1 Supplementary Material

2

3

4 ANONYMOUS AUTHOR(S)

5

6

7

8 1 OVERVIEW

9

10 This article supplements the submission “Resource-Aware Session Types for Digital Contracts”. The main
11 contributions of the supplementary document are as follows.

12

13 e Section 2 presents the type grammar.

14 e Section 3 presents the process typing rules, concerning the judgment ¥ ; T'; A ¥ P :: (x,, : A). This
1 judgment types a process in state P providing service of type A along channel x at mode m. Moreover,
16

- the process uses functional variables from ¥, shared channels from I' and linear channels from A.
18 Finally, the process stores potential g.

19 e Section 4 presents the rules of the operational cost semantics. These discuss the behavior of the
9 semantic objects proc(cy,, w, P) and msg(cy,, w, N) defining a process P (or message N) offering along
21

’) channel ¢ at mode m which has performed work w so far.

23 e Section 5 presents the rules corresponding to configuration typing and other helper judgments. The
, E

“ configuration typing judgment I, F Q :: (T ; A) describes a well-typed configuration Q which offers
25

v shared channels in I' and linear channels in A.

27 e Section 6 is the main contribution of the supplementary material. It presents and proves the main
28 theorem of type safety of our language. This is split into a type preservation and a progress theorem.

2 The section also proves the lemmas necessary for the type safety theorems.
30

31

» 2 TYPES
3 First, I present the grammar for ordinary functional types 7 with potential.
34

35 T ou= tltor|r+r Xt

36 | int | bool | L(7)

37 JR— _ — _ =
| {Ar «— Ar}r | {As < As; Ar}s | {Ar < As; A}r

38

39 Next, I define the purely linear session types.

40

1 Ag = V| @®{€: Ar}rer | &{C: Ar}eer | Am —om AR | Am ®m Ar | 1
42 | 7> Ar|7XAR [P AR | <A

43

44
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Next, the shared linear session types.

A|_ n=

Anon.

V| 69{8 : AL}[GL | &{K:AL}KGL | A —om AL | A ®m AL

| 7o AL[TXAL|PTAL| <AL

| 1} As
Finally, the shared session type.
As

The client linear types follow the same grammar as purely linear types. The combined type is represented

AL

using A which denotes the type of either a client or contract process in linear mode.

At
A

AR
AT | AL

First, the expressions at the functional layer are as follows (usual terms from a functional language).

M,N == Ax:t.My | M N

I-M|r-M|case M (I — M;,r — M,)

(M,N) |[M-1|M-r

[1|M:: N | match M ([] » My, x = xs — M)

{cr & Pogg —a} | {es — P, ,g—a;dy|{er =P, .7 —a;b}

|
|
| n|true | false
|
|

The processes (proof terms) are as follows.

P,Q :u= c—Mee—a; P,
| x<y

| x.lk ; P

| casex (l; = P)
| sendxw; P
| ye<recvx; P
| close x

| waitx; P

| work {p} ; P

| getx{p};P

| payx{p}; P

| xL < acquire xs ; Py,
| xi < accept x5 ; Py,
| x5 « detach x| ; Py
|

xs < release x| ; Py,
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.a.d ,a,b

spawn process computed by M and continue with P,,

both communicating along fresh channel a

forward between x and y

send label I; along x

branch on received label along x

send channel/value w along x

receive channel/value along x and bind it to y

close channel x

wait on closing channel x

do work p, continue with P

get potential p on channel x

pay potential p on channel x

send an acquire request along xs

accept an acquire request along xs

send a detach request along x|

receive a detach request along x|
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3 TYPESYSTEM

We first define the judgments we use in our type system.

YIMM:r term M has type 7
and needs potential g for evaluation
¥;T; A¥P:(cp,:A) process P offers service of type A
along channel ¢ at mode m = (S, L, T, R)
and uses shared channels from T
and linear channels from A
and functional variables from ¥

and stores potential g

Mode S stands for channels in shared mode. Mode L stands for shared channels in their linear mode. Mode
T stands for linear channels that internally depend on shared processes. Mode R stands for purely linear

channels offered by purely linear processes.

3.1 Monad

First, I present the rules concerning the monad.

Introduction Rules.
A:dRZDR ‘P;-;AIgP::(xR:AR)

I {xg < P« dp} : {Ar < Dp}r

{Hr

T'=as: As A =dg : Dr YT; AP (xs:A)
Y1 {xs < P < @5 ; dp} : {A < As ; Dg}s

{}s

T =as: As A=d: Y :T; ALP:(xr:A)
‘I’ll—q{xT<—P<—_5;3}:{A<—A_s;5}T

{3

Elimination Rules.

r=p+gq A =dg:Dg VY (¥, %)
I M:{A—Dg}r ¥;T; AN, (xg:A)E Q:(zm:0)

— — }ERm(=R,S,L,T)
¥Y;T; AANFxReM—dg; Q:u(zm:0)

r=p+q I' Das: As A =dg : Dg (As, As) esync Y'Y (¥, %)
¥, P M: {A— As; Dpls Yy T,(xs:A); A2 Q (2 :0)

. — O Esm(=s,L,T)
Y;T; AANExse—Me—dr; Q:u(zm:0)
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4 Anon.

r=p+q I'Das: As A=d:D Y'Y (¥, %)
¥, P M: {A— As; D}y W T (xr: AN 2 QO (2 : O)

. —— {Erm=L1)
YT ANFEFxre—Me—as; d; Qu(zm:0)
The rest of the rules for expressions in the functional layer are standard. We skip them and discuss the

process layer.

3.2 Forwarding
q=0
VT (Ym: A X — Y (1 A)

fwdp=p,m)

3.3 Labels and Branching
V. T; A€ P (xn: Ar) (kel)
VT A xpks P (xm : ©{€: Agdeer)
Wi A (XA Qp i (2 : O) (Ve el)
Wi T A (X ®{€: Apdeer) ¥ case xp, (£ = Op)eer : (zk : )

®L

U T; AP (xn:Ar) (Veel)
VT A case xp (£ = Prleer = (xm 2 &{€: Ardeer)
VT A (xp:A) ¥ Qp i (2 : O) (keL)
VT A (xp: &{€: Ar}eer) @ xpmk 3 P (2 : O)

&R

&L

3.4 Linear Channel Communication
¥:T; A¢P:(xy,:B)
¥ T; A (w,:A) ¥ send x, Wy P (xp, : A®, B)
YT A WYn:A),(xm:B)FQ:(z:C) oL
YT A (Xxm:A®,B)H y, —recv x5 Q::(zx : O) "

®nR

YT A Wn:A)¥P:(xy:B)
‘I’;F;Algyn<—recvxm;P::(xm:AwB) -

VT A(xp:B)EQ:(z:0)
VT A (wy:A),(xm:A—B)¥ send x,p wy 5 O (2 : O) -

n R

3.5 Value Communication
r=p+q YY(¥,¥) I M: W T; AP (xp: A
V:T; Afsendx, M; P:(xp:7XA) x
W (y:7); T A(xm:A)F Q:(zg:C)
VT A (xpm:txA) P ye—recvxy; Q:(zp:C)
Manuscript submitted to ACM
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Y, (y:7); T; A?P:(xp:B)
‘I‘;F;Algy<—recvxm;P::(xm:r—>A)
r=p+gq Y'Y (¥, ¥,) v M:r Wy ;T3 A (xpm: A Q2 :0) .

