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TyCO + Linear channels

Francisco Martins* Vasco T. Vasconcelos!

December 2001

Abstract

We present an extension to the TyCO type system that is able to
identify linear channels. We prove some technical results (e.g. type
preservation w.r.t. reduction) and present an algorithm for inferring
channels usage from process expressions. Our major contribution is
the inference of linear information in a calculus with recursive equa-
tions rather than replication.

1 Introduction

In this document we extend the type system for the TYped Concurrent
Objects (TyCO), introduced by Vasconcelos [Vas99], to incorporate
the concept of linear channel—a channel that is used just once.

In TyCO, as in m-calculus, a communication occurs when an input
and an output operation is performed on the same channel. This
means that a linear channel can only be used to perform at most a
single input and a single output. Thus, we must count the number of
inputs and outputs separately.

In addition to the monomorphic type system in [Vas99], we include
uses that specify the number of inputs and outputs allowed on every
channel. We follow [KPT99, IK00] and specify the set of uses as
{0,1,w}. The meaning of each element is as follows: 0 describes a
channel that is never used; 1 a channel that is used at most once, and
w specifies a channel that may be used any number of times.

We also present a type system suitable for type reconstruction.
This type system is parametric on a call-counting function U that
computes channels usage in processes with recursive definitions.

*Departamento de Matematica, Universidade dos Agores.
tDepartamento de Informatica, Faculdade de Ciéncias, Universidade de Lisboa.



One of the main motivation for this study is the inference of lin-
ear channels from process expressions. This information can be used
afterwards by a compiler, at code generation phase, to produce more
efficient code. TyCO is a concurrent language based on asynchronous
message passing, which means that a sender does not have to wait
for its message to be delivered. The implementation of this message
passing style requests queues to hold undelivered messages. If one
knows additional information about channels, such as linearity, we
could be able to generate more efficient (both less memory and time
consuming) code.

The rest of the report is organised as follows: the next section
presents the syntax of TyCO process expressions. Section three intro-
duces an extended type system, with a structural subtype relation, ex-
pressive enough to describe usage information. Section four addresses
the calculus operational semantics with uses. Here we prove subject
reduction. The fifth section discusses type reconstruction. We present
a type system suitable for type reconstruction and an algorithm for
finding principal types with uses from process expressions. In the last
section we develop a function that computes, “accurately”, the re-
sources needed to typify processes with recursive definitions. In fact,
the detection of linear channels in a calculus with recursive definitions
constitutes the main original contribution of this report.

The proofs of claimed results are kept on a separate section for the
sake of readability of the report.

2 Process expressions

Fix a denumerable set of names, a denumerable set of labels, and a de-
numerable set of process variables. We denote names, labels, and pro-
cess variables, respectively, by (possibly subscribed) letters a, b, v, z, y,
by letter [, and by letters X,Y. When referring to a possible empty
sequence of names (or process variables) vy, va, -+ , vy, we usually ab-
breviate it by ©v. The empty sequence is denoted by e.

The syntax of process expressions is given by the following gram-
mar.

P,Q,R,S == a'l;[0] | a?{M} | P|Q |0 ]| newa:pP | X[0] |
def D in QQ
M == Ui (1)=P,....ln(T,) =P,
D = Xi(#) =P and ... and X, (Zn) = P,

Processes of the form a![;[0] specify messages, where a is the chan-
nel through which the communication [;[0] is sent, [; is a label that
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selects a method in the target object and o is the actual contents of
the message. The sequence of names v constitutes the arguments to
the correspondent method.

Objects are described by processes of the form a? {M}, where a
is the location of the object and M is its collection of methods. A
method is of the form l; (Z) = P;, where [; is its label (unique within
the collection of methods), Z is a sequence of names that represents
the formal parameters, and P; is the method body.

The process P|Q represents the parallel execution of P and Q.
Inaction, denoted by process 0, means a terminated process.

Scope restriction is introduced by processes of the form new z :
p P, suggesting x as a new channel only visible in P. We change the
syntax of scope restriction (cf. [Vas99]), indicating explicitly the type!
of x, in order to keep track of communications occurring privately to
P. However, p can be inferred from P and, from a practical point of
view, need not be explicitly indicated by the programmer.

Process expressions def X| = (Z1)P; and...and X, = (Z,)P, in Q
constitute a declaration. Procedures X; (&;) = P; bound process vari-
ables X; to processes P; parametric on Z;. This declaration allows for
mutually recursive definitions as well as several calls to X;.

3 The extended type system

This section introduces a type system allowing for the reasoning about
channel usage. For that, we must take special attention to the use of
resources?, when defining the inference rules for linear TyCO. In fact,
type environments must retain information of both channels type and
its usage.

3.1 Uses

In order to record the number of times that a channel has been used,
we introduce the concept of uses, that enables us to keep track of
channels usage for input and output. To maintain a separate count-
ing on the number of messages sent and received on a channel, we
attach to each channel type a pair of uses (k1,k2), where k1 and ko
specify, respectively, the number of sends and receives recorded for the
channel.

1See section 3.2 for the syntax of types.
2We use the terms name and channel interchangeable. However, resource refers also
to the capability to communicate on a channel.



Definition 1 (Uses). Let k,u range over the set of uses {0,1,w},
with 0 <1 <w.

The meaning of a use is as follows:

0 — it is not allowed to communicate on that channel;
1 — at most one communication—a linear channel;
w

— unbound number of communications.

We define the following operations on uses that ables us to control
channels usage across processes.

Definition 2 (Operations on uses). The sum, the product, and
the least upper bound of two uses k1 and ko, denoted respectively by
K1+ Ko, k1 X Ko and K1 U Ko, are defined as follows.

K,l—f-liz‘o 1 w K1Xﬁ2‘0 1 w kKildkre |0 1 w
0 0 1 w 0 0 0 O 0 0 1 w
1 1l w w 1 0 1 w 1 1 1 w
w w ow w w 0 w w w w ow w

Proposition 3. Sum, product and least upper bound operations are
commutative and associative.

Proof. Follows directly from definition. O

Definition 4 (Suppression). The suppression of a use k, denoted
by k—, is defined as
lﬁ}_‘ 0 1l w
‘ undef. 0 w

3.2 Types

Types are built from a set of type variables according to the following
syntax, where ¢ denotes an arbitrary type variable and x1, k9 are uses.

a,B ==t | {li:pr,--ylnipn} | utp
P, 0, T 1= a(F152)

There are two type constructors. In the channel type constructor,
denoted by {...}, [; represent the method labels that can be selected
and p; are its types (i.e. the information that can flow through the
channel when some [; is selected).

The recursive (channel) type constructor, ut.p (with p # t), repre-
sents the solution of the recursive type equation p = {...,l; : p,...},
and is used to typify processes with a recursive name structure (vide
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[VH92]). For instance, consider the process expression a!l1[b] | b!lz[cal
and let p. be the type of ¢. The types of the names a and b are, re-
spectively, the solutions of the recursive type equations p, = {l1 :
pp Y Feta) and py = {ly : pe pa}0#) that can be expressed as put.{l; :
{petyroro) Y (Fakta) and pt {1y = pe {1y = t}Faka) J (w010,

Uses are associated with types in the form of pairs (K1, k2), where
k1 and ko represent, respectively, the number of inputs and outputs
allowed for the type.

3.3 Subtypes

We also consider a subtyping relation in our type system.

Definition 5 (Subtype). The binary relation < on types is defined
as the least equivalence relation closed under the following rules

k1221 PLZTL ... PpnTa
{ly 1yl s pp 500 <Ll sy, Dy T p(20)

Ko > pg > 1 TP - Tn2>pPn
{li:p1y. .y ln: pn}(ov’ﬂ) <{ly:m1,. Tn}(oym)

K12 p1 =1 Ko > g > 1
TIL23P1L oo TnpPn PLZTL ... Pp3Tp
{0y p1y eyl s ppt50m2) <Ly oy ooy 7 p(B1002)

This means that the subtype relation = is covariant on the input
channel arguments, contra-variant on the output channel arguments
and invariant, if the channel is used both for input and output.

The idea behind channel subtyping is that we can use a channel of
type p to send any value of subtype o and the received value can be
used as any super-type T of p.

3.4 Type environments

Definition 6 (Type environment). A type environment I' is a
mapping from names and process variables to types.

We write dom(I") for the domain of I'. Type environments are
ranged over by uppercase Greek letters T', A, A, 1I.



The operations on uses introduced in definition 2 can be pointwise
extended to types and type environments as follows

Definition 7. Let x denote a generic operation (+, x,Ll). Suppose
that py and py differ only in their outermost uses, that is py = a/(F152)
and py = a53:54)  Then py % py is defined as:

a(Fr2) o o (R3sma) o (R1xR3,RoxKa)

For type environments x is extended in the following way:

Iy(z) *Ta(z), if x € dom(I'1) Ndom(I'y)
(TyxTy)(z) = Ti(x), if x € dom(I'1) \ dom(I's)
Iy (x), if © € dom(T'9) \ dom(T')

We now introduce some operations on type environments that are
needed for the rest of the report.

Definition 8 (Operations on type environment). Let ' be a type
environment, a a name, p = alk1r2) pe g type, and 1 a use constant.

1. T' 4+ a : p denotes the type environment A where dom(A) =
dom(T") U {a}, A(x) =T'(z) for all x # a, and

I'(a), if a ¢ dom(I),
A(a) =4 T(a)+p, ifaecdom(') and+ is defined,
undefined if a € dom(T") and+ is undefined.

2. When a ¢ dom(I"), we define 'Wa : p as the type environment A
where dom(A) = dom(I")U{a}, A(z) =TI'(z) for all z € dom(T"),
and A(a) = p.

3. T'\a denotes the type environment whose domain is dom(I')\{a}.

4. 1 x T denotes the type environment A where dom(A) = dom(T")
and A(z) = oWXs01x82) for qll ¢ such that T'(z) = alm1:52),

3.5 Counting procedure calls

The def construct binds processes to process variables and allows for
calls to these processes within its scope. The number of calls to a
procedure is unrestricted, meaning that a procedure can be called any
number of times.

For a process P to be typified correctly, the input and output uses
of every (type of every) name on P must reflect, at least, its com-
munication capabilities. If a name, say a, occurs free in a procedure
X (0) = P, it is not enough to consider only the usage of a within P.
In fact, the usage of a depends also from the number of times that X



is called within a given process. To illustrate this situation consider
the following example.

def X (v) = ally[v] in X[B] | X[c.

Considering a!l;[0], we may say that the usage of a is (0,1). But X is
called twice in the scope of the definition. Then the usage of channel
a must be at least (0,w).

We propose a function U (X, D, Q) that computes the number of
times that X is called in @), regarding the collection of definitions D.
The call to U(X, X (v) = a!li[v], X[b] | X[c]), must yield w, since X is
used twice in @, and thus the usage of a is w x (0,1) = (0, w).

