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ABSTRACT

We propose a type-based technique to analyze how many times each value, in-
cluding communication channels, is used during execution of concurrent programs.
This work is closely related with the recent work by Kobayashi, Pierce, and Turner
on a linear channel system on a process calculus. They introduced a type system
that ensures certain channels (called linear channels) to be used just once, and
showed that how linear channels help reasoning about program behaviors. How-
ever, they only deal with a pure message passing calculus, and more importantly,
the type reconstruction problem is left open. This thesis develops a type recon-
struction algorithm of a variant of a linear channel type system for a concurrent
language with data constructors such as records, and let-polymorphism. We can
detect not only linear channels but also other used-once values (closures, records,
etc.) by the type reconstruction algorithm. Computational cost of our analysis
(excluding cost of ordinary type reconstruction — which is known exponential in
the worst case —) is polynomial in the size of a program. Moreover, several exper-
iments show that our analysis is enough efficient in practice. We also incorporate
the proposed analysis into a compiler of a concurrent language HACL and present

results of several benchmarks.
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Chapter 1

Introduction

1.1 Background

With the recent development of parallel computers and high-speed networks, con-
current /distributed programming languages have been drawing great attentions.
Concurrent programming languages are important even in sequential environments
in describing interactive applications such as graphical user interfaces[4]. Indeed,
many concurrent programming languages — including concurrent object-oriented
languages[27, 1], concurrent extensions of functional languages[20], concurrent
constraint/linear logic programming languages[22, 21, 10], and programming lan-
guages based on process calculi[17, 23] — have been proposed and implemented.
Of those researches, the frameworks of process calculi[13, 10] are drawing at-
tentions as a vehicle for studying theoretical aspects of concurrent programming
languages. The process calculi are based on the model that computation is per-
formed by multiple concurrent processes communicating values along communi-
cation channels. Their computational models are simple but so expressive that
various high-level constructs for concurrent object-oriented languages can be cap-
tured by process calculi extended with records[9, 11, 18]. Moreover, they provide
us various useful methods to reason about behaviors of programs: criteria of be-

havioral equivalence of processes such as barbed bisimulation, or (static) type



systems. For these reasons, programming languages based on process calculi have

the following advantages:
e Semantics of the core language is clearly defined through the basis calculus.

e High-level constructs, like concurrent objects, can be flexibly introduced /modified

with clear semantics.

e Various aspects (theory, implementation, etc.) of such high-level constructs

can be uniformly discussed.

On the other hand, once high-level constructs are encoded into a lower-level
core language, their good properties are often thrown away and so safety use of the
constructs is difficult to ensure on the core language. As another disadvantage,
overhead of multi-threading and communication among threads, i.e., operations
on channels, are large. To recover these disadvantages, analysis technique for
languages based on process calculi, particularly static analysis which makes use
of their clear semantics, is required. By developing analysis technique on such
languages, it would be easy to develop similar technique for other concurrent pro-

gramming languages.

1.2 Linear Channel Type System

As an instance of static analysis for process calculi, recently, Kobayashi, Pierce, and
Turner[8] gave a static type system with which certain communication channels,
called linear channels, can be ensured to be used just once. Linear channels have
many good properties such as partial confluence with respect to communication
on them.

Above all, linear channels enable to eliminate redundant communication. Con-
sider the following expression new r in (m(v,r) | r(z) = e) end, which repre-

sents a function call or a method invocation of concurrent objects. It creates a



new channel 7, then activates m(v,r) and r(x) = e concurrently. m(v,r) sends
(v,7) to the channel m where m and v represent the location of the function or
the method and its argument, respectively. The channel r is used for the callee to
send a result. r(z) = e is a message receiver which executes [z/z]e when a value z
is received at the channel r. If r is proved to be a linear channel, we can reduce the
above expression into m (v, Az.e), in which the channel creation new r in ... end
and the communication on the channel are eliminated. Moreover, consider a spe-
cial case that e is just a r'(x), which forwards the value from r to another channel
r’. Then the resulting code is m(v, "), which may be regarded as the tail-call op-
timized form of the expression new r in (m(v,r) | r(xz) = 7'(z)) end. Note that
this kind of tail-call optimization is only possible by a non-trivial global analysis,
unlike that in functional programming languages (because we need to check the
behaviors of receivers on the channel m).

In addition to the elimination of redundant message passing, linear channel
type system can be used to: (1) reduce the cost of operations on communication
channels, (2) reduce the cost of garbage collection by the reuse of memory space
for linear channels, (3) guarantee safety of programs by the properties of linear
channels. There are many situations where linear channels are used. As mentioned
above, one of two communications involved in function/method calls is performed
on a linear channel. Moreover, most of dynamically created channels are linear
ones in typical programs.

Their system is, however, on a pure message passing calculus, and the type

reconstruction problem of the system is left open.

1.3 Owur Approach

In this study, we improve their type system and develop a type reconstruction
algorithm which can detect affine channels[8], which is used at most once. Note

that in the type system of [8], linear channels and affine channels have nearly

3



identical properties because it is possible to throw away linear channels without
using by placing them in a deadlocked subprocess. So, in this thesis, we do not

particularly distinguish them.

