos}}{{\istack}}}}{$\istack$}}



{\metadeclrev{{\istate}}{{\metatypedatatype}}}

{\metaname{{\istate}}{\tilde{{\sigma}}}}



{\metadeclgrammar{{\istatetuple{{\term}}{{\icenv}}{{\unary}}{{\unaries}}{{\itable}}{{\ikenv}}{{\istack}}}}{{\istate}}}



\subsubsection{Fetch a closure}

{\metadeclrev{{\ifetch{{\icenv}}{{\unary}}{{\iclos}}}}{{\metatypejudgment}}}



{\metadefnleft{{\metaruleaxiom{}{{\ifetch{{\icenvcons{\tilde{{\mathcal{E}}}}{\tilde{c}}}}{{\unaryZ}}{\tilde{c}}}}{i{\cdummy}fetch\tmrsub{1}}}}}

{\metadefnleft{{\metarulewhen{{\ifetch{\tilde{{\mathcal{E}}}}{n}{\tilde{c}}}}{{\ifetch{{\icenvcons{\tilde{{\mathcal{E}}}}{\tilde{c}'}}}{{\unaryS{n}}}{\tilde{c}}}}{i{\cdummy}fetch\tmrsub{2}}}}}



{\metamode{{\ifetch{+\tilde{{\mathcal{E}}}}{+n}{-\tilde{c}}}}}

{\metaworlds{{\metaparen{}}{\hspace{1em}}{\ifetch{\tilde{{\mathcal{E}}}}{n}{\tilde{c}}}}}

{\metaterminates{\tilde{{\mathcal{E}}}{\hspace{1em}}{\ifetch{\tilde{{\mathcal{E}}}}{n}{\tilde{c}}}}}

{\metaunique{{\ifetch{+\tilde{{\mathcal{E}}}}{+n}{-1\tilde{c}}}}}

\subsubsection{Fetch a stack}

{\metadeclrev{{\ikfetch{{\ikenv}}{{\unary}}{{\istack}}}}{{\metatypejudgment}}}



{\metadefnleft{{\metaruleaxiom{}{{\ikfetch{{\ikenvcons{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}{{\unaryZ}}{\tilde{{\mathcal{S}}}}}}{i{\cdummy}fetch\tmrsup{{\mu}}\tmrsub{1}}}}}

{\metadefnleft{{\metarulewhen{{\ikfetch{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{n}{\tilde{{\mathcal{S}}}}}}{{\ikfetch{{\ikenvcons{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}'}}}{{\unaryS{n}}}{\tilde{{\mathcal{S}}}}}}{i{\cdummy}fetch\tmrsup{{\mu}}\tmrsub{2}}}}}



{\metamode{{\ikfetch{+\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{+n}{-\tilde{{\mathcal{S}}}}}}}

{\metaworlds{{\metaparen{}}{\hspace{1em}}{\ikfetch{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{n}{\tilde{{\mathcal{S}}}}}}}

{\metaterminates{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}{\hspace{1em}}{\ikfetch{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{n}{\tilde{{\mathcal{S}}}}}}}

{\metaunique{{\ikfetch{+\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{+n}{-1\tilde{{\mathcal{S}}}}}}}

\section{Evaluation rules}

{\metadeclrev{{\ievaluation{{\istateone}}{{\istatetwo}}}}{{\metatypejudgment}}}



{\metadefnleft{{\metarulewhenbelow{{\metahypscomma{{\compute{n}{{\mathcal{I}}}{l}{g}}}{{\ifetch{\tilde{{\mathcal{E}}}}{g}{{\iclosclosure{t}{\tilde{{\mathcal{E}}}'}{n'}{{\mathcal{I}}'}{{\mathcal{I}}'\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}'\tmrsub{{\mu}}}}}}}}}{{\ievaluation{{\istatetuple{{\tvar{l}}}{\tilde{{\mathcal{E}}}}{n}{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}{{\istatetuple{t}{\tilde{{\mathcal{E}}}'}{n'}{{\mathcal{I}}'}{{\mathcal{I}}'\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}'\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}}}{i{\cdummy}var}}}}