As a name may have more then one type, it is plausible to expect
that there is not a unique way to compute the number of calls to X.
Trivially the constant function W (X, D, Q) = w will do the job, since
a@w) < o(F1R2) for any use k1, ke. But then the question is: is the
function interesting enough from a practical point of view? Certainly
not, because this information cannot help us in any kind of compiler
optimisation. We have devised a function, introduced in section 6,
that more accurately computes the number of times (0,1,w) that a
process variable is called in a given process.

In what follows we state the properties that a function must satisfy
in order to be a call-counting function.

Definition 9 (Call counting function). Let D f x, (Z1) = P and
. and X, (Z,,) = P,. A function U is a call-counting function if it
satisfies the following requirements.

1. U(X,D,Q)>U(X,D,R), if Q5 R, for all {,
2. U(X, D, X;[0]|Q) = 1 +UX,D,{0/2:}F;|Q), if X = X; for

some 1,

3. U(X,D, X;[0)| Q) = U(X, D, {5/} P,|Q), if X # X; for no i.

The above assertions define the behaviour of U during process re-
duction®. The first assertion states that the number of potential calls
to a particular procedure cannot increase during reduction. Asser-
tions (2) and (3) refer specifically to reductions that occur on a call:
if it is on X—the variable that we are counting—then the number of
calls decreases by 1, because X is called in P; the same number of
times in each equation side, plus one more time in the call to X|[0]
itself. Otherwise (assertion 3) the number of potential calls to X is
not affected.

3See section 4.2 for the reduction relation.



Proposition 10. The constant function W, defined as W (X, D, Q) =
w, s a call counting function.

Proof. Trivial from w > w and w =1 + w. O

3.6 Typing rules

We now are in position to present the typing rules for linear TyCO.

Notice that we pay special attention to type environments used to
typify processes, and construct them in such a way that they contain
both typing information on what channels transport (the number and
types of the names that the channel transports) and channels usage
(the number of times that the channel may be used for input and for
output).

A judgement is an expression of the form I' H P and means, not
only that P is correctly typed under I', but also that the resources are
used according to the uses specified by the types.

MsGc a:{l :ﬁl,...,ln:ﬁn}(o’l)—#—f):ﬁi Fall;[7]

Rule MsG expresses the fact that ¢ must be a channel with, at
least, output capabilities. We add o : p; to the type environment to
take into account the usage of ¥ by the receiver.

I'EM:«

O
B I+a:al0)ka?{M}

Following the same approach, a must at least have input capabili-
ties.

T'wzr:pkHP
I'tFnewz:pP

RES

The restriction rule specifies that the corresponding binding vari-
able moves from the type environment to the new operator.

TEP  TybQ
I+TFP|Q

PAr

The PAR rule establishes that the usage of channels in the process
P @ is the sum of the two environments I'y and I'y that typify P and
@, respectively. This means that the resources consumed by P|Q
are those consumed by P together with those consumed by ). As an
example, suppose that P & a?{li(z) = alli[z]} and Q & ally[v].
Then a is used both for input and for output (once) in P and used
again in @), that is, a is no longer a linear channel in P | Q.
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ApPp X :ip1...ppBor:ipr+ ...+ v, pp B X[7]

The name sequence ¢ constitutes the arguments of X. Therefore,
the sum vy : p1+...4 v, : p, enables us to keep track of the usage of v;
in the process bound to X. Notice that v; are not necessary distinct.

NiL 0+ 0
The inaction process needs no resources to be typified.

IhwX;,:ppwzy:p;FPp -+ FnH'JXZﬁZL‘Hi‘nﬁn}—Pn
AWX;:pFQ

D
TS UK D, Q) xTi + AFdef X, = (71) Pr... inQ

The product of each I'; by U(X;, D, Q)—the number of times that
X is called in def D in Q—accounts for the fact that some of the X;
can be called zero or more times; each time X; is called we need the
resources specified by I'; to be available.

Fr'wz, :p H P T'wz, :pnt P,
F"ll(.f'l):Pl,...,ln(.i'n)zpn:{ll:ﬁl,...,ln:ﬁn}

METH

In order to typify a collection of methods we do not add or multiply
the resulting environment, since just one of the methods is active
at a given time. Thus, we use as the result environment the most
consuming resources of each method (because I' is shared).

Fwa:p'-P p=yp
l'wx:pkHP

r-p r-pP
WEAK{ ————— WEAKy —————
"T+z:pFP >TWX:pF P
These rules SUB, WEAK; and WEAK> are the usual rules for sub-
sumption and weakening.

3.7 Examples
We illustrate the typing rules with some examples.

Example 11. The process a!l;[] is typified with the type environment
{a:{l; : e}(®} where € denote the empty type sequence. This means
that name a has a channel type with the capability of performing one
output and no input at all. Types are not uniquely determined, for

instance, other type possibilities for name a include {I; : e}V and
{ll : E}(w’l).



Example 12. In the process a?{l; () = z!l[],l2 (y) = x!l[]}, name
a has type {I; : &,1y : {}@0}(10) meaning that it has only input
capabilities, and that y has no communication capability at all. On the
other hand, z has type {I : }(%1) despite the fact that it appears twice
in output position. This is so because x is used in distinct methods

and we compute its least upper bound usage. Other type possibilities
for name a include {I; : e, 1y : {}(©0V@) and {1, : e,y : {}B) 1L,

Example 13. Consider the following process expression

a?{l (z) =z} [al Lyl [y ?{l = () O}.

Name z has type {I : 5}(0’1), because it is used for output and the
method with label [ carries nothing. Hence, name a has type {l; :
{12 e} “hecause it is both used at an input and an output
position. The type of y can be a little bit tricky, since it is used
for output (implicitly) on a!l;[y] and used for input (explicitly) on
y?{l1() = 0}. So, y has type {I: e}(L1).

Example 14. Consider the process def D in (Q where

DY X\ (2) = alli[z] and X5 (y) = X3[] | X1[y] and

X3 () = Xqf] and X4 () = X3[] and X5 (2) = a !}y [z]

QE Xafb]|a? {11 (2) = 2! 1o[]}

Name a has type {I; : {lz : e}@D}D since it is used for input in
Q, for output in the call to X5, and transports name b. Name b has
type {lo : €} because it is used as an argument to the method
labelled I; locate at a. Notice however that, despite the fact that X3
and X, are defined recursively, X is only called once from Xo (X
is not reachable from X3 or Xy). Nevertheless, W(X;, D, Q) = w, for
1<i<5.

Example 15. In the following def process a and b are free names and
X5 is defined recursively

def X1 (z) = ally[z] and Xs () = Xo[] | X1[y] in Xa].

Notice that = has an undetermined usage, since it is not possible to
compute its use within the object located at a. Thus, y has also an
undetermined usage. For the sake of this example we set their uses
pair to (0,0). Later, we explain how to deal with undetermined usages
(through use variables). Name a has type {l; : t(%0}0%) because X,
is reachable from the body of the def (and is recursive) and X is also
reachable from Xy. Hence, we have to compute w x {I1 : (00},
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4 Reduction semantics (with uses)

The operational semantics of the calculus is presented following Mil-
ner [MPW92]. We first define a congruence relation between processes
that simplifies the reduction relation introduced thereafter.

Free and bound names of P, denoted by fn(P) and bn(P), respec-
tively, are defined in the usual way; that is, bound names are intro-
duced by two process constructions: (1) procedures—X () = P—the
sequence of names & are bound in P; (2) restrictions—new z : p P—
name z is also bound in P. Every name occurring in a process that is
not bound is free. For process variables we say that X is free, if it is
not in the scope of a def process. Otherwise X is bound. The sets of
free and bound process variables are denoted, respectively, by fv(P)
and bv(P).

Notice that on a declaration, say X (0) = P, the free names of
P are not necessary in ©. Name a in X (v) = a!l;[v] illustrates this
situation.

Both for names and process variables, we follow the variable con-
vention (as in lambda calculus), and a-convert the bound names (vari-
ables) of a process in such a way that every bound name (variable)
is different from the other free and bound names (variables) of the
process. The exact definition of a-conversion, =, is in the appendix
(definition 45).

4.1 Structural congruence

The structural congruence relation is the least congruence on process
expressions closed under the following rules:

1. P=Q, if P is a-convertible to @,
2. PIQ=QIP, (P|Q)IR=P|(Q[|R), Pl0=P,

3. newz:p0=0,
newz:pnewy:o P=newy:onewz:pP,if z # y or (when
r=y)o=p,
(newz:pP)|Q=newz:p(P|Q),if v ¢ n(Q),
4. def Din0 =0,
def Dinnewz: pQ =newx:pdef DinQ, if z ¢ fn(D),
(def D in Q)| R = def D in (Q|R), if {X;} Nfv(R) = 0 and

D X, (#) = Prand ... and X,, (in) = Py.

5. My = My, if Ms is a reordering of methods defined in Mj.
Dy = Dy, if D, is a reordering of processes defined in Dj.
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Notice, in the second clause of the fourth rule, that the scope of
a new can be extended to embrace a def process, provided that z is
not free in any abstraction of D. We must set this condition since, for
each procedure X; (0;) = P;, the free names of P; may not all belong
to the name sequences v;.

Also notice, in third clause of the fourth rule, that a process can
be included or not in the scope of a def, if no X; is in fv(R).

Another comment, perhaps more subtle, is the side condition on
new rule when restricted names commute (clause 2, rule 3). In fact,
if the restricted name is the same for both new processes, then the
occurrences of the restricted name in P are bound to the inner new,
and when we commute the name restrictions we have to guarantee
that the type of the “new” restricted name offers, at least, the same
capabilities as the previous one, i.e., it must be its subtype (for details
see the proof of lemma 16 in appendix A).

The intuitive meaning of structural congruence on processes is that
whenever P is part of a process and P = (@), then we can replace P
by @ without affecting the behaviour of the process. Thus, it seems
natural that the typing environment of P must be the same as ). The
following result makes this statement precise.

Lemma 16. IfI'F P and P =Q, then I' - Q.

Proof. See appendix A. O

4.2 Reduction relation

We now present the one step reduction relation with uses. Each reduc-
tion is labelled either with a free channel z, or with the special symbol
€ denoting a communication on a bound channel or a process instanti-
ation. We use £ to range both over free names and e. The expression
{0/Z} P denotes the simultaneous substitution of free occurrences (in
P) of pairwise distinct names x; for v;.

Com a!l;[0]|a?{ly (Z1) = Pi,...,1n (Zn) = P} % {0/%;} P,

This is the basic communication rule between a message and an
object. The resulting process is the method body P;, selected by the
label [;, with its parameters Z; replaced by the arguments .

PLR

PAR#
PlQ = R|Q

12



The PAR rule allows a reduction to occur inside a parallel compo-
sition of processes.

X
RES] P — R —
new z : a(f152) P S new 2 : alF1 A2 ) R
¢
P 14
RESs — R # v

newx:pPinewx:pR

We distinguish two cases for reduction inside a restriction: (1)
RES; represents a reduction that occurs on the restricted name?. In
this case we label the reduction with € (communication over a bound
channel) and indicate explicitly, in the type of z, that it was used in
the reduction; (2) RES2 denotes a reduction occurs on a name other
than x.

rLQ
def Din P 5 def Din Q

DEF

CALL def D and X (2) = Pin X[3]|Q >
def D and X (%) = P in {0/Z}P| Q,
where D % X (#,) = P, and ... and X,, (i,) = P,

The two rules above define the behaviour of a def process. The
DEF rule specifies that a communication can occur inside a def pro-
cess. CALL rule describes the replacement of a process variable by
its definition, performing the necessary substitution. Notice, however,
that this procedure call does not consume any channel resources, hence
the transition is labelled by e.