The basic ideas of our analysis are a type system with uses and introduction
of use constraint. Uses are attached to type constructors and denote how many
times the values are used. For example, int' denotes the type of integers which
can be used at most once where the superscripted 1 is a use. It will be ensured
that values are used according to their uses, i.e., a value of int! is really used at

most once, during execution.

Use constraint is introduced for ease of type reconstruction. In the sense that a
whole program determines uses of values, a use is a global property. So, analysis in
a simple-minded bottom-up manner does not work because uses of values cannot
be determined from local information. To solve this problem, we introduce use
variables, which represent such undetermined uses, and a use constraint set, which
keeps local information as a system of inequalities on use variables. Our type
reconstruction algorithm generates a use constraint set as a part of outputs. To
detect linear channels, the constraint set is to be solved.

Our target language discussed here is a small core of concurrent programming
languages, which can be considered as a process calculus extended with functions,
data structures such as records, and the ML-style let-polymorphism. We choose
such a language because behaviors of various concurrent programming languages
can be captured as mentioned above and it is more realistic for practice than pure
process calculi. Therefore, the result of this study would be easy to apply to other

concurrent programming languages.

1.4 Contribution

Main contributions of this thesis are:
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Figure 1.1: Overview of This Thesis

e Development of a type reconstruction algorithm for a type system with uses

for a realistic core of concurrent programming languages.

e Development of a method for detection used-once values, including linear
channels. Used-once values are detected with no declarations about types in

programs by our analysis.

Computational cost of our analysis (excluding cost of ordinary type reconstruction
— which is known exponential in the worst case —) is polynomial in the size of a
program.

Note that the linearity analysis of communication channels is more difficult to
detect than that in functional programming languages[24], because a linear channel
has at least two syntactic occurrences — one for receiving and another for sending.

We also show that the cost of the analysis is efficient for practice and that the

effects of optimization by linear channels are promising.

1.5 Overview of This Thesis

The goal of this thesis is to give an algorithm to obtain use information, and
prove it to be correct with respect to operational semantics. The overview of this

thesis is illustrated in Figure 1.1. First, we discuss the analysis for a pure process



calculus, and then we extend the target language. In both discussions, we intro-
duce two kinds of type systems. One of them (type system (I)) is a type system
to guarantee the correctness of uses of values. The judgements on uses obtained
by the type system are proved to be sound with respect to operational seman-
tics. Then, we modify it to the other type system, type system (II), which eases
type reconstruction by introducing use constraint, present a type reconstruction
algorithm and prove soundness and completeness of the algorithm. The two type
systems are proved to be essentially equivalent. As a result, reconstructed type
(including use information) will be sound with respect to operational semantics.
The structure of the rest of this thesis is as follows. In Chapter 2, we describe
a type system with uses for a pure process calculus and prove it to be sound with
respect to its operational semantics. The modified type system, its type recon-
struction algorithm, and the method for detecting linear channels are presented in
Chapter 3. In Chapter 4, we discuss our analysis for the extended language. By
the analysis, we can detect not only linear channels but also other used-once val-
ues (closures, records, etc.) Chapter 5 gives some experimental results to show the
effect of optimization through simple examples and that the cost of our analysis is
enough efficient in practice in spite of its theoretical complexity. After discussing
several issues and related work in Chapter 6 and Chapter 7, we conclude this thesis

in Chapter 8.



Chapter 2

A Type System with Uses for a Pure

Message Passing Calculus

In this chapter, we give a type system of an asynchronous (pure) message passing
calculus, which judges how often each channel will be used, and prove that the
type system is correct with respect to its operational semantics. The type system
handles not only the usual types but also uses, which are attached to type con-
structors and denote how many times each channel is used. For example, [7](1)
where the superscripted 0 and 1 are called uses, denotes a type of channels used at
most once to send a variable of 7 type. By the correctness of the type system, we
mean that the channels of such a type are used for sending at most once, indeed,

during evaluation.

We first present the syntax of our target language, which can be considered
an asynchronous fragment of the polyadic 7-calculus[13], and explain its intuitive
meaning. In the first section, without introducing uses, we give a type system and
operational semantics for the target calculus. Second, the definition of uses and a
type system with uses are described in Section 2.2. Third, operational semantics
is extended with uses and the correctness of the type system with uses is proved

in Section 2.3.



2.1 Target Language

The target language is considered as a fragment of the polyadic 7-calculus allowing
only asynchronous communication. Computation in this language is performed by
multiple processes which communicate values asynchronously through communi-
cation channels, simply called channels. Channels are first-class citizens in the

sense that they can be passed from a process to other processes.

2.1.1 Syntax

We give the definition of preterms, which are untyped process expressions. The
metavariable z(,y, z,...) ranges over the finite set of variables. The syntax of

preterms of the language is given below.

