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Abstract. This paper presents a static analysis technique based on effect and behavioural types for
deriving synchronisation patterns of stateful active objects and verifying their safety — e.g. absence
of deadlocks. This is challenging because active objects use futures to refer to results of pending
asynchronous invocations and because these futures can be stored in object fields, passed as method
parameters, or returned by invocations. Our effect system traces the access to object fields, thus
allowing us to compute behavioural types that express synchronisation patterns in a precise way.
The behavioural types are thereafter analysed by a solver that discovers potential deadlocks.

1 Introduction

Active objects are a programming model that unifies the models of actors and objects. In this model,
method invocations are asynchronous: an object that invokes a method does not release the control and
is free to continue processing — the invocation is “not blocking”. The returned value of an invocation
is bound to a pointer, called future, which is used by the caller to access the value. The access to a
future triggers a synchronisation [I3J/4/T7]. Active objects are gaining prominence because they provide
a high-level multitasking paradigm easier to program than explicit threads. For this reason, they are
a pervasive Symbian OS idiom [I6] and have been adopted in several languages and libraries, such as
Akka [19], an actor library for Java and Scala [I1], or in ABS [I3], and in ProActive [4]. In active object
languages, futures are first class values; therefore they can be sent as arguments of method invocations,
returned by methods, or stored in object fields. In this context, the analysis of synchronisation patterns
is challenging because the context where synchronisation, i.e. future access, occurs can be different from
the context where the future is created. For example, the synchronisation of a future stored in a field
happens when the value stored in the field is necessary;at this point, the execution of the corresponding
method must finish before the value of the future can be accessed. This paper presents a static analysis
technique for finding synchronisation patterns and detecting deadlocks in stateful active objects. Our
analysis is expressed on an active model called gASP that features implicit synchronisation on futures
(called wait-by-necessity) and does not require any specific type for futures. With wait-by-necessity, the
execution is only blocked when a value to be returned by a method is needed to evaluate a term. This
programming abstraction allows the programmer not to worry about placing synchronisation points:
the synchronisation will always occur as late as possible. The strengths of this analysis are: the precise
management of object states and their update, the tracking of futures passed by method invocations
or stored in fields, and the support for infinite states. This paper extends previous works [97] with the
handling of stateful objects by tracing the effects of methods on fields, including the storage of futures
inside object fields. To illustrate synchronisation in active objects, consider the example below.

1 |Int n 11 | //MAIN

2 12 |{ Store = new Act (0) ;

3 |addToStore (Int x){ 13 x = Store.addToStore (1) ;

4 count = n + 1; 14 x = x + 1; // needed to

5 n = this.store(x,count); avoid conflicts
6 return count } 15 k = Store.addToStore(4) }

7

8 |store(Int x, Int y){

9 /* storing x */

10 return y }




This program creates an active object, calls the addToStore method asynchronously twice. To prevent
non-deterministic results, and to ensure the order of execution of requests, we synchronise on the result
of the first invocation (line 14) before triggering the second one. Synchronisation is expressed by any
operation accessing the method result, a specific synchronisation operation is not necessary in gASP
even if it could be added. The addToStore method triggers an invocation to the store method and
counts the number of stored elements. Our analysis is able to detect that a deadlock is possible if the
second invocation to addToStore is executed before the method store. The analysis reveals by a circular
dependency where the single thread of the active object is waiting for the value of n inside addToStore, the
effect analysis reveals that n contains the result of the store method, and thus store must be executed
to resolve the dependency. The analysis also discovers that if line 14 is omitted then the two concurrent
addToStore requests lead to a non-deterministic object state (one of the states being undesired).

The typing technique is based on an effect system that traces the accesses to fields (e.g. read and
write access to n in the example), and a behavioural system that discovers the synchronisation patterns of
active objects. The effect type records if a field is read or write, and which parameters are used by each
method. It is used to identify conflicting field accesses, e.g. one invocation reading a field and a parallel
one writing a new future in the same field. The effect type records the usage of parameters because they
correspond to synchronisations that create a dependency between tasks. Also we mark an accessed future
as “already synchronised” to avoid synchronising it multiple times. Because futures are implicit and
pervasive we use a novel technique where “everything is a future”, this enables precise tracking of futures
and prevent multiple synchronisation of the same future hold by several variables. The analysis detects
and excludes program with non-deterministic effects. It could be extended to non-deterministic programs
by associating multiple values to each variable, merging the different environments when non-determinacy
is detected. This is not studied here, it would make the analysis less precise and the formalisation more
complex.

The behavioural types define the synchronisation patterns. They are expressed in a modelling lan-
guage that is an extension of lams [8/14], which are conjunctions and disjunctions of object dependencies
and method invocations. Like in [7], to deal with method returning futures, we use a place-holder that
represents the object that will access a future. Actually, our types extend those of [7] with so-called
delegations that represent side-effects of methods on argument fields. If a method stores a future f in
the field of an argument, then the next access to the field should occur after the end of the method
(to prevent read/write conflicts) and should be bound to the future. As the future f is generally not
known when typing, we create a delegation which represents this future. We introduce the notation
method~~object. field_name for delegations.

The analysis of the behavioural type is performed by the solver defined in [7], which detects circularities
in the graph of dependencies, highlighting potential deadlock caused by an erroneous synchronisation
pattern. The behavioural type system specifies a set of pairwise dependencies between futures, some of
them being delegations; the analysis unfolds this set of dependencies to find the potential circularities in
the program execution. We prove that our analysis finds all the potential deadlocks of a program.

Section [2| presents gASP. Section [3| describes our type system and Section {4 presents our analysis
technique. Section [5| provides related work and a conclusion.

2 The active object model gASP

Syntax. For simplicity, programs in gASP have a single class, called Act. Extending this work to several
classes is not problematic. Types T may be either integers Int or active object Act. We use x, y, 2z, - - -
to range over variable names. The notation T denotes any finite sequence of variable declarations T z,
separated by commas. A gASP program is a sequence of variable declarations 7' z (fields) and method
definitions T m(T y) { s}, plus a main body { s’ }. The syntax of gASP body is defined by the following
grammar:

su=skip | x=2z | ife{s}else{s} | s;s | returnwv statements
zu=e | vm(0) | new Act(D) expressions with side effects
ex=v | vPv expressions
vu=x | null | integer-values atoms

Expressions with side effects include asynchronous method call v.m(v), where v is the invoked object
and v are the arguments of the invocation. Operations taking place on different active objects occur in



[le =% [W]e=F
w is not a variable z € dom(¥) kK" values k' =kak'
[l =w Tl = (@ bevl =

Fig.1: The evaluation function

parallel, while operations in the same active object are sequential. Terms z also include new Act(7) that
creates a new active object whose fields contain the values 7. A (pure) expression e may be a simple term
v or an arithmetic or relational expression; the symbol @ range over standard arithmetic and relational
operators. Without loss of generality, we assume that fields and local variables have distinct names.

Semantics. The semantics of gASP uses two sets of names: active object names, ranged over by a, f3,
..., and future names, ranged over by f, f’, g, ¢’ .... The runtime syntax of gASP is:

en = f(w) | f(L) | ala,p,q) | cnen configurations
we=a | flov values and names
p,q:={Ll]| s} processes
a,l :=T—w memories

Configurations, denoted cn, are non empty sets of active objects and futures. Active objects «(a,p,q)
contain a name «, a memory a recording fields, a running process p, and the set of processes waiting
to be scheduled g. The element f(-) represents a future which may be an actual value (called future
value) or L if the future has not yet been computed. A name, either active object or future, is fresh in a
configuration if it does not occur in the configuration. Memories a and ¢ (where ¢ stores local variables)
map variables into values or names. The following auxiliary functions are used: dom(f) return the domain
of ¢; fields(Act) is the list of fields of Act; £[z — v] is the standard map update; a+ ¢ merges the mappings
a and £, it is undefined if a(z) # £(z) for some x. We use the following notation: (a + £)[z — w] = a’ + ¢
implies o/ = a[z — w], if z € dom(a), or ¢’ = L[z — w], otherwise. The evaluation of an expression,
denoted [e]q+¢, returns the value of e by computing the expression, retrieving the values stored in a + ¢;
[€]are returns the tuple of values of . Finally, if m is defined by Tm(T ) { s} then: bind(a, m,w, f) = p
where p is a process in the following shape { [destiny — f, this — a, T — w]| s }. The special variable
destiny records the name of the future currently computed.

The operational semantics of gASP is defined by a transition relation between configurations Figure
Most of the rules are standard; we discuss those that deserve comments. Rule UPDATE performs the
update of a future when the corresponding value has been computed. The new value may be also a Rule
SERVE schedules a new process to be executed, which is taken from the set ¢ of waiting processes. Rule
ASSIGN stores a value or a name into a local variable or a field (cf. definition of a 4 ¢). The evaluation of
[e]a+¢ may require synchronizations. Indeed, if e contains arithmetic operations, then the operands must
be evaluated to integers. Therefore, if an operand is a future, the rule can only be applied after this future
has been evaluated and updated. Also, in rule INVK, the evaluation of [e],+, must return an object name.
If, instead, it returns a future then the rule cannot be applied and a synchronisation occurs. Similarly,
the if statement is omitted here but the evaluation of the condition must result in a boolean which may
trigger a synchronisation. Note that this semantics naturally ensures the strong encapsulation featured
by actors and active-objects: an active object can only assign its own field and cannot access the fields
of other active objects directly. The initial configuration of a gASP program with main body {s} is:

main( [T — 0], {[destiny — fiqin, this — main]|s}, @)

where main is a special active object, T = fields,and f,4in is a future name. As usual, —* is the reflexive
and transitive closure of —.

Analysed Programs. In order to simplify the technical details, we only consider gASP programs that

verify the following restrictions:

(i) object fields and method returned values are of type Int (at runtime they can be either futures or
integer values);



SERVE
a(a,2,qU{p}) = a(a,p,q)

UPDATE ASSIGN
(a+ 6) () =f IIe]]a+é =w NEW
(a+ 0z w =ad +¢ (a+0)x—w =a +¢ [Playe =w B fresh Yy = fields(Act)
afa, {€|s},q) f(w) afa,{f|z=e; s},q) a(a,{¢ |z =new Act() ; s},q)
— ald, {l'|s},q) f(w) — ald, {l'| s},9) —ala,{{|xz=0; s},q9 B(y— w],9,9)
INVK INVK-SELF
[W]ate =8  [Olate=w B#a [W]ate=a  [Plave=w
f fresh bind(8, m,w, f) =p’ f fresh bind(a, m,w, f) = p’
a(a, {¢ |z =vm(®) ; s},9) Bd,p,q) a(a, {¢|z=vm() ; s},7)
— afa, {¢|z=f;s},9) Bla',p,q" U{p'}) F(L) —ala,{|x=f;s}qu{p}) f(L)
IF-TRUE IF-FALSE
[elate #0 [e]ate =0
afa,{¢|if e {s1} else {s2} ; s},Q) afa,{¢|if e {s1} else {s2} ; s}},9)
— ala,{€]s1; s},9) — a(a,{]s2; s}},q)
RETURN CONTEXT
[v]ate = w {(destiny) = f en — cn/
a(a, {¢ | return v},q) f(1) encen’ = cn' en’

— a(a,2,7) f(w)

Fig.2: Evaluation function and semantics of gASP (excerpt).