P=R R4S S5=Q
rPLQ

This last rule incorporates structural congruence into reduction.

Intuitively the reduction relation with uses just introduced, allows
the control of communications over channels in the following way: if a
process P is typified by some environment, say I', and P can reduce by
¢ to become @), then the environment resulting from I' by suppressing
the capabilities consumed in the reduction typify Q). More precisely,

ifTFPand P5 @, then I~ - Q. This result (subject reduction—
theorem 19) constitutes the goal of the current section.

The effect of consuming resources in a reduction is made precise
by the following definition:

STR

4Recall the definition of suppression (definition 4, page 4).
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Definition 17. The type environment I ¢ is obtained from T' as fol-
lows.

D), ifa#l,
I a) =¢ alsise)  f T'(a) = a*1%2) and k], Ky defined,
undefined, otherwise.

Notice that a # ¢ implies that a # €, since € never belongs to
dom(T").
Proposition 18. If ' ‘+ P, then T F P.
Proof. The case when ¢ ¢ dom(I') is trivial, since I¢ = I. On
the other hand, if ¢ € dom(T), we know that T=¢ - P and that
['(¢) < T(¢). Applying SUB rule

P T <T740)

Sus TP

concludes the proof. O

The following result asserts that the types of free names remain
invariant during reduction. In the present case, where types have uses
pairs associated, the result goes further and specifies the variation on
the uses of the name where the reduction took place.

Theorem 19 (Subject reduction). IfI'+F P and P £ Q, then T ¢
is defined and T=¢+ Q.

Proof. See appendix A. O

The usual subject reduction result can be obtained as a conse-
quence of the previous theorem.

Corollary 20. If TP and P 5 Q, then T F Q.

Proof. From hypothesis and theorem 19, we find that T—¢ F Q. Ap-
plying proposition 18 one concludes the proof. O

5 Type reconstruction

This section addresses type reconstruction. We want to recover types
from processes without any explicit annotations from the programmer,
and we want to identify (on a systematic basis) the linear channels in
a program. This kind of information, achieved by a static analysis on
processes, is quite important at compile time, namely on queue allo-
cation. If a channel is linear, then we need only to allocate a memory
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cell to manage the communications within this channel, because one
has the guarantee that there will not ever be more than one message
waiting to be received for that channel. Furthermore, this memory
can be deallocated after the communication takes place.

Our approach follows Igarashi and Kobayashi [IK0O0]: first we de-
vise a new typing system, equivalent to the previous one (see section
3.6), but suited for type reconstruction; then we present some opera-
tors to compute type restrictions, and proceed with the presentation
of an algorithm that computes a principal typing and a set of restric-
tions to uses. For the resolution of this special kind of restrictions see
[IK00].

5.1 Type constraints

We extend uses syntax to incorporate use variables. Type and use
variables play and important role in type reconstruction.

Definition 21 (Use expressions). Let u (possible subscribed) range
over an infinite set of use variables. The set of use expressions is
given by the following syntax.

ku=0|1|w]|u| kK +Ke | ki ke | k1L Ke.
0, 1, w are called use constants.

We keep information about type and use variables as subtyping
constraints on a set C.

Definition 22 (Subtype restriction set). A subtype restriction
set C' is a set of subtype expressions p1 = pa, called restriction expres-
sions. We extend = to type environments, and let I' < A denote the
subtype restriction set {I'(z) < A(x) |z € dom(A)}.

The notion of type/use substitution is simpler than variable sub-
stitution, since there are no bound variables in type/use expressions.

Definition 23 (Substitution, instance). A substitution S is an
expression

{p1/te, .., pn/tn, K1/fu, ... Km/um},

where ti,...,t, are distinct type variables, p1,...,pn are types (n >
0), u1,...,un distinct use variables, and Ki,..., Ky uses (m > 0).
The domain of S, denoted dom(S), is the set {t1,... ,tn,ut, .., un}.
For any type p define Sp to be the type obtained by simultaneously sub-
stituting p1 forti, ..., pn fort, and k1 foruy, ..., Km for uy, through-
out p. We call Sp an instance of p.
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We extend substitution S to finite sequences of types p, to type
environments I, to subtype restriction sets C, and also to processes P.
Moreover, if SC' contains no type/use variables, we call S a ground
substitution on C.

The ground substitutions that interest us are those that turn true
all the subtype restrictions of a subtype constraint set.

Definition 24 (Solution of a constraint set). The substitution S
is a ground solution of C', if Sp1 = Spa holds for every restriction
expression p1 = p2 in C.

The next definition relates subtype constraint sets.

Definition 25. The constraint set C satisfies Ca, denoted by C |= Ca,
if every solution of Cy is also a solution of Cs.

Sometimes we use the expression “C' is a subtype constraint stronger
than Cy”.

Proposition 26. C' = C; and C = Cy, if, and only if, C = C1 UCs.

Proof. Let S be a solution of C. Since C' = C} and C' |= Cy, S satisfies
every restriction of C7 and (s, that is, .S satisfies C1 UC5y. Conversely,
if .S satisfies Cy U (s, then S satisfies C and satisfies Cs. ]

5.2 Type system for reconstruction

We introduce a syntax-directed typing system that identify linear
channels. These typing rules are adequate to perform type inference
because at each step in the inference there is exactly one rule to apply,
whereas in the type system devised at section 3.6 we could apply SUB
and/or WEAK at any inference step. (Nevertheless, the former type
system is best suited for proving the subject reduction theorem.)
Judgements are of the form I'; C' - P with the intended meaning
that ST' F SP holds for any substitution S that is a solution of C'.

C'):Fja:{ll:ﬁl,...,ln:ﬁn}(o’l)—k@:ﬁi

M
SGso [0 F al ;0]

AC'FM:a CEC CET=A+4a:al0
ICFa?{M}

OBJgsp

'wx:0;,CHP CEp=lo
IChnewax:p P

RESqp
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I';CiEP T9:CoFQ C'ZC&UCQUFjFl-FFQ

PaA
ftsp T,0FPQ

Clo<p
A = NiLgp ;00
PP TWX: pwo:6;CF X[0] Lso T30

Lﬂij:ﬁjLﬂFi&J.fitﬁi;Cil—H, 1 <1 <n
W, Xj: 0 WA CHQ
CET =Y, U(X:,D,Q) xTj+A
CEU,;(Cjufs 2pHuc”

DEFgp

[CFdef Xy (Z1) = Prand...and X, (Z,,) = P, in Q

ez, :0;C P, 1<i<n
CEU;AT 2T uCu{p; 2 5;5})
F;Cl—ll(:‘i‘l):Pl,...,ln(i’n):Pn:{lliﬁl,...,lniﬁn}

METHgp

Notice that there are no rules for SUB and WEAK, since every
rule combines the effect of these two. If fact, the preceding rules
reflect the effect of the rules WEAK and SuB applied together, and
are obtained from the rules in section 3.6 with the same name, but
without subscript.

The equivalence between the type system just presented and the
one of subsection 3.6 is made precise by the following theorem.

Theorem 27 (Equivalence of the two typing systems).

1. Suppose that I';C'F P. If S is a solution of C' and its domain
includes all type/use variables in T' and in P, then ST F SP;

2. IfT'+ P, then (T',0) - P.
Proof. See appendix A. O

Proposition 28. IfT';C = P and A;C" is an instance of T'; C, then
A;C'= P.

As was mentioned before (see section 3) types are not uniquely
determined. The next definition relates such types.

Definition 29 (Principal typing). The pair I'; C is a principal typ-
ing of P, if

1. I;CF P, and

2. If A;C"+ P, then A;C' is an instance of T'; C.
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5.3 Type reconstruction algorithm

The reconstruction of principal typings proceeds in two steps: (1)
compute a set of constraints for both type and use variables; (2) resolve
these constraints. We address step one. For constraint resolution see
reference [IK00].

First, we define the operators @, U, and ®, intended to compute
the most general pair typing.

Definition 30. I'1 ® 'y is a pair I'; C' defined as follows.

I = {z:pr=%) |z c dom(I'1) Udom(Ty)},

C=CiuUly U{F(Q}) = Al(.r) + Az(l‘) |$ € dOm(Fl) N dom(rg)}
U{l'(z) < T1(z) |z € dom(T'1) \ dom(T'2)}
U{T'(z) = T'a(z) |z € dom(I'2) \ dom(T'y)},

where
Ay ={z: agll’uzl) |z € dom(I'1) Ndom(T'9)}
Ay = {x: ai”?’“””?) |z € dom(T'1) Ndom(T'2)}
Cy ={A(z) 2T (x) : 2 € dom(A;)}
Cy = {Az(z) X Ty(z) : © € dom(A2)},

With By, Tz, Uz, Oz, Ty s Tay, Uz, , aNd Ug, fresh for each x.

Operations +, LU, and x are only defined for types that differ at
most in their outermost uses. Nevertheless, an operation between
types can still be defined for some common subtype of both. That
is the role that type environments A; and Ay play in the above
definition—they offer a common subtype for names that belong to
I'y and I's. Notice that, despite the fact that o is fresh, it is assigned
to Aj(z) and Ag(x), however with distinct use variables.

Definition 31. I'y Uy is the pair I'; C where

= {x: oreue) |2 € dom(I'y) Udom(I'2)}
C ={T(z) 2 Ti(z) |z € dom(I;)},

with ag, e and ug, fresh for each x.

Definition 32. x ® " is the pair A; C where

A= {z: 0l |z € dom(T))
C={A(x) =k -I'(z)|z € dom(I)},

with oz, e and u, fresh for each x.

The following proposition establishes the relation between the op-
erators @, LI, ® and the satisfaction of subtype constraints constructed
from operators +, LI and X, respectively.
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Proposition 33.
1. IfT;C =T1@0Dy, then C = (I' XT'y +T'9).
2. IfTC =T1UTy, then C = (I' 2Ty UTy).
3. IfIC =k @I, then C = (k x I'y).

Proof. See Igarashi and Kobayashi [IK00]. O

We now present a type reconstruction algorithm (LTR—Linear
Type Reconstruction) that can infer principal typings from process
expressions. For some process P the algorithm computes a pair I'; C
where T' is a type environment and C represents a set of restrictions
on subtyping expressions. The algorithm mimics the syntax-directed
rules, using the operators &, ®, U to explicitly determine the subtype
constraints.