Definition 2.1 (preterms) The set of preterms, ranged over by e, is defined as

follows.

e = eley (parallel composition)
| z(y1, - yn) (message send)
| (message receiver(s))
| 2*(y1,...,yn) = € (replicated message receiver)
| mnew z in e end  (channel creation)

r o= z(yi,...,Yn) = € (message receiver)
| &y (guarded choice of receivers)

A sequence of variables y,...,y, is often written as y. Also, we abbreviate

new z; in ...new z, in e end... end to new ¥ in e end. We give z(7) (mes-
sage send) a higher precedence than =, and = a higher precedence than | and
&. For example, e; |z(z) = y(2) | ea means e; | (z(z) = (y(2))) | ea.
Their intuitive meanings are as follows. e;|es executes e; and ey in par-
allel.  z(y1,...,y,) sends the tuple of the values (yi,...,y,) along the chan-
nel z. new x in e end creates a new channel z and executes the process e.
(Y1, ..., Yn) = ewaits for 2y, ..., z, along the channel z, and executes [z, /y1, . . ., 2, /yn]e.

ri& - - &r, executes either of r; depending on available messages. For instance,



new z in z(z) | ((v(y) = w(y))&(z(y) = u(y))) end communicates on z and is

reduced to new z in u(z) end. A replicated message receiver x*(y1,...,yn) = €
also waits for zq,...,z, along x, spawns [21/y1,...,2,/ys]e and executes itself
repeatedly.

Bound variables of a preterm can be defined in a customary fashion, i.e., vari-
ables 91,...,y, are bound in e of x(y1,...,%n) = €, 2(y1,...,yn) = e, and
new vi,...,Y, in e end. A variable which is not bound in a preterm will be
called a free variable of the preterm. We define a-conversions of bound variables
in a customary manner and assume that implicit a-conversions are allowed, hen-

thforce.

2.1.2 Type System

The syntax of types is defined below:

Definition 2.2 (types) The metavariable a(, g, ...) ranges over the finite set of

type variables. The set of types, ranged over by 7, is given by the following syntax.

T = o« (type variables)
| [m1,...,7] (channel types)
[T1,...,Ty], often abbreviated to [7], denotes the type of channels which com-

municates a tuple of values, each of which has 7; type.

A type environment I is a mapping from the set of variables to the set of types.
The domain of a type environment is written as dom(I"). We write x1 : 7y,...,z,
T,, abbreviated to Z : 7, for a type environment I" such that dom(T') = {z1, ..., z,}
and I'(z;) = 7; for each i. When x ¢ dom(T'), we write ',z : 7 to mean a type
environment I'" such that I''(z) = 7 and I"(y) = ['(y) if © # y. A type judgement
form is I" - e, read as the preterm e is well-typed under I'. Tt means that if the free
variables of e has the types obtained from I', respectively, then e is a well-typed

process.
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(T-PAR) (T-CHOICE)

U,z:[7],9:7Fx(y) (T-SEND) T,z :[7]

T,z [T ke
' new z in e end

[ e
(T-New) Uz [7]F 2*(y) =

Figure 2.1: Typing Rules for the Target Language

Typing rules are given in Figure 2.1. A well-typed preterm is simply called
a term. To avoid confusion with type judgement derived the other typing rules

described later, we write [' k7 e if it is derivable from these typing rules.

Intuitive meanings of typing rules are as follows:

(T-PAR, T-CHOICE) If subexpression e; and ey is well-typed under I', then both

e1 | es and e&es are well-typed.

(T-SEND) If z is a channel to a communicate a tuple of values, each of which has
the type 7;, and each y; has the type 7;, respectively, then message sending

z(y) is well-typed.

(T-REcv, T-RREcV) If the body of a receiver e is well-typed under a type envi-
ronment that each y; has the type 7;, respectively, and x has the channel type
[T1,...,7y], then the whole receiver is well-typed under the type environment

from which the assumption on g is eliminated.

(T-NEw) If e is well-typed under a type environment that 2 has a channel type,
then new z in e end is well-typed under the type environment from which

the binding of z is eliminated.
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2.1.3 Reduction Semantics

Following the standard presentation for process calculi[13], the reduction semantics
for preterms is defined via two relations: a structural congruence and a reduction
relation. First, we define a structural congruence relation e; = e, which is congru-
ence based on the structures of preterms. It is introduced for the simplicity of the
reduction semantics and represents the fact that the order of parallel composition
in a preterm does not affect the behavior of the preterm and so forth. In other
words, if two preterms are in a reduction relation given below, those structurally
congruent to them are also in the relation. Second, the reduction relation e — ¢,

which means that “e is reduced to €’ in one step,” is defined.

Definition 2.3 (structural congruence e; = ey) Structural congruence e; = ey

is the least congruence on preterms closed under the following rules.

e1les = eyle
(ex]ex)es = erf(ez]es)

e1&es =2 eyke
(er&er)&e; = e&(eadees)

12

new z in (e; |ey) end e; |new z in ey end (if x is not free in e;)

Definition 2.4 (reduction relation e — €’) The reduction relation e — ¢’ is
the least relation closed under the following rules:

((z(y) = e)&e’) | 2(2) — [2/y]e (R-Comm)

(@*(9) = e) [2(2) — [2/4]e| (z"(y) = ¢) (R-RCoMM)

% !/ I e el
caFe a—a 6= (R-CoNG) L% (R-Par)
ey — € e1 ey — €| es
!/
€—- e (R-NEW)

new z in ¢ end — new z in ¢ end

The type system ensures that the well-typedness of a term is preserved during

the reduction.