{\metadefnleft{{\metaruleaxiom{}{{\ievaluation{{\istatetuple{{\metaparen{{\tapp{t}{u}}}}}{\tilde{{\mathcal{E}}}}{n}{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}{{\istatetuple{t}{\tilde{{\mathcal{E}}}}{n}{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{{\istackcons{{\iclosclosure{u}{\tilde{{\mathcal{E}}}}{n}{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}}}{\tilde{{\mathcal{S}}}}}}}}}}{i{\cdummy}app}}}}



{\metadefnleft{{\metaruleaxiom{}{{\ievaluation{{\istatetuple{{\tlam{t}}}{\tilde{{\mathcal{E}}}}{n}{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{{\istackcons{\tilde{c}}{\tilde{{\mathcal{S}}}}}}}}{{\istatetuple{t}{{\icenvcons{\tilde{{\mathcal{E}}}}{\tilde{c}}}}{{\unaryS{n}}}{{\metaparen{{\unariescons{{\unaryS{n}}}{{\mathcal{I}}}}}}}{{\mathcal{I}}\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}}}{i{\cdummy}abs}}}}



{\metadefnleft{{\metaruleaxiom{}{{\ievaluation{{\istatetuple{{\tcatch{t}}}{\tilde{{\mathcal{E}}}}{n}{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}{{\istatetuple{t}{\tilde{{\mathcal{E}}}}{n}{{\mathcal{I}}}{{\metaparen{{\itablecons{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}}}}}{{\ikenvcons{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}{\tilde{{\mathcal{S}}}}}}}}{i{\cdummy}catch}}}}



{\metadefnleft{{\metarulewhenbelow{$\metahypscomma{\tsub{\mathcal{I}_{\mu}}{\alpha}{\mathcal{I}'}}{\ikfetch{\tilde{\mathcal{E}}_{\mu}}{\alpha}{\tilde{\mathcal{S}}'}}$}{{\ievaluation{{\istatetuple{{\tthrow{{\alpha}}{t}}}{\tilde{{\mathcal{E}}}}{n}{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}{{\istatetuple{t}{\tilde{{\mathcal{E}}}}{n}{{\mathcal{I}}'}{{\mathcal{I}}\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}'}}}}}{i{\cdummy}throw}}}}





{\metamode{{\ievaluation{+{\sigma}\tmrsub{1}}{-{\sigma}\tmrsub{2}}}}}

{\metaworlds{{\metaparen{}}{\hspace{1em}}{\ievaluation{{\sigma}\tmrsub{1}}{{\sigma}\tmrsub{2}}}}}

{\metaunique{{\ievaluation{+{\sigma}\tmrsub{1}}{-1{\sigma}\tmrsub{2}}}}}

\section{Translation}

{\metadeclrev{{\triclos{{\iclos}}{{\clos}}}}{{\metatypejudgment}}}

{\metadeclrev{{\tristack{{\istack}}{{\stack}}}}{{\metatypejudgment}}}

{\metadeclrev{{\tricenv{{\icenv}}{{\cenv}}}}{{\metatypejudgment}}}

{\metadeclrev{{\trikenv{{\ikenv}}{{\kenv}}}}{{\metatypejudgment}}}



{\metadefnleft{{\metarulewhen{{\metahypscomma{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{t}{u}}}{{\metahypscomma{{\tricenv{\tilde{{\mathcal{E}}}}{{\mathcal{E}}}}}{{\trikenv{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{{\mathcal{E}}\tmrsub{{\mu}}}}}}}}}{{\triclos{{\iclosclosure{t}{\tilde{{\mathcal{E}}}}{n}{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}}}{{\closclosure{u}{{\mathcal{E}}}{{\mathcal{E}}\tmrsub{{\mu}}}}}}}{clos\tmrsup{{\star}}}}}}



{\metadefnleft{{\metaruleaxiom{}{{\tristack{{\istackempty}}{{\stackempty}}}}{stack\tmrsup{{\star}}\tmrsub{1}}}}}

{\metadefnleft{{\metarulewhen{{\metahypscomma{{\triclos{\tilde{c}}{c}}}{{\tristack{\tilde{{\mathcal{S}}}}{{\mathcal{S}}}}}}}{{\tristack{{\metaparen{{\istackcons{\tilde{c}}{\tilde{{\mathcal{S}}}}}}}}{{\stackcons{c}{{\mathcal{S}}}}}}}{stack\tmrsup{{\star}}\tmrsub{2}}}}}