— R

L
Vi T; A(xpm:7— A Fsendx, M; Q:(z:C)
3.6 Termination
=0 ¥:.T;A€Q:u(z:C
q 1R Q. (zk : C) "
¥ T; ¥ close xpm i (2, : 1) ¥ T A (xp 1) wait xp, ; Q =2 (21 : C)

3.7 Potential
g=p+r Y ;T;ALP:(xp:A)

k

T A0 tick(r); P (xm:A) O
g=p+r  V;T;AEP:(xy:A) p=q+r  V;T;A(xpm:A)FP:(zx:0)
> >
¥ T; A pay xpm {r}; P (xp i 5" A) YT A (e A) ¥ get xp {r}; P (zx: C)
p=q+r V:T; AEP:(xp: A q=p+r VT A(xp:A)EP:(z:0)

W T; A getxp, {r}; Pu(xp : <"A) ) VT A (xp:<A) ¥ pay xp, {r}; P (2 : 0) )

3.8 Acquiring and Releasing
A purelin :T; ALP:(x:A)
¥, T; A x| « accept x5 ; P :: (x5 :TiAL)
YT A(x A Q:(zm:0)
¥ T, (xs 1 AL s A ¥ xi — acquire xs 5 Q :: (zm : C)

S
TR

7 Lin(=L,7)

A purelin V:T; A¢P:(xs:As)
YT A¥ xs — detach x5 P (x 1] As)
YT, (xs:A5); A€ Q:(zm:0)
YT A (x L) As) ¥ oxs — release x5 Q i (2 : C)

S
IR

1 Ling=L,1)

4 OPERATIONAL COST SEMANTICS

First, we define the judgments for expressions. The first judgment is a small step semantics for expressions,
M — M’ and M val. Finally, we introduce another judgment for processes, proc(c;,, w, P) +— proc(c,,, w’, P’)
and a new predicate msg(cp,, w, M) to denote a message. Additionally, we define processes with a hole for a
compact representation of the cost semantics.

Manuscript submitted to ACM
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6 Anon.

Pl == ce—[]eai; P
| sendc[]; P
N{Vi|p

proc(¢m, w, P[N]) + proc(c,, w + u, P[V]) internal

(cg fresh)
Proc(dm: W’ xR — {xé — Pxé,? — l_/} — a 5 Q) = proc(cR9 0’ PCR,E) proc(dm’ W? [CR/xR]Q)

{}ERm

(cs fresh)

- — _ = {}ESm
proc(dm, W, Xs = {x5 — Pygz <V z}e—a; b; Q)

proc(cs, 0, P, 27)  proc(dm, w, [¢s/xs]Q)

(cr fresh)

— _. - - {}ErT
Proc(dT,W,xT — {x{- — Px_i_’g’g —y,; Z} —a;b; Q) —

proc(er, 0,P, - 7) proc(dr, w, [er/x.]1Q)

+
msg(dm, w', M) proc(cm, W, ¢y < dp) > msg(cm, w + W, [ /dm M) fwd
prOC(Cm, W’ Cm — dm) msg(€l, W’a M(Cm)) = msg(el’ w + W,’ M(dm)) de_
¢t fresh
(e fresh) o

proc(cm, W, ¢m.£ 5 P) > proc(ch, w, [}, /cm]P)  msg(em, 0, cm.C 5 cm < )

®C
msg(Cm, W, Cm-C 3 Cm < c;,)  proc(di, ', case cm (I = Qp)ier) > proc(di, w + w', [c}, /em]Qr)

(¢}, fresh) 2C
proc(di, w, cm.€ 5 P) — msg(cy,0,cm.C 5 iy < cm)  proc(di, w, [c;,/cm]P) s

Cr
proc(cm, w’, case ¢y (I = Qp)jer) msg(ch,, 0,cm L5 cf,  cm) > proc(c,, w + W', [c},/cm]Or) &

(¢, fresh) ©.C
proc(cm, w, send cp, €, ; P) > proc(ch, w, (¢} /cm]P) msg(cm, 0,send ¢ €y 5 ¢ < c) nes

®nCr
msg(cm, w,send ¢y, €, 3 ¢y «— ¢i)  proc(di, w', x, < recv ¢y 3 Q) o

proc(di, w + w’, [c [em]len/xn]Q)

Manuscript submitted to ACM



283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329

Supplementary Material

(¢}, fresh)

—op Cs
proc(dk, w,send ¢, e, ; P) — msg(c),0,send ¢, €, 5 ¢ — ¢p)  proc(dy, w, [¢},/cm]P)
—op Cr
proc(cm, W', xp < recv ¢ 3 Q) msg(ch, w,send cp €y 3 Chy — Cm)
proc(c;;l, w+w, [C:n/cm][en/xn]Q)
(cp, fresh) N val c
X
proc(cm, w, send ¢,, N ; P) > proc(ch, w, [} /cm]P)  msg(cm,0,send ¢y N ; ¢y <—cf) —°
XCy
msg(cm, w,send ¢ N ; ¢y < ¢))  proc(di, w', x « recv ¢ 5 Q)
proc(di, w +w', [}, /em ][N /x]Q)
(¢}, fresh) N val c
- S
proc(dk, w,send ¢, N ; P) — msg(c,0,send ¢, N5 ¢} < ¢n)  proc(di, w, [c},/cm]P)
- Cy
proc(cm, w',x < recv ¢y ; Q) msg(ch, w,send ¢y N ; ¢y« cpy)
proc(cy,, w + w’, [c, /em][N/x]Q)
1C;
proc(cm, w, close ¢p,) > msg(cm, w, close ¢p,)
1C
msg(cm, w, close ¢p,)  proc(di, w’, wait ¢, ; Q) — proc(dg, w + w’, Q)
proc(cp, w, tick (i) ; P)
tick
proc(cy,, w + p1, P)
(¢}, fresh) C
4
proc(cm, w, pay ¢m {r}; P) — proc(ch,w,[c),/cm]P) msg(cm, 0, pay cm {r}; cm < c}) s
>C,

msg(cm, W, pay ¢ {r}; cm < c) proc(d, w', get ¢, {r}; Q) > proc(dx, w + W', [}, /cm]Q)

(¢}, fresh)
"

proc(d, w, pay c¢m {r}; P)— msg(ch,0,pay cn {r}; ¢, < ¢) proc(d, w,[c},/cm]P)

<Cs

+ Cr

proc(cm, w', get ¢, {r}; Q) msg(cl, w,pay cm {r}; ¢}, «— cm) > proc(cm, w + w’, [}, /cm]Q) )
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8 Anon.

330
331 (aL fresh)

S
332 - - ne
proc(as, w', x| < accept as ; Py, ) proc(cy,, w,xL < acquire as ; Qx )

333
334 proc(aL, w’, PaL) proc(cm, w, QaL)

335

336 LE C
337 proc(a, w’, xs < detach ai ; Py;) proc(cm, w, xs < release aL ; Qx) —

338

proc(as, w’, Pg)  proc(cm, w, Qu)
339

340
341 5 CONFIGURATION TYPING

342 — emp

343 LEG:(: )

344

345 E

346 LFEQ:(; AAR) -;-;A;Q}gP::(xR:AR)
347 E+q+w

348 I F Q,proc(xg,w,P):: (T; A, (xr : Ar))
349

procg

350

E
351 (xs : As) €T, (As, As) esync LEQ:=(T; AAY 3 To; AR ¥ P(xs: Ag)

352 procg
E+q+w

353 I F  Q,proc(xs,w,P):: (T, (xs: As) ; A)
354

355
356 E

357 (xs: Ag) € T (AL, As) esync LEQ:(T; AA) T AME P (s A
358 E+g+w

L E  Q,proc(xy, w,P):: (T, (xs: As); A, (xL : AL))

proc,

359
360
361 E
362 LFEQ:(T; AAN) T NE P (xy: A
363 E+gq+w

Iy F  Qproc(xr,w,P): (T; A, (x: Ar))

proct

364
365

366 E
LiEQ=:(T; AAN) ~;~;A'|9M::(xm:A)ms

) E+q+w
368 I F  Qmsglxm,w,M) = (; A (xpy: A))
369
E
370 In addition, for a well-typed configuration Iy F Q :: (T ; A), we need the following wellformedness
371

367

g

conditions.