11



Theorem 2.1 (Subject Reduction (1)) If I'Fe and e — ¢/, then T' F ¢’

Proof Structural induction on the proof of e — €. O

2.2 Type System with Uses

Now, we show how a type system judges how many times each channel is used. For
this purpose, the set of uses, which are associated to the channel type constructor
and denote how many times the channel is used, is introduced. The syntax of

types and typing rules are redefined so that uses are properly handled.

2.2.1 Uses and Types with Uses

The set of uses, ranged over by &, is {0,1,w}. The intuitive meaning of each use
is as follows. 0 means that channels will be never used, 1 means that channels
will be used at most once, and w means that channels will be used any number of
times.

Note that a use is not just the number of syntax occurrences of the channel
because each channel can be used for two different operations, i.e. sending and

receiving. Consider the following preterm:

f(z) = z(v) |new y in (f(y)|y(w) = e) end

In the above preterm, y appears twice, but is used for different operations. It is
used once for sending after y is sent to f, while for receiving in y(w) = e. Hence,
a pair of two uses (k1, k9) is attached to the channel type constructor. The k; and
ko denote how many times the channel may be used for receive operations and for
send operations, respectively. After all, the total use of y is counted as (1,1) in
the above example.

Now, we formally redefine the syntax of types.

12



Definition 2.5 (bare types, types) The set of bare types, ranged over by p, and

the set of types, ranged over by 7, are given by the following syntax.

p =« (type variables)
| [m1,...,7] (channel types)
T = p(’“””)

As explained above, the attached x;, often called receive use, and ko, often
called send use, denote how many times the channel may be used for receive
operations and for send operations, respectively. For example, [7](®!) denotes a

type of channels used at most once to send a value of 7 type.

2.2.2 Typing Rules with Uses

A type judgement form I' - e means not only that e is well typed in the sense
until now, but also that each variable in e is used according to the uses of its type
in I'. For example, the type judgement I',z : [r]("%) |- ¢ means that x is used at
most once for recewving a value of T type, and never used for sending in e.

Since type environments are concerned with uses of variables, we need to take
special cares in merging type environments. For example, if = : [7](!) | ¢; and
z: [7]M9) F ey, then z is totally used once for sending and once for receiving in
e1 | ea. Therefore, the total use of a variable in e; | e should be obtained by adding
uses of two type environments. Thus, the rule for parallel composition is defined

as:
Fl F €1 F2 F €9

F1—|—F2|_€1|€2

(Tu-PAR)

where the operation I'y + 'y, which will be defined later, represents a type envi-
ronment obtained by adding uses of each variable in I'; and I's.

In the case of a guarded choice of receivers (z1(9;) = e1)& - - - &(2,(Tn) = €n),
on the other hand, the uses of a variable should be computed by taking an upper

bound of uses in the type environments of the receivers, because only one of the

13



receivers is executed. Thus, the rule for & is defined as:

Pl F €1 FQ F €9
Pl L FQ F 61&62

(Tu-CHOICE)

where I'y LIT"y is the upper bound of type environments, which is also defined below.
Formal definitions of the summation and the upper bound of uses, types and

type assignments are given below.

Definition 2.6 (summation) Summation of uses k; + ks is defined by:

0 if (k1,k2) = (0,0)

K1+ Ko = 1 if (Hh/{?) {( 71) ( )}
w otherwise

If two types are identical except for their outermost uses, the summation of

the types is obtained by adding the outermost uses:

p(m,m) + p(n3,m) — p(m+n3,ﬁz+n4)

The summation is extended pointwise to type environments as follows:

[y(z) + To(x) if z € (dom(T'y) N dom(Ty))
Ty +Ty)(z) = I(x) if x € (dom(T'y) \ dom(T's))
[y(x) if x € (dom(T'3) \ dom(T'y))
Definition 2.7 (upper bound) The upper bound of two uses ki Ll k9 is defined

as follows:
0 lf (/il, Hg) = (0, 0)

kiUke =< 1 if (k1,k9) € {(0,1),(1,0),(1,1)}
w otherwise
The definition of the upper bound of types and that of type environments are
obtained by replaced + with LI from Definition 2.6.

Another important operation is - I', which represents the summation of x
copies of the type environment I'. Using this operator, the typing rule for replicated
message receivers is defined as follows:

y:7Fe
(w-T)+z: [Fl@9Fa*(y) = e

(Tu-RRECV)
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Because a replicated receiver z*(y) = e is considered as an arbitrary number of a
parallel composition of z(y) = e, each binding in the type environment I" used in
the body may be used an arbitrary number of times, i.e., w times. Therefore, we
need totally the summation of w copies as the type environment.