{\metadefnleft{{\metaruleaxiom{}{{\tricenv{{\icenvempty}}{{\cenvempty}}}}{c{\cdummy}env\tmrsup{{\star}}\tmrsub{1}}}}}

{\metadefnleft{{\metarulewhen{{\metahypscomma{{\triclos{\tilde{c}}{c}}}{{\tricenv{\tilde{{\mathcal{E}}}}{{\mathcal{E}}}}}}}{{\tricenv{{\icenvcons{\tilde{{\mathcal{E}}}}{\tilde{c}}}}{{\cenvcons{{\mathcal{E}}}{c}}}}}{c{\cdummy}env\tmrsup{{\star}}\tmrsub{2}}}}}



{\metadefnleft{{\metaruleaxiom{}{{\trikenv{{\ikenvempty}}{{\kenvempty}}}}{k{\cdummy}env\tmrsup{{\star}}\tmrsub{1}}}}}

{\metadefnleft{{\metarulewhen{{\metahypscomma{{\tristack{\tilde{{\mathcal{S}}}}{{\mathcal{S}}}}}{{\trikenv{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{{\mathcal{E}}\tmrsub{{\mu}}}}}}}{{\trikenv{{\ikenvcons{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}{{\kenvcons{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}}}}}}{k{\cdummy}env\tmrsup{{\star}}\tmrsub{2}}}}}



{\metamode{\\
{\hspace{2em}}{\triclos{+\tilde{c}}{-c}}\\
{\hspace{2em}}{\tristack{+\tilde{{\mathcal{S}}}}{-{\mathcal{S}}}}\\
{\hspace{2em}}{\tricenv{+\tilde{{\mathcal{E}}}}{-{\mathcal{E}}}}\\
{\hspace{2em}}{\trikenv{+\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{-{\mathcal{E}}\tmrsub{{\mu}}}}}}



{\metaworlds{{\metaparen{}}\\
{\hspace{2em}}{\triclos{\tilde{c}}{c}}\\
{\hspace{2em}}{\tristack{\tilde{{\mathcal{S}}}}{{\mathcal{S}}}}\\
{\hspace{2em}}{\tricenv{\tilde{{\mathcal{E}}}}{{\mathcal{E}}}}\\
{\hspace{2em}}{\trikenv{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{{\mathcal{E}}\tmrsub{{\mu}}}}}}



{\metaterminates{{\metaparen{\tilde{c}{\hspace{1em}}\tilde{{\mathcal{S}}}{\hspace{1em}}\tilde{{\mathcal{E}}}{\hspace{1em}}\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}}\\
{\hspace{2em}}{\triclos{\tilde{c}}{c}}\\
{\hspace{2em}}{\tristack{\tilde{{\mathcal{S}}}}{{\mathcal{S}}}}\\
{\hspace{2em}}{\tricenv{\tilde{{\mathcal{E}}}}{{\mathcal{E}}}}\\
{\hspace{2em}}{\trikenv{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{{\mathcal{E}}\tmrsub{{\mu}}}}}}



{\metaunique{\\
{\hspace{2em}}{\triclos{+\tilde{c}}{-1c}}\\
{\hspace{2em}}{\tristack{+\tilde{{\mathcal{S}}}}{-1{\mathcal{S}}}}\\
{\hspace{2em}}{\tricenv{+\tilde{{\mathcal{E}}}}{-1{\mathcal{E}}}}\\
{\hspace{2em}}{\trikenv{+\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{-1{\mathcal{E}}\tmrsub{{\mu}}}}}}



{\metadeclrev{{\tristate{{\istate}}{{\state}}}}{{\metatypejudgment}}}

{\metadefnleft{{\metarulewhen{{\metahypscomma{{\triclos{{\iclosclosure{t}{\tilde{{\mathcal{E}}}}{n}{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}}}{{\closclosure{u}{{\mathcal{E}}}{{\mathcal{E}}\tmrsub{{\mu}}}}}}}{{\tristack{\tilde{{\mathcal{S}}}}{{\mathcal{S}}}}}}}{{\tristate{{\istatetuple{t}{\tilde{{\mathcal{E}}}}{n}{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}{{\statetriple{u}{{\mathcal{E}}}{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}}}}}}{state\tmrsup{{\star}}}}}}