In what follows, we use the untyped version of the syntax for pro-
cesses (defined in section 2). Since our purpose is to determine the
type of names from process expressions it does not make much sense
to explicitly indicate the type of the bound name in a new x : p P pro-
cess. In fact, we can infer p from P. Therefore, for type reconstruction
purposes, we write new x P instead of the usual newz : p P.
LTR(a!l;[?]) =a: {11 : tgrl’ul), U tﬁ{""’“n)}(&l) SR tgn’ui)
LTR(a?{li (1) = P1,...,ln(Zn) = P,}) =T5CUC1U...UC, UC’

where Fl; Cl = LTR(Pl)

I';Cn = LTR(P,)
IEC = (D \ &) U...U (T, \ &)
D:C=T®a:{l :T1(Z1),...,0: Tp(@n) 10

LTR(new z P) = (if z € dom(T") then I" \ z else I'); C
where (I', C') = LTR(P)

LTR(P|Q)=T;CUCLUCy
where I'j; C; = LTR(P)
I'y; Oy = LTR(Q)
O=Tr1el,
LTR(X[5]) = ({X : ") L glmen) o /)y g ) < glriovady
LTR(0) = (0,0).
LTR(def X (Z1) = Py and...and X, (Z,) = P, in Q) =
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r,ciu---uc,uc’uc”"uc”
where (I'1,C1) = LTR(P1)

T,;C, = LTR(P,)

A; 0 = LTR(Q)
IT; " = @i(u(Xia D, Q) ® (Fi \jn))
rC" =Aall

Theorem 34 (Correctness of the algorithm).
1. IfT;CF P, then LTR(P) outputs the principal typing of P.
2. If LTR(P) outputs T'; C, then T'; C' is a principal typing of P.

Proof. See appendix A. O

The following example illustrates the application of the LTR algo-
rithm.

Example 35. Consider the process expression
P=allifv]|a?{ly (z) = x!]y]}.

LTR(a!l1[v]|a?{l1 () = x!]y]}) =T;CUCyL Uy
where T'1; C1 = LTR(a !l [v])
[y;Cy = LTR(a?{l1 = x!l[y]})
InC=T19Ts.

Now we compute I'1; C1.
LTR(a!ll[v]) =aqa: {ll . 7Jﬁm,ul)}(&l) Gu: tgm’ul),
Then Fl = {a : tg'?’u?)’ v tz()’T‘S,US)} and

Oy = (") = {4 HOD ) <4y,

To compute I'y; Co, we let
LTR(a?{li (z) =z !l[y]}) =1L C" U C}
where A; C7 = LTR(z ![y])
ILC = (A\z)®a:{l: Adz)}10

It is easy to compute
A={z: tg"‘r”us),y : tém’uﬁ)}, O={y: t;r””),a : térs,us)}’
Cf = 1) < g1 oo ran) )
C = {tgrmw) < t((iT67U6)’tg'8,’U»8) < {l :térs,%)}(l,o)}'

Which means that Ty =11 and Cy = C' + CY.
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Hence, the algorithm output
r=m+={a: t%lov“lo) Y t%n,uu) v tggm,um)}
O ={trom) < grzma) () < ylrs )y
)

8
{tgglo,uw) < térg,ug) + té@"év“@ Jﬁ“’uu) < t§7’77u7)}u

{tggl%um) j tz(;"B,Uii)} U Cl U 02.
Resolving the subtype constraint set C', we get

0,0 0,0
@ {ly: (1 OO,y {(toﬁ(l)) yon,
z: {tyy 1O, Yty

6 The usage of a process variable

We now present an algorithm to compute the number of times that a
process variable is called in a def process.

Notice that the algorithm has to deal with recursive calls to proce-
dures (possibly defined using mutually recursive equations) and with
free names that may occur in each definition body.

Our approach is to interpret procedure calls as a graph that models
the dependencies between each process variable. The number of times
(0,1,w) that a certain variable X is called in a given process P is then
given by the number of paths starting on every Y € fv(P) and ending
in X. We formalise these concepts in what follows.

Definition 36 (Follows or is reachable). Let Y be a process vari-
able and P be a process def X (Z1) = Py and ... and X, (Z,) =
P, in Q. We say thatY follows directly from X;, denoted by X; —1 Y,
if P, =new x1:p1 ... new x, : p, def Dy in... def D,, in Y[0]| R,
for some process R and n >0, m > 0.

The relation — 1is the reflexive-transitive closure of —1. When
X — Y we say that Y follows from or is reachable from X.

The algorithm to determine if two nodes are connected in a direct-
graph is well-known from graph theory and can be found easily in
graph theory literature (for instance [AHU74]). Next we describe the
construction of the graph of call dependencies.

Definition 37 (Call dependency graph). The graph of call depen-
dencies of a definition D = X1 = (Z1) Py and --- and X,, = (Z,) P,,
denoted by, D(D) is a direct-graph constructed as follows:

1. Insert a node for each process variable in D (bound or free).

2. Insert an edge from X; to each Y, if X; —1 Y holds.
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The recursive function, U, computes the number of times that a
process variable X; is called in P = def D in Q = def Xy (21) =
Py and...and X,, (Zy,) = P, in Q.

def
M(sz Da Q) = Z/l/(Xia D7 Q7 0)

The auxiliary function ¢’ maintains a set of process variables V' to
track those already visited. This is necessary to avoid infinite recursion
as U’ descends the process tree structure.

We assume, without lost of generality, that all bound process vari-
ables X; are different form X7.

1. U'(X;,D,0,V) =0
X’LuDaa'l’L[ﬁLv) =0
X27D7P’Q7V) :ul(XzaD7P7V> +MI(X17D7Q7V)

’(Xi,D,a?{ll ({Z‘l) = Pl, e ,ln (Iin) = Pn},V) =
L, U (Xi, D, P;, V)

2. U
3. U
4. U

o

U (X;,D,newzx:p P, V)=U"(X;,D,P,V)
6. U'(X;,D,Y[0,V)=1,if Y €bv(D) and X; =Y
U(X;,D,Y[0],V)=0, if Y €bv(D) and X; #Y or
Yebv(D),YeV,andY 4 X,
U (X;,D,Y[0],V)=w, if Y;ebv(D),Y € V,and Y — X,
ul(XivD’Yj[ﬂv V)=1 +u/(Xi’D7Pjv Vu {Y]})),
if Y; ebv(D),Y; €V,and X; =Yj
ul(Xivayj[ﬂvV) :U/(Xi,D,Pj,VU {Y]}))v
if Y; ebv(D),Y; €V, and X; #Y;
7. U'(X;,D,def D'in Q' V) =U'(X;, D', Q', V)+
Zj{U’(Xj,D’,Q’,V) X UI(XZ',D,P]‘,V)}

where D is X; (1) = P, and ... and X, (Z,) = P, and D’ is
X{(Z1)=P{and ... and X/ (Z,,) = P,.

The function U’ counts the number of times that X; is called in
def D in @, by analysing the number of calls to X; in Q. If ) is an
atomic process (i.e. inaction or message process) the count is trivial.
Otherwise U’ must descend the process structure and analyse each
subprocess of ). The cases that worth mention are:

1. In case 4, we compute the least upper bound use of X; (not the
sum, as might be expected). This is so because only one method
is selected in reduction. Thus, is it enough to consider the least
upper bound use of X; in all procedure definitions.

2. First and second clauses of case 6 assert that we cannot descend
the process structure of a procedure that is not defined in the
def process that we are analysing.
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The reachability tests performed at clauses 2 and 3 of rule 6 are
necessary when a variable was already visited (Y € V). This
means that there is a cycle starting in Y, since Y is the first
process variable that belongs to V. Thus, if X; is part of that
cycle its use is obviously w, otherwise is 0.

3. Case 7 describes the number of calls to X; from a nested def
process. We must consider two cases: when X; is called directly
from def D' in @', that is, a call to X; is explicitly mentioned
in the nested def. That is what U'(X;, D', Q’',V) counts. But,
X; can also be called indirectly by some X; as well. Then, we
have to count the usage of each X in the inner def process and,
after that, find if X; is called from that particular X;. Thus, the
total number of calls to X; is the product of the calls to X; in
the inner def by the calls to X; in the process bound to Xj.

Our last result states that U defined as above is a call counting
function.

Theorem 38. Function U is a call-counting function.
Proof. See appendix A. O

To illustrate U consider the example 14 on page 10. The result of
U(X;, D,Q) for 1 < i < 5 is, respectively, 1, 1, w, w, and 0. These
results are more accurate than w = W(X;, D, Q), for 1 < ¢ <5.

7 Conclusions

In this report we have shown how to extend TyCO type system [Vas99]
to incorporate linear channels. We follow Pierce, Sangiorgi, Kobayashi,
Turner, and Igarashi [PS96, KPT99, IK00], and specify a type system
that distinguishes input, output, and input/output channels, counting
the number of times that channels are used in one way or another. We
enunciated the properties that a function must satisfy in order to be
a call-counting function and have devised a function I/ that computes
accurately such channel usage. This opens the possibility of compiler
optimisations suggesting that linear channels need not be implemented
using queues, and that the channels memory may be deallocated after
communication occurs.

We also devised an algorithm (adapted from [IKO00]) to perform
type reconstruction which means that, from a practical point of view,
programmers need not give any kind of information related to channels
usage. All usage information is recovered from process expressions by
type inference.
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It remains for further study the impact of possible optimisations in
the TyCO compiler and the applicability of source code transformation
techniques to optimise programs, knowing information about channels

usage.

References

[AHU74]

[1K00]

[KPT99]

[MPW92]

[PS96]

[Vas99]

[VH92]

Alfred V. Aho, John E. Hopcroft, and Jeffrey D. Ullman.
The Design and Analysis of Computer Algorithms. Series
in Computer Science and Information Processing. Addison-
Wesley, 1974.

Atsushi Igarashi and Naoki Kobayashi. Type reconstruc-
tion for linear pi-calculus with i/o subtyping. Information
and Computation, 161:1-44, 2000.

Naoki Kobayashi, Benjamin C. Pierce, and David N.
Turner. Linearity and the pi-calculus. ACM Transactions
on Programming Languages and Systems, 21(5):914-947,
1999.

R. Milner, J. Parrow, and D. Walker. A calculus of mobile
processes, part i and ii. Information and Computation,
100(1):1-77, 1992.

Benjamin C. Pierce and Davide Sangiorgi. Typing and
subtyping for mobile processes. Journal of Mathematical
Structures in Computer Science, 6(5):409-454, 1996.

Vasco T. Vasconcelos. Processes, functions, datatypes.
Theory and Practice of Object Systems, 5(2):97-110, 1999.

Vasco T. Vasconcelos and Kohei Honda. Principal typing-
schemes in a polyadic m-calculus. CS 92-004, Keio Univer-
sity, November 1992.

24



A  Proofs

This section presents proofs for the theorems stated in the report; it
includes other definitions and results needed by such proofs.

On the proofs that follow, we use (implicitly) the variable conven-
tion whenever necessary and take all the names in P to be different
from each other (by a-convert bound names).

A.1 Proofs for section 4

Essentially subject-reduction. In this section we redefine the meaning
for the symbol <.

Definition 39. IV < T, if Vo € dom(T'), then x € dom(I”) and
I(z) X T(x).

The next lemma states that, if there is a I', such that I' = P, then
there exists A where A - P and I' < A.
Lemma 40. Suppose that I' - P.