For example, in the following preterm,

(#"(y) = 2(y)) | =(v) | w(w)

the free variable z in the replicated receiver appears only once, but a message
sending to z appears twice. So, the number of send operations on the channel z
should be counted as 2 - 1.

k- I' is formally defined as follows.

Definition 2.8 (k-product) & - k9 is defined below.

1 1f (K1, k2) = (1,1)

K1+ Ko = w (K17“2) {( ,w),(w,l),(w,w)}
0 otherw1se

k - T is obtained by the multiplication of x with the outermost use of 7, and « - I’

is obtained by the pointwise extension:

K - p('ﬁ,m) — p(n-m,n-nz)

(k- T)(z) = £ - (T(x))

We allow to make the assumption on uses rough. For example, if = : [7]OD 3
7 I z(y) holds, then we allow x : [7]®“) y : 7 F x(y), that is, if e is well typed
under the assumption that x is used at most once, then e is well typed even under
the assumption that x is used an arbitrary number of times. The below-defined
relation I'y > T'y represents that the assumptions on uses of the variables in I'; are

larger (rougher) than that in T's.

Definition 2.9 (relation >) The relation between uses > is a partial order which

satisfies w > 1 > 0. The relation > is extended pointwise to pairs of uses.
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F1|_€1 P2|_62 F1|—61 F2|_62
Tu-PAR -
Pl + FQ F €1 ’62 ( ) Fl L FQ F 61&62 (TU CHOICE)
>1 7/ >7 - 7 >1,
2 = )Tl =L =T (Tu-SEND)
Coxc[ry, . m|052) gy ooy s T (g, e Yn)
Doyy iy, yn T Fe Kk >1 (Tu-Recv)
Do fm, ..., ] 05 Ea(yy, ... yn) = e
oy i1, .. b e I'>w- 17
s Y1 - T, yYn * Tn € - (TU—RRECV)
Ddo:m,. .., 1] Fa*(yr,. .. un) = e
Too:[r,. .., 7008 -
y L [7_17 » T ] . € (TU—NEW)
I' F new z(*1%2) in e end
Figure 2.2: Typing Rules with Uses
We define > between types as p{™"? > p{*) if and only if p, = p, and

(K1, K2) > (K3, kq). For type environments, we define I' > I as follows:

[>T iff Vo € dom(I").(x € dom(T') A (T'(z) > I'(x)))

We often write 7 > 7' instead of 7y > 7{,..., 7, > 7.
The whole typing rules with uses are described in Figure 2.2. We write [' F74,

e: 7 if ' e : 7 is derivable by these rules. We explain other notable rules.

(Tu-SEND) Because z in z(7) is used as a channel for sending a message, send

use k9 of x must be greater than 0.

(Tu-NEw) The syntax for channel creation new z in e end is modified to

new (1

%2) in e end' so that the use of z is declared explicitly. x; and ks
are receive and send use of x, respectively. These indices of uses in preterms
will be used for program transformation or for efficient code generation for

channels, which are mentioned in Chapter 1. Note that there is no need for

(k11,K12) (Kn1,6n2)
1

IThe abbreviation new z Y 2 in e end is often used instead of new

K11,K . Knl:Rn2) s
;gg 12512) 5 new z4"**?) in e end ...end
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programmers to declare them, indeed. The type reconstruction algorithm

described in Chapter 3 infers and recovers these uses.

The types system with uses is sound with respect to the type system described
in the previous section. By the soundness, we mean that if a preterm is well-typed
under some type environment I' by the typing rules in Figure 2.2, it is also well-
typed by the typing rules in Figure 2.1 under the type environment from which
use information is removed. FErase(I',e) is a pair of I" and e’ such that uses
are removed from e and the bound types in I'. The removal of uses from a type
EraseTy(t) is defined as EraseTy([ry, ..., ,|""2) = [EraseTy(ry), ..., EraseTy(r)]
and EraseTy(alf1+2)) = q.

Theorem 2.2 If I' 74, e, then there exist some I'” and ¢’ such that IV F7 ¢/, and

(I",e") = Erase(T, e).

Proof Structural induction on the proof of I' 74, e. O

2.3 Correctness of Type System with Uses

In this section, we show that the type system correctly judges the uses of channels.
For example, we must ensure that if = : [F](%Y) F e, then z can be used at most
once for sending during evaluation of e. In order to check the correctness, the
reduction relation is annotated with some use information. Then, we show that the

correctness of the type system with uses with respect to this reduction semantics.

2.3.1 Reduction Semantics with Uses

In the original definition, the reduction relation is written as e — ¢’. In this
section, this relation is annotated with an environment [ and a label [ and written
asTFe e Intuitively, I' is a type environment which keeps uses of variables,

which can possibly be used during the evaluation of e, and [ is either a variable x,
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which implies that e is reduced to ¢’ by communication on the free channel z, or

a special label €, which implies communication on a bound channel.