372

373 . .

e e All channels in I, I" and A are unique.

375 o I'Clh.

376 Manuscript submitted to ACM
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5.1 Equi-Synchronizing
(Ag,Cs) esync (VL e L) ® (Ag,Cs) esync (V€ e L)
(®{C€ : Ac}eer, Cs) esync (&{C: Ac}eer, Cs) esync

(B, Cs) esync (B, Cs) esync
(A® B,Cs) esync (A — B, Cs) esync -
(B, Cs) esync (B, Cs) esync
(r X B, Cs) esync (r — B,Cs) esync
(A, Cs) esync (A, Cs) esync

(>"A, Cs) esync g (<"A, Cs) esync )

(AL, T} A esync (As, As) esync s
(TE Al TE AL) esync L (li As, Ag) esync L

5.2 Purely Linear Context

emp XR : AR A purelin
- purelin XR : Ar, A purelin

6 TYPE SAFETY
LEmMA 1 (RENAMING). The following renamings are allowed.
o If¥; I,(xs:As); AH i (2 : C) is well-typed, so isT, (cs : As) ; A
o If¥; T; A (xm cA)H Py, = (zk : C) is well-typed, so isT ; A, (¢, : A)
o If¥; T'; A¥ P, = (z¢ : C) is well-typed, soisT ; A ¥ P, = (ck : C).

P i (zg : C).

lf]
A P, u(z:C).

LEMMA 2 (INVARIANTS). The process typing judgment ¥ ; T ; A ¥ P :: (xp, : A) preserves the following
invariants.

(R)¥; -; AR ¥ P (xp: AR)
(S/LYW;T; AR P:(xs:As)orV; T; A P:(x:A)

(M¥;T; A¥ P (xr: Ar)

Proor. The elimination rules preserve the invariant trivially because they can only be applied when the

invariant is maintained and the premise in each rule maintains the same invariant.

e Case (EgR) : This rule can only be applied when the context is purely linear. And then adding xg to
the context will keep it purely linear.

e Case (Egs, Er) : This rule can only be applied if offering channel is either in S or L mode and the
context is purely linear. Hence, adding xg to the context is allowed.

e Case (Ert) : The context is mixed linear, hence adding a purely linear channel is valid.
Manuscript submitted to ACM
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10 Anon.

e Case (Ess, Es|, Est) : The context has shared channels in each case, hence adding another shared
channel is valid.
e Case (Er7) : Adding a client linear channel to a mixed context is valid.
e Case (fwd) :
(R) : Ar = (yr : AR) which is valid since A is purely linear and there are no premises.
(S/L) : This rule cannot be applied since the fwd rule applies only when the offering mode is R. Hence,
there is a mode mismatch.
(T) : Analogous to (S/L).
e Case (®R):

(R) :
Vo AR P (xRt Ag) (kel)

¥, .; Ar g (xr.k ; P) B (XR : @{f :Af}ggL)

The context doesn’t change, and the type of the offered channel remains purely linear.
(S/L) :
VT AP (x: Ap) (kel)
VT A (xk; P)(xp: ©{C: Areer)

®R

The context doesn’t change, and the type of the offered channel remains shared linear. Also, the
mode of x cannot be S because the type doesn’t allow that.
(T) :
VT ; A9 P (xr:Ap) (kel)
ViT; A¥ (erk; P)o (xr: ®{€: Areer)

The context doesn’t change, and the type of the offered channel remains client linear.
e Case (®L):

(R) :
Y3 Ap, (xR : Ap) ¥ Qp i (zr : O) (Veel)

®L
W55 A (R s @{C: Arteer) ¥ case xg (£ = Qe)eer = (2r : C)
The context remains purely linear, and the offered channel doesn’t change.
(S/L) :
VT A (xm:A0) ¥ Qp i (2 : O) (Ve el)
Y5 T5 A (xm : ©{€: Ardeer) ¥ case xm (£ = Qr)eer = (2 : )
The mode of x,, doesn’t change, and the offered channel doesn’t change.
(M :
YT A (xp:Ar)H Qp (21 : C) (V€el) oL

Y T5 A (xm: ©{C: Ar}rer) ¥ case xpm (€ = Qr)er == (21 : C)
The mode of the channel x,, doesn’t change, and the offered channel doesn’t change.
e Case (—o, R):

Manuscript submitted to ACM
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(R) :
¥ .5 Ar,(yr: A) ¥ P (xg : B)

V-5 AR yr < recvxg; P (xp : A —og B)

HDRR

A process offering a purely linear channel only allows exchanging purely linear channels. This
channel gets added to the purely linear context, and the type of the offered channel remains purely

linear.

(S/L) :
¥.T; A(y,:A) ¥ P:(x:B)

5
¥.:T; Ady, «recvx ; P:(x,:A—o, B)

2 R

A linear channel gets added to the mixed linear context, and the type of the offered channel remains

shared linear. Also, the mode of x cannot be S because the type doesn’t allow that.

(M :
¥.T; A(y,:A) ¥ P:(xr:B)

e
¥,;T; Ay, —recvxr; P:(xr:A—o, B)

n R

A linear channel gets added to the mixed linear context, and the type of the offered channel remains
client linear.
e Case (—o, L):

(R) :
Y5 AR, (xg :B) ¥ Q:: (zp : O)

¥ -5 Ag, (wg: A), (xp : A —og B) ¥ send xg wr; Q = (zg : C)

R L

A purely linear channel is allowed in a purely linear context. The context remains purely linear,

and the offered channel doesn’t change.

(S/L) :
¥ T; A(xm:B)2Q:(z:0)

—
Wi T; A (wy:A),(xy,: A—o, B)E send xp, w3 O i (21 : C)

n

A linear channel is allowed in a mixed linear context. The mode of the channel x,, doesn’t change,

and the offered channel doesn’t change.
(M :
YT A (xp:B)EQ:(zr:0)
W T; A (wy:A),(xy,: A—o, B)¥ send xp, wy 3 Q= (21 : C)

n

A linear channel is allowed in a mixed linear context. The mode of the channel x,, doesn’t change,
and the offered channel doesn’t change.

e Case (T} R):

(R) : This rule cannot be applied since the offered channel in this case should be purely linear, which is

not the case for TE R rule.

Manuscript submitted to ACM
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12 Anon.

(S/L) :
A purelin VY T; AP (x :A)

VAR AﬂxL&acceptxs;Pii(xS:TiA'-)

S
TR

The context doesn’t change and the offered channel switches its mode from S to L. Moreover, the
rule cannot be applied if the offered channel is in L mode, since there will be a mode mismatch.

(T) : This rule cannot be applied since the offered channel should be in T mode, which doesn’t match
with S.

e Case (J,E R) : Analogous to Tf R.

e Case (Tf L):

(R) : This rule cannot be applied since the context should be purely linear, which is not the case for

TE L rule.

(S/L) :
Y T; AL :A)EQ:u(z:0) S

L
;5 T, (xs 1} AL s A ¥ x|« acquire x5 ; Q == (2 : C) [

A shared linear channel is allowed in a mixed linear context. The mode of the offering channel

is unchanged. A shared channel is removed from the shared context, but the new context is still

shared.

(M :
Y T; AL :A)TQ:(z1:0)

¥ T, (xs :TE AL ; A x| « acquire x5 ; Q = (21 : C)

S
nL

A shared linear channel gets added to the mixed linear context, which is allowed. A shared channel
is removed from the shared context, but the new context is still shared. Moreover, the offered
channel remains at the same mode.

e Case (lf L) : Analogous to TE L rule.

