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Syntax occurring only at runtime appears shadedregions.

1 Syntax
(Types) T:
(Returnable) U:
(Classes) L:
(Constructors) K
(Methods) M:
(Expressions) e:
(Tags) t
(Values) Vi
(Class Sig.) CSig::
(Identifiers) u::

(Threads) P

(Configurations) F:
(Networks) N ::
(Stores) o

(Class tables) CT:

bool | C | U—U | ser(U)

void | T

class C extends D{T f; KM}

C (T f){super(f);this.f := f}

Um(TX){e}

v | x | this | if (e) {e} else {€} | while (e) {e} | ef | ge
x:=e|ef:=e| newC(€) | en(®) | TX=e | returne
return | freeze[t](T X; €) | defrost(& €) | fork(e)

sync (e) {e} | ewait | enotify | enotifyAll

newC'(V) | download C froml ine | resolveC froml ine
await C | insynco{e} | readyon | waiting(c) n | Error
eager | lazy | C

true | false | null | V| o | A(T X).(vU)(l,e o,CT)

0 | CSig-C:extends D [remote] T {m; : Ty — U;}

x| ofe

0| PP, | (vu)P | forkede | goewithc | ewithc
goetoC | return(c) e | Error

(vi)(P,o,CT)

O [ I[F] | N[Nz | (VN

0| o-[x—V] | 6-[o— (C,f:v,n{c})

0| CT-[Cr L]



For clarity, we introduce twderivedconstructs that are syntactic sugar for serialisation and
deserialisation.

serialize(l) & freeze[lazy](e; U)
deserialize(e) & defrost(e; e)

Evaluation of an expression results in a value, however when this value can be safely ignored
we say that the expressionggomotable Promotable expressions are defined as:

pei:=x:=e | ef:=e | newC(€) | em(€) | while (e) {e}
1.1 Evaluation contexts

E:=[] | if (E){e} else{e} | E.f | E;e | x:=E

| Ef:=e | 0.f:=E | newC-(V,E,8) | En(g) | o.m(V,E,&)
| TXx=E | defrost(V,E,& €) | defrost(V; E)

| sync (E) {e} | E.wait | Emnotify | E.notifyAll

| insync0{E} | forkedE | go Ewithc | Ewithc

| goEtoc | return(c) E

2 Auxiliary Definitions

2.1 Structural equivalence

Configurations
(vuP o,CT = (vu)(P,0,CT) u¢fn(o)Uf(CT)
(vu)(vu)F = (vU)(vu)F
(vx)(P,o-[x+— V],CT) =P 0,CT x ¢ fv(P)
(vo)(Po-[o— (C,f:V,n {c})],cT) =P o,CT o¢ (P)ufn(o)
Threads Networks
PlO=P N|O=N
PIR=R|P N[No=No[N
Pl(Ro|P) = (P[Ry)|P N|(No|N1) = (N[No) [Nz
(vu)(P|Ry) = (VU)P|Ry u¢fn(P) (VU)(N|No) = (Vu)N|[No u ¢ fnv(No)
(vc)0=0 (vc)0=0
(vu)(vu)P = (vUu)(vu)P (vu)(vU)N = (vU)(vu)N
return(d) € = return(d) [[(vu)(F)] = (vu)l[F]

g,exe

return € = return



2.2 Lookup functions
Field lookup
CSig(C) = extends D T% {m; : T — Ui}
fields(D) = T'f’
fields(C) =T/, Tf

fields(Object) =

Method type lookup

CSig(C)=extends D [remote] T {m;:Ti—U;} CSig(C)=extends D [remote] T {m;:Ti—Uj} m¢{m}
!/

mtype(m;,C) =T — U/ mtype(m,C) = mtype(m, D)

Method body lookup

CT(C)=class C extends D{T f;KM} CT(C)=class C extends D{T f;KM}
Un(TX){e} eM Un(TX){e} ¢ M
mbody(m,C,CT) = (X, €) mbody(m,C,CT) = mbody(m,D,CT)