Definition 2.10 (reduction relation ' ¢ — ¢’) The reduction relation I' -

e - ¢’ is the least relation closed under the following rules:
k121 Ky 2>1
T, : [F]00m) = ((2(7) = e)&e’) |2(2) = [2/7]e
k>1
T, (7O = (2%(5) = e) |2(2) = [/7le | (27(7) = e)

(Ru-Comm)

(Ru-RComm)

e1 e, The e o ¢ T ke e
L ! —z> L 1= 2 (Ru-Cong) Ll _>z 1 (Ru-PAR)
['Fey, — ¢ [+ Tober|es — e es
[,z [F]0m2) e 25 ¢f
7] . — — (Ru-NEw1)
I new z12) in ¢ end —— new z(*1%2) in ¢ end
D,z [F]r2) e Loz £l
u 1—> 7 (RUu-NEW2)
I new z(12) in ¢ end — new z(**2) in ¢’ end
where 1" =0 and w™ = w

We define T~ by (T, z : [f]("152))=2 =T g : [f]*1%2) and T'~¢ = T. Intuitively,
['™® represents a type environment after a reduction occurs on the channel z.
When T F e — ¢’ holds, we often write I' F e —— ¢ < [\, It means that if
the reduction comes from communication on a free channel of x, the uses (K1, k2)
of the binding of x in I' are decreased by 1. On the other hand, if the reduction
comes from communication on a bound channel, then the uses are removed from

the corresponding new-construct in the preterm. For example, the preterm
new 2"V in (y(u)|y(2) = (z(2)|2(w) = v(w))) end

is reduced under the type environment I', y : [T](l’l) by communication on the free

channel y:

T,y : [r]5Y F new Y in (y(u)|y(2) = (2(2) | z(w) = v(w))) end

s new 25 in (z(u) |z(w) = v(w)) end 4T,y : [7]O0)

18



It is further reduced by communication on the bound channel z:

L,y : [7]%Y F new 20V in (z(u) | z(w) = v(w)) end

— new 2% in v(u) end 4T,y : [7]©0

On terms, the operational semantics with uses allows the same reduction as

that of the previous section by removing use information.

Theorem 2.3 Suppose I' 7y, e1. Then, I' - ¢ LN ey holds if and only if €] — €},
holds where €/ and e, are obtained by removing uses from e; and ey, respectively,

and — 1is the reduction relation defined in Definition 2.4.

Proof
= Structural induction on the proof of I' - e L

<« Structural induction on the proof of ] — e}, with the well-typedness of e;.

O

2.3.2 Correctness about Uses of Channels

As usual, correctness of the type system is shown through the subject reduc-
tion theorem (Theorem 2.4), which implies that well-typedness of a term is pre-
served during reduction, together with the lack of immediate misuse of uses
by any term (Theorem 2.5). By the lack of immediate misuse of uses, we
mean, for example, that there is no case where y : [7]®) F e but e =

K11,K
new acg )

yaturne) in (y(21) |y(2) | €') end (which means that e is now
trying to send two messages along the channel y though ¥ is declared as a channel
allowing only one sending).

Subject reduction theorem is stated again as follows.

Theorem 2.4 (Subject Reduction (2)) If '-eand 't-e —Ls ¢/, then T is
well-defined and I'! + ¢’ holds.
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Proof Structural induction on the proof of I I- ¢ Ly ¢ See Appendix A.1 for
the detailed proof. O

Note that it implies not only that well-typedness is preserved in the usual sense,
but also that the uses of the corresponding channel are removed after communi-
cation, so that, for example, the use (1,1) of a channel becomes (0,0) after it is

used for communication.

(k11,k12) o ’x%ﬁnl,ﬁw)

Theorem 2.5 (Run-time safety) If I' F e and e = new z; ,
in (e;{] es}) end then?:

L Uerisz(yr, ..y yn) | (@(21,. .oy 2m) = eN&rorx(yy, ..., yn) |2*(21, ..oy 2m) =
¢/, then n = m and for the use pair (k1, k2) of the binding of z (in either T

or new), (k1,k9) > (1,1).
2. If ey is z(y), then the send use of the binding of z is greater than 0.

3. If ey is (z(g) = €')&r, then the receive use of the binding of x is greater than
0.

4. If e is z(g) | x(2), then the send use of the binding of = is w.

5. If ey is ((z(§) = €)&r)|((x(2) = €")&ry) then the receive use of the

binding of z is w.

6. If ey is *(g) = ¢/, then the receive use of the binding of z is w.

Note that r denotes an arbitrary number of receivers x(f) = e combined with

&.