(ii) the futures created in a method must be either returned or synchronised or stored in a field of a
parameter (or this).

The constraint (7) can be checked by a standard type checker, and (ii) can be verified by a simple static

analyser. In particular, (i7) prevents computations running in parallel without any mean to synchronise

on them. Technically, admitting futures that are never synchronised requires to collect the corresponding

behaviours and add them to any possible continuation, like in [9].

2.1 Deadlocks and queues with deterministic effects

In gASP, when computing an expression, if one of the elements of the expression is a future then the
current active object waits until the future has been updated. If the waiting relation is circular then
no progress is possible. In this case all the active objects in the circular dependency are deadlocked. We
formalise the notion of deadlock below. Let contexts C[ ] be the following terms

Cl] v= z=[]®v;s | z=v®d[];s | if[]{s}else{s"}; s
| if[]@v{s}else{s"} ;s | ifvd[]{s}else{s"} ;s

As usual, Cle] is the context where the hole [] of C[ ] is replaced by e.
Let f € destinies(q) if there is {f|s} € g such that ¢(destiny) = f.

Definition 1 (Deadlocked configuration). Let c¢n be a configuration containing ao(ao,po,qo), -
n—1(an-1,Pn—1,0n-1)- If, for every 0 <i < mn,
1. pi ={¢; | Cv]} where [v]a,+e, = fi and
2. fi € destinies(pi+1,Git1), where + is computed modulo n
then cn is deadlocked.
A program is deadlock-free if, denoting cn its initial configuration, for every cn’ s.t. cn —* cn/, cn' is

deadlock free.

K

Definition [1] is about runtime entities that have no static counterpart. Therefore we consider a notion
weaker than deadlocked configuration. This last notion will be used in the Appendices |B|to demonstrate
the correctness of the type system.



Definition 2. A configuration cn has
i) a dependency («, B) if:
- a(a, {¢| C[f},q) Bla’,p, ') € cn
~ f € destinies(p', q').
it) a dependency («, «) if
- a(a, {€| C[f1},q) €cn
— [ € destinies(q).
Given a set D of dependencies, let DT be the transitive closure of D. A configuration cn contains a
circularity if the transitive closure of its set of dependencies has a pair (a, ).

Proposition 1. If a configuration is deadlocked then it has a circularity. The converse is false.

Since gASP is stateful, it is possible to store futures in object fields and to pass them around during
invocations. Therefore, computing the value of a field is difficult and, sometimes, not possible because of
the nondeterminism caused by the concurrent behaviours. To be precise enough, we restrict the analysis to
programs where concurrent methods have no conflicting access to same fields, i.e. if one method writes a
field of an object, any method that can execute in parallel cannot access to the same field. This constraint
is defined below.

Let ¥ € {¢ | s} whenever z occurs as a left-hand side variable in an assignment of s; z* € {{ | s}
whenever x occurs as an atom in s.

Definition 3 (Queue with deterministic effects). An active object a(a,p,{q1, -+ ,qn}) has a queue
with deterministic effects if, for every x € dom(a), there are no ¢ # j such that either (i) z¥ € ¢; and
z¥ € q; or (ii) 2¥ € ¢; and x¥ € g;.

A configuration cn has deterministic effects if every active object of this configuration has a queue
with deterministic effects. A gASP program has deterministic effects if cn —* cn/, ¢n’ has deterministic
effects, where cn is the initial configuration for this program.

Example. This simple program proposed in the introduction starts creating an active object (a associ-
ated to the variable Store), where the only field n is initialized to 0 (rule NEW); and it continues invoking
the method addToStore on the active object just created (rules INVK, SERVE). This method invocations
creates the future f that is stored in . Then we reach the configuration:

main([n — 0], { [destiny — frain, Store = B8, x+— f]|x = x + 15 -+ }, @)

a([n— 0], {[destiny — f,x+ 0]|count = n + 1; --- }, &) f(L)

At this point the execution of the main function stops because the result of the method previously
invoked is needed to compute the expression x + 1. The active object a can continue to execute the
method addToStore, which can compute the expression on line 4 (all the values needed to compute the
expression are known). After the evaluation of that expression the active object a invokes the method
store on itself. This invocation creates a new future g, which will be stored in the field n. The method
addToStore ends returning count.

maz’n( [n+— 0], { [destiny — finqin, Store — a, x+ 1]|int k = Store.addToStore(4) }, @)

a( [n—g]l, 2, {body—of—store}) f) g(L)

At this point the main function can compute the expression on line 14 and just after it invokes again
the method addToStore that will be computed by «. A new future called h is created by this method
invocation.

maz’n( [n+— 0], @,@)

a( [n+— g], 9, {body-of-store}, {body-of-addToStore}) f(1) g(L) h(L)

As we can se in the configuration just above the active object a can run one of the two request that
will produce two different scenarios.

From this point, if « serves the invocation of addToStore we reach a deadlock, because to execute
the expression of line 4 the value of the field n is needed, but the method store can only be served after
the termination of the current method.

On the contrary, if store is served first, then when the execution of addToStore occurs, the future
stored in the field n is already computed therefore the expression n + 1 can be solved and the program
terminates.



3 Behavioral Type System

Behavioral types are abstract descriptions that are associated to gASP programs by a type system. This
is done by recording several informations: (1) effects on object fields to enforce consistency of read/write
operations between methods invoked in parallel on the same active object; (2) dependencies between
active objects and between futures and active objects to enforce consistency of synchronization patterns.
The analysis is performed following the program structure and verifying that the types of methods match
previously declared types. From the explicit type system presented below, an inference system can be
defined in a standard way. Note that it is syntactically not possible to infer which variables might contain
a future. Consequently, we consider all stored values as futures. However some of these future values will
be already synchronized when created. It is therefore important to distinguish future names that are
identifiers and future value that are values corresponding to futures; the environment will map future
identifiers to future types.

Analysed Properties. The goal of the type system is to verify the deadlock freedom of gASP programs.
Since gASP is statefull, deadlocks might be caused by access to futures stored in object fields. Therefore,
the type system must also compute the effects of statements on active object fields (and expose them in
types of methods so that the analysis is compositional). It is worth to notice that in gASP, because of
concurrency, the computations are non-deterministic and the effects on fields may be indeterminate. Our
type system also verifies whether the analysed program might exhibit such a non-deterministic behaviour.

Types. We use a set of future names, ranged over by f, g, - - -. Types are either basic types, future types
or behavioural types. They are defined as follows:

b =0 | afz:f] basic type
f=b | XXun(f,g,X,I,E) | fwgux future type
kui=x | a| X synchronizers
L =0 | (k,a) | fu | L+L | L&L behavioral type

Basic types b are used for values or parameters; they may be either primitive type, i.e. integer, o or an
object type afa: f]. Future types f include basic types, invocation results, and delegations. The invocation
result AX.m(f,g, X, I, E) represents the value computed by a method invocation. where f,g are the
arguments of the invocation (f is the future of the called object), X, called handle, is a place-holder
for the object that will synchronize with the invocation, the environment I" and the effects E record
the state changes peroformed by the methd, they are discussed in the following. The delegation f~-g.x
represents a method side effect, namely the value that is written by the method corresponding to f in
the field  of the argument g. In the type system we also use “checkmarked” future types, noted ¥, to
represent a future value that has been already synchronized. We use fI¥'] to range over both future types
and “checkmarked” future types.

Behavioral types include 0, the empty dependency, and (k,«) that means: if x is instantiated by an
object 8, then 8 will need « to be available in order to proceed its execution. Behavioral types also
include synchronisation commitments f,.. The precise meaning of f, depends on the value of k: f, means
that the invocation related to f is potentially running in parallel; f, means that the active object «
is waiting for the result of the invocation corresponding to f; fx represents the return of a future f,
where the handle X will be replaced with the name of the object that will synchronize on the result of
f. The types L &L’ is the behaviour of two statements of types L and L’ running in parallel; L + L’ is the
behaviour of two statements (of types L and L’) running in sequence (regardless of the order). We will
shorten Ly &--- &L, into &;ef1..ny Li and Ly +--- + L, into Zie{l..n} L;. The operations “&” and “+”
on behavioural types are associative, commutative with 0 being the identity for & and +. The operator
“&” has precedence over “+”.

Environments. Environments, noted I', I/, - - -, are mappings from variables to future names (x — f)
and from future names to future types, checkmarked or not (f — £+). Environments also map method
names to their signatures.

We use the standard notations im(I") for denoting the image. We also use a few additional opera-
tions on mappings: the restriction operation is denoted I'|g; the difference operation I' \ z is defined as
I'|qom(r)\z- The following functions on I" will also be used:



hUh' if B(f.x) =1’
E[f.x—"1n)(fz) =<n if x ¢ E(f) and = € fields(Act) (1)

undefined otherwise

E(fx)UE' (fx) ifze€ E(f)and z € E'(f)
(EUE)(fx) =< E(fx) ifzx € E(f) and z € E'(f) (2)

E'(f.x) if z ¢ E(f) and z € E'(f)
Effects(I) = | {E | I'(f) = AXn(g, X, I, E)} (3)

b W Jtrue ifzx#yor (z=yandh’ =r=h)
vHY = {false otherwise @
{2,y by = N (5™)
i€l.n,jel..m
{ L Elg)  iVh, feo  ().h#f= B(f)#E(f)
instanceof(E,o)(f) = ¢ sco=1(n (6)
undefined otherwise

Fig.3: Auxiliary functions for effects.

— names(I") = dom(I") U {a | afz : fIV] € im(I")};

— obj(f) and int(f’) are subsets of f such that for each f’ € obj(f) or f’ € int(f) we have I'(f') = af- - -]
or I'(f’) # af - -] for some « respectively;

— Fut(I) is the set of future names in dom(I"); aFut(I") and sFut(I") are the subset of Fut(I") that
contain future names f such that I'(f) is not “checkmarked” or checkmarked respectively;

— unsync(I') = &yearur(r) fx is the parallel behaviour of the not-yet-synchronized method invocations;

— I'[f¥] returns the environment I'[f — £¥] when I'(f) is either f or £*;

) 1fF(f)=OZ[7.7Jg,]

- I{fa) = { undefined otherwise

— I'[f.x — g¢] returns the environment such that I'(f.z) = g¢, assuming that f € dom(I") and z €
fields(Act); I'[f.x — g] is defined like I" elsewhere;

— I't =unsync 12 whenever I'i(f) = I(f) for every f in aFut(I7) U aFut(Iy).