Valid method overriding

mtype(m,D) =T — U impliesT = T’ andU = U’
override(m,D, T — U’)

2.3 Lock and queue manipulation

The predicaténsync(o, E) is true if there exisE; andE; such tha€ = Ey[insync o {Ez[ |}].
We also use the following functions. Let(o) = (C, f : ¥,n, {C}).

e read/update the counter:
setLock(c,0,n") = oo— (C, f: V,n {c})]
getLock(o,0) =n
e read/update the queue:

blocked(o,0) = {C}
block(c,0,¢) = [0+ (C, f:V,n, {c} U{c})]
unblock(c,0,&) = o[o— (C, :V,n,{€} \ {T'})]



Operational Semantics

[Expression]

RC-Var RC-Cond

) if (true) {e1} else {&},0,CT — €1,0,CT
X,0,CT — 0(x),0,CT if (false) {e1} else {&},0,CT — €,0,CT
RC-While
while (e1) {&},0,CT — if (e1) {e2;while (1) {€2}} else {€},0,CT
RC-FId RC-Seq

o(0)=(C,f:v,n¢ ,0,CT vi)(v,6’,CT

(0) = ) 0.0, —1 (VOWT'CT)

0.f;,0,CT — Vi,0,CT e1;€,0,CT — (vU)(e2,0',CT)
RC-FldAss

RC-Ass o' = oo o(0)[f — V]
X:=V,0,CT — V,o[X+— V|,CT 0 € dom,(0)

0.f :==V,0,CT — V,0’,CT

RC-New .
fields(C) =T f
= C € dom(CT)
new C(V),0,CT — (vo)(0,0-[0— (C,f :V,],,)CT

RC-NewR
new C"(V), 5,CT —| download C from min new C(V),5,CT C ¢ dom(CT)

RC-Dec
T x=Vv;e,0,CT — (vX)(e,0 - [X+— V],CT) X ¢ dom, (o)

RC-Cong
e 0,CT — (vU)(€,0’,CT)

£l 0,01 (vi)ER o cr) U M




[Synchronisation]

Fork ThreadDeath
E[fork(e)],,CT — E[g]|forked € 6,CT forked V,6,CT — 0,0,CT
Sync

0 setLock(c,0,1) = ¢’

etlLock(o,0) =
& (e,0) {n>0 insync(0,E) = setlLock(c,0,n+1) =0’

E[sync (0) {€}],0,CT — E[insync 0 {€}],0’,CT

Wait
insync(0,E) getlLock(o,0) =n
setLock(o,0,0) = o” block(c”,0,c) = ¢

E[o.wait]|Q,0,CT — (vc)(E[waiting(c) on|Q,o’,CT)

Notify
insync(0,E) ¢ € blocked(o,0) unblock(o,0,¢) = o’
E[o.notify]|Ej[waiting(c) on], o,CT — E[e]|Ej[ready 0 n],0’,CT

Notify Al
insync(0,E) blocked(o,0) = {¢} m>0  unblock(c,0,C) =0’
E[o.notifyAll]|Ej[waiting(c1) ony]| - - |Em[waiting(Cm) ONy|,0,CT

— E[¢]|Ex[ready 0 my]| -+ |Em[ready 0 Ny, 0’,CT

Ready

NotifyNone getLock(o,0) =0
insync(0,E)  blocked(c,0) =0 setLock(o,0,n) = o’
E[o.notify],0,CT — E[¢],0,CT ready 0 n,o,CT — €,0’,CT
LeaveCritical

getLock(c,0)=n  setLock(c,0,n—1) =o'

insync 0 {v},0,CT — V,0’,CT
insync 0 {return(c) v},o,CT, — return(C) v,0’,CT



[Method Invocation]