1. If P = a!l;[0], then there exists p = {ly : p1,--+ ,ln : ﬁn}(o’l) and
7 such that' <a:p+v:7.

2. If P =a?{M}, then there exists A such that A+ M : o and
F<A+a:al?,

3. If P = Py | Ps, then there exists 'y and T'y such that Ty b Py,
FQ"PQ andeF1+F2.

4. IfP=newx:p R, thenl'Wx:phk R.
5. If P = X|[v], then there exists T such that T <0 : T.

6. If P = def D in Q, then there exists A such that A = P and
I'<A.

7. If P =0, then there exists A such that A+ 0 and I' < A.

Proof.
1. If P=a!l;[v]) and T' F P, then

D(a) = o™ = {ly: p1,-- 1 : 5} and I(0) = 7.
Since I' = P, then 7 must be a subtype of p; and therefore,
ozgo’l) =< ago’l) ={ly:p1,- -l Ty e ﬁn}(o’l). Hence,

MsaG

a:alV+5:7- P Q0D <0

SUB

a:a(o’l)—kf}:%P—P 7
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and thus,

a: 0450’1) +0:7FP agm’@) < ago’l)

a:agnl’nz)—i—ﬁ:%I—P

SuUB

For all names = € dom(I"), such that  # a and x # v; one can

apply WEAK (for names and process variables), and conclude

that T P, with T < a: ol + 5 : 7.

L P=a?{ly (1) =P1,...,ln(Tn) = P,} and T+ P, then
AWZ :p1 Pl AWE, : pn Py

AL @)=P,...ln (@) =Pa:{li:p1,- - ln:pn}

Ata:{ly:7, OO Fa?{ly (1) = P1,...,ln (@n) = Py}

METH

OBJ

Since 'k P, T(a) < {ly : 71, 1 : 7} O,
A+4a:{l1:71,  ,ln: ’Fn}(o’l) Lla) 2 {l1: 71, ,ln: ’Fn}(o’l)
A+a:T(a)Fa?{li(Z1) =P1,...,ln(Tn) = Pn}

For each x € dom(I") such that x ¢ dom(A) we apply the WEAK
rule. Finally one gets T < A+a: {1 : 71, , 1, : 7, } 1O,
.If P =P |Pyand ' b Py | P, then, by PAR rule, there exists
A1 and Asg, such that

TFP|Ps
By induction hypothesis, if A; - P;, then there exists I'; such
that

SuB

PAR ,F:A1—|—A2.

Fll—Pl and Aljl“l
and F2|_P2 and Agjrg'

Then, from PAR we have

A =ThWFP Ay=IZFP
F=A1+A 2T+ Dok P | P
and hence there exists I'y and I'g such that I' <T'; +1T's.

PAR

. This case follows straightforwardly from the application of the
RES rule. Nevertheless, one could show that, since I' - new z :
p P, there exists A - new x : p P and I' < A. For that, one only
need to consider that

I'wz:pkHP
I'Fnewz:pP

then, by hypothesis, there exists A W x : p such that

RES

Adzx:pFP and Fz:p=Adz:p.
Hence, A verifies

AFnewz:pP and I <A.
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. By hypothesis I' - X[0]. Then one has
AWX :pwo:ak X[0].
By App, we know that
X pWio:ph X[]
and, since I' = X [7], then 6 < p. Hence, by SUB rule,
X:pwWwo:6kF X[v].

By successive applications of WEAK, we conclude the case.

. By hypothesis and def, there exists A and I'y,--- , ', such that:
MwXi:ppw - WXy, pp Wy Iﬁll—Pl

TawXy:p1W - WX, 0 WZy: pp - Py
AW X, Y WX o FQ
I'Fdef Xy (21) =Py and...and X, (Z,) = P, in Q’
with ' =" U(X;,D,Q) -T'; + A.
By induction hypothesis, there exists Ay, -+, A, and II such
that

DEF

A E P and MW Xy :pr W --- H’JXnZﬁnH'leiﬁlel

ApbPyand Tp WX i p1 W - WXy Wit pn < Ap
and ITFQand AWXy:p1 W - WX, :p, XII

Thus, applying again DEF, we get
MeXi:pW;-- WX, i, W :p1 AL P

FWwXi:pW - WX :ppWapn:pn 2 Ak Py
ANXi:ppW - WX, :p, <IIFQ
Fdef Xy (Z1) = Py and...and X,, (Z,,) = P, in Q

DEF

Notice that the function U yields the same results for the two
type environments, since process expressions remain the same.

Hence, we've proved that A = > . U(X;, D, Q) - A; + II exists,
AF P, and that I' < A.

. This one is straightforward because () - 0 and I' < () for any I'.
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Proposition 41. Let 7 = agm’m) and p = aé’“”m such that T+ p is

defined. Then, T+ p X7 and 7+ p = p.

Proof. In order to 7 + p be defined, 7 and p must differ only on their

outermost uses (see definition 2, page 4). Therefore o1 and s denote

the same type. Thus, 7+ p = ag'ﬂ’m) + a%’“””) = agnﬁm"{ﬁm) <

agﬁlﬁz)

, since kK1 + 1 > k1 and Ko + e > Ko holds for every use
expression. The same argument can be followed for 7+ p < p. O

The following lemma is the core of the substitution lemma and let
us reason about substitutions. Typically the substitution lemma is
only concerned with name replacement and does not refer to types.
Nevertheless, as we have to keep track of names usage, we must take
special care when performing these substitutions.

As an outline of the theorem, consider that we want to replace y
for z in P. Then, the usage of z must reflect also the usage of y (since
z replaces y in P). Thus, we need to sum together the usages of y and
z in order to correctly typify P. As a consequence, we have to reason
about types also as well as to establish conditions that define when it
is possible to sum the types p (of y) and 7 (of z). Hence, in order to
z replace y, we require that it must exists subtypes of p and 7 where
the sum can be defined. Notice that albeit p + 7 may not be defined,
0’ + 7' can be defined for some p’ < p and 7/ < 7. That is what the
first and third conditions of the lemma specify.

When performing the substitution g for Z, the names of the 2
sequence need not be all distinct. Then, we must guarantee that is also
possible to sum the identical z; because its usage must be considered
together. That is why we require the second condition.

Lemma 42. IfI'Wz : 7 + -+ 2, 1 T, Wy : Ty = P and if there
exists 7, and 7, such that

1.7l 271y and 7, 2Ty,

2. 21 :TL 44 2y 1 T, is defined,

8. 1., + 7, is defined,
then Wz : (15, +70,) + -+ 20 (15, +7,) b {2/} P.
Proof. By induction on the structure of the derivation of the typing
of P. We analyse the last typing rule applied.

1. Case MSG. Then P = a!l;[7], and by hypothesis, I' - P. Thus,

from lemma 40, I' < a: {l; : 61, , 1y : O'n}(o’l) +v: 0.
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We have several cases to analyse depending on the substitutions
to perform, but all these cases are treated similarly. Hence, we
consider only the substitution of a by some x. Therefore, we
have p = {ly : p1,-++ ,ln : ﬁn}(’“””) and 7 = {ly : 71, 1y :
%n}('””“), with p < {ly : 61, ,ln: an}(o’l), such that

F'=AWa:pWaz:7Fall;[v].

By hypothesis, there exists p’ and 7" such that p/ < p, 7 < 7,
and 7/ + p’ is defined.

We want to prove that, ' = AwWax: (o' +7') - {x/a}P.

Since {z/a} P = z!1;[0], by MsG

M=a:{ly:61, - ln:n} O +0:6; Fa!l[0],
and by SUB,

MFalG[o] o =2p= {61,y 6,} OV

SuB — —
x:p +0:6; Fxll]o]

Therefore, using proposition 41,

x:p+0:a a0 o+ =)

SuB S = o
x:p+7+0:6;F a0

By successive applications of SUB and WEAK, we conclude that
F=Awz:p +7Fax!ll]o],

which proves the case.

. Case NiL. Then P = 0, and, as the inaction process does not
have names, any substitution have no effect on it. By NiL and
successive applications of WEAK we can prove that any type
environment I' typifies 0, particularly the environment in the
theorem thesis.

. Case App. Then P = X[0], and by hypothesis, I' = P. Thus,
from lemma 40, ' <0 : 5.

The only substitution that makes sense to analyse is when some
(or all) v; are substituted by x;. Therefore, we have p = p1--- py,
and T =71 -7y, with p X 7, such that

F=AWs:pwi:7k XD

By hypothesis, there exists p/ and 7’ such that g < p, 7 < 7,
x1 2 T + -+ 2y o 7, is defined, and 7] + p) is defined (for

n
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1 <i < n). We want to prove that, ' = AWy : (p] +711) +
st (p + ) EA{Z/OLP.
Since {z/0}P = X|[z], by ApP

N=X:01---0,WZ:01- -0, F X|[T],

and by SUB,

~

I+ X[Z]
X:oWZT:

e}
A
Qv

TIIA

ey
=

Therefore, using proposition 41,

X:owz:pHX[z] p+7=)p
X:owWwz: (pf+7)F X[7]

SuUB

By successive applications of SUB and WEAK, we conclude that
T=Awa: (ph+71) 4+ (o, +75) X[,

which proves the case.

. Case OBJ. Then P = a?{ly (Z1) = P1,...,ln(Zn) = P,}. If

I' - P, then

AWZi:ppHPL -+ AWI,:ppb Py
ARl (Z1)=P,....0h(2,) =Py«

A+aO = a?{ly (#1) = Pr,... by (@0) = Py}

METH
OBJ

)

with a = {l; : p1,-- ,ln : pn} and T' < A+ a : 19 by lemma
40.

We analyse next the substitution of z for a (that can or not
belong to fn(P)). The remaining cases, where the substitution
occurs inside a P;, follows from induction hypothesis and SUB
rule.

Let
TWz:r,a:{l:pr, byt PO P (1)
and
T;i 2 T
(Ll ﬁ//rL}(H/la»HIQ(L) = {li:pr, by s p B0

such that, 7/ 4+ {ly : g, - , 1y : ply }(F1a%24) is defined.
We want to prove that ' Wz : 77 + pl, - {z/a} P.
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By hypothesis one know that I'V'W z : 7, 4+ p/, b {z/a}{li =
(1) P1,- -+ ,(Zn) Po}. One knows that,

{Z/a}(a?{ll = (i‘l)Plf" aln = (i‘n) Pn})
:Z?{ll = (~1)P1,--' ,ln = (fl‘n)Pn}

and by hypothesis, using SUB twice

TWz:r,a:{li:p, b put OV ol <pp
TWz:r,a:{l:p, by} Flar2) - P T
TWz:rla:{ly:p), by} Far2) - P

Then, because p’ + 7, is defined and 7. : {l1 : gy, -,y :
P} W12822) by OBJ we have that

F'wz: T;—i—p; FZ(?{ll = (i‘l)Pl,-” Jn = (:i'n)Pn}

. Case PAR. Then P = P; | P2, and by hypothesis we have that,
F=AWzi:o1+ -+ zp:0,07:TE Py | Pa,

with ¢/ < &, @ < 7, o, + n} defined (for 1 < ¢ < n), and

z1: 00+ + 2, : o), defined.