— We define a flattening function on environments:

[o, f,g] = flat(f', T)  if I'(f) = o[77g]

flat(f, ', 1) = q [f] = flat(f', ) if I'(f) # a[z7g]
undefined otherwise
Effects. Effects are functions, noted E, E’, A, A’, ---, that map future names to a set of field names

labelled either with r (read) or with w (write). For example, consider m a method with effect E, and f
one of its arguments, E(f) = {z¥, y*} means that m writes on the field z of the object that is the value of
f and reads on the field y. Let h range over {r,w}; if 2" € E(f), we use the notation F(f.z) = h. With
an abuse of notation, we also write = € E(f) if E(f) = {2}*,--- ,2%} and = € {1, ,x,} (therefore
x ¢ E(f) also when E(f) is undefined).

The set {r,w} with the ordering r < w is a lattice, therefore we use the operation U for least-upper
bound. We also use few auxiliary operations that are shown in Figure [3} update operation with upper
bound(l); merge of eﬁects(z); effects of unsynchronized methods(?’); compatibility(‘l*S); effect instantiation
taking into account effect compatibility(®).

Judgements. The judgements used in the type system are:
—Fm:(f,g,In,X) = (E, A) for instantiating the method signature of m, where f,g, X are the formal
parameters, I, is the part of environment accessible from the method parameters which are objects:
I = (I'| uobj(g)), where I' is the environment at invocation point. E, A are two environments that

* We notice that I'(f) is not checkmarked
** Tt is compatible to either read several times or to write once.



values, variables and method names: I' - z:band I' Fm: (f, X, I") — (E, A)

(T-VAL) (T-VAR) (T-Fur)
v integer-value or null I'zx)=7f r) =t
I'NErviop> E INErz:f v E I+ f:£
(T-FIELD) (T-METHOD-SIGN)
I'(this.x) = f I'(m) = (f X, ") — (E,A) o renaming
E' = Elthis.x —" r] " =g E = mstanceof( o) A’ = instanceof(A, o)
Evraz:f o E Fm:(o(f),o(X), ") = (E', A"

synchronizations: I E %4 e:L > I, F'

(T-SyNc-INVK)

I'v this:af---]Y LEvFaz:f o E

(T-SYNCHRONIZED) '+ f:)X. m(]T X, Iy, Ey) I = F[f ][h/]hedom(Em)
NEFv:fv E Tk [ I =T'(lgy = gllg' > fgy))V Pl o fresh
IE®g viop> IE IE %5 a: fo &unsync(I'") > I E' U Ey|s
(T-SyNC-FIELD) (T-SYNC-PARAM)
'k this:al---]Y T EvFaz:f > E 'k this:al---]Y TLEvFaz:f > E
I'b figwthisae T =I[fY] I'vbff  fesS I'=I[f]

IE %4 x: fo &unsync(I") > I E' IE % x: fo &unsync(I”) > ' E' +[f — 2]

Fig. 4: Typing rules for names and synchronizations

store two kinds of effects of m: E stores the effects that happen before m is synchronized, A stores the
effects of the methods invoked by m and not synchronized in its body;

— IE+F x:f > E' for typing values and variables with future names, where E’ is the update of FE

— '+ f:f for typing future names with future types;

— I[LE®-¢ e:L b I, E' for typing synchronizations, where S is the set of arguments of the method,
L is the behavioral type, and I and E’ are the updates of I" and E respectively;

—IE,Atgz:f, L > I'" E’, A’ for typing expressions with side effects z;

- I''E,Abgs:L > I'"E', A’ for typing statements s.

Type System. In the type system the environments I" are always defined on future names o and this,
such that I'(0) = 0¥ and I'(this) = af- - -] where a is the active object running the current method. The
typing rules are presented below and the most significant ones are discussed.

The rules for values, variables and method names are listed on top of Figure Rule (T-F1ELD) models
the reading of a field (of the this actor). The preconditions verify that the access is compatible with the
effects of not yet synchronized invocations in I" and those in A (that will not be synchronized). We notice
that there is no compatibility check with effects in E and E is updated with the new access (performing
the upper bound with the old value). Rule (T-METHOD-SIGN) instantiates a method signature according
to the invocation parameters. In particular, the rule also covers the case when actual parameters are not
linear and deals with them through the use of the instanceof function. In the signature, each parameter
has a fresh name, but upon invocation, new conflicts might be created by the fact that two different
parameters are actually the same object. In this case, we prevent the instantiation of the invocation if
a conflict might occur. For example, if the signature of a method m is such that I'(m) = (f, f/, X, ") —
([f = A{«*}, ff = {a"} or I'(m) = (f, [/, X, I") = ([f — {2}, f/ — {«"}], the type system is not able to
instantiate the method invocation AX.m(g, g, X, I, E,) because of potential conflicts: two operations of
write on the same object appeared due to the aliasing created between parameters.

The rules for typing synchronizations are defined at the bottom of Figure[d} In gASP, synchronizations
are due to the evaluation of expressions e that are not variables. We use the notation ®F for these
judgments. Overall, we parse the expression and the leaves have two cases: either the future is synchronized
(checkmarked) or not. In this last case, there are three sub-cases, according to the future corresponds to
an invocation — rule (T-SYNC-INVK) —, or to a field — rule (T-SYNC-FIELD) —, or to a method’s argument
—rule (T-SyNc-PaArAaM). We discuss (T-SYNC-INVK), the other ones are similar. In this case, the future



expressions with side effects: I E,Alg z:f,L > ", E' A

(T-EXPRESSION) (T-NEW)
(T-ATom) INE®%g v:Lo> I F I'EvFo:g > E f,f fresh
IEtuv:f > E I'E' %¢ v:LU' » I E" T = fields(Act) I = I'[f — Blz7g]"]

IE,Abgv:f, 0> ILE',A T E,Atsv®dv:oL+L > I"E'" A I,E AFgnev Act(v):f,0 > I, E' A
(T-INVK)

INEtwvife E It fpl]" LEFD:f > E  h=fUobj(f)
Fom: (fa f/aX»Fh) - (Evam) g fresh g = f/[D/int(sFut(F))] 17’“ = (F‘E)[D/mt(sFut(r))]
I = F[g s /\Xm(f, ?7 X, I, Em)} (Eﬁ@CtS(F/)(hl) # y(EmI_JA)(h .y))h €dom(EyWA) A yEfields(Act)

IE,Atgvn(D):g, g« &unsync(I') > ', E', AU Auls

statements I, E,Al-gs:L > I',E' A

(T-ASSIGN-VAR-EXP) (T-AsSIGN-FIELD-EXP)
x ¢ fields(Act) x € fields(Act) IE,Abgz:f,L> I'"E" A
IE,Argz:f,L> I'"E" A Effects(I'")(this) # z" A’ (this) # "

INE,Argxz=2z2:L > Iz f],E' A I''E,Abgax=z:L > I'[this.x — f], E' [this.x —" w], A’

(T-SEQ)
IVE,Atgsi:Li > I, Eq, Ar
Fl,El,/h |—5 82:L2 > FQ,EQ,AQ

F,E,A"S 51;821L1+L2 > FQ,EQ,AQ

(T-SKkip)
I''E,Atg skip:0 > IVE, A

(T-RETURN-FUT) (T-RETURN-VAL)
IEvrv:f > E Ik f:f  I'(future) = X IEvtv:f > E Tk f:6
I''E,Alg return v: fx &unsync(I'\ f) > IE' A I''E,AFgreturnv:0 > I,E' A

(T-Ir)
F7E,AFS e:n, L > F/,E,7A, F/7E/,A/ FS s1:L1 > Fl,El,Al
FI,E/,A/ |_S s2:La > FQ,EQ,AQ Iy —unsync I
F,E,Al—sife{sl}else{SQ}:L+L1+L2 > F1+F2,E1|_|E2,A1UA2

methods and programs: I'Fn (T z){s}:(z/, X)— (v%)(I""-I'"-L) and I'+Int a, M {s}:(L,I"-L)
(T-METHOD)
I'(m) = (this, f, X, Iw) — (E, A) g = int(f U names(Iy)) I'=r+rI, —l—if:?—&—gz\:—i—future:X
I [this = @], @ b o7y s:L o T B, A" W = flat(this, [, Iu)
5 = names(I"") \ names(I") A=A |_| {(Em/ |{mz‘s,?}) | T (R) =AY (f,Y, T, Em/)}
hedom(I''")
Trn @)@ X) = AT = g - L&)

(T-PROGRAM)
(F Fm (ﬂ){s}:ﬁ(m))mw Ditshed  p + this: main[T D}‘/,Q,@ Fys:L o I'E,A
' {Intz,M} {s}:(L, | puecrr + L)

Fig. 5: Typing expressions with side effects, statements, methods, and programs

f bound to z is synchronized — henceforth its result is check-marked in the environment. Correspondingly,
the futures that are synchronized by f, namely those that are recorded in the effect £, are synchronized
as well. Finally, the rule records in the environment the updates of arguments’ fields. Technically this
is done using the delegation future type. The behavioural type collects the futures of methods that are
running in parallel and f, which is annotated with the synchronizing actor name «. This type will let us
to compute the dependencies of the parallel methods during the analysis.



Figure [5[ shows the rules for expressions with side effects. The rule (T-INVK) creates a new future g
corresponding to the invocation and stores it in I, after having computed the instance of the method
signature. The last premise verifies the compatibility between the effects of the invoked method and
those of the other running methods (the current one and the not-yet synchronised ones). The behavioural
type collects futures of methods that are running in parallel, including g, which is created by the rule.
The future g is not annotated with any actor name because this information is not known here. The
substitution on second line replaces synchronised futures by o to prevent additional synchronisations on
these futures.

The rules for statements are collected in the bottom of Figure [5} The behavioural type of statements
is a sum of types that are parallel composition of synchronization dependencies and unsynchronized
behaviors. The rules are almost standard. We discuss the rule for returning a future — rule (T-RETURN-
Fur). In this case, the returned value is an unsynchronised future f, therefore the synchronisation of f
is bound to the synchronisation of the method under analysis. For this reason, the behavioural type is
fx, where X is the place-holder for the active object synchronising the method currently analysed. The
rest of the behavioural type collects the unsynchronised behaviour.