RC-MethLocal
Elom(V)]|P,6,CT — (vC)(Elawait c]|om(V) with ¢|P,0,CT) cfresho e dom,(o)

RC-MethRemote
Elom(V)]|P,6,CT — (vC)(Elawait C]|go 0.m(serialize(V)) with c|P,5,CT)
cfresho ¢ dom, (o)

RC-Methlnvoke
c(0)=(C,...) mbody(m,C,CT) = (X, €)

o.m(V) with ¢,0,CT — (vX)(€[o/this|[return(C)/return],c - [X+ V],CT)

RC-Await
Elawait c||return(c)V,0,CT — E[V],0,CT

RN-SerReturn
l[return(c) v|P,6,CT] — |l [go serialize(V) to ¢|P,0,CT] c¢ fn(P)

RN-Leave
|1[go O.m(V) with C| Py, Gl,CTj_] | |2[P2, Gz,CTz]

[Py, 01,CT1] | lo[om(deserialize(V)) with c|Py, 0p,CT,] O € 90Me(02)

RN-Return
|1[g0 Vto C| Py, 0'17CT1] ‘ |2[P2, 0'27CT2]
— 11[P1,01,CTq] | I2[return(c) deserialize(V) | P, 02,CT2)]

cefn(P,)

[Code mobility]

Freeze
W =me\{%  oy=Joly)
o' =og(o,Mn(e)Ufn(oy))Ucy  {U} =dom(c’)
cg(CT,fcl(e) Ufcl(o’)) t = eager
cT’ = ¢ cg(cT,C) t=C
0 t =1lazy
freeze[t](T X, €),0,CT — A(T X).(vU)(l,e6’,CT’),0,CT

Defrost .
{C} =fcl(e) \ dom(CT’) {F} =fcl(c’) \ dom(CT')
defrost(V; A(T X).(vi)(m,e o’,CT)),0,CT
— (v XU)(download F from min €[CM/C|,c U’ - [X+ V],CTUCT)




[Class Downloading]

Resolve L
CT(Ci) = class Cj extends D {T f; KM}

resolve C from!|’ in € 0,CT — download D from|’ in € 0,CT

Download B . o
{D} ={C}\ dom(CT3) {F} =fcl(CT2(D)) CT = CT2(D)[F'2/F]
|1[E[download C from |, in €| P,61,CTa] |12[P,, 62,CT2)

— 11[E[resolve D from |, in € |P,61,CT1 UCT']|12[P2, 02,CT))

DNothing
download C from!’ in e 0,CT — €,0,CT Ci € dom(CT)
[Threads]
RC-Par RC-Str
Pi,0,CT — (vO)(P{,0’,CT F=R— R =F
) agmRy) Z
PL|P,0,CT — (vU)(P{|P,0’,CT) F—F
RC-Res
(vU)(P,o,CT) — (vU)(P,0',CT)
(vut)(P,0,CT) — (vul')(P,o’,CT')
[Network]
RN-Conf RN-Par RN-Res RN-Str
F— F N— N N— N N=No— Ny=N
I[F]—I[F'] N|No— N'|No (Vu)N — (vu)N'’ N— N



[Errors]

Err-NullFId Err-NullFIdAss
null.f,0,CT — Error,o,CT null.f :=V,0,CT —| Error,o0,CT
Err-NullMeth

null.m(V),0,CT — Error, o,CT

Err-LostCall Err-LostReturn
go 0.m(V) with ¢,6,CT — Error,6,CT goVto C,6,CT — Error,o,CT

Err-CIassNotFouﬁnd
3C; € C.G; ¢ dom(CT1) Udom(CT>)

|1[E[download C froml, in €| P,61,CT1] |12[P, 62,CT))
— |1[E[Error]| P, 01,CT1]|l2[P, 02,CT]

Err-Monitor
—insync(0,E)
E[o.notify],0,CT — E[Error],0,CT
E[o.notifyAll],0,CT — E[Error],o,CT
Elo.wait],0,CT — E[Error|,o,CT