{\metamode{{\tristate{+\tilde{{\sigma}}}{-{\sigma}}}}}

{\metaworlds{{\metaparen{}}{\hspace{1em}}{\tristate{\tilde{{\sigma}}}{{\sigma}}}}}

{\metaunique{{\tristate{+\tilde{{\sigma}}}{-1{\sigma}}}}}

\section{Soundness}

{\metadeclrev{{\simfetch{{\tricenv{\tilde{{\mathcal{E}}}}{{\mathcal{E}}}}}{{\ifetch{\tilde{{\mathcal{E}}}}{n}{\tilde{c}}}}{{\triclos{\tilde{c}}{c}}}{{\fetch{{\mathcal{E}}}{n}{c}}{\hspace{1em}}{\metacomment{for
some $c$}}}}}{{\metatypelemma}}}

\begin{proof}
  
  
  
  
  {\metadefnleft{{\metarule{}{{\simfetch{{\metarule{{\metahyps{{\metaterm{{\triclos{\tilde{c}}{c}}}{{\mathcal{D}}\tmrsub{11}}}}{{\metaterm{{\tricenv{\tilde{{\mathcal{E}}}}{{\mathcal{E}}}}}{{\metawildcarddots}}}}}}{{\tricenv{{\icenvcons{\tilde{{\mathcal{E}}}}{\tilde{c}}}}{{\cenvcons{{\mathcal{E}}}{c}}}}}{c{\cdummy}env\tmrsup{{\star}}\tmrsub{2}}}}{{\metaruleaxiom{}{{\ifetch{{\icenvcons{\tilde{{\mathcal{E}}}}{\tilde{c}}}}{{\unaryZ}}{\tilde{c}}}}{i{\cdummy}fetch\tmrsub{1}}}}{{\metaterm{{\triclos{\tilde{c}}{c}}}{{\mathcal{D}}\tmrsub{11}}}}{{\metaruleaxiom{}{{\fetch{{\cenvcons{{\mathcal{E}}}{c}}}{{\unaryZ}}{c}}}{fetch\tmrsub{1}}}}}}{\&1}}}}
  
  
  
  
  
  
  
  {\metadefnleft{{\metarule{{\simfetch{{\metaterm{{\tricenv{\tilde{{\mathcal{E}}}}{{\mathcal{E}}}}}{{\mathcal{D}}\tmrsub{12}}}}{{\metaterm{{\ifetch{\tilde{{\mathcal{E}}}}{n}{\tilde{c}}}}{{\mathcal{D}}\tmrsub{2}}}}{{\metaterm{{\triclos{\tilde{c}}{c}}}{{\mathcal{D}}\tmrsub{3}}}}{{\metaterm{{\fetch{{\mathcal{E}}}{n}{c}}}{{\mathcal{D}}\tmrsub{4}}}}}}{{\simfetch{{\metarule{{\metahyps{{\metaterm{{\triclos{\tilde{c}'}{c'}}}{{\metawildcarddots}}}}{{\metaterm{{\tricenv{\tilde{{\mathcal{E}}}}{{\mathcal{E}}}}}{{\mathcal{D}}\tmrsub{12}}}}}}{{\tricenv{{\icenvcons{\tilde{{\mathcal{E}}}}{\tilde{c}'}}}{{\cenvcons{{\mathcal{E}}}{c'}}}}}{c{\cdummy}env\tmrsup{{\star}}\tmrsub{2}}}}{{\metarule{{\metaterm{{\ifetch{\tilde{{\mathcal{E}}}}{n}{\tilde{c}}}}{{\mathcal{D}}\tmrsub{2}}}}{{\ifetch{{\icenvcons{\tilde{{\mathcal{E}}}}{\tilde{c}'}}}{{\unaryS{n}}}{\tilde{c}}}}{i{\cdummy}fetch\tmrsub{2}}}}{{\metaterm{{\triclos{\tilde{c}}{c}}}{{\mathcal{D}}\tmrsub{3}}}}{{\metarule{{\metaterm{{\fetch{{\mathcal{E}}}{n}{c}}}{{\mathcal{D}}\tmrsub{4}}}}{{\fetch{{\cenvcons{{\mathcal{E}}}{c'}}}{{\unaryS{n}}}{c}}}{fetch\tmrsub{2}}}}}}{\&2}}}}
  