The rules in Figuretype methods and programs. In (T-METHOD), the premises verify the consistency
of the typing of m in the environment with the typing of its body. In particular, the asynchronous effects
of m must be the sum of the asynchronous ones in its body, i.e. A’, plus the effects of the invocations that
have not been synchronized. We notice that the behavioural type of the method has arguments that are
structureless: object’s fields are removed and the corresponding values are lifted as arguments — see the
function flat. We also notice that the behavioural type of the body s is extended with a dependency (X, «).
This dependency will be instantiated by the synchronising object when it is known. The behavioural type
of a method has the shape (I" - I'"" - L). The environment I" defines the fresh names created in the body
of the method, it maps future names to either future results AX.m(g, X, I'”, FE) or delegations f~-g.x or
object types afa: f]. The environments we will use in the behavioural type analysis are a simplified form
of the foregoing ones where future results are AX.m(g, X, I'"’), it will then be denoted © instead of I'. The
environment I records the updates to the arguments f performed by the method, we denote it @.

Finally, a behavioral type program is a pair (E, O . L), where £ maps method names m to method
behaviors (f, X) — (v%)(0' - &+ L"), f, X are the formal parameters of m, ©' and & are the environments
defining respectively the futures created (bound by ) and the updates done to the arguments f, and L’
is the behavior of the body of m. The last two elements of a behavioral type program, namely © and L,
are the environment and the type of the main body.

Example. The behavioural type of the program of Section [1]is of the form: (£,0 - fi + fmain + fL)
where:
6 = [ f + AX.addToStore(g,0, X,[g + a[n:a]¥ ],[g+ [n¥]]), ¢’ + f~g.n,

f'+ AX.addToStore(g,0, X, [g — a[n:¢']¥ ],[g + [n*]])].

We observe that the behavioural type of the main function performs two invocations of addToStore.
The first invocation is performed on the object a where the field n stores a value (g — a[n:0]*"), indeed
at that point n = 0. The second invocation is performed on the same object but n stores the value written
by the first invocation: in © we have the delegation ¢’ — f~~g.n and in the second method invocation the
object field n maps to g’. We can also notice that the first invocation has been synchronized, indeed the
presence of the delegation in the environment indicates that the rule (T-SYNCH-INVK) has been applied.
Both invocations of the addToStore method write on the field n of the object g, and the effect of both
invocations is [g — [n"]].

As stated above, L stores the behavioural type for each method of the program, then we have an
entry for addToStore and store.

L(addToStore) = (8, this, g, f, X) = (V ')(Oada * Pada * Laaa) where
Laaa = (ga + fi+[x)&(X,B)  Paga = [this — Bln: f']]
Oaaa = [ f' + M\X.store(this, f,0, X, [ this — B[n:g]" ],9)]

The behavioural type shows that the method addToStore performs three main actions. The first
action is the possible synchronization, expressed by g,, where g is one of the parameters. The second
action is the invocation of the method store corresponding to future f’. The third action returns the
result of the invocation of store; expressed by the term f% stating that the f’ is returned.

Concerning store we have: L(store) = (v, this, f,9,X) = (& - @ - (X,7)).



BT-ruN
O(f) = XXn(f,X,T)
L(m) = (w,Y) = (v=) (6 - &.L) BT-FIELD
K is either x or an object name O(f) = f'~gx O(f)=IXn(f,X,I)
# fresh 0" =0+ 67 /][ /) ( )=(@,Y) = (v)(© - & -L)
L /A A = 87 )P0 ) 8 (ga) =

Clf<]— 0" -C[L"] O-C[fc] = 0O -Clh]

Fig. 6: Behavioural type reduction rules

4 Behavioural type soundness and analysis

The soundness of the type system is demonstrated by a subject reduction theorem expressing that if a
runtime configuration cn is well typed and cn — cn’ then cn’ is well typed as well. While the theorem is
almost standard, we cannot guarantee type-preservation, instead we exhibit a relation between the type
O - L of cn and the type @' - L’ of cn/. Informally, this relation connects (i) the presence of a deadlock
in a configuration with the presence of circularity in a type and (éi) the presence of a circularity in the
evaluation of @’ . L” with the circularities of the evaluation of @ - L. The formal proof of type soundness
is similar to that in [7], it is available in the full version [12].

We focus here on the way we address delegation types that are new relatively to [7]. The evaluation
of a behavioural types is defined by a transition relation between types @ - L that follows the rules in
Figure [6] and includes a specific rule for delegation types. We use type contexts:

Cll == [llt&cl]C]&LfL+Cll]c[]+L

Overall, BT-FUN and BT-FIELD indicate that the behavioural type semantics is simply the unfolding
of function invocations and the evaluation of delegations. More precisely, rule BT-FUN replaces a future
with the the body of the corresponding invocation. The environment @ is augmented with the names
defined in this body. Note that ©” is well-defined because dom(0) N dom(O'[*' /=1 /5]) = & and
(flat(f, I') Uw) N »’ = @. The behavioural type L is defined by a classical substitution. The substitution
[flat(f.1) /2] replaces active object and future namesin . This substitution can generate terms of the form
Oa, those terms can safely be replaced by 0. Rule BT-FIELD computes futures f bound to delegations
f'~~>g.x, i.e. when the invocation corresponding to f’ has updated the field z of the argument g; it retrieves
the instance of @ in the method of f’ and infers h, the future written in the accessed field.

Definition 4. Let L =4 L' whenever L and L' are equal up-to commutativity and associativity of “&” and
“t” identity of O for & and +, and distributivity of & over +, namely L&(L' + L") = L& L' + L& L".
The behavioural type L has a circularity if there are ayq,- -+ ,a, and C[ | such that
nl =4 C[ (o, 02) & &(an, a1)].
A type © - L has a circularity if © - L —* @' - L' and L' has a circularity.

Below we write I' = ¢n : © - L to say that the configuration c¢n has type © - L in the environment
I'. This judgment requires an extension of the type system in Figures [4] to configurations (see [12]). The
main properties of the type system and its extension to configurations are stated below.

Theorem 1. Let P be a gASP program and suppose that I' = P:(L,0 - L), then:

1. I'Fcn: O - L where cn is the initial configuration;

2. if cn —* cn’ then there are I'', @' and L' such that I'" = cn’: @' - L' and if ©' - L' has a circularity
then also @ - L has a circularity.

8. if @ « L has no circularity then P is deadlock-free.

Our technique reduces the problem of detecting deadlocks in a gASP program to that of detecting
circularities in a behavioural type. It is worth to notice that these types have models that are infinite
states because of recursion and creation of new names. Notwithstanding this fact, the problem of absence
of circularities in a behavioural type is decidable. The solver uses a fixpoint technique that is defined
n [T48], which has been adapted to the types of this paper in [7].



Example. We show how a circularity appears when we apply the reduction rule on the illustrative
example. The behavioural type of the example was shown in Section [3] we start from the behavioral type
of the main function and describe the main reduction steps.

We focus on the third term (f]) that refers to the second method invocation of addToStore. The
rule BT-FUN replaces the behavioural type of method invocation f, with the body of addToStore
properly instantiated. Here the method invocation related to f’ is ©(f’) = AX.addToStore(---), we
take the behavioural type Lagq, build the substitution [*//][*/x][*99®/5 inis ;) that instantiates the
parameters adequately, and obtain the behaviour: (¢}, + hs + hx ) &(x, @), additionally & = @ + 0.4,
where @44 is obtained from O,4q4 applying the same substitution. Finally we can apply BT-FuN and
obtain the reduction © - (fi + fimain + fL) = O« (fx + frmain + (gL, + by + hx ) &(*, @)).

We then focus on the term g/, that refers to the synchronization of the field n during the execution
of the second invocation of addToStore. The type associated to g’ (©'(¢') = f~~g.n) denotes that, when
typing, we don’t know the method invocation related to the future stored in n, we only know that the
method invocation related to f has stored a future inside n. To solve this delegation and then discover
the name of the future stored in the that field we apply the rule BT-FIELD and obtain: @' - (--- + (¢/, +
he + hx )& a) = O - (-4 (b, + he + hx ) &(*,a)). This reduction only replaces g/, with h/, where
B =& 4(g.n) and &,,, corresponds to the instantiation of .44 accordingly to the invocation related to
f: O(f) = AX.addToStore(g,0, X, [g — a[n:0]Y |]) with the substitution [*//][*955 /4 ihis g.7]-

Now we focus on the term h/, and, as in the first step, we can apply the rule BT-FUN we replace h/, with
the behavioral type of store opportunely instantiated and obtain: @' - (- -+ + (h), + hy + hx ) &(*,a)) —
O .« (- + ((a,a) + hy + hx ) &(x,a)) as the behavioural type of store is reduced to a pair.

The circularity (o, o) highlights a potential deadlock in our program. Indeed the method store is
called on « and then the result of this invocation is awaited in the method addToStore in «, as no further
order is ensured on the execution of these requests, this circularity indeed reveals a potential deadlock.

5 Concluding remarks

This article defines a technique for analysing deadlocks of stateful active objects that is based on be-
havioural type systems. The technique also takes into account stateful objects that store futures in their
fields. This required us to analyse synchronisation patterns where the future synchronisation occurs in a
different context from the asynchronous invocation that created the future. The behavioural types that
are obtained by the type system are analysed by a solver that detects circularities and identifies potential
deadlocks.

To deal with implicit futures, we use a novel paradigm in our analyses, that consider “every element
as a future”. This also allows us to deal with aliasing and with the fact that the future updates are
performed on place at any time.

Related Work. Up-to our knowledge, the first paper proposing effect systems for analysing data races
of concurrent systems dates back to the late 80’s [15]. In fact, our approach of annotating the types to
express further intentional properties of the semantics of the program is very similar to that of Lucassen
and Gifford. The first application of a type and effect system to deadlock analysis is [3]. In that case
programmers must specify a partial order among the locks and the type checker verifies that threads
acquire locks in the descending order. In our case, no order is predefined and the absence of circularities
in the process synchronisations is obtained in a post-typing phase. In [6], the authors generate a finite
graph of program points by integrating an effect and point-to analysis for computing aliases with an
analysis returning (an over-approximation of) points that may run in parallel. In the model presented
in [6], future are passed (by-value) between methods only as parameters or return values, the possibility
of storing future in object field is treated as a possible extension and not formalized. Furthermore this
aspect is not considered combined to the possibility of having infinite recursion. However, [6] analyses
finite abstraction of the computational models of the language. In our case, the behavioural type model
associated to the program handles unbounded states.

Model checking is often used to verify stateful distributed systems. In particular, [I8] uses the char-
acteristics of actor languages to limit, by partial order reduction, the model to check. [I] provides an
parametrised model of an active object application that is abstracted into a finite model afterwards.
Contrarily to us, these results are restricted to a finite abstraction of the state of the system. Two arti-
cles [2/T0] translate active objects into Petri-nets and model-check the generated net; these approaches



ca

nnot verify infinite systems because they would lead to an infinite Petri-net or an infinite set of colours

for the tokens.