3 Typing System

[Types]

Wf-Base Wf-SC Wi-Vec Wi-Ser
FU:tpVvU € CSig FUi:tp FU:tp
Fvoid:tp F chanI(U):tp FU:tp Fser(U) : tp

Fbool:tp  F chanO(U):tp
F chan:tp Fret(U):tp
F thunk(U) : tp

Wi-Sig B Wi-CSig
override(m;,Dj, Ty - Uj) +D:tp Wri-Ctp VC € dom(CSig)
vSe {T,U,T}. -S:tpVSedom(CSig) + CSig(C):tp FC:tp
F extends D [remote] Tt {m; : T— U}:tp FC:tp F CSig : ok



[Subtyping]

ST-Trans ST-Vec

ST-Refl C<:D U/ <y, ST-Ser .
D<E 0<i<n U’ <:U
T<T C<E U <:0 ser(U’) <:ser(U)
ST-Expr ST-Class . .
u'<:u CSig(C) = extends D [remote] Tf {m; : Tj — U;}
thunk(U’) <: thunk(U) C<:D
ret(U’) <:ret(U)
[Environments]
E-Var E-Oid
E-Nil FT:tp FCitp  E-This
x ¢ dom(I") o¢dom(l) +FC:tp this ¢ dom(I")
OF Env x:TFEnv No:CkEnv I, this:Ck Env
E-Chan
FT:itp
E-CNil I A Env
c ¢ dom(A)

MOFEnv TI;ACc:THEnv

[Stores]

S-0id
S-vVar INAFo:ok MN-o:C
Mo:ok r-v:7  T'<T
S-CNil FTEx:T  x¢ dom,(o) 0¢domy(c)  fields(C)=Tf
r-v:17 T'<T n>0 T;Alc:chan0(void)
F-0:ok Mo [X—V]:ok MAFG-[o— (C,f:V,n{c})]: ok
[Values]
TV-Bool TV-Null TV-Oid TV-Empty
[+ Env FC:tp ro0:C,IFEnv I+ Env
[+ true :bool

Mnull:C T,0:C,IM~0:C TFe:void
[+ false :bool

TV-FrozenArrow TV-FrozenVec

R:T,0:T'Fe:U a:T'+v:0
U:T'Fo:ok U:T'Fo:ok
FCT: ok FCT: ok

FA(T X).(vi)(l,e,0,cT): T —U +(vi)(,V,0,CT) : ser(U)



[Expressions] m

TE-Cond
3S:§ <iSAS S
TE-Var TE-This I'+-e:bool
r,x:T,["FEnv this:C,I"" -Env frFe:S NlN-e:S
rX:T,MEx:T Mthis:C, [’ this:C M-if (e) {e1} else {&}:S
TE-FId
MN-e:C FC:tp
TE-While e# this,0 = local(C) TE-Seq
MFe :bool TFe:void fields(C) =T f lFe:U  The:S
I while (&) {€2} :void M-ef;: T N-e;e:S
TE-Ass TE-FIdAss TE-New
r-e: T’ T<T MN-ef:T T<T fields(C) =T f T <T
FrEx:T rée: 1 r-eg:1/ FC:tp
rM-x:=e:T’ Mr-ef:=€:T newC-(8):C
TE-Meth
mtype(m,C) =T —U TE-Dec
MN-e:C rNFe:T T<T TE-Return
r-e:7 T'<T rx:Thke:S FFe:U
M-eym(€:U rM-T'x=ee:S I+returne:ret(U)
TE-ReturnVoid TE-FreezeArrow TE-FreezeVec _
I+ Env MNX:Tre:U r-v:u
It return:ret(void) M+ freezelt](TX, €):T —U T F freezelt](V): ser(U)
TE-DefrostArrow
r-e: 7 ) T<T TE-DefrostVec TE-Fork
NlN-e:T-U Ite:ser(U) N-e:s
I+ defrost(g e):U I+ defrost(e):U I+ fork(e) : void
TE-Sync TE-Monitor
e+ this, 0 = local(C) e+# this, 0 = local(C) TE-ClassLoad .
MN-e:C N-e:S Me:C MN-e:u FC:tp
Ik sync (e1) {e}:S It ewait:void I+ download C from| ine:U
eénotifyvoid I+ resolveC from| ine:U
enotifyAll :void
TE-InSync TE-Ready TE-Pe
MN-o:C MN-e:S MN-o:C n>0 MN-pe:T
I+ insynco{e}:S I ready on:void I pe:void
TE-Hole
FU:tp