Proof Trivial from the typing rules. O

2We use the shorthand {| e} to stand for either nothing or a parallel composition with e.
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2.4 Summary

First, we have described a type system for a pure asynchronous process calculus
and its operational semantics. Then, a type system with uses, which are attached
to the channel type constructor and denote how many times each channel is used,
have been introduced. The type system with uses is sound with the original type
system if use information is removed. The type system with uses has been proved
to be sound with respect to operational semantics (with uses). The soundness
ensures that there is no possibility of misuse of channels against its uses, i.e.,
channels, which are proved to be linear channels by the type system, are used at

most once during reduction, indeed.
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Chapter 3

Type Reconstruction and Detection of

Linear Channels

The purpose of this chapter is to reconstruct, given a preterm e, the most general
type environment [" such that T 74, e. The typing rules presented in Section 2.2
are not enough for this purpose. For example, consider the preterm x(z) | y(z).
In order to find the most general typing, the rule (TU-PAR) tells us to first com-
pute the most general typings for z(z) and y(z), and then add the obtained type
environments. However, since the use of z cannot be determined at this mo-
ment, the reconstruction step stops there. In order to avoid this, we introduce
use vartables to represent undetermined uses, and keep information on the use
variables as a constraint set on use variables. Thus, the most general typing is
represented as a pair consisting of a type environment and a constraint set on
use variables. For example, the most general typings for z(z) and y(z) can be
represented in the forms: ((z :---,z: aU12)),0) and ((y : ---, 2 : aF52)) ©,)
where 71, j2, k1, ko are use variables and ©;,©, are constraint sets on use vari-
ables. From these typings, the typing for x(z)|y(z) is represented as a pair
(g -z aW2) 0, U0, U{ly > 51+ ki,ly > jo + ky}). This re-

construction step is expressed by the rule:
Fl,@|_€1 FQ,(")'_eg FZ@Fl—FFQ
F, OF €1 | €9

(TRU-PAR)
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where the intended meaning of [, © F e is that ST" k7, Se holds for any substi-
tution S of uses for use variables if S satisfies a system of inequations ©. With
these modifications, we can obtain, given a preterm e, the most general pair (I, ©)
such that I',; © F e. After that, we can obtain IV 74 ¢’ by solving the set © of
inequations and substituting the minimal solution for use variables in I' and e.

Note that by the introduction of use variables, programmers need not declare
uses of channels in new-construct, because fresh use variables can automatically
be inserted into a program before the reconstruction algorithm is applied.

First, we show a modified type system for reconstruction. After that, we
demonstrate detection of linear channels. The procedure to detect linear chan-
nels consists of: (1) a type reconstruction phase to obtain the principal typing of a
given preterm and (2) a phase to solve the inequalities on use variables. In the rest
of this chapter, after presenting the modified type system for reconstruction and
a type reconstruction algorithm (Section 3.1-3.3), we describe how to solve the
inequalities on use variables (Section 3.4). We then give an example of detection

of linear channels (Section 3.5).

3.1 Typing Rules with Use Constraint Set

The metavariable j(,k,...) ranges over the finite set of use variables. We replace
uses with the following use expressions in order to handle use variables, summa-

tions and products of uses.

Definition 3.1 (use expressions) The set of use expressions, ranged over by k,

is given by the following syntax:
Ku=0|1|w|j| kK +ke|K1URKy | K1+ Ko

We often call 0,1, and w use constants. We do not distinguish between a use
expression with no use variable and its corresponding use. For example, we identify

the use expression 1 + 0 with the use 1. A wuse constraint set © is a system of
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inequalities on use expressions, where each inequality is of the form x; > ko where
k1 is restricted to be either a use constant or a use variable. The syntax of types
is not changed except that uses are replaced with use expressions. We allow only
either use constants or variables in new z(*1*2) in e end.

The relation >g is used in the typing rules for reconstruction, instead of >.
K1 >e ko means that for any ground substitutions for use variables (i.e., substitu-
tions that instantiate all use variables in k1, k9, and © with use constants), if all
inequalities in O are satisfied, then x; > k9 is satisfied. For example, j >¢ [+ 1 if
© ={j > k+ 1,k >1}. The relation is extended pointwise to pairs of uses. Also,
the relation >¢ is extended to types and type environments in the same manner

as in Section 2.2.

Definition 3.2 (relation >g) k1 >¢ ko is defined if for all ground substitutions
of use constants for use variables S, V(x| > k), € ©).Sk} > Sk, = Sk > Ska.

1 > Ty and 'y > I's are defined as follows:
P > p8 ) A py = py and (K1, Ka) 26 (Ka, Ke)
[ > I'"iff Vo € dom(I").(x € dom(T") AT (z) > I'(x))

The typing rules for reconstruction are presented in Figure 3.1. We write
IO Frry e if I, © | e is derivable by the rules in Figure 3.1. We do not present
syntactic inference rules to derive the (semantic) relation k; >g k2. Note that,

however, obvious sound inference rules such as:

K1 > Ky €O K1 2@ K K1 2@ K2 K2 Ze K3
K1 2@ K2 SK1 >g0 Sk K1 2o K3

where S is a substitution for use variables, are enough for our reconstruction
algorithm.
The relation ©; |= ©, intuitively means that ©; is stronger constraint than

Os.
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I',0kFe; T'2,0Fex T'2>2T1 4T T',0Fe; T2,0Fes T' >l U
= TRU-PAR = Tru-CHOIC
T,0F e e ( ) T,0F er&es (Tru-GCrorce)

ke >l # o I',j:%0kFe k1 >0l I'>el’ +a:[f]k1m2)

- ) - =~ — (TRU-SEND) Y 1=9 — =9 l (TrU-RECV)
[,z [7]50r2) g7 0 F () ok z(g) =e
I,z [7]F152) ©@Fe I>gl’ I'j:%#0Fe T>p (w-I')+a: [

- - (TRU-NEW) LARE =9 (~ ) ul (TrRU-RRECV)

I,0 F new z(*1:%2) in ¢ end T,0Fz*(g)=e

Figure 3.1: Typing Rules for Type Reconstruction

Definition 3.3 (relation ©; = ©,)

01 = O, iff VK > Ky € Oy, k1 >0, Ko

The following two lemmas are trivial from the definition of >¢.