]

E
LEmMMA 3 (CONFIGURATION WEAKENING). If we have a well-typed configuration, Ty E Q =: (T'; A), then for
E

a shared channel cs : Bs ¢ Ty, we can weaken Iy and get Iy, (cs : Bs) E Q :: (T ; A).

Proor. We case analyze on the configuration typing judgment.

0
e Case (emp) : We have Iy F (-) :: (- ; -). But, since there is no premise, we use the emp rule to get

Ty (cs : Bs) E () (- o),
E+gtw

e Case (procy) : Wehave I, F  Q,proc(xg, w,P) :: (T'; A, (xg : Ar)). Inverting the procy rule,

E
I“O)ZQ::(F;A,A}’Q) -;-;A&lgP::(xR:AR)
E+q+w P

I F Q,proc(xg,w,P) = (T; A, (xr: AR))

rocg
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Supplementary Material 13

E E
we get Iy F Q = (T'; A, Ap). By the induction hypothesis, Iy, (cs : Bs) F Q = (I'; A, Ap). Applying the

procy rule,

E
T, (cs : Bs) = Q= (T A, AR) ';';A&IQP::(XR:AR)
roc
E+q+w P R
Iy, (cs : Bs) F  Q,proc(xg, w,P) :: (T ; A, (xr : AR))
E+g+w

e Case (procg) : Wehave I, FE  Q,proc(xs, w,P) :: (T, (xs : As)). Inverting the procg rule,

E
(xs : As) € T, (As, As) esync L EQ:=(; AAY) 3 AR F P (xs 0 Ag)

E+q+w
I, F Q,proc(xs,w,P):: (T, (xs: As); A)

procg

E E
wegetly F Q:: (T A,Aé). By the induction hypothesis, Ij, (cs : Bs) F Q == (T ; A,Aé). Also, by
Lemma 4, we get - ; T, (c : Bs) ; Ap ¥ Pz (xs : As). Applying the procg rule back,

E
(xs:As) € I, (cs : Bs)  (As,As)esync Ty, (cs: Bs) F Qu (T 5 A AR)
-5 To, (c: Bs) 3 AR ¥ P (xs : As)

roc
E+q+w procs

Io,(cs : Bs) F  Q,proc(xs,w,P) = (T, (xs : As) ; A)

E+g+w

e Case (proc)) : Wehave Iy, F  Q,proc(x,,w,P) :: (T, (xs : As) ; A, (x : AL)). Inverting the proc,

rule,

E
(xs : Ag) € T (AL, As) esync LEQ:(T; AA) T AME P (x i A
E+g+w

L B Qprocix, w,P) (T, (xs : As) 5 A, (x 2 Ap))

proc,

E E
wegetTy F Q= (T'; A, A’). Applying the induction hypothesis, we get Ip, (cs : Bs) F Q =: (I'; A, A").
Using Lemma 4, we get - ; Ty, (cs : Bs); A’ ¥ P (xi : AL). Applying the proc; rule back,

E
(XS :As) S 1“0, (Cs : Bs) (AL,As) esync F(), (CS : Bs) EQ: (F ; A, A/)
-3 To,(cs :Bs); A E P(x A

E+g+w

I, (cs : Bs) FE  Q,proc(xy, w,P) = (T, (xs : As) ; A, (x1 : AL))

procp

E+g+w

e Case (procr): Wehave Iy, FE  Q,proc(xr,w,P):: (I'; A, (x7 : At)). Inverting the procy rule,

E
LEQ:(T;AAN) S Tos AEP(xr: Ar)
E+q+w

L F  Qproc(xr,w,P): (T ;5 A, (xr: At))

procy
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14 Anon.

E E
we get Ty F Q :: (T; A, A’). By the induction hypothesis, we get Iy, (¢s : Bs) F Q = (T'; A, A”). Also,
using Lemma 4, we get - ; Iy, (cs : Bs) ; A’ ¥ P :: (x7 : A1) Applying the procy rule back,

E
To,(cs : Bs) E Q= (T; A A) T3 NE P (xr:Ar)
procy
E+g+w
Lo, (es : Bs) F Q,proc(xr,w,P) = (T A, (x7 : A1)
E+g+w

e Case (msg): Wehave Iy, F Q,msg(xmy,, w,M): (T ; A, (xy, : A)). Inverting the msg rule,

E
LEQ:(T; AAN) -;-;A’IgM::(xm:A)mS
E+g+w

L F  Qmsg(xmw,M):(T; A, (x, : A)

8

E+q+w

E
we get[[ F Q = (' ; A, A’). By the induction hypothesis, Iy, (cs : Bs) F  Q, msg(xm,, w, M) ::
(T; A, (xm : A)). Applying the msg rule back,

E
Ty, (cs: Bs) EQ = (T ; A A) s NMEM e (x : A) ms
E+g+w

Lo, (cs : Bs) E  Q,msg(xm, w,M) = (T; A, (xp, : A))

8

O

LEMMA 4 (PROCESS WEAKENING). For a well-typed processT ; A ¥ P :: (x1 : A) and for a shared channel
cs: As ¢ T, we haveT, (cs : As) ; A P (x1: A).

Proor. Analogous to Lemma 3. O

E
LEMMA 5 (PERMUTATION-MESSAGE). Consider a well-typed configuration typed by the judgment Ty F

Q1, msg(cm, w, M), Qg, proc(di, w’, P(cp)) == (T ; A). Then, the message can be moved right such that the
E
configuration Ty F Qq, Q2, msg(cm, w, M), proc(di, w’, P(ci)) = (T 5 A) is well-typed.

Proor. We case analyze on the structure of the message.

E
o Case (®,) : We have Iy E Q, msg(c, w,send cm e, 5 cm < ), Q2, proc(di, w', P(ci)) = (T 5 A).

First, we type the message
5 -5 (ch i B),(en : A) ¥ send ¢y €55 O «— iy it (0 : A®p B)
Next, we invert the msg rule,

E
LEQ =(T; A(c,:B)(en: A)
5 -5 (ch i B),(en : A) ¥ send ¢y €y 5 Cm — ) 3 (0 1 A®p B)

E+q+w

Ib F  Qi,msg(cm, w,send ¢ en) : (U5 A, (¢ : A®, B))
Manuscript submitted to ACM
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Supplementary Material 15

Since the channel ¢, is only used by proc(di, w’, P(c,;)), we know that none of the processes or
messages in Q; can use it. Hence, we can move the message just left of the process proc(di, w’, P(cm)).

]

E
LEMMA 6 (PERMUTATION-PROCESS). Consider a well-typed configuration typed by the judgment I, F

Qy, proc(cm, w, P), Qz, msg(ch, w’, M(cyn)) = (T ; A). Then, the process can be moved right such that the
E
configuration Iy E Qq, Qz, proc(c, w, P), msg(cy,, w’', M(cp,)) :: (T 5 A) is well-typed.

ProoFr. We case analyze on the structure of the message.

E
e Case (—o,) : We have Iy F Qy, proc(cm, w, P), Qa, msg(ch, w’,send ¢y, e 5 ¢, « ¢m) = (T'; A). First,

we type the message
505 (en i A),(em : A —op B)'g send ¢y, €y C:—n —Cm ot (C; : B)

Since the message is the only provider of channel ¢, offered by proc(c;,, w, P), we know that none of
the processes in Q, can depend on it. Thus, the process can be moved to the without affecting the

invariant for any process in Q,.