  
  
  
  
  
  
  {\metamode{{\simfetch{+{\mathcal{D}}\tmrsub{1}}{+{\mathcal{D}}\tmrsub{2}}{-{\mathcal{D}}\tmrsub{3}}{-{\mathcal{D}}\tmrsub{4}}}}}
  
  {\metaworlds{{\metaparen{}}{\hspace{1em}}{\simfetch{{\mathcal{D}}\tmrsub{1}}{{\mathcal{D}}\tmrsub{2}}{{\mathcal{D}}\tmrsub{3}}{{\mathcal{D}}\tmrsub{4}}}}}
  
  {\metatotal{{\metaparen{{\mathcal{D}}\tmrsub{2}}}{\hspace{1em}}{\simfetch{{\mathcal{D}}\tmrsub{1}}{{\mathcal{D}}\tmrsub{2}}{{\mathcal{D}}\tmrsub{3}}{{\mathcal{D}}\tmrsub{4}}}}}
\end{proof}

{\metadeclrev{{\simkfetch{{\trikenv{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{{\mathcal{E}}\tmrsub{{\mu}}}}}{{\ikfetch{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{{\alpha}}{\tilde{{\mathcal{S}}}}}}{{\tristack{\tilde{{\mathcal{S}}}}{{\mathcal{S}}}}}{{\kfetch{{\mathcal{E}}\tmrsub{{\mu}}}{{\alpha}}{{\mathcal{S}}}}{\hspace{1em}}{\metacomment{for
some $\mathcal{S}$}}}}}{{\metatypelemma}}}

\begin{proof}
  
  
  
  
  {\metadefnleft{{\metarule{}{{\simkfetch{{\metarule{{\metahyps{{\metaterm{{\tristack{\tilde{{\mathcal{S}}}}{{\mathcal{S}}}}}{{\mathcal{D}}\tmrsub{11}}}}{{\metaterm{{\trikenv{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{{\mathcal{E}}\tmrsub{{\mu}}}}}{{\metawildcarddots}}}}}}{{\trikenv{{\ikenvcons{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}{{\kenvcons{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}}}}}}{k{\cdummy}env\tmrsup{{\star}}\tmrsub{2}}}}{{\metaruleaxiom{}{{\ikfetch{{\ikenvcons{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}{{\unaryZ}}{\tilde{{\mathcal{S}}}}}}{i{\cdummy}fetch\tmrsup{{\mu}}\tmrsub{1}}}}{{\metaterm{{\tristack{\tilde{{\mathcal{S}}}}{{\mathcal{S}}}}}{{\mathcal{D}}\tmrsub{11}}}}{{\metaruleaxiom{}{{\kfetch{{\kenvcons{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}}}}{{\unaryZ}}{{\mathcal{S}}}}}{fetch\tmrsup{{\mu}}\tmrsub{1}}}}}}{\&1}}}}
  
  
  
  
  
  
  