Lemma 3.1 If 7 >¢ 7' and ©' = O, then 7 >¢o 7'.

Lemma 3.2 If I' >g [V and ©' = O, then " >¢/ I'.

Lemma 3.3 If I',© b7y e and ©' |= O, then [, © Frry e.

Proof Structural induction on the proof of I', ©' Fzry e. O

The type system for reconstruction is essentially equivalent to the type system

presented in Section 2.2 in the following sense.

Theorem 3.1 (Equivalence of 7U and TRU) If I',© Frry e, then S.T" 7y

S.e for any ground substitutions S, of use constants for use variables such that

f = S.© where () is the empty constraint set (i.e., S,© is satisfied). Conversely, if

I b7 e, then I, ) F7ry e where () is the empty constraint set.

Proof The first half of the statement is proved as follows. For any substitutions

S). for use variables, Si.I", S|.© F7zy Sie holds by straightforward induction on the

structure of the proof of I', © F7rry e. By § = S0 and Lemma 3.3, S.I', 0 Frry
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Ske holds. Since Sy is a ground substitution, S,I" F7y Sge (by straightforward
induction).

The second half of the statement is proved by straightforward induction on the
structure of the proof of I' b7y, e : 7. O

We give the definition of the principal typing after several preliminary defini-

tions.

3.2 Principal Typing

First, we define a type-use substitution S, often simply called a substitution unless
confusing, below. S maps not only a type variable to a bare type but also a use

variable to a use constant.

Definition 3.4 (type-use substitution) A type-use substitution S is defined as
a pair of S, and S, where S, is a mapping from type variables to bare types

and S, is a mapping from use variables to either use constants or use variables.

(S, Si)(7) is defined as S,S,7. (S,, Sk)(k) is defined as S,k.

Lemma 3.4 (Type-Use Substitution) If I',O Frzy e, then ST, SO Frry Se

for any type-use substitutions S.

Proof Straightforward induction on the structure of the proof of I', © F7ry e : 7.

|

Principal typing is defined as a pair consisting of a type environment and a use

constraint set.

Definition 3.5 (principal typing) (T',0) is defined as the principal typing of e

if the pair satisfies the following conditions:

1. F,@ }_TRU (&
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2. If IV, ©' F7y4 e, there exists a substitution S such that

(a) O | SO

(b) ' D ST

3.3 Type Reconstruction Algorithm PTU

We show a type reconstruction algorithm for the modified type system. Before
describing the algorithm, we introduce several subprocedures including unification.

Formally, the property of the unification algorithm U is stated as follows:

Definition 3.6 (unifier) A substitution S is a unifier of a set of pairs of types

{(m11,712), - -, (Tu1, Tn2) } if and only if St;; = Sty for all i.

Definition 3.7 (most general unifier) A unifier S of {(711,712),...,(Tn1, Tn2)}
is the most general unifier if and only if there exists S” such that S’ = S”S for

any other unifier S” of {(711,712), .-, (Tn1, Tn2) }

We do not present an algorithm of unification, but it is easy to obtain from
the standard one by restricting use expressions in types to be either constants or

variables.

Theorem 3.2 (Unification (1)) Given {(711, T12), ..., (Tn1, Th2) } where every use
in 7;; is either a constant or a variable, there exists an algorithm U which computes
the most general unifier of the set {(711,712), ..., (Ta1, Tua) }, or reports failure if it

does not exist.

Then, we introduce subprocedures @, ©, and |, each of which corresponds to
the conditions in the typing rules I' >g I'y + 'y, I' >g k- IV and ' >¢ '} U Ty,
respectively. From pairs of a type environment and a use constraint set, they
generate a type environment and a use constraint set which satisfy the condition
on the type environments like above.

We give the definitions of them by using the unification algorithm U.
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Definition 3.8 @({(I'1,01),...,(,0,)}) is defined as the following procedure:

1. Define E,©, and T" as the least sets (or mapping) which satisfy the following
conditions. For each x € dom(T'y) U --- U dom(T,),
E 2 {(pl 7, o), (A )y
O D {ju1 > Kig 1 + o+ Kiy 15022 > Kip 2+t R 2}
P(x) = pfetse
where {iy,, ..., iz, }(= I;) be the set of indices s.t. i € I, & x € dom(T;),

(Kigy 1,Kiz, 2)

i, =T, (x) (ig, € 1), and