Since I' Py | P, by lemma 40, there exists I'; and I'e, such that

I' <T'1 + I'y. Applying induction hypothesis, we have that

FlelLﬂZl17'1+"‘+Zn:7_n|_{2/?j}P1
Do=AoWz :ipr4 -+ 20 :pn b {2/} P2

But I' < T’y 4+ I's means, not only that 2 : (71 + p1) + -+ + 2, :
(Tn + pn) is defined, but also that o} < o; < 7; + p;.

Then, the following derivation holds.
AWZ:TE {g/g}Pl Ao Wz:pk {E/Q}Pg
A+ A WZz: (T+p)F{Z/g}(P1|P)  &'=X7+p
A +DAogWz o+ 42y 0, F{Z/gHP1 | P2)

Par

SUB

Therefore, using proposition 41,

A1+A2&J§:&’I—{2/g]}(P1|P2) 5'/+7~[',j5',
A +Ag Wz (o +7))+ -+ zn: (o), +7) E{Z/5}(P1| Pe)

SUB

By successive applications of SUB and WEAK, we conclude the
case.
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6. Case RES. Then P = new z : p R, and from hypothesis one has
that

IF'=AWzi:0o1+ - +zp:0p0g:ThHEnewax: p R,

and there exists ¢’ and 7’ such that ¢’ < &, ¥ < 7, o, + 7} is
defined (for 1 <i < mn), and 21 : 0} + -+ + 25, : 0, is defined.
Hence, by lemma 40, Wz : p = R. Applying induction hypoth-
esis followed by a RES rule we conclude the case.

O]

The next result, a corollary of lemma 42, is used to prove subject
reduction.

Corollary 43. IfT' Wy : 7 = P and if there exist 7/ < T such that
D42y :7 + - +2y:7) is defined, then T+ 21 : 7] + -+ + 25 : 7}, b
{z/g}P.

Proof. The prove is straightforward. Set the types of z; ¢ dom(I")
to be p; (pi is the same as 7/ except that their outer most use pair
is (0,0)), and let Z : p. Then, the conditions of lemma 42 are met,
namely there exists 7/ < 7 (from hypothesis) and p/ = p < p (X is
reflexive). Moreover, I' 4+ 21 : 7 + + - - + 2, : 7,, guaranties that 7; + p;
and z1 : p} + -+ + 2z, : p, are defined. Hence, I' 4+ 21 : 7] + -+ + 25, :
7, ={2/y} P. O

The following lemma states that a process remains typified after a
name substitution on process expression and type environment. This
is the “standard” substitution lemma and only talks about names.
Nevertheless, it is a special case of lemma 42.

Lemma 44 (Substitution lemma). IfI' - P and z ¢ fn(P), then
{z/y}T = {z/y} P

Proof. We have to consider two cases:

1. If y ¢ dom(T"), then it means that {y/z}I" has no effect, neither
does {z/y} P, because y does not occur free in P (or else it would
be in I'). Then, it is trivial that {z/y}I' F {z/y}P, because in
fact I' and P are the same as {z/y}I" and {z/y} P, respectively.

2. However, if y € dom(T"), with' = AWy : alFir2) we can set the
type of z to be 7 = (%0 (since z ¢ dom(I')) and p = alF1+2)
that satisfies the conditions of lemma 42, that is, there exists
p and 7/, namely p’ = p and 7 = 7, that satisfies p’ =< p,
7/ 2 7, z : 7 defined (since « is defined by hypothesis) and
7'+ p/ defined. In fact, 7" and p’ differ from each other only in
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their outermost uses and 7/ + p’ = p’ = p. Then, by lemma 42,
we have that I' = AW 2 : o®2) | {2/y} P, which is the same

as {z/y}I'F {z/y}P.
This concludes the prove. O

The following definition makes precise the meaning of a-converting
a bound name in a process.

Definition 45. Let =, be the least congruence relation closed for the
following rules:
1. newz:pP=,newy:p{y/xz}P,
2. a?{l(Z)=P,M}=,a?{l(y) ={y/z}P, M},
3. def X () = Pand D in Q =, def X () = {y/2}P and D in Q,
with y, g ¢ fn(P).
The following result states that typings are preserved by a-conversion.

Lemma 46. I[f P=,Q and '+ P, then I' - Q.

Proof. By induction on the structure of the derivation of the typing
of P. We treat all the possible cases for the final step of the type
inference on P.

1. Case MsG, NiL, or App. In all these cases P is congruent to
a process that has no bound names (bn(P) = (). Hence, no
renaming can take place and P and @ coincide. Then, its trivial
that T' - Q.

2. Case RES. We have two subcases:
(a) When P=newz:p P, =, Q=newy:p{y/z}P, i.e., the
rename occurs on the restricted name.
But I' - new z : p P, then

l'wz:pk P

I'Fnewz:p Py

Let y & fn(Py). Then, by lemma 44 and RESs,

T'we:pkFP
Fwy:pk{y/z}P
F'Fnewy:p{y/x}P;

(b) When P = new z : p P, =, Q = new x : p P|, with
P; =, P|. Then, by REs there exists 'Wz : p - Py, that by
induction hypothesis typifies also P|. Finally by RES rule

F'vz:pk P

F'Fnewz:p P

RES

lem 44
REs

RES

33



3. Case OBJ. As with RES, for P = a?{l(Z) = R, M} we have also
two subcases to analyse.

(a) When the renaming occurs on the abstraction names, that

is, P=,Q=a?{l(y) = {y/Z} R, D}.
AsT'F P, then

AWZ:pFR, -
AF{l(Z)=R,M}:a
A+a:aBO)a?{l(i)=R M}

METH
OBJ

where ' = A 4+ a : o110,
Let y ¢ fn(Py), then the following derivation holds
AWF:pFR,--
Awg:p{g/z}R
o AT () = (5/DRM) a
A+a:a®O)ra?{l(§) ={§/i}R,M}
that is, I' F Q.

(b) The second case is the result of a renaming inside R.
Then P =, a?{l(z) =S,M} and S =, R. From induction
hypothesis and OBJ rule, we conclude that

Ab{i(3) =8 M}:a
Ata:at0ba?{l(z)=S8 M}

lem 44

METH

OBJ

4. Case inferred by DEF. Then, P is a definition process congru-
ent to def Xy (1) = P, and...and X, (%,) = P, in R. This
case has three subcases handled just as above for OBJ and RES.
Nevertheless we show their proof.

(a) The first subcase consider the renaming of names bound by
abstraction. Then, P = Q =, def Xy (71) = {g1/Z1}P1 -+ -.
Since I' P, we have

MueXi:ppW - WX, :ppWZ1:p1 F Py

FLwXy:pw - WX, i pp Wyt pp F Py
AUXy:pW - WX, :p,FR
DEF = - )
F'def X;(Z1)=P---inR
with I' =Y. U(X;, D, Q) x I'; + A.
Let y ¢ fn(Py), then by lemma 44

MeXi:pW - UXn oW1 :p1 Py

lem 44 — — — — ,
MwXi:pW- - WX, :pWyr:p b {y1/$1}P1

and by DEF
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wXi:pW - WXy ppWay: pr E {91/} P

FrLwXy:pw - WX, :pp Wy pp F Py
AW X, o1y o H’JXnIﬁnl—R

I’I—dele(;gl):{gl/il}Pl in R ’
we conclude that I' - Q.
Notice that there is no rename of process variables and
then the instantiation schema do not change, which means
that X (X;, D, Q) yields the same results before and after
a-conversion. This arguments applies to all the three sub-
cases.

DEF

(b) This subcase refers to the a-congruence inside P;. Then
P=Q=,def X1(21) =51+ in Rand S =, P;. Since
I' = P, then by DEF rule and induction hypothesis, we have

that
MwXy:prw --- H’JXniﬁn':‘illﬁll—Sl
FLwXy:pgW - WX, i pp Wy pp F Py
AWXy:pW - WX, o, FR
DEF — . )
I'Fdef X;(2;)=S51---inR
that is, I' F Q.

(¢) The last subcase consider the a-congruence inside ). The
arguments to prove this subcase are exactly the same as the
ones used to prove the previous subcase and thus we omit
the prove.

5. Case inferred by PAR. Then, P = P;| P,. By hypothesis ' -
Py | P, then there exists I'; and I's such that I' = T'y + I'y and

WP ThoFEP

PAR
'-P|P

Q (=4 P) is of the form Q1 | Q1, where Q1 =, P and Q2 =, P».

By induction hypothesis I'y = @1 and 'y = @2, then by PAR,
M'FQ1|Q2=Q.

Since no type derivation ends with the METH rule, we conclude

the prove. ]

In the following lemma one proves that if two processes are congru-
ent, say P = @, then they are typified by the same type environment,
that is, if ' F P and P = @, then I must also typify Q.

Lemma 16 (Congruence preserves typings). If P = Q and
I'EP, thenT' Q.
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Proof. By induction on the structure of the derivation of the typing
of P. We analyse every case where two processes can be congruent
(see subsection 4.1, page 11). Suppose that I' = P, then one has the
following cases

1.
2.

Case P =, Q. From lemma 46.
Case P = P;| P». We have the fact that I' = P | P2, then, by
the PAR rule, there exists I'1 and I'y such that

P, TP and I'=17+1TI%.
By lemma 3, we know that + is commutative, which means that
=11 +Ty=T9+T5. Thus, I' typify P, | P; as follows

Fe-P IhEPR

Par
I'o+T4 F P2|P1

. Case P = (P | P2)|Ps. If T+ (P1|P)]|Ps, then there exists

Fl,FQ and F3 such that Fl (o Pl, FQ = Pg, F3 = P3 and I' =
(I'; + T'y) + I's, obtained by the following type derivation
WP ThbDP
F1+P2|—P1’P2 I's P3
(C1+T2) + T3k (P | P2) | Ps

PAR

Par

Since + is associative (lemma 3), we can write:
I'= (F1+F2)+F3 =14 +(F2+F3),
which typify P |(Q | R). Indeed,

PAR Iy Py I'sH Ps
I P F2+F3|—P2|P3
i+ (T2 +Ts) B Py (P2 ] P3)

. Case P = P|0. Since any environment A typifies 0 by NIL rule,

then particularly @ = 0. By hypothesis I' = P, then we can

conclude that
'P 0FO

PAR
r="+0FP|O

.Case P=newz:p0. If ' Fnew z : p 0, then I' - 0, because

every environment typifies 0 (by NIL rule).

. Case P=new z : p new y : 0 P;. We have that the judgement

I'wz:pwWy: ok P hold by the following derivation

lwe:pdy:okF P

RES
F'vax:pknewy:o P,

RES

I'kFnewz:pnewy:o P
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But, since the side condition imposes that z # y or (when x = y)
o =< p, we also have

lwe:pdy:okF P

RES
l'Yy:obnewax:p P

REs
. I'kFnewy:onewzx:p P

that concludes the case.