  {\metadefnleft{{\metarule{{\simkfetch{{\metaterm{{\trikenv{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{{\mathcal{E}}\tmrsub{{\mu}}}}}{{\mathcal{D}}\tmrsub{12}}}}{{\metaterm{{\ikfetch{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{{\alpha}}{\tilde{{\mathcal{S}}}}}}{{\mathcal{D}}\tmrsub{2}}}}{{\metaterm{{\tristack{\tilde{{\mathcal{S}}}}{{\mathcal{S}}}}}{{\mathcal{D}}\tmrsub{3}}}}{{\metaterm{{\kfetch{{\mathcal{E}}\tmrsub{{\mu}}}{{\alpha}}{{\mathcal{S}}}}}{{\mathcal{D}}\tmrsub{4}}}}}}{{\simkfetch{{\metarule{{\metahyps{{\metaterm{{\tristack{\tilde{{\mathcal{S}}}'}{{\mathcal{S}}'}}}{{\metawildcarddots}}}}{{\metaterm{{\trikenv{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{{\mathcal{E}}\tmrsub{{\mu}}}}}{{\mathcal{D}}\tmrsub{12}}}}}}{{\trikenv{{\ikenvcons{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}'}}}{{\kenvcons{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}'}}}}}{k{\cdummy}env\tmrsup{{\star}}\tmrsub{2}}}}{{\metarule{{\metaterm{{\ikfetch{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{{\alpha}}{\tilde{{\mathcal{S}}}}}}{{\mathcal{D}}\tmrsub{2}}}}{{\ikfetch{{\ikenvcons{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}'}}}{{\unaryS{{\alpha}}}}{\tilde{{\mathcal{S}}}}}}{i{\cdummy}fetch\tmrsup{{\mu}}\tmrsub{2}}}}{{\metaterm{{\tristack{\tilde{{\mathcal{S}}}}{{\mathcal{S}}}}}{{\mathcal{D}}\tmrsub{3}}}}{{\metarule{{\metaterm{{\kfetch{{\mathcal{E}}\tmrsub{{\mu}}}{{\alpha}}{{\mathcal{S}}}}}{{\mathcal{D}}\tmrsub{4}}}}{{\kfetch{{\kenvcons{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}'}}}{{\unaryS{{\alpha}}}}{{\mathcal{S}}}}}{fetch\tmrsup{{\mu}}\tmrsub{2}}}}}}{\&2}}}}
  
  
  
  
  
  
  
  {\metamode{{\simkfetch{+{\mathcal{D}}\tmrsub{1}}{+{\mathcal{D}}\tmrsub{2}}{-{\mathcal{D}}\tmrsub{3}}{-{\mathcal{D}}\tmrsub{4}}}}}
  
  {\metaworlds{{\metaparen{}}{\hspace{1em}}{\simkfetch{{\mathcal{D}}\tmrsub{1}}{{\mathcal{D}}\tmrsub{2}}{{\mathcal{D}}\tmrsub{3}}{{\mathcal{D}}\tmrsub{4}}}}}
  
  {\metatotal{{\metaparen{{\mathcal{D}}\tmrsub{2}}}{\hspace{1em}}{\simkfetch{{\mathcal{D}}\tmrsub{1}}{{\mathcal{D}}\tmrsub{2}}{{\mathcal{D}}\tmrsub{3}}{{\mathcal{D}}\tmrsub{4}}}}}
\end{proof}

{\metadeclrev{{\simulation{{\ievaluation{\tilde{{\sigma}}\tmrsub{1}}{\tilde{{\sigma}}\tmrsub{2}}}}{{\tristate{\tilde{{\sigma}}\tmrsub{1}}{{\sigma}\tmrsub{1}}}}{{\tristate{\tilde{{\sigma}}\tmrsub{2}}{{\sigma}\tmrsub{2}}}{\hspace{1em}}{\metacomment{for
some
$\sigma_2$}}}{{\evaluation{{\sigma}\tmrsub{1}}{{\sigma}\tmrsub{2}}}}}}{{\metatypetheorem}}}