re[Y:u 10



[Threads] ’ I;A,c:chant P:thread

TT-Par
A FB:thread
Al = Az

A ©AF PPy thread

TT-Nil
M OF Env

OFO0:thread

TT-Await
MAFE[]Y :thread  c¢ dom(A)

MA,c: chanI(U)+ E[await ¢]Y : thread

TT-Return
M-e:ret(V) U <U

I';c: chan0(U) F e[return(c)/return| : thread

TT-Waiting

M AFE[]™: thread c ¢ dom(A) n>0

TT-Weak
A+ P:thread
c ¢ dom(A)
I;A,c: chant P: thread

TT-Res
I A,c:chant P:thread

Ak (vc)P: thread

TT-Forked
MN-e:sS

;A c: chanI(void) - E[waiting(c) on"°*®: thread T ;0F forked e: thread

TT-GoSer

FFo:C THFV:T T'<:T  remote(C)

mtype(m,C) =T — U

IN;c: chan0(U) - go 0.m(serialize(V)) with C: thread

TT-MethWith

NNo:C r-vi: T/ T < T

mtype(m,C) =T — U

;c: chan0(U) - o.m(V) with C: thread

TT-DeserWith
N-o:C

FHA0.(V,0,1) isex(T) T < T remote(C)

mtype(m,C) =T — U

I;c:chan0(U) + o.m(deserialize(AD.(V,0,l))) with C: thread
go 0m(AG.(V,0,l)) with C: thread

TT-ValTo
r-v:u’ U <u =local(U”)

;c:chan0(U) k- go serialize(V) to C: thread
goVtoC:thread

TT-GoTo
r-e:ser(C’) C'<:C
I';c: chan0(C) F go eto C: thread

[Configuration] ’ I A,c:chant F : conf ‘

TC-Resld TC-Conf
TC-ResC Mu:T;AFF:conf TI;A1FP:thread M AFo:ok
I A,c:chant F : conf u € dom(F) - CT: ok FCT CCT A=<

AR (ve)F : conf AR (VU)F : conf A1 0AFPo,CT: conf
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[Network] ’ I;A,c:chant N:net

TN-Par
A FN :net VAV
TN-Nil TN-Conf dom(Ng) Ndom(Nz) =0
I;0F Env I AFF:conf loc(N1) Nloc(Nz) =0

MOFO0:net I AFI[F]:net A1 ©A2F Ni [N :net
TN-Weak TN-Resld

M AFN:net Mu:T;A-N:net TN-ResC

c ¢ dom(A) u € dom(N) IA,c:chant N :net

INA,c:chankN:net T;AF (Vu)N:net AR (vC)N :net

Methoc] (Cass]

M-ok C-ok
mtype(m,C) =T — U fields(D) =T'f"  fields(C) =Tf
U’ <:u K=C(T'f,Tf){super(f'); this.f := f}
this:C,X: T Fe:ret(U) this:CHM:okinC

this:CFUm(TX){e} : ok inC b class C extends D{Tf; KM} : ok

[Class Table]

CT-Nil  CT L
F class Cextends D{Tf; KM} : ok FCT: ok

F0:ok CT-[C— class C extends D{T f; KM}] : ok

12