7. Case P =T F def D in 0. Since any type environment typifies O,
we have I' = 0 (by NIL).

8. Case (P = def D in new = : p Q). As by hypothesis I' -
def D in new z : p @, then there exists I' = >, U(X;, D, new x :
p Q) - Ty + A such that:

Res AWz:phkQ
X, :p;wz; : p; F P AFnewz:pQ
FHdef X (Z1)=P1---innewz:pQ

DEF

But, we can also have the derivation

[WX;:p,WZ:p0 P Abzip-Q
> UX,D,Q) i+ Awz:p-def X (£1)=P1 - in Q
Tknew x:p def X1=(Z1) P1 - in Q

DEF

RES

Thus, I' typifies the requested congruence. However, we have to
force that = must not belong to any of the I';, that is, = ¢ fn(D)
when applying the DEF rule.

9. Case P = (def D in Q)| R. By hypothesis I' - (def D in Q)| R.
Then,

't -def DinQ I'oFR

Par . )
' (def DinQ)|R

where ' =T+ Ty and I'y =), U(X;, D,Q) - Aj + A.
But,

PAR AL‘UXZﬁZ}—Q IsFR
AWX;: pWE; i p; By AWX;:pi+I2FQ|R
=>.UX;D,Q|R)-A;+A+Tytdef Din (Q|R)

DEF

However, for the typing to be correct, we must enforce that no
fv(R) gets bound by def. Notice that this condition also enforces
that U(X;, D, Q) = U(X;,D,Q|R) for all 1 < ¢ < n, since no
process variable in R is equal to a particular Xj.

This concludes the proof. ]
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Proof of theorem 19 (subject reduction), page 14. By induction on the
structure of the derivation of the typing of P. We analyse the last typ-
ing rule applied.

1. Case CoM. By hypothesis, one knows that
D alli[o]|a?{l (Z1) = Pr,..., 1 (Tn) = P},

with ['(a) = a"1%2) = {I} : &1,--- 1, : 6,}"1%2). Then, the
following inference holds

METH AWZy 71 FP - AWZ:Tn Py
Msc _ oms AF{l (%i):P1,~~~}:{l1~: Fp,ee - 310)
PAR I Fall;[0] otk a?{li (1) =Pi,..., In (&n) = Pn}
Lkall;[0]|a?{li (Z1) = P1,...,ln (&n) = Pn} ’
with
r j Fl +F27
Fljai{lliﬁl,"'7ln:ﬁn}(0’1)+ﬁ:ﬁi’ )
FQ j A—i—a : {ll : 7:1,--' ,ln : 7:,1}(1’0),

[(a) = at"152) < T (a) = alF11m12) 4 Ty(a) = alw21r22),

First, we show that x; and k, are defined. From I'i(a) =
alFinr2) < g {li 2 p1y-ov by ﬁn}(o’l) + 0 : p;, we get that
k12 > 1. Using a similar argument, we can show that ko1 > 1,
because I's(a) = alF2ir22) < A 4 g {7, e %n}(l’o).
Hence, 1 > 1 and k3 > 1, and thus, I'(a) = a(%1%2) is defined.
Next, we show that T¢I {0/Z;} P;. Possible values for (k1, r2),
are (1,1), (1,w), (w,1), and (w,w). We analyse the “worse” case
(when k1 = ko = 1). Let I'(a) = (Y. From the type inference
of T' - P, we conclude that A(a) < 7(%0). Since I' < I'; + I'y,
we find that (i) p; = &;, because {l; : 61, , 1, : &n}(l’l) <{l:
prs- - pn} 0D (subtyping is contra-variant on output), and (ii)
g; = Ti, because {ly : 61, - 1y : &n}(l’l) <{ly: 7, ’7~_n}(1,0)
(subtyping is covariant on input). Thus, p; < 6; < 7; and hence
pi X Ti.

From (2), we know that 'y \a < 0 : p; and that (I'1\a)+AWz; : p;
is defined. Then, by lemma 43,

C1+D)\awa:{ly:7, b 7} 0 - {5/} P,

The analysis of the remaining cases is similar.

2. Case by PAR. If T' + P |Q, then, by lemma 44, there exists 'y
and I'y such that I' < I'y + 'y, with I'y F P and 'y - Q). We
have to consider two subcases: for £ = x and for ¢ = e.
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(a) Suppose ¢ = x. Thus, T Wz : alkh2) P|Q and T &
z("3:K4) | P But, by hypothesis, one knows that I'; &
23 54) - R and then, by PAR rule, I'j & (s 54) + Ty +
R|Q. We conclude that I' & z(®1%2) is defined, and that
LW s2) < Ty was A1) + Ty, Hence,

Dwazm2) - R|Q.

(b) When ¢ = ¢, we have that I'y & 2(#354) - P and by hy-
pothesis also typify R (because its an e transition), then
Dwazm) - R|Q.

. Case RES;. Then we have P = new x : a(r1,k2) P;. Since I' - P,

then, by RESs rule, ['wz : a("1%2) P, and by induction hypothesis,

I'wa: ol m2) - R Applying again RES rule, we get

Tk new z : o1 52) R,

Notice that the use of resources is registered on the type of z
(and not on the environment), because the transition is by e.

. Case RESsy. By REs rule, we know, since I' - new x : p P, that
I'Wz: phk Pp. By induction hypothesis, I @ : p - R. Thus
by RES rule, we obtain

I “Fnewz:pR, with T~¢ defined by IH.

. Case STR. From hypothesis I' - P and by lemma 16, we conclude
that I' - R. By induction hypothesis I'¢ F S and again by
lemma 16, I¢ - Q. Hence, I'"* is defined and typifies Q.

. Case inferred by DEF. We have, from hypothesis, that I' F
def D in @Q and @ L R By DEF rule, there exists I'; and
A, such that T; WX : pW & : p; b Prand AWX : pF Q, with
I'=>%,U(X;,D,Q) -T'; + A. Induction hypothesis guaranties
that A~¢ is defined and A~* & X : p + R. Thus, the following
derivation holds

WX, piWa:pi - P AtWwX:pFR
I[I-defDin R ’
where IT = U(X;, D, R) - T'; + A~¢. However, it remains to show
that '~ I- def D in R. First of all, we know that U (see definition
9) satisfies the condition U (X;, D, Q) > U(X;, D, R), when Q £
R. On the other hand, as the reduction occurs in R, II(¢) =
I'=4(¢), since II results from the summation A~¢. Thus, I F P

and I'~¢ < TI, then by successive applications of WEAK and RES
rules (to IT), T¢I P, which concludes the case.

DEF
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7. Case CALL. If T' - def D in X;[0] | Q, then

App

Pan Xi:piWo:p - Xi[0] pAWX :5FQ
LwX:pwap; - P AWX :p+0:7F X[0]|Q
T+ def D in X;[7]| Q

DEF

where, by lemma 40, I' < U(X;, D, X;[0] | Q) -T; + A+ 0 : 7 and
AWYX; :p+0:7T 2 AWX; :p;+0:p. Hence, 7 =< p and
v1:71+ -+ vy : T, are defined. Then, by lemma 43,
WX :p+0:7H{0/3}P,
and hence,
PaR TiwX:p+0:7F{0/i}P; AWwX:pFQ

oW X p; Wi p; - Py AWX :p+9:7F{8/7:}P|Q
T+ def D in {3/%;}P; | Q

DEF

It remains to show that I' and II denote the same type environ-
ment. Let R and S denote, respectively, the process expressions
Xi[0]|Q and {0/%;} P; | Q. The definitions of I" and II are

I =U(X1,D,R) - T1+-+UXn,D,R) T+ A+5: 7
II=uUX,D,8) T+ +UXn,D,S) T+ +A+0:7

Recall that function U satisfies definition 9. Hence, for X; # X;,
Ux,(def D in R) = Ux;(def D in S), and Ux,(def D in R) =
1+ Ux,(def D in S). But II as an explicitly summation of I';,
then I' = II.

This concludes the proof. O

A.2 Proofs for section 5

In this section we prove to main results: the equivalence of the two
types systems and the correction of the LTR algorithm.

Proof of theorem 27 (equivalence of the two type systems), page 17.

Assertion one and two are proved by induction on the structure of the

derivation of the typing of P. We analyse the last typing rule applied.
Proof of assertion 1.

1. Case MsSGgp. Let S be a solution of C, I'(a) =7 ={l; : 7 %léi),

and I'(0) = 7. Then, St <X Sp for p = {l; : p; gogt)gn and
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S7" =< Sp; holds. Applying MsG rule once and SUB rule twice
we obtain

a:Sp+0:8p;F all;[v] St =< Sp
a:ST+0:8p; Fall;[v] 7

a: S 7 15 57 F alli[i]

I A
>

Successive applications of WEAK conclude the case.

. Case PARgp. Let S be a solution of C. Since C' = C1UCq, then,
by proposition 26, S is a solution of C; and also a solution of
Cs. Applying induction hypothesis ST’y = SP; and STs - SPs.
Hence, by PAR rule, S(I'y +TI'2) = S(P; | P»). The result ST I
S(Py | P2) follows by successive applications of WEAK rule.

. Case RESgp. By induction hypothesis S(I'Wz : o) = SP for S a
solution of C. Since Sp < So, then

STwz:0)FSP Sp=<So

STwa:p) P
ST+ S(new z : p P)

SUB

NEw

. Case OBJgp. Let S be a solution of C' and o = {l; : pihi<i<n-
Then S is a solution of C’, because C' = C’, and by induction
hypothesis SA F SM : Sa. From C =T < A+a : al0),
ST(a) ={lLi: 7 gng) < S(A(a) + a19)). The subtype relation
is covariant on input, then 7; < 5; for (1 < i < n). Hence, the
following derivation holds.

SAFSM:Sa 7 =p;
SA l— SM . S({lz . %i}lgign)
SA+a: S({l 7L, Fa? {M}

SuB

OBJ

Applying WEAK we conclude the case.
. Case ApPPgp. Let S be a solution of C. By APP and SUB rules

App ——— —
X :Spwo:Spk X[7] S < Sp

SUB
X:Sﬁ&JTJ:S&I—X['D]

The case concludes by successive applications of WEAK.

. Case NILgp. Since () - 0, also ST 0 by successive applications
of WEAK rule.

. Case METHgp. Let S be a solution of C. Since C = Uj C; for
1 < j < n, then, by induction hypothesis, S(I'; & Z; : 6;) = SF;
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for 1 <i<mn. But Sp; < 9; (1 <i < n), then applying SUB
and METH rules

S(FiLﬂrchi:ﬁi)PSPi, 1<1<n
ST S (Z1) = Pry.o oy ln (&n) = P) : SH{l1 ¢ piti<i<n)

SUB

METH

By successive applications of SUB and WEAK we conclude the
case, since C' |= [J;(I' 2 T) for 1 < j <n (and S is a solution
of C).

that concludes the proof of assertion 1.
Next the proof of assertion 2.