]

E

LEMMA 7 (PERMUTATION-ACQUIRE). Consider a well-typed configuration typed by the judgment Iy F

Qq, proc(c, w’,aL < acquire as ; Q), Qq, proc(as, w,a. « accept as ; P),Qs = (I' ; A). Then, the
E

acquiring process can be moved right such that the configuration Iy F Q4, Q,, proc(as, w, aL < accept as ; P),

proc(cy,, w’, aL <« acquire as ; Q), Qs = (T ; A) is well-typed.

Proor. Due to independence, we know that proc(as, w, a. < accept as ; P) can only depend on any
channels at mode S or R. On the other hand, m can only be T or L. In particular, the shared process cannot
depend on channel ¢,,, thus the acquiring process can be moved to the right of the shared process. O

E
LEMMA 8 (PERMUTATION-RELEASE). Consider a well-typed configuration typed by the judgment I, F

Qq, proc(cm, w',as <« release a. ; Q),Qz, proc(aL, w,as < detach a_ ; P),Qs = (I' ; A). Then, the
E
releasing process can be moved right such that the configuration Ty F Qq, Qy, proc(a, w, as < detach ai ; P),

proc(cm, w’, as «— release a ; Q), Q3 :: (I'; A) is well-typed.

Proor. Due to independence, we know that proc(aL, w, as <« detach a| ; P) can only depend on any
channels at mode S or R. On the other hand, m can only be T or L. In particular, the shared process cannot

depend on channel c,,, thus the releasing process can be moved to the right of the detaching process. O

LEMMA 9 (SHARED-SUBSTITUTION). If the process T, (bs : Bs), (xs : Bs) ; A ¥ Py :: (zp, : C) is well-typed,
thenT,(bs : Bs); A ¥ Py :: (2 : C) is also well-typed.

Proor. We apply induction on the process typing judgment.
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Anon.

e Case ({}Er7):

r=p+q r,(bsiBs),(xS:Bs)QastA A=d:D
YIEM:{A—A; D}y ¥;T,(bs:Bs),(xs:Bs); A,(yr: A) ¥ Qy == (21 : C)

YETT
¥ ; T,(bs:Bs),(xs : Bs); AN Fyr — Meas; d; Qx (27 : C)

By the induction hypothesis, ¥ ; T, (bs : Bs) ; A, (yr : A) ¥ Qp, == (z1 : C). We simply substitute bs
for xs in as : A. Hence, T, (bs : Bs) 2 [bs/xs]as : A. Applying the {}Ett rule back
r=p+gq T, (bs : Bs) 2 [bs/xs]as : A A=d:D
YIPM:{A—A; D}y  ¥;T,(bs:Bs); N,(yr: A) ¥ Qp :: (z1: C)

¥ T,(bs:Bs); A,A"¥ yr «— M « [bs/xslas ; d; Qx :: (27 : C)

e Case (fwd) :
¥ T,(bs : Bs),(xs : Bs); (yx : A) H zp — yg :: (zm 1 A)
Here, the lemma holds trivially since xs doesn’t occur in Py,. Therefore, Py, = Pp, and
¥ T, (bs : Bs) ;s (yk Az, — Yk i (zm : A)

e Case (—o, R):
¥ ; T, (bs : Bs), (xs : Bs) 5 A, (yn : A) ¥ Py i (2 : B) .
¥ ; T,(bs: Bs),(xs : Bs); A¥ y, < recv z,, ; Pyg i (zmm : A —op, B)

n R

By the induction hypothesis, ¥ ; T, (bs : Bs) ; A, (yn : A) ¥ Py = (2, : B). Applying the —o R rule,

¥ T,(bs:Bs); A (yn: A) ¥ Py it (zm = B) .
¥ ; T,(bs : Bs); A¥ y, < recv z, ; Ppg 2 (2 : A —op, B)

n R

e Case (—o, L):

¥ T,(bs : Bs), (xs : Bs); A, (y : B) ¥ Qx = (2 : C)
W T,(bs : Bs),(xs : Bs); A, (wy : A), (yx : A —o B) ¥ send yp w, ; Oxs i (z2m : )

L

By the induction hypothesis, ¥ ; T, (bs : Bs) ; A, (yx : B) ¥ Qp :: (zm : C). Applying the —o,, L rule,

‘I‘;F,(bS:BS);A,(yk:B)IngS 2 (zm : 0) B
¥ T,(bs:Bs); A, (wy : A), (yr : A —op B) ¥ send Yk Wn 5 Qp 2 (zim : C)

n

e Case (TE L):
¥ ; T, (bs TE A A (e AP QO (2 : O)
¥ T, (bs 15 AL, (xs T3 AL) 5 A ¥ x « acquire x5 3 Q =2 (2 : C)

S
nL
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The lemma holds trivially since xs doesn’t occur in Q. Hence, [bs/xs]Q = Q. Applying the TE L rule,
¥ T, (bs 17 AL s A (s AD) F Qi (2 : O)
¥, T,(bs :TE AL ;s A x|« acquire bs ; Q = (2, : C)

S
TL

e Case (li L):

W T,(bs : Bs),(xs : Bs),(ys : As) ; A ¥ Oxs it (2 : CO)
¥ T, (bs : B), (xs : Bs) ; A, (yL =1} As) ¥ ys « release yp ; Qg == (zm : C)

S
L

By the induction hypothesis, ¥ ; T, (bs : As), (ys : As) 5 A ¥ Qp, = (zm : C). Applying the |} L rule,

¥ ;5 T, (bs : As), (ys : As) 5 A ¥ Qpg 2 (2 : O)
W5 T,(bs: Bs); A (yo =1} As) ¥ ys « release yi ; Qpg == (zm : C)

S
HL

LEMMA 10 (VARIABLE SUBSTITUTION). To substitute value for a variable from the functional context, we

need the following two lemmas.

e IfVvaland- W V:rand¥,(x:7) I M: o, then ¥ P79 [V /x]M : 0.
o IfV val and-leV:Tand‘I/,(x:T); T'; A P:(c:A), then¥; T; A IR+ [V/x]P :: (c: A)

THEOREM 1 (EXPRESSION PRESERVATION). If a well-typed expression - 1! N : r takes a step, i.e, N | V | p,
thenV val andq > pand - IH" V : 1.

THEOREM 2 (PROCESS PRESERVATION). Consider a closed well-formed and well-typed configuration Q such
E
thatTy E Q = (I ; A). If the configuration takes a step, i.e. Q — Q’, then there exist I, T’ such that

E
I FQ = (I"; A), ie, the resulting configuration is well-typed.

ProOF. We case analyze on the semantics.

e Case (internal) : Q = D, proc(cy, w, P[N]) and Q’ = D, proc(cm, w + g1, P[V]). We case analyze on
P[N].
— Case (— send) : P[N] = send dy N ; Pand P[V] = send dy V ; P, where N || V | p. Suppose,

E+r+w

Ib, E D,proc(cm, w,senddi N ; P):: (T; A, (cp, : C)). Inverting the proc,, rule,

B r=p+q W N:t -;Ty; A(d:A) ¥ P:(cp:C)
LED:T; A,(de:t— A),A) Ty A(de: T = A)Esenddy N; Pi(cp:C)

— L

roc
E+r+w P m

I, F D,proclecm,w,senddy N; P) = (T; A, (¢ : C))
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18 Anon.

By Theorem 1, we get that - ™ V : 7. Finally, we apply the same derivation again to get
rr=p-pu+gq JAETR Vg
T A(de AP P (e : )
E ;
LED:(T; A,(de:t—A,A) ;To; Ai,(de:T—AFE sendd, V; Pu(cy:C)

E+r'+w+p

Ty E proc(cm, w + g, send dx N ; P),D = (T; A, (cp : C))

— L

proc,,

and the proof succeeds since r’ + w+pu=p—p+q+w+u=p+q+w=r+w.