\begin{proof}
  
  
  {\metadefnleft{{\metarule{{\simfetch{{\metaterm{{\tricenv{\tilde{{\mathcal{E}}}}{{\mathcal{E}}}}}{{\mathcal{D}}\tmrsub{212}}}}{{\metaterm{{\ifetch{\tilde{{\mathcal{E}}}}{g}{{\iclosclosure{t}{\tilde{{\mathcal{E}}}'}{n'}{{\mathcal{I}}'}{{\mathcal{I}}'\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}'\tmrsub{{\mu}}}}}}}{{\mathcal{D}}\tmrsub{13}}}}{{\metaterm{{\triclos{{\iclosclosure{t}{\tilde{{\mathcal{E}}}'}{n'}{{\mathcal{I}}'}{{\mathcal{I}}'\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}'\tmrsub{{\mu}}}}}{{\closclosure{u}{{\mathcal{E}}'}{{\mathcal{E}}'\tmrsub{{\mu}}}}}}}{{\mathcal{D}}\tmrsub{31}}}}{{\metaterm{{\fetch{{\mathcal{E}}}{g}{{\closclosure{u}{{\mathcal{E}}'}{{\mathcal{E}}'\tmrsub{{\mu}}}}}}}{{\mathcal{D}}\tmrsub{4}}}}}}{{\simulation{{\metarule{{\metahyps{{\metaterm{{\compute{n}{{\mathcal{I}}}{l}{g}}}{{\mathcal{D}}\tmrsub{11}}}}{{\metaterm{{\ifetch{\tilde{{\mathcal{E}}}}{g}{{\iclosclosure{t}{\tilde{{\mathcal{E}}}'}{n'}{{\mathcal{I}}'}{{\mathcal{I}}'\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}'\tmrsub{{\mu}}}}}}}{{\mathcal{D}}\tmrsub{13}}}}}}{{\ievaluation{{\istatetuple{{\tvar{l}}}{\tilde{{\mathcal{E}}}}{n}{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}{{\istatetuple{t}{\tilde{{\mathcal{E}}}'}{n'}{{\mathcal{I}}'}{{\mathcal{I}}'\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}'\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}}}{i{\cdummy}var}}}{{\metarule{{\metahyps{{\metarule{{\metahyps{{\metarule{{\metaterm{{\compute{n}{{\mathcal{I}}}{l}{g}}}{{\metawildcarddots}}}}{{\litogi{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{n}{{\tvar{l}}}{{\tvar{g}}}}}{{\downarrow}\tmrsub{1}}}}{{\metahyps{{\metaterm{{\tricenv{\tilde{{\mathcal{E}}}}{{\mathcal{E}}}}}{{\mathcal{D}}\tmrsub{212}}}}{{\metaterm{{\trikenv{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{{\mathcal{E}}\tmrsub{{\mu}}}}}{{\metawildcarddots}}}}}}}}{{\triclos{{\iclosclosure{{\tvar{l}}}{\tilde{{\mathcal{E}}}}{n}{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}}}{{\closclosure{{\tvar{g}}}{{\mathcal{E}}}{{\mathcal{E}}\tmrsub{{\mu}}}}}}}{clos\tmrsup{{\star}}}}}{{\metaterm{{\tristack{\tilde{{\mathcal{S}}}}{{\mathcal{S}}}}}{{\mathcal{D}}\tmrsub{22}}}}}}{{\tristate{{\istatetuple{{\tvar{l}}}{\tilde{{\mathcal{E}}}}{n}{{\mathcal{I}}}{{\mathcal{I}}\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}{{\statetriple{{\tvar{g}}}{{\mathcal{E}}}{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}}}}}}{state\tmrsup{{\star}}}}}{{\metarule{{\metahyps{{\metaterm{{\triclos{{\iclosclosure{t}{\tilde{{\mathcal{E}}}'}{n'}{{\mathcal{I}}'}{{\mathcal{I}}'\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}'\tmrsub{{\mu}}}}}{{\closclosure{u}{{\mathcal{E}}'}{{\mathcal{E}}'\tmrsub{{\mu}}}}}}}{{\mathcal{D}}\tmrsub{31}}}}{{\metaterm{{\tristack{\tilde{{\mathcal{S}}}}{{\mathcal{S}}}}}{{\mathcal{D}}\tmrsub{22}}}}}}{{\tristate{{\istatetuple{t}{\tilde{{\mathcal{E}}}'}{n'}{{\mathcal{I}}'}{{\mathcal{I}}'\tmrsub{{\mu}}}{\tilde{{\mathcal{E}}}'\tmrsub{{\mu}}}{\tilde{{\mathcal{S}}}}}}{{\statetriple{u}{{\mathcal{E}}'}{{\mathcal{E}}'\tmrsub{{\mu}}}{{\mathcal{S}}}}}}}{state\tmrsup{{\star}}}}}{{\metarule{{\metaterm{{\fetch{{\mathcal{E}}}{g}{{\closclosure{u}{{\mathcal{E}}'}{{\mathcal{E}}'\tmrsub{{\mu}}}}}}}{{\mathcal{D}}\tmrsub{4}}}}{{\evaluation{{\statetriple{{\tvar{g}}}{{\mathcal{E}}}{{\mathcal{E}}\tmrsub{{\mu}}}{{\mathcal{S}}}}}{{\statetriple{u}{{\mathcal{E}}'}{{\mathcal{E}}'\tmrsub{{\mu}}}{{\mathcal{S}}}}}}}{k{\cdummy}var}}}}}{\&1}}}}
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