We refer the interested reader to [9] (Section 8) for a further comparison of alternative analysis

techniques.
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A Flattening, circularities and fixpoint definition of the interpretation
function.

In this section we report the definitions from [8] slightly adapted to our current model. Let R be a set
whose elements are either pairs (x, 8), where k ranges over actor, future names, and variables X or terms
frx- We observe that, if the set of names is finite, then every set R built with such names is finite as
well. In addition, the collection of all sets R is also finite. We use R, R’,--- to range over sets of relations
{Ri, -+ ,Rm}. Let
— RT be the transitive closure of R (namely RT is the least relation such that R C R* and such that
(k,a), (o, B) € RY implies (x, ) € RT).

~ {R1,~** ,Rm} € {R}, - R} if and only if, for all Ry, there is R} such that R; C R} ™.

— (ag, 1),y (@p—1,0n) € {R1,--- ,Rp} if and only if there is R; such that (ag, 1), -+, (@n—1,0n) €
R;.

~ {Riy o R d ARG R (RUUR (1 <i<mand 1 <j<nl.

Definition 5. A set R has a circularity if (o, @) € RT for some a. A set of elements R, noted R, has a
circularity if there is R € R that has a circularity.

Behavioral types define sets R. This is displayed by the following function. Let £ be a set of method
definitions and let I(-), called flattening, be a function either on future environments and behavioral types
or on method names that (7) maps a method name m defined in £ to elements R and (i) is defined on
behavioral types as follows

1(©-0) = {7}

1(© - (k,8)) ={{(x.8)}} B
1O ) = e \njex] 16U = LX) ) = (1) 0 (3 o L)
(8 ff@) =

L(m) = (W, X) = (¥%)(On - Py - Ln) m[ﬂ““fF)/w](gw)=hA

- (w,

I(@) [ T0% [ x] i O(f) = f'~g.a A O(f )— AXm(f, X, T) A
N

O(h) = \X.w' (¢, Y, T") A ( 0) = (@, X7) > (v 57)(Ou - B - L)

1O - fo) ={{fx}} if f & dom(O)
IO -Lal)y=1(0.1)&I(6 L)
I@-L+Ll)Yy=I16-L)UuI6. L)

Note that I(6 - L) is unique up to a renaming of names that do not occur free in L. Let I+ be the map
such that, for every m, I*(m) = {@}.

Definition 6. A state © « L has a circularity if I-(© - L) has a circularity. A behavioral type program
(E, CE L) has a circularity if there exist ©' and L' such that @ - L —* @' - L' and @' - L' has a circularity.

The basic item of our algorithm is the computation of methods’ interpretation. This computation is
performed by means of a standard fixpoint technique that is detailed below.

Let (.C o . L) be a program such that pairwise different method definitions in £ have disjoint formal
parameters. Let A be the set of (i) formal parameters of definitions in £, of (i) free names in © - L and
(éi1) containing a special fresh name . Since A is finite, then every set R4 built with names in A is finite
and similarly for R 4. In particular, the sets R 4 are ordered by the C relation and form a finite lattice [5].

Definition 7. Let £L = {m; — (0;, X;) — (v3)(O; - D; - L;) | i € {1..k}}. The family of flattening
functions I®) is defined as follows

1O@w) = {o}

1% (@) = { projy, x,(R*) | Re I™(6; - Li)}
where pro_‘]mX(R) = (Byy) | (B,v) € Rand B,y € w, X} | U{(5¢,5) | (6,0) € Rand 6 ¢ w, X }.

m;

We notice that I(®) is the function I+ previously shown. Since, for every k, I*) (m;) ranges over a
finite lattice, by the fixpoint theory [5], there exists m such that I(™) is a fixpoint, namely I(m) » [(m+1)
where = is the equivalence relation induced by &. In the following, we let I, called the interpretation
function (of a behavioral type), be the least fixpoint (™).

The following theorem states the correctness and completeness of our algorithm. Similarly to [§], there
is a relation between the circularities of the set I(*)(© . L) and, whenever © - L — @' . L', between the
circularities of I(*)(6 . L) and of I®)(©" . L").



Theorem 2. A behavioural type program (E,@ . L) has a circularity if and only if Ip(© - L) has a
circularity.

The proof of the theorem is very similar to the corresponding one in [g].

B Behavioural type soundness (Deadlock)

To demonstrate the correctness of the type system and the analysis we have separated the part of
the type system concerning to the deadlock analysis (appendix and the part related to the effect
analysis (appendix. In this section we will focus only on the deadlock analysis aspect starting from the
hypothesis that the analysed program has only deterministic effects (see Deﬁnition. The correctness of
our system guarantees that, if the deadlock-freedom of a behavioral type program associated to a gASP
program with deterministic effects is assessed, then also the corresponding gASP program is guaranteed to
be deadlock-free. In other words we are proving that if the analysis shows that no deadlock is present in the
behavioral type of the original program, then none of its executions can lead to a deadlock. To this end, we
prove that if there is no circularity in the type of a runtime configuration then this configuration exhibits
no deadlock, and that if a configuration reduces to a configuration with a circularity then the original
configuration already had a circularity. This ensures that if no circularity is found in the behavioral type
of a gASP program then there is no deadlock in the original program. We state again the Theorem 77 as
follow.

Theorem 3. Let P be a gASP program with deterministic effects (see Deﬁnition@ and cn be a configu-
ration of its operational semantics, with behavioral type © - L.
1. If © - L has no circularity then cn is deadlock-free;
2. if cn — cn’ and the behavioral type @' « L of en’ has a circularity, then a circularity is already present
in O - L, the behavioral type of cn;

The theorem relies on Theorem [4] (subject reduction) and on a crucial property of the later stage rela-
tion [7, Theorem 5.2].

In order to prove the points 1 and 2 of Theorem [3| we need an extension of the typing to runtime
configurations (Section; additionally to prove the point 2 we also need the definition of a later-stage
relation between behavioral types (Section [B.3)).

B.1 Runtime Type System for Deadlock detection

In order to infer the behavioral types for runtime configuration we define a runtime type system. To
this aim we extend the syntax of behavioral types and define extended futures F and behavioral type for
configuration K as follows:

buo=o| f| az:f] basic type

fo=b | XXun(f,7,X,[ E) | fwgx future type

F =f1°f extended futures

Kk u=* | a | X synchronizers

L:=0] (k) | fuo | L+L | L&L behavioral type

Ku=L | (vm)(©-L) | K&K behavioral type for configuration

As regards F, they are introduced for distinguishing two kinds of future names: i) f that has been
used in the type system as a static time representation of a future, but it is now used as its runtime
representation; ii) *f now replaces f in its role of static time future (it is typically used to reference a
future that is not created yet).

This type system is a simpler version of the one given in section [3] where we are focusing only on the
deadlock analysis part leaving out the aspects related with the effects. This is the reason why the typing
judgements are simpler than the corresponding one in the type system, the principle differences are:

1) In the future type AX.m(f,q,X, I, F) we have that E now is a set used to collect two kind of
information: the future names of the parameters synchronized by the method m (this set of future
names is a subset of the domain of I3,) and the fields of the arguments modified by m, represented by
elements like g.« (g is the argument and z is the field of g in which m has stored a future).



2) the rt_unsync(-) function on environments A is similar to rt_unsync(-) in Section |3 except that it
now grabs all ¥f and all futures f. More precisely we define Futr(A), aFutr(A), and
rtunsyncA to be the functions

Futp(A) Y {F | Fedom(A)}  aFutp(A) Y {F e Futp(A) | A(F) = A(F)*)

def
rtunsync(A) = & peaputn(ay Fro

where Futr(I") collects all the (static and runtime) futures names in dom(A), aFutr(A) is the subset
of Futr(I') that contains future names F' (static and runtime) such that A(F') is not ” checkmarked”
(i.e. the set of not-yet-synchronized futures); and rt_unsync(A) performs the parallel composition of
the behavioral types of the not-yet-synchronized method invocations.

Runtime Type System for Deadlock detection (typing rules)

configuration and processes: Al cn:Land AtFp: (v3%)(O L)

(TR-FUTURE-UNDEF) (TR-FUTURE-EVAL)
AF f:AXn(g, X, An, En) A f:AXn(G, X, An, En)¥ AFw:f
AF f(L1):0 AF f(w):0
(TR-AcTOR)
Ala) = Oé[ﬁ] Ak 5:? A=A+ this:oz[ﬁ] (TR-PARALLEL)
A/FPSKO VZGlTlA/FqZKl AFC’IlliKl AFCHQZKQ
A'_a({m}7pa{qlvaqn})§< K’L A"C’I’Ll C’I’lszl&Kg
=0

(TR-PROCESS)
AF f:AXm(this, g, X, An, En) AF7v:g A= A+ Ay +destiny: f + z:7 + future: X
A D pisgy s:L > AT E" 32 = names(A”) \ names(A")

A {destinyg — f, 770 | s}:(v%) (A" |purpyary - L)

values, variables and method names: AF z:band Fm: (f, X, ") — (E, A)

(TR-VAL) (TR-VAR) (TR-Fur)
v integer-value or null A(z)=F A(F) = £lV]
Ak vio AFa:F A FflY]
(TR-FIELD) (TR-METHOD-SIGN)
A(this.x) = F Am)=(F,X,I") = (E) o renaming
AbFx:F Fm:(oc(F),0(9),0(X),[0o0) = (Eoo)

synchronizations: I'E -, e:L > [ E’

(TR-SYNC-INVK)
At this:al---]Y Ak z:F

(TR-SYNCHRONIZED) Al F:)\X.m(ﬁ7 X, Iy, Em) A = A[F‘/][H‘/]Hedom(Em)
AEFv:F Ak FifY A" = A([Gy s GG+ FrGy])GyEtn o fresh
AE®¢ v:0p> AE AE P x: Fy&rt_unsync(A”) > A", EU Eyls
(TR-SyNC-FIELD) (TR-SYNC-PARAM)
AF this:af -] AbFx:F AF this:af -] AbFx:F
Ab F:Gwthise A = A[FY] AFF:f FeS A =AFY]

AE®r¢ x: Fy &rt_unsync(A') > A E AE % x: F, &rt_unsync(A') o A EU{F}



expressions with side effects: A,Etg z:f, L > A E’

(TR-FUTURE) (TR-ACTOR-NAME) (TR-Atom)

f € dom(A) Fedom(d) Ak Fiaf-]" Abv:F
AEFg f:f,0> AE AJEFga:F,0 > AE AEFguv:F,0 > AE
(TR-EXPRESSION)

A,EEBFS v:L > A/,El (TR-NEW)

AE O oL > A" E” AF7:G B, F fresh T = fields(Act)

AEFgvad:Fh L+ b A" B’ A EbFgnew Act(T):F, 0 > Alf = Blz:G]" |, E

(TR-INVK)
AFv:F  AFF:B[--]Y  AFT:F  h=fUobj(f)
Fm: (F, W7 X, A|ﬁ) — (Ey) °g fresh G = ﬁ[i/mt(sFut(F))] Ap = (A|ﬁ) [D/i'nt(sFut(f’))]
A= APg— AXm(F, G, X, Ay, Ey))
AE Fgom(v):%, °g, & rt_unsync(A) > A E

statements A, E g s:L > A E

(TR-ASSIGN-VAR-EXP) (TR-ASSIGN-FIELD-EXP)
x & fields(Act) x € fields(Act)
AEbgz:F,L > AFE AEbgz:F,L > AVF
AEbgae=2z:L > Alz— F|, E' AEbtga=z:L > Althis.w — F|,E" U {this.x}
(TR-ASSIGN-VAR-FUT) (TR-ASSIGN-FIELD-FUT)
x & fields(Act) AbFz:F x € fields(Act) AFz:F
AEFgz=f:0> Alx— f|,E A Etgx=f:0 > Afthisx — f|,E
( Sxar) (TR-SEQ)
TR-Sk1p
A EH Ly > A F AL B Lo > Ag E
A,E Fg skip:0 > A E 511 L LTS %2- 22 22
A,EFS Sl;SQZLl + |_2 > AQ,EQ
(TR-RETURN-FUT) (TR-RETURN-VAL)
Al v f Al f:f A(future) = X Ao f AbF f:87
A(destiny) = f’ Al ff:AXm(g, X, I, En) A(destiny) = f’ At f:AXm(g, X, I, En)
A E Fg return v: fx & rt_unsync(A\ f) > AE Abgreturnv:0 > A

(TR-IF)
AEtgelh Lo AVE A E Fgsiily b ALEL AVE Fgsyily b Ay By
Al —unsync A2
A,E }_S if e {81} else {82}2L+L1+L2 > A1+A2,E1 UEQ

B.2 Proof of Theorem [3l1
Since we have a type system for configurations we can now prove the first statement of the Theorem
Lemma 1. Let suppose At cn : K and let D be the set of dependencies of cn. Then, we have D C I (K).
Proof. By Deﬁnition if cn has a dependency (o, 8), then there exist ecn’ = a(a, {¢ | C[f]},q) B(d/,p',¢') €
en such that f € destinies(p’, ¢’). By runtime typing rules TR-AcTOR, TR-PROCESS, TR-SEQ and TR-
SYNCH-*, the behavioural type of cn’ is (132)(6 « (fo + Ls) &(X, ) & (‘§<1Ki)'
Having that: - B

— by rule TR-INVK O(f) = AX.m(g, ¢', X, An, En);

- Am(g) = B[ : ']‘/;

— Am) = (v7)(0 - L&(X, B));

we can infere that during the computation of Iz (K) the rule BT-RED will replace f, with the be-

havioural type of the body of m where the X will be instantiated with a ( A(m)[*/x] ). This substitution
will generate the pair («, 3) O



B.3 Later stage relation

As we said before, we need to define a later-stage relation between behavioral types (denoted > 4), which
is a syntactic relationship between behavioral types. We can simplify the basic laws of the later-stage
relation saying that a method invocation is larger than the instantiation of its method behavior, and a
sum type is larger than each element of the sum. The later-stage relation is the least congruence with
respect to runtime behavioral type that contains the rules in Figure [7]

LS-BEHAVIOR

. LS-GLOBAL K=v%)(©-L) K' = (v Z)(Q ' L/)
LS-EmPTY LS-DELETE Ky = A K/1 L>x L
#)(©-0)=a0 0&K=aA K — —
(v3)( ) =a &Kza Ki &K =4 K) &K K=aK

LS-N LS-P LS-PARALLEL
- J - S
ULL LUS Ly > Lll

L>A0 L Lo >=Aa L; _
~A 1+Lla=a Laleallal

LS-INvK
O(f) = X Xm(f, X, T) o
A(m) = (w, X' — (¥32) (O « L) ' fresh
L = L[ /A /X" fw] 6 = a7 /AT /]
B)(© - Clfx]) =a (v®)(O - C[0]) & (v)(6 - L)

Fig. 7: Later-stage relation rules

B.4 Subject Reduction

Since we have defined both type system for runtime configuration and later stage relation, we can state
the Subject Reduction theorem. The subject reduction theorem expresses that if a runtime configuration
cn is well typed and c¢n — ¢n’ then cn’ is well typed. We cannot demonstrate a statement guaranteeing
the equality of types of c¢n and c¢n/, because our types are behavioural. the type of ¢n (O - L), and the
type of cn’, (60" . L').

Theorem 4 (Subject Reduction). Let A g en: K and cn — cn’. Then there exist A, K, and an
injective renaming of actor and future names v such that

- Atbrgpen:K and

- 1K) =a K

Proof of Theorem [4] (Subject Reduction) The proof is a case analysis on the reduction rule used
in cn — en’.

Case: Serve

SERVE

a(a, @,qU{p}) = ala,p,7)

Proof. Let A, Ky, Ky --- K, exist, by rule TR-ACTOR we obtain that A F a(a, @,qU{p}) : K, &(,%Ki)
With the same A we can type the configuration a(a,p,q) by applying the rule TR-ACTOR and V;E gain
that A F a(a,p,q) K,,&(ﬁ&lxi).

It is trivial to demonstrate that the relation K &( 2 Ki) = AK, &( 2 K;) holds.
i=1 i=1



Case: Return
RETURN
[V]ate = w {(destiny) = f
ala,{¢| return v},q) f(1)
— a(a,2,9) f(w)
Let A and K exists, such that A F a(a,{¢ | return v;},q) f(L) : K, then there exist A’ such that
A'F ala,?,q) f(w):K and K=, K’

Proof. We can distinguish two cases:
1) v is a value or a synchronized future (A(v) = f A A(f) = V).

By rules TR-AcTOR andTR-PROCESS we obtain that

— there exists A” that extends A (like in the application of TR-ACTOR and TR-PROCESS) such
that A”(v) = f and A"(f) = £

— there exists a set of future names S, as in the application of TR-PROCESS, such that S C
dom(A");

— there exists a set collecting effects E;

— and by applying TR-RETURN-VAL we infere that A”, E k¢ return v:0 > A" E.

It follows from the hypothesis and rules TR-PARALLEL, TR-ACTOR, TR-PROCESS and TR-FUTURE-
UNDEF that there exist 72, ©, Ky, --- ,K,, such that:

At afa, {¢|return v;},7) f(L): (v3)(O - 0) & (z%Kl)
Let us choose A" = A[fY][w + A(f)"], by apply;ng the rules TR-PARALLEL, TR-ACTOR and
TR-FUTURE-EVAL we gain that A’ F a(a,2,q) f(w) : (é(lKi)'
Therefore by the rules LS-EMPTY and LS-DELTE it is trivial to prove that the following relation
holds (132)(6 - 0) & (& Ki) = (& Ky).

2) v is an unsynchronized future (A(v) = f A A(f) = 1).
By rules TR-AcTOR and TR-PROCESS we gain that

there exists A” that extends A with A”(v) = f and A”(f) = 1;

— there exist a set of future names S such that S C dom(A”);

— there exists a set collecting effects E;

— and finally by TR-RETURN-FUT we infere A” k¢ return v: fx & unsync(A” \ f) > A”.

Considering the previous hypothesis and by the rules TR-PARALLEL, TR-AcCTOR and TR-FUTURE-
UNDEF we can state that there exist 72, ©, Ky, -- , K, such that:

At a(a,{¢ | return v; },q) f(L): (v%)(O - fx &rt_unsync(A”\ f)) & (éilKi).
Let us choose A" = A[f¥][w ~ A(f)"], by applying the rules TR-PARALLEL, TR-ACTOR and
TR-FUTURE-EVAL we can infere that: A’ F a(a, @,7q) f(w) : ( 2 Ki).

i=1

Therefore by the rules LS-BEHAVIOR, LS-EMPTY, and LS-DELETE we can prove that the relation
n n

(v3) (0 « fx &unsync(A”\ f)) & (g_&lKi) A (lé_ile-) holds.
= i= q

Case: Update

UPDATE
(a+O)(x) = f
(a+ 0Oz —w=d + /1
a(a, {£] s},q) f(w)
—a(d {l'] s},7) f(w)
Let A and K exist, such that A - a(a, {¢ | s},7) f(w) : K, then there exist A’ such that A’ + a(a’,{¢' |
s},9) f(w):K and K =4 K’




Proof. By rules TR-ACTOR, TR-PROCESS and TR-FUTURE-EVAL we have that there exists A” that
extends A like in the application of TR-AcTOR and TR-PROCESS and the following hypothesis hold:

— A(f) = A\Xm(g, X, A, Bp)¥ and A(w) = f;

— there exist a set of future names S such that S = {g};

— there exists a set collecting effects E;

~ A" Ebgsil s A" B
It follows from the hypothesis and by TR-PARALLEL, TR-ACTOR, TR-PROCESS and TR-FUTURE-EVAL
that there exist 32, ©, L, Ky, -+, K, such that: A+ a(a,{¢]s},q) f(w): (v3)(O L) & (%Kz)
Let A" = Az — A(w)] we have that A" F (a’ 4+ ¢)(z) : A’'(x), now applying the rules TE—PARALLEL,
TR-AcTOR, TR-PROCESS and TR-FUTURE-EVAL we can conclude that A" F a(a’,{¢' | s},q) f(w)
v=)(O-L)& (Z_%Ki).
It is trivial to proof that (v32)(6 - L) & (i%Ki) =a(v2)(0-L)& (éi Ki).

1=1

Case: Assign

ASSIGN

lelate = w (a+ Oz —wl=d +1
a(a7 {é | Tr=e€; 5}76) - O‘(a/v{gl | S},@)

Let A and K exist where A - a(a,{¢ | x = e;s},7) : K, then there exist A’ such that A" - a(d’, {¢' |
s},q):K and K =5 K’

Proof. We can distinguish two cases:
1) z is a local variable (z ¢ fields(Act))

By rules TR-AcTOR and TR-PROCESS

— there exists Ay that extend A as in the application of TR-ACTOR and TR-PROCESS;

— there exist a set of future names S such that S C dom(A”) like defined in TR-PROCESS;

— there exists a set collecting effects E;

— by rule TR-ASSIGN-VAR-EXP we gain Ay, E kg x = e: L. > Ay, E' and Ay = Az[z — f] (
L., A3, E' and f came from the typing of the expression e. The possible shape of e generates
two subcases, ones in which e is a a value or a variable and another in which e is an arithmetic
expression. We can say that by rule TR-AToM or TR-EXPRESSION, which are the rules that are
applied for the first and second case respectively, we have that Aq, E g e: f, Le > As, E'. We
do not handle in the detail this two cases because this has no relevant impact in the proof, and
we let f, Lo, A3z and E’ be the be the future name, the behavioural type, the update of As and
the update of F that come from the application of the proper rule.)

— TR-SEQ we obtain A9, EFgx =e ; s:Le+Ls > A4, E with A} be the update of Ay that is
obtained from typing s.

Considering the previous hypothesis and by the rules TR-PARALLEL, TR-ACTOR, TR-PROCESS and
TR-SEQ we can state that there exist 7, @, Kq,---,K,, such that:

Aba(a,{t|z=es}7): ) (O L +L,)& (ig_file-).
Let us chose A" = Ay by rules TR-PARALLEL, TR-AcTOR and TR-PROCESS we obtain that:
AFa(a{l|z=eshq): v2)(O-L,)& (Z_%Ki).
Now we can demonstrate that by LS-PLus, we have L, + Ly = A Ls which allows us to say that
(v3)(O - Lo +L,) & (if_f&lKi) 2 (v3) (O - L) & (élK,»).

2) z is a field (x € fields(Act))
By rules TR-AcTOR and TR-PROCESS



there exists Ag that extend A (like in the application of TR-ACTOR and TR-PROCESS);

there exist a set of future names S such that S C dom(A”) as in the application of TR-PROCESS;
— there exists a set collecting effects F;

— by TR-ASSIGN-FIELD-EXP we obtain Ag, E g x = e:L. > Ay, E” with Ay = Ag[z — f] and
and B = E' U {this.xz} ( L., A3, f and E’ are as in the previous case.)

by TR-SEQwe gain Ay, E kg x =e;s:Le +Ls > AS, E” with A be the update of A4 that comes
from typing s.

As in the previous case, let us chose A" = Ay by rules TR-PARALLEL, TR-ACTOR and TR-PROCESS
we obtain that:

Ata(a,{l|z=es},q): (v32)(0- L) & (&K)
Now we can demonstrate that by LS-PLuUs, we have L, + Ly =a Ls which allows us to say that
(v7) (6 L.+ L) & (¢§1Ki) =A (v3)(O - L) & (iflKi).

O

Case: New

NeEw

[Plave=w B fresh 7= fields(Act)
afa,{¢| v = new Act(D) ; s},q)
o(a{t|2=5; s..) A7~ ©).2.2)
Let A and K such that A F af(a, {¢ | * = new Act(v); s},q):K, then there exist A’ such that A" - a(a, {¢ |
x=3;8},9) B[y w),o,0):K and K = K’

Because of the restriction of the language we have that x could not be a field.

Proof. By rules TR-AcTOR, TR-PROCESS and TR-ASSIGN-VAR-EXP
— there exists A” that extends A as defined in the application of TR-ACTOR and TR-PROCESS;
— there exist a set of future names S such that S C dom(A”) like in the application of TR-PROCESS;
— there exists a set collecting effects F;
— by rule TR-NEW we gain A", E ¢ new Act(v):f, 0 > A”[f — Blatg]"], E with f fresh.

Considering the previous hypothesis and by the rules TR-PARALLEL, TR-ACTOR, TR-PROCESS, TR-
SEQ and TR-ASSIGN-VAR-EXP we can state that there exist 3¢, ©, Ky, --- , K, such that:

At ala {tle = va(@):sh,3) : (2O (0+L) &(X,a)) &( & K)

Let A" = Alz ~ h][h = ~[y7g]"] and (k) = f, «(8) = 7, where 7 is an injective function on future
names and actor names, by TR-PARALLEL, TR-ACTOR, TR-PROCESS, TR-ASSIGN-VAR-ExP and TR-
AcCTOR-NAME we have that: .

At ala )@= B;547) B[ = 0],2,2):(v7)(0 - (0+L,) &(X, @) &( & Ki) &0

It is trivial to verify that (v32) (0 - (04Ls) &(X, ) &( 2 Ki) =a (v32) (0« (0+Ly) &(X, ) &( 2 Ki) &
i=1 i=1
O
Case: Invk
INVK

[v]atre =8 [Olote =@ B#a

f fresh bind (3, m,w, f) = p’

a(a ¢ T2 = va®) ; sL0) 55 1)
ala, {t|z=f; st,q) Bla',p.d U{P'}) f(L)

Let A and K exist where A - a(a,{¢ | z = vm( );8},q) B(a',p,q') : K, then there exist A’ such that
A+ ala, {0 |z = f;s},9) Bla',p,d U{p'}) f(L):K and K = K'.

Because of the restriction of the language we have that v can not be the result of a method invocation
then the access of v could not perform a synchronization.

0.



Proof. By applying the rules TR-PARALLEL, TR-ACTOR, TR-PROCESS andTR-SEQ we have:
— there exist A” that extend A (like in the application of TR-AcTOR and TR-PROCESS) such that
A'(r) =g
— there exist a set of future names S such that S C dom(A”) as defined in rule TR-PROCESS;
— there exists a set collecting effects F;
— by TR-INVK we can infere that A", F g vm(v) : 5f , °f, &rt_unsync(A”) > A" E such that
A" = A"[f = XX m(g, g, X', Ay, Ey)] where °f is fresh.

Considering the previous hypothesis and by the rules TR-PARALLEL, TR-ACTOR, TR-PROCESS, TR-
SEQ and TR-INVK it follows that exist @, 7, Ly, X and Kq,--- ,K,, such that

At a(a, {llz =vm(@®);s},9) : (032 f)(O - (5fc & rt_unsync(A”) + L) &(X, a)) & (1§<1K2) By applying

the rule TR-ACTOR there also exist K}, K], such that A+ B(a/,p’,q) : K, & ( & K}). It is trivial to
i=1

notice that by TR-PARALLEL A types a(a,{¢ | x = v.m(7);s},q) B(d’,p,q") in the parallel composition
of the types of the two configurations.

Let us chose A’ such that A" = A[f — AX'm(g,g’, X', Ay, Ey)] such that and (°f) = f where 1 is an
injective function on future names, by rules TR-PARALLEL, TR-ACTOR, TR-PROCESS, TR-SEQ and
TR-FuT we finally obtain that:

S Ata(a,{f|z=f;5}7): 0B (O -0+ L) &(X, ) & (élKi)

~ A B, ¢ U{p"}) F(L) KL & ( 2 K}) & K, where K, is the behavioral type of the method m
i=1

instantiated with ¢, ¢’, X', Ap.
Also in this case it is trivial to see that A’ types a(a,{¢ | = f;s},q) B(d',p’, ¢ U{p"}) f(L) in the
parallel composition of the types associated to the two element of the configuration.

Moreover, by LS-INVK we can conclude that (13, f)(© - (ff & rt_unsync(A”) + Ls) &(X, @) =a

(V¢7 f)(@ ) (0 + Ls) &(X, Cv)) & Kp//.
O



C Behavioural type soundness (Effects)

Theorem 5. Let P be a gASP and cn be a configuration of its operational semantics, and let I' exists,
we have that I' = cn = cn has a queue with deterministic effects.

Theorem 6. Let I' - cn and cn — cn’. Then there exist I such that I - cn/.

Lemma 2. Let I' - cn> E and cn — cn’. There there exist I'', E’, and an injective renaming of future
and actor names 1 such that:

~-I'ten>F

- FE' C(FE)

The proof of Theorem |§| and Lemma [2|is a case analysis on the reduction rule used in cn — cn/'.

Runtime Type System for Effect analysis (typing rules)

In order to study the effect for runtime configuration we define a runtime type system. This type system
is a simpler version of the one given in section [3| where we are focusing only on the effect analysis part
leaving out all the aspects related with deadlock. This is the reason why the typing judgments are simpler
then the corresponding one previously shown.

Note: it is relevant to notice that the type system is monotonic for effects, which means that each rule
only add new effects and there are no rules that can remove effects from E or A.

configuration and processes: AF cn:Land AFp: (v3)(O L)

(TR-FUTURE-UNDEF) (TR-FUTURE-EVAL)
Ab f:AXn(g, A, En) AbF f:AXn(g, An, En)Y  Abw:f
AF f(L) Al f(w)
(TR-ACTOR)
Ala) = aly: f] AFw:f A=A+ this:aly: f]
A, [this — @],@ Fp > Ep, Ao (TR-PARALLEL)
Vi e l.n. A/, [thzs — @L@ F q; > EiyAi At ceny > By AlFcng > Ey
A'_a({y)_)v}apv{qlv"' 7Q7L}) > |_|(Ek|—|Ak) Al_C’I’Ll cng > Ell_lE2
0<k<n

(TR-PROCESS)
AF f:AX.m(this, G, A, Fy) At T:g g = int(g)
A+ Ay +2:9, B, Al 5 s:L > ALE A
A =20 [ {(Belime) | 20 = B}
hedom(I')
A, B, AF s gy {desting = f,o7=70 | s} » B A”

values and method names: At x:band A+ m:(f,A") — (E, A)

(TR-FIELD)
(TR-VAL-INT) (TR-VaR) A(this) = afz: f,---]"
v integer-value or null Alx)=f E' = Ela.x —" 1]
AEArviop> E AE Atz f b E AEFz:f > E
(TR-VAR) (TR-METHOD-SIGN)
A(f)=FE Am) = (f) = (E, A) o renaming
A f:FE AFm:(o(f),A") = (Eoo,Aoo0)
synchronizations: A, E, A ®-¢ e > A E/| A
(TR-SyNC)
A7 E, Al x: f > B (TR-SYNCHRONIZED)

A B A =A\{f} AFEFefs E f¢dom(AQ)
AE® g zvo AEUE|s AE®%gvo AE




expressions with side effects: A, E,AFgz:f > A E A
(TR-EXPRESSION)
(TR-AtoMm) A,E@l— v D> A/,El
AEA-v:f > E AVE O o > A E
AE,Abguv:f > AJE A AE,Abgvdv o> A E" A

(TR-INVK)
AEArv:f > FE
AEAFD:f > E AFm:(f,f) — (En, An)
g fresh A" = Alg— Ey

(TR-NEW)
Bedom(E,WA) A y€Efields(Act)

AE,AFv:g > F f fresh (Effects(A")(B) #y(E'“uA)(B'y))
A E,Atgnew Act(v):f > A E' A AE,Abgom(®):g > AE AU Auls

statements I, E, AFgs > I"E' A

(TR-ASSIGN-FIELD-EXP)

(TR-ASSIGN-VAR-EXP) x € fields(Act) A& this:af - '}‘/
x ¢ fields(Act) AEAFzf > AE A
AEAF z:f » A VE A Effects(A")(a) # 27 A'(a) # 2¥
AEArgr=2z0p> Az f|,E A AEAbgx =2z > Althisx — f], E'|a.x —" w], A’
(TR-SEQ)
AE A sy > Ay Ep, Ay (TR-RETURN)
(TR-SKIP) . /
Al,El,All_SQ > AQ,EQ,AQ A,E7A}—’U.f > K

A E Algskip:0 > AJE A ;
AE,Abg s1580 > Ag, Eo, Ay AE,AFgreturnv > AE' A

(TR-IF)
A,E,A"EZ.]C > A/,E/,A/ A,,E/,A/}_Sl > Al,El,Al A/,E/,A/FSQ > AQ’E27A2
Al ~—unsync A2

A,E,A"S ife {81} else {52} > A1+A2,E1 |_|E2,A1 L]Ag

C.1 Proof of Theorem [6] and Lemma [2]

Case: Serve

SERVE

a(a, 2,9V {p}) = ala,p,q)

Let A and F exists, such that A F a(a, @,gU{p}) > E, then there exist A’ such that A" + «a(a,p,q) > E”
and «(E") C E where ¢ is an injective renaming of future and actor names.

Proof. By rules TR-ACTOR and TR-PROCESS we obtain that:

~Vgeq A E,oFq > ELA,

- AE,@Fp o B A,

~ At a(a,2,qu{p}) > | |[(E,UA)UE], UA,

q€q
With the same A we can type a(a,p,q) obtaining that A+ «a(a,p,q) > |_| (E,UA)UE, LA,
q9€9
It is trivial to verify that |_| (E,UA)UE,UA, C |_| (E,UA)UE,UA,
q9€9 q9€9

Case: Return

RETURN
[v]atre = w {(destiny) = f
a(a,{¢ | return v},q) f(L)
— a(a,2,7) f(w)




Let A and F exists, such that A b «a(a,{¢ | return v},q) f(L) > FE, then there exist A’ such that
A'F ala,2,q) f(w) > E' and E' C E.

Proof. By rules TR-AcTOR, TR-PROCESS and TR-RETURN there exist A; that extend A like in the
application of TR-PROCESS such that Ay, [this — &, F return v > Ay, Ey, d, where Ey = [this —
gl U aw =" 1] if v € fields(Act) or Ey = [this — 2] if v & fields(Act).
Let us chose A" = Aq[f = Ai(f)Y][w — Ai(f)] by applying the rule TR-PARALLEL, TR-ACTOR,
TR-PRrROCESS and TR-FUTURE-EVAL we can type the target configuration and we gain that A’
ala, 2,q) f(w) > E.

We can conclude that E; = +(E’) and then «(E’) C E3 where 7 is an injective function on future names
and actor names.

]
Proof. By rules TR-AcTOR and TR-PROCESS we have that:
- At afa,{¢| return v; },q) f(L) > {a— [}
- AFp o> Ep A,
- AF afa,2,qU{p}) » E,UA,UE,UA,.
With the same A we can type a(a,p,q) having that A" - a(a,p,q) > E,UA,UE;UA,. O

Case: Update

UPDATE
(a+0)(x) = f
(a+ 0Oz —w=d + 1

a(a,{]s},q) f(w)
— ala’ {¢'| s},q) f(w)

Let A and E exist, such that A F a(a,{¢ | s},q) f(w) > E, then there exist A" = Az — A(w)] that
we can use to type the target configuration A’ - a(a’, {¢' | s},q) f(w) > E’, and in particular we have
A'F (ol +0)(z) : A (x).

Proof. Tt is trivial to notice that E' = E. O

Case: Assign

ASSIGN

lelase = w (a+O)z—w)=d +1
ala,{l|z=ce; s}, q) — ald,{l]s},7q)

Let A and F exist where A b a(a,{¢ | z = e;s},q) > E, then there exist A’ such that A" - a(a’, {¢' |
s},q) » E' and E' C E.

Proof. To assert A" F a(a’,{¢' | s},q) > E’ we need to apply TR-AcTOR, TR-PROCESS to the source
configuration and find A4, E», A such that Ay, [this— @],@ gz =e; s > Ay, Es, A, with A; extends
A and S is a set containing the future name of the parameters like in the application of TR-PROCESS.

We can distinguish two cases:

1) x is a local variable (z ¢ fields(Act))
By applying the rule TR-ASSIGN-VAR-EXP we have that Ay, [this — @], @ Fgz =€ > A3, F1,Q
such that:

— Az = Az — f], where f is the type of the evaluation of the expression e and A, is the
update of Ay, that are obtained by applying TR-EXPRESSION to type e (A, [this — @], @ Fg e:
f > Ay By, 2);

— Ej is the update of [this — @] which contain all the effects obtained by typing e.



Finally by TR-SEQ we obtain that Aj,[this — @],@ Fg o =e ; s > Ay, By U E,, A such that
Ay is the update of A3 and Ey is the set of effects that are added to E; obtained by typing s
(As, Er, @ g s> Ay, E1UE,, A). Finally we can state that A F a(a, {¢ | z = e; s},q) > E1UE;UAUES,
where F7 is the set containing the effect of the queue of process to be executed.

Let us chose A’ = A3 we can type the target configuration, in particular we have A’ F ¢/'(z) : A'(z).
We can type the target configuration applying the rules TR-ACTOR and TR-PROCESS and we gain
that A" - a(a,{¢' | s},§) > E’ where E’ is the set of effects obtained by typing s (A, &,2 Fg s >
Ay, Eg, A) and by typing . We can conclude that E;LUAUEG = «(E’) and then «(E’) C EyUEUAUES,
where ¢ is an injective function on future names and actor names.

2) z is a field (z € fields(Act))

This case is similar to the previous one, but instead of apply the rule TR-ASSIGN-VAR-EXP we apply

the rule TR-ASSIGN-FIELD-EXP that we give us Az = As[this.z — f] and E;[a.z —" w].

Let chose A" = A, we can type the target configuration, in particular we have A’ F o/(x) : A'(z).

Typing the target configuration by rules TR-AcTOR and TR-PROCESS we have that A’ F a(a’, {¢ |

s},q) > E' where E’ is the set of effects obtained by typing s. We can conclude that EsUAUE; = o(E")

and then «(E') C EyUE; U AL Eg, where ¢ is an injective function on future names and actor names.
O

Case: New
NEw
[Plate =@ B fresh 7y = fields(Act)
ala,{¢| z = new Act(D) ; s},q)
—a(a{t|z=5; s},q) By~ w]2,92)
Let A and E exist, such that A+ «(a,{¢ | © = new Act(7) ; s},q) > F, then there exist A’ and E’ such
that A" F a(a,{¢ |z = B;s},9) B(y— w|,2,2) > E' and E' C E.

x is not a field because of the restriction of the language.

Proof. By rules TR-AcTOR, TR-PROCESS and TR-NEW there exist A; and S, that are, like in the
application of TR-PROCESS, the extension of A and the set containing the future name of the parameters
respectively, such that Ay, [this — @],@ g new Act(D): f > A, By, @, where Ay = A¢[f — Blatg)”]
and Ey = [this — @] U [a.v =Y r]Ve7.

Finally by applying the rules TR-ASSIGN-VAR-EXp and TR-SEQ we obtain that A, F1,@ Fg = =
new Act(7) ; s > As, E9, A where Az and Fs are the updates of Ay and E; that we gain typing s. We
want to underline that by construction Fy = E; Ll E5 where we call E the set of effects that are added
to E; obtained by typing s (Asfz — f], E1,@Fg s > Az, B U E,, A).

Let us chose A" = A3[f — Asz(f)] we can type the target configuration, in particular we have
A Fw: A(f.y). We can type the target configuration applying the rules TR-PARALLEL, TR-ACTOR
and TR-PROCESS and we gain that A’ - a(a, {¢' | s},§) > E’ where E’ is the set of effects obtained by
typing s (A", @, @ Fgs > Ay, Es, A) and A’ F B([y — @], 9,9) > 2.

We can conclude that E; = +(E’) and then «(E’) C E3 where 7 is an injective function on future names
and actor names.

O

Case: Invk
INVK
[Vlaye =B [P]are =@
f fresh bind(8, m,w

ala, {0 |z =vn(@) ; s},7) Bld',p,q)
—afa,{l|z=f; s}q) Bl p, ¢ U{p'}) f(L)

Let A and E exist where A a(a, {¢ | z = vm(?) ; s},q) B(a’,p,q') > E, then there exist A" and £
such that A" F a(a,{¢ |z = f ; s},q) B(d,p',¢d U{p'}) f(L) > E' and E' C E.



Proof. By rules TR-AcTOR, TR-PROCESS we have that:
- AF{{|z=vn(@®) ; s} > Ep, A,
- Ak q > Eq, Aq
At a(a,{¢|z=vm(D) ; s},9) > E,UA, UEzU Az
- AFp o> Ep A,
— Al‘? > Eq/,Aq/
~ Ak B(d,p',¢) > By UAy UE;U A
By rule TR-SEQ and TR-INVK we have that there exist As that extend A, Fy, A; and S with S C A,
such that:
- AQ,El H v:g b E2
- AQ,EQ }_ﬁig > Fj3
- AF m:(gaa) — (EHHAIH)
- AQ,El,Al Fa= v.m(ﬁ) > A4,E2,A1 L Am|S

Now we can distinguish two cases:

— Case 1: s contains a synchronization of the method invocation v.m(7), then by rule TR-SYNCH we
have that Ay, By, A1 F 2 =0n(0) ; s > Az, By UEy|sUEs, Ay U Au|s U Ag, where Es and A, are the
effects of the other statement in s. At the end we have that A+ a(a,{¢ |z =vn(®) ; s},q) > E1 U
E,|sUE,UA UAysUAs U EzU Ag, where E7, contain the same effects of E, plus all the effects of
the method invoked in s and not synchronized.

— Case 2: s does not contain a synchronization of the method invocation v.m(v), then we have that
Ay, By, A1 Fz=0vm(D) ; s > Az, By UFE,, A U Ayls U As (Es and A are the same of the case 1).
At the end we have that A+ a(a, {¢ | z = vm(7) ; s},§) > E1UE] UA; UAL|sUA, UEzU Ag,
where this time E! = E,|S U E. because the method m is one of the not synchronized method at the
end of the execution.

Tt si easy to notice that the effects of a(a,{¢ | x = v.m(T) ; s},q) in both cases are equivalent.
Let A" = A[f + FEp] we have that by rules TR-ACTOR and TR-PrROCESS A" F a(a,{¢ | v =
fsha) Bla,p,d u{p'}) f(L) » E
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