— Case (xsend) : Analogous to — send.

— Case (Esp) : Q = D, D, proc(cm, w,ds «— N «— as ; ag ; Q) and Q" = D, proc(cym, w + y, ds
V «as; ag; Q) where N || V | p. Inverting the procy, rule,

r=p+q Ip2as:A Ay=ar:D
I N:{As —A; D}s -; Lo, (ds:As); Ay Q:(cp:C)

E S
LED:T; AALA,) 3Ty ALAyFds — Ne—as;ag; Q:(cm:C) "
proc,,
E+r+w
Ihb, F D,proclcy,w,ds «— N «—as;ag; Q)= (T; Aey:O)
By Theorem 1, - I?™# V : {As < D}s. Applying the same derivation back,
r'=p-u+q Th2as:A Aj=ar:D
TRV {As —A; 5}5 <3 To,(ds : As) s Ay ¥ Q (e : O)
E 7 S
LED:(T; AALA,) T ALAE ds—Ve—as;ar; Q (e :C) "
proc,,
E+r'+w+p

Iy = D, proc(cm, w+ p,ds —V «—as; ag; Q)= (T; Acp: C)

and the proof succeeds since r’' + w+p=p—p+q+w+p=p+qg+w=r+w.
— Case (Erm, Er7) : Analogous to Esp,.
e Case ({}Est) : Q = D, proc(dr, w,xs « {x{ « Pygz < Yy z} «— a; b ; Q) and Q' =
D, proc(cs, 0, Pcs,E,E)’ proc(dr, w, [cs/xs]Q). Inverting the proc; rule,

=y:A A;=z:D ';Ty;Az'Eng,?iﬁ(xé:AQ{}1
W {x§ — Py gz —7; z}: {As — A; Dls °
r=p+q Ih2a:A A =b:D (As, As) esync
-3 To, (xs : As) 3 Ag ¥ Q= (dr : Ar)
roiEZ)::(l";A,AI,Az) ~;I‘O;Al,Azlfx5<—{x§<—Pxé’y,;<—y;E}<—E;E;Q::(dT:AT)
E+r+w

L F  D,proc(dr,w,xs < {xg < Py 5z < J; z} < a; b; Q)= (T; A (dr: Ar))

S

{}Esc

procr

The premise for {}Is gives us - ; T, ; A, 4 Pxé,y,z i (xg : As), which by Lemma 1, gives us
Ty A B PcS 47 & (cs + As). Then, by Lemma 4, we get - 5 Tp, (cs : As) 5 Ay £ PCS 27 ¢ (cs t As)
Manuscript submitted to ACM
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Similarly, we get - ; Tp,(cs : As) ; Ay ¥ [cs/xs]Q == (dr : Ar). First, using Lemma 3, we get
E
To, (cs : As) E D = (T'; A, Ay, Ay). Next, apply the procg rule,

E
Lo (cs: As) ED = (D5 AALA) -5 Ty (es:As)s Ar P P o5 (st As)

E+p+0
Io, (cs : As) FE D, proc(cs, 0, Pcs,E,E) 2 (T, (cs : As) ;s A D)

procg

Call this new configuration D’. Now, apply the procy rule.

E+p+0
Io,(cs: As) E D' = (T, (cs: As); A Ay) <3 T, (cs : As) 3 Ay ¥ [cs/xs]Q == (dt : At)

E+p+q+w
FO, (Cs : As) ? D’, pI’OC(dT, W, [Cs/XS]Q) : (F, (Cs : As) 5 A, (dT : AT))

procy

where E+p+q+w = E+r+wsince r = p+q. Hence, in this case I} = Iy, (cs : As) and I =T, (cs : As).
e Case ({}Er7) : Q = D, proc(dr, w,x1 « {x] « Pugz < Y z} «— as ; d; Q)and Q' =
D, proc(er, 0, PCT = =), proc(dr, w, [cr/xr]Q). Inverting the procy rule

I-‘()'ED:Z (F, A,Al,Az)
I=y:A A, =z:D -;Fy;AZIEPX%@’;::(X{:A){}IT
72U 2} :{A—A; D}y
r=p+gq lh2as:A Ay=d:D 3Ty Mg (xr: A F Qi (dr:C)

3 Tos AnAgFxr — {xf «Pugz—3;27}—as; d; Qu(dr:0)

roc
E+r+w procy

L, E D, proc(dr,w,xt « {x; < Py 3 —y;z}e—as;d; Q)= (T; A (dr:0)

Yz

We contract all multiple occurrences of the same channel in as : A. Let the resulting vector be
I’ = ag : A’. We know, by Lemma 9 that - ; I'; NEP,—_ = (x{ : A) is well-typed. Next,

x{,ag,z

by Lemma 1, we get I” ; A; ¥ P aaw (cr : A). Finally, we weaken I using Lemma 4 to get
.ag,

T AL E Por — 7 1 (c1 + A). Also, note that since ag is a refinement of as by eliminating duplicates,

P za=P.

al,d *
°7s
el d = Loz Hence, we apply the proc; rule,

E
LED:(T; AALA) 3 To s Ag 'EPCTfa“ (e : A)

»as

roc
E+p+0 procr

FO F D’ proc(CT7 0, PCT as. E) = (r 5 A’ AZ’ (CT : A))
Call this new configuration D’. Also, applying renaming using Lemma 1, we get - ; Iy ; Az, (cr: A) g
[er/x7]Q :: (dr : C). Again, applying the proc; rule, we get

E+p+0
L F D=5 A A, (cr:A) -3 To s Ag(er 2 A) H [er/xr]Q = (dr : €)

E+p+q+w

L, F D' proc(dr,w[cr/x7]Q) = (T ; A, (dr: C))

proct
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894 where E+p+q+w=E+r+wsincer =p+gq.
895 e Case (fwd") : Q = D, msg(di, w’, M), proc(ci, W, ¢ < di) and Q' = msg(cm, w + W', [ /di IM).
:Z: First, inverting the msg rule,
898 E
49 LED:(Q; AA) s M E M (dy s A)
900 E+g+w’ msg
001 L E  D,msglde,w,M):(T; A (dy : A))
zzj Call this new configuration D’. Next, inverting the proc,, rule
904 E+q+W/ 0
005 Ihb, B D :T; A d:A) 5Ty de tA)F e —di = (e A)
; proc,,
906 E+gq+w'+0+w
007 I, E D', proc(cm, W, em < di) = (T A, (e : A))
22: Using Lemma 1, we get - ; +; Ay ¥ [cpm/di]M = (cim : A). Applying the msg rule,
910 E q
o1 LED:(Q; ANAN) <5 M E [em/de M (e 2 A)

’ msg
912 E+g+w'+w

T, E D, msg(cm, W, [em/diIM) == (T 5 A, (¢ : A))

913
o e Case (fwd™) : Q = D, proc(cm, W, ¢y di), msgle;, w', M(c,,)) and Q' = msg(e;, w + w’, M(dy)).
915
016 First, inverting on the proc,, rule
917 -
918 LED:(T; A A, A) ~;F0;(dk:A)IQCm<—dk 2 (em t A)
o19 E+0+w procm
920 I E D,proc(cmw,cm < di) s (5 A Ay, (e + A))
:2 Call this new configuration D’. Next, inverting on the msg rule,
923 E+w
024 Lo E D =(; AAL(em : A)) <o Ay (em s A M(cy) == (e : C)
925 E+w+g+w’ msg
096 L EF D msgle,w, M(cp)) = (T; A(e:C))
zj; Using Lemma 1, we get - ; - ; Ay, (dx : A) ¥ M(dy) = (e; : C). Reapplying the msg rule,
E
:2 L FED:=(T; A AL A) 55 Ag, (di A F M(dg) (e : ©)

; msg
931 E+q+w+w

o3 I, E D, msg(e;, w,M(dy)) = (T; A, (e : C))
933
934

936
937
938
939
940 Manuscript submitted to ACM
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969
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o Case (®Cs): Q = D, proc(cm, W, cm.£ ; P)and Q' = D, proc(c),, w, [¢},/cm]P), msg(cm, 0, cim-C ; cm —

ci). First, inverting on the proc,, rule,

T A E P (e Ar)
@®R

E
LED:(T; AA) i Tos A el Pi(om: ®{1: Ardier)

E+q+w

Ih, E D, proc(cmw,cm.C; P) (T A, (cm: ®{1: Ar}ier))

proc,,

Using Lemma 1, we get - ; Iy ; Ay ¥ [c},/cm]P = (¢}, : Ar). Now, applying the proc,, rule,

E
LED:T; AA) B Allg[c;/cm]P i (c;:A(;)

E+q+w

Ly E  D,proc(cm w,em.t; P) = (L5 A, (e, 2 Ar))

proc,,

Next, typing the message
5 (e T Ag) R el s cm — e (em : ®{l: Artier)

Call this new configuration D’. Applying the msg rule next

E+q+w

L B D :=(T; A(cm:Ap) 55 (et Ag) Y eml s em —chy it (om : ®{L Ardier)

E+q+w

Iy E D, msglcm0,cm.l; cm —cp) = (T A (em: d{l: Artier))

msg

e Case (®C,) : Q = D, msg(cm, W, el 5 cm «— c}), proc(di, w’,case ¢, (I = Qp)ier) and Q7 =
D, proc(d, w + W', [c}, [em]Qp). First, inverting the msg rule,

E
LED:(T; AAL(C :Ap)) <55 (e T Ap) el s om — e (em {1 Arhier)

E+0+w

Ly F D,msglcmw,em.l; em —cpy) (D5 A Ay, (e - ©{1 2 Ar}rer))

msg

Call this new configuration D’. Next, inverting the proc,, rule,

E+0+w

I F D@ AAL(em:o{l: Ater))

3 To s Ay (em 2 A F Qi (dy : O)
®R

5 Tos Avy(om {1 Ardier) ¥ case cm (I = Qp)ier == (di : C)

E+0+w+g+w’

Iy F o D' proc(dy, w', case cm (I = Qi)rer) = (T'5 A, (dy : )

proc,,

Renaming using Lemma 1, we get - ; Ty ; Ay, (¢, : Ar) ¥ [c},/em]Q¢ = (di : C). Next, we apply the

proc,, rule

E
L ED:(T; AAL(ch, : Af)) <3 To s Ar (e Ag) ¥ ey /em]Qe = (die : ©)

E+g+w+w’

Ly FE D, proc(dg,w+w,[ch/cm]Qr) = (T ; A, (dg : C))
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998

999

1000
1001
1002
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1004
1005
1006
1007
1008
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1012
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1021
1022
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1028
1029
1030
1031
1032
1033
1034

22 Anon.

e Case (—op, Cs) : Q = D, proc(dy, w,send ¢y, en ; P) and Q' = D, msg(c},0,send ¢, e, 5 ¢l

cm), proc(dk, w, [}, /cm|P). First, we invert the proc,, rule,

E
LED:(; AA,(er:A),(cm: A— B))
3T A, (cm :B)YE P:(d:0)

— L
;T A (er:A),(cp:A—oB)¥ send ¢y eg; P (di : C)

E+q+w

I F  D,proc(di,w,send ¢y er ; P):: (I'; A, (dg : C))

proc,,

Using renaming (Lemma 1), we get T'; Ay, (¢}, : B) ¥ [}, /em]P :: (di : C). Next, we type the message

S (eR:A),(cm:AﬂB)lgsendcmeR; ct

r e cm (¢ B)

Next, we apply the msg rule,

E
LED:(T; AA,(er:A),(cm: A— B))
. T (eR:A),(cm:AﬂB)Qsendcm er; ¢t

Y —cm (¢ B)

msg

E
L) F D, msg(ct,0,send ¢y er ; ¢ < cm) = (T 5 A, Ay, (¢l : B))

Call this new configuration O’. Next, we apply the proc,, rule

E
LED =(; AAL(c :B) <5 5 Ay, (e, B)E [e},/em]P = (dk : C)

roc
E+q+w ProCm

L F D' proc(d, w,[cp/cm]P) = (T 5 A, (di : €))

e Case (—o Cy) : Q = D, proc(cm, w',xp < recv ¢ 5 Q), msg(ch,w,send cp er 5 ¢ < ¢p) and

Q" =D, proc(ch, w+w', [c},/cm]er/xr]Q). First, inverting the proc,, rule,

T3 AL (xR:A)F Q (e : B)

E — R
LiED:(T; AA,(er:A) 3T A ¥ xgerecvey; Q:(cm:A—oB)

E+g+w’

Lo E  D,proclcm,w,xg < recv ey ; Q) (T; A, (er : A), (¢ : A —o B))

proc,,

Call this new configuration 9’. Next, we type the message.

Ty (eR:A),(cm:A—oB)!gsendcmeR; e

—cm i (ch : B)
Inverting the msg rule,

E+q+w’

b, E D :(T; Al(e:A),(cy: A—o B))

3T (er : A), (¢ : A —o B) £ send ¢y er ; ey —cm u(ch  B)

; msg
E+q+w +0+w’

I, E D', msg(cy,, w,send cp, er 5 €, — cm) = (T A, (e, 2 B))
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1035 By renaming using Lemma 1, - ; T'; Ay, (er : A) ¥ [} /em][er/xr]Q :: (¢}, : B). Now, applying the
1036 proc,, rule,
1037

1038 I, ED (T; AAL(er:A)  -:T; A (er:A) ¥ [c /emller/xr]1Q : (¢, : B)

E+q+w’

Ly F  D,proclcy,w+w,[ch/cmller/xR]Q) = (T ; A, (c}, : B))

1039

proc,,
1040
1041
1042 e Case (1} C): Q = Dy, proc(as, w’,x. « accept as ; Py ), proc(cm, w,xi « acquire as ; Qx ) and
1043 .

o Q' = Dy, proc(ar, w’, P, ), proc(cm, w, Qq, ). Applying the procg rule first,

1045
1046

E
o (as T} AL) € To, (as 1} A (T3 AL T] AL esyne Ty, (as 1} A F Dy = (T AALA,) &

1048 S E+p+w’ , S
Lo, (as -1} AL)  E Dy, proc(as, w’, x < accept as ; Py ) = (T, (as :T] AL); A, Ag)

procg

1049

1050 .
where & is
1051

1052 -5 T, (as :Ti A A E Py i (xL s AL)

S
1053 T R

L

054 -; T, (as :Tf A A Ex accept as ; Py, = (as :Ti A))
1099 Call this new configuration D;. Applying the proc,, rule next,
1056

1057

E/
To. (as 1} AL F D] = (I (as <} AL s A A2)
1059 5 Tos Agy (Lt AL) F Oy 1t (em : C)
1060

nL

-3 T, (as 13 AL) 5 Az ¥ x| < acquire as ; Qx, = (¢ : C)

1061 ; procm
) E'+q+w

1062 Iy, E D proc(cm, w, x| « acquire as ; Oy ) :: (T, (as :Tf AL A (em : 0))

1063

1064 From the first premise, we get by Lemma 1, - ; I, (as TE A A E Py, (ap : Ap) while from the
1065 second premise, we get by Lemma 1 and Lemma 4, - ; Iy, (as :TE AL) s Mg, (ar s A ¥ Qg i (e : O).
1066
1067 Reapplying the proc| rule,
1068
12?2 (as Tf A) €T, (as TE A)) (A, TE AL) esync

E
1071 Lo, (as T} AD E Dy (T5 A AL D) -5 Toy(as 10 AL s Ay E Py (ar s A
1072 E+p+wl
1073 r(h (as Ti AL) F Dls proc(a[_7 W/s Pa]_) o (F7 (as TE AL) 5 As AZ, (aL : AL))

1074

proc;

1075
1076
1077
1078
1079
1080
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1103
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1105
1106
1107
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24 Anon.

Call this new configuration D;’. Reapplying the proc,, rule,

.
Lo, (as :T3 AL) E D) = (T, (as 1} AL) 5 A, A, (a : AL)
-5 T, (as TE AL) s Ay (aL A H Qg i (e : ©)

E'+q+w

Iy, (as :Ti A E D! proc(em, w, Qq) = (T, (as :Tf A N, (e : 0))

proc,,

e Case (lf C): Q = Dy, proc(ar, w’,xs < detach ai ; Py), proc(ct, w,xs < release aL ; Q) and

Q' = Dy, proc(as, w’, Pgg), proc(cr, w, Qq, ). Applying the proc, rule first,

E
(as:As) €Ty (] As,As)esync L E Dy = (T; AALA) &

E+p+w’ proc;
I E Dy, procla, w',xs « detach ai ; Py,) :: (T, (as : As) ; A, Ag, (aL :li Ag))
where & is
.;ro;AllgpxSIZ(xS:As) lSR
-3 To s Ar E xg « detach g ; Py = (aL :li Asg) t

Call this configuration D]. Applying the proc,, rule,

5 To, (x5 1 As) 5 Ag ¥ Qxg 2 (e 2 C)

LL
-3 Ty Ao, (ap :J,E As) ¥ x5 « release ai ; Qx i (¢ : C)
E/
I E D) (T, (as : As) 3 A, Az, (aL li Asg))
proc,,

E'+q+w
Iy, F D proc(er, w,xs « release a. ; Qx) = (T, (as : As) ; A, (cm : C))
From the first premise, we get by Lemma 1, - ; Ty ; Ay # Py, :: (as : As). From the second premise, by
Lemma 9 (contracting as : As and xs : As), we get - ; Iy ; Ay ¥ Qg t (¢ : ©). Finally, applying the

procg rule,

E
(as : As) € T (As, Ag) esync LhED; = (T; AALAY) Ty AL E Py i (as : As)

E+p+w’

I E Dy proclas,w’, Py) :: (T, (as : As) 5 A, Ay)

procg

Call this new configuration D,’. Applying the proc,, rule,
E/
Io E Dy = (T, (as : Ag) 5 A, Ay) 5 T3 Ay ¥ Qug i (e 2 C)

E'+q+w

r() ': D{’? proc(cm, W’ Qas) = (r’ (GS :AS) 5 A’ (Cm : C))

proct
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DEFINITION 1. A process proc(cy, w, P) is said to be poised if it is trying to receive a message on cp,. A
message msg(cm, w, M) is said to be poised if it is trying to send a message along c,,,. A configuration Q is said

to be poised if all the processes and messages in Q are poised. Concretely, the following processes are poised.

o proc(cm, W, Cm —dy)

e proc(cm, w, case ¢y, (I; = Pi)ier)
e proc(cy, W, XR «— recv ¢, ; P)

e proc(cy, W, X < recv ¢y, ; P)

e proc(cs, w, ¢ < accept ¢s ; P)
e proc(cp, w, cs « detach ¢ ; P)

o proc(cm, w, get ¢,y {r}; P)
Similarly, the following messages are poised.

® msg(cm, W, ¢l 5 P)
e msg(cm, w,send ¢, e, ; P)
o msg(cm, w,send ¢, N ; P)
o msg(cm, w, close cp,)

e msg(cm, W, pay cm {r}; P)

THEOREM 3 (PROCESs PROGRESS). Consider a closed well-formed and well-typed configuration Q such that

E
I E Q= (I'; A). Either Q is poised, or it can take a step, i.e., Q > Q’, or some process in Q is blocked along

as for some shared channel as and there is a process proc(a., w, P) € Q.

Proor. Either Q = Qy, proc(cm, w, P) or Q = Qq, msg(cy,, w, M). In either case, either Q; +— Qf, in which
case we are done. Or there is a process in Q; blocked along as in which case, we are also done. Hence, in
the final case, we get Q; is poised and there is no process in Q; blocked along as. Now, we case analyze on

the structure of the process or message. We start with processes.

o Case ({}Emn) : In each case, the process spontaneously steps by spawning another process.

e Case (fwd™ : proc(cm, W, cm & di)) :
I (dk:A)Igcm;dk (et A)

Since Q; is poised, there must be a message in Q; offering along d,,, : A. We use Lemma 5 to move
the message just left of the process, and then apply the fwd* rule. Hence, Q can step.

e Case (fwd™ : proc(cy, w, ¢ < dp,)) : This process is poised, hence Q is poised.

e Case (@R : proc(cm, W, ¢k 5 P)) : Q steps using &Cs rule.

e Case (®L : proc(dy, w, case ¢, (I = Qp)ier)) :

5 T (em : ®{1: Adrer) ¥ case e (I = Qp)rer = (di : €)
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26

Anon.

Since Q; is poised, there must be a message in Q; offering along c,,, : ®{I : A;};c. We use Lemma 5
to move the message just left of the process, and then apply the ®@C, rule. Hence, Q can step.

e Case (— R : proc(cy, w, X, < recv ¢, ; P)) : This process is poised, hence Q is poised.

e Case (—o L : proc(cy, w, send ¢, e, 5 Q)) : Q steps using —o C; rule.

e Case (TE R : proc(cs, ¢ « accept cs ; P)) : This process is poised, hence Q is poised.

e Case (Ti L : proc(cm, w, ai < acquire as ; Q)):
-3 T,(as 1} AL) s A ¥ ap « acquire as; Q = (¢ : C)

There must be some process in Q; that offers on as. Either this process is in shared mode or linear
mode. If the process is in shared mode, and since Q; is poised, the process must be proc(as, w’, a, «
accept as ; P) in which case, we can use Lemma 7 to move the two processes next to each other and
Q can step using Tf C rule. Or the process is in linear mode in which case the acquiring process is
blocked and there is some proc(a., w’, P) in Q.

e Case (lf R : proc(cs, ¢, « detach cs ; P) : This process is poised, hence Q is poised.

e Case (J,E L : proc(cr, w, ai « release as ; Q)):
T A (aL li As) ¥ a_ «— release as ; Q = (¢ : C)

There must be some process in Q; that offers along a,. Since Q; is poised, this process must be
proc(a., w’, as < detach a; ; P) in which case we use Lemma 8 to move the releasing process next

to the detaching process and Q can step using li C rule.

That completes the cases where the last predicate is a process. Now, we consider the cases where the last

predicate is a message.

o Case (fwd™ : msg(ex, w, M(cy,))) : There must be some process in Q; that offers along dp,. Since Q; is
poised, if there is a forwarding process proc(cy, w’, ¢y, «— dp,) in Qy, then Q steps using fwd™ rule.
Hence, in the following cases, we assume that the offering process used by the message will not be a
forwarding process.

o Case (® : msg(cm, cm.k ; M)) : This message is poised, hence Q is poised.

e Case (—o: msg(c;,send ¢, er ; ¢}, < ¢1)) : There must be a process in Q that offers along c,,. Since

Q is poised, this process must be proc(cp,, x,, < recv ¢, ; P). We move the process to the left of this

message using Lemma 6. And then, Q can step using — C, rule.
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