1. Case PAR. Since I' = P, by hypothesis, there exists I'; and I’y
such that I' =Ty + 'y, I'1 = P, and I's = P,. By induction
hypothesis I'1;0 = P; and T'y; 0 B Py, then 0 = C1 U Cy = ) and
) T <X T+ Ty since, by hypothesis, I' = I'; + I's and < is
reflexive. Hence,

0P Ty0FQ CEOUI T +Ty)
;0FP|Q

PARgp

2. Case MsG. Then I' - a!l;[9] and the following derivation holds.

Msa

a:{li:pr, b pn} OV 40 pi b alli[i] & =i
a:{li:p1,. .l pu O £ 55 Fall;[o)

SuB

that by successive applications of WEAK and SUB rules we achieve
that I' F a[0] where T'(a) = {Iy : p1,. .., ln : pu}5052) (with ky >
1) and I'(0) = & (with & < p;). Thus, I' <a: {l1 : p1,...,ln :
pn} O 452 j; holds by hypothesis. Hence, I'; @ - a ! [;[9].

3. Case NEwW. By hypothesis the following derivation holds.

lwae:0-P p=o
Twzr:pFH P
I'Fnewz:p P

SUB
NEw

Then, by induction hypothesis, T Wz : 0;0 - P;. Since p < o
holds by hypothesis, then () = p < 0. Therefore,

Twz:0;0FP, OEp=<o

REs
5P L;0Fnewzx:p Py

4. Case NIL. By hypothesis ' - 0, then by REsgp, rule T'; () - 0.

42



5. Case APp. Since I' b X[7], then there exists a type derivation
such that

and by successive applications of WEAK rule, I' - X[0]. Asd < p
holds by hypothesis, then () =6 < p. Therefore, TW X : pW v :
a0+ X[7].

6. Case METH. By hypothesis I' = P : {ly : p1,...,l : pp} for P =
{li (1) = P1,...,l, (&) = P,}. Then the following derivations
hold.

vz, 0, B

WEAK

WEAK

S
B FL‘!’J{Z‘ZﬁH—P@

for 1 <4 < n. So, also holds

TWi i py ... TWin:pnk Py
TF{l (1) = Ply .oy ln (@n) = Po} s {12 plye ool c pn)

By induction hypothesis, I'; W ; : 6;;0 = P; for 1 < ¢ < n.
As p; = 6; for 1 < i < n holds by hypothesis (is a premise in
the above type derivation), then () = |J,(p; < ;). On the other
hand, I was constructed by successive applications of WEAK and
SuB rules, thus | J,(I'(z) < I';(x) for € dom(I';) and 1 <i < n.

Therefore, the following derivation holds.

METH

Iiwa; :o;0F P, 1<i<n
0EU,AT =3 u0u{p =6,})
C;0FP:{ly:pr, .-y ln:pn}

METHgp

7. Case OBJ, DEF. These cases are proved following similar argu-
ments as for the previous case.

8. Case SUB. Then the following derivation holds.

Twz:cFP p=o
I'wz:pkHP

SuB

By induction hypothesis, ' Wz : o;() = P and as p < ¢ holds by
hypothesis, then Wz : p; ) - P.

9. Case WEAK. This case is similar to previous one.

that concludes the proof. O
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Proof of theorem 34 (correctness of the algorithm), page 20. For asser-
tion 1 we proceed by induction on the structure of the derivation of
the typing of P. We treat all the possible cases for the final step of
the type inference on P. We show only a few cases because the other
cases are similar.

1. Case MSGgp. Then I'; C - P and the following derivation holds.

CET=<a:{li:pr,...,ln:pn}OY +0:p
T;C F all;[0]

MSGgp

Let I'';C" = LTR(a!l;[0]). Then, I';C" = a : {l1 : p1,...,1n :
pn} OV @ & : p; that, by proposition 33, satisfies ¢! =17 < a :
{lh: p1y.eyly e ﬁn}(o’l) @ U : p; and is a principal typing of P.
Hence, I'; C' is an instance of I"; C".

2. Case RESgp. Then P =new x : p P, and I'; C - P. We show
that I";C" F new z : p P, where I";C" = LTR(new z : p Py).
Let A;C"” = LTR(P;). Then, by induction hypothesis, A; C” is
a principal typing of Pj.

We consider two subcases whether = belongs or not to dom(A).
If x € dom(A), then C" U {p < A(z)} E p < A(z) and by
RESsp rule we have I';C'  new z : p P, for IV = A\ z and
C'=C"U{p = A(z)}. The other subcase, where x ¢ dom(T"),

is similar.

For assertion 2 we proceed by induction on structure of P. We
show only a few cases because the other cases are similar.

1. Case P = a!l;[0]. Then LTR(a!l;[0]) = IC = a : {l; :
Ply-oylp ﬁn}(ovl) ® v : p;. By proposition 33, C =T < a:
{li : p1y-yln ﬁn}(o’l) + o : p; and by Msc rule I'; C + P.
Proposition 33 also guaranties that I'; C is a principal type of P.

2. Case P = Py | P,. We show that I';C = P; | P, where I'; ' =
I'hoely C = cC'uCciu Cy, I'1;C1 = LTR(Pl), and I'y; Coy =
LTR(P,). By induction hypothesis, I'1; C1 + Py, T'9; Co Py and
C'ET <T1+T5. Since C = C"UCy UCy, then, by proposition
26, C' = Cy and C' = Cy. Therefore by PARgp rule I'; C + Py | P.

The remaining cases are shown as the cases above. O

A.3 Proofs for section 6

Essentially the proof that U is a call-counting function.
The next result is needed in the proof of lemma 48.
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Proposition 47. Suppose that X is process variable, P a process,
and D = X1 (i‘l) = P1 and ... and Xn (i‘n) = Pn and D' = X{ (:fl) =
P/ and ... and X (Z,) = P, two definitions such that tv(P) N
FV(D')=0. Then

UX,D,P)=U(X,D', P Z (X;,D',P) xU(X, D, P))

Proof. The proof is by straightforward induction on the structure of
P. The interesting cases are for P = Y[0] and P = def D" in P’. The
former is proved by an exhaustive analysis to whether or not X =Y
and Y is bound (or not) to D. The later is proved by using three
times the induction hypothesis. O

The following lemma states that congruence preserves the number
of calls to process variables.

Lemma 48. Given a process variable X, a definition D, and process
expressions P and Q, if P = Q, then U(X,D,P) =U(X,D, Q).

Proof. We analyse every case where two processes can be congruent
(see subsection 4.1, page 11).

1. Case P =, Q. Since a-congruence does not affect process vari-
ables U(X,D,P) =U(X, D, Q).

2. Case P|Q = Q| P. Then,

UX,D, P|Q)=UX,D,P)+U(X,D,Q)
=UX,D,Q)+U(X,D,P)=U(X,D,Q|P)

since sum is commutative (proposition 3, page 4).

3. Case (P|Q)|R=P|(Q|R),PI0=P,newz:p0=0, new z :
pnewy:0 P=newy:onewz:p P, and (newz:p P)|Q =
new z : p (P|Q). These cases are handled as the previous one,

considering that sum is also associative, that (X, D,0) = 0, and
that for a given process P, U(X,D,new z : p P) =U(X, D, P).

4. Case def D'in0=0. As
U(X,D,def D' in 0) = U(X, D', 0)
+ 3 {U(X;,D',0) x U(X, D, P;)}
J
—0=U(X,D,0)
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5. Casedef Dinnewx: pQ =new x : pdef Din Q. In fact,

UX,D,def D'innewz: p Q) =U(X,D';new z : p Q)
+Z{U(X],D,a new x: p Q) X u(X’D7f)])}

=U(X,D,Q)+ > {U(X;,D',Q) xU(X,D, P))}
J
=U(X,D,def Din Q) =U(X,D,new z : pdef D in Q)
6. Case (def D' in Q)| R = def D’ in (Q|R). First notice that
the fv(R) are not bound by D’ (insured by the side condition).
Therefore,
UX,D,(def D'inQ)|R) =U(X,D',Q)+U(X,D,R)
+ Z{u (X;,D',Q) xU(X, D, P})}

and

UX, D, def D' in (Q|R)) :U(X,D/,Q) +U<X,D/,R)
+Z{ X]7D/ +U(Xj7D/7R)) XU(X7D>]Dj)}

But, by proposition 47, U(X, D, R) = U(X, D', R)+>_ {U(X;, D', Q)+
xU(X, D, P;j)}, which concludes the proof.

O]

Proof of theorem 38 (U is a call-counting function), page 23.

Proof of assertion 1. We proceed by induction on the structure of
the reduction. We analyse the last typing rule of the derivation.

1. Case CoM. Then P = a!l;[v Ha”{ll (Z1) = Pyl (Bn) =
P}, Q = {0/&;}P;, and P % Q. The result of counting the
number of times that X is called in P regarding D is

U(X,D,P) =U(X,D,al;[§])+
U(X,D,a?{11 (#1) = Pi, ..., ln (@n) = Pu})
U(X,D,P)U---UUX,D,P,)
UX,D,P,) =UX,D,{v/7:} )

by definition of LI. Notice that name substitution has no effect
on process variables, hence U (X, D, P;) =U(X, D,{v/%;} F;).
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. Case PAR. Then P = P, | P», P, £ P/, and Q = P/ | P,. The ap-
plication of function U (X, D, P) yieldsU(X, D, P1)+U(X, D, P).
By induction hypothesis, U(U, D, P;) > U(U, D, P{). Then

U(X,D,P) =U(X,D,P) +UX,D,P,)
ZU(X7D7P1/)+U(X7D7P2) :Z/{(X7D,Q)

. Case RES;. Then P = new z : o152 P} Q = new 2 : al¥ ) P},
Py % P}, and P -5 Q. Hence,

U(X,D,Q) =U(X,D,new z : o) Py)
= U(X7 Da Pl)

that, by induction hypothesis,
>U(X,D,P}) =U(X,D,new z : o1 % ) P/)

. Case RESs. This case is analogous to RES;.

5. Case DEF. Then, P = def D’ in P’ and Q = def D’ in Q' with

P' % @'. Thus,

U(X,D,P)=U(U,D',P)+> {U(X;,D',P') xU(X,D,P))}
j

by induction hypothesis

>UX,D',Q +Z{L{X D', Q) xU(X,D,P;)}

=UX,D,Q)

. Case CALL. Then P = def D’ in X;[0]|R and @ = def D’ in
{0/2:}P;| R with D &' X, (#,) = Py and ... and X,, (&) = P.
Hence,

U(X,D,P)=UU,D' X;[0]| R)
Z{(U(vaD/7Xiw] | R) X U(X7D7Pj)}

On the other hand,
UX,D,Q) =UU,D' {v/&:}P;| R)
> A@(X;, D {0/@:} P, | R) x U(X, D, P))}

By definition of U, U(X, D', X;[0]| R) > U(X,D’',{v/%;}P; | R).

47



7. Case STR. Then, P £ Q,P=R,S=Q,and R L. Therefore,

UX,D,P)=U(X,D,R), by lemma 48 (P = R)
>U(X,D,S), by induction hypothesis
=U(X,D,Q), by lemma 48 (S = Q)

Proof of the second and third assertions. The proof proceed by
case analysis of whether X is or not the same variable as X; in
U(X,D, X;[0]R).

That concludes the proof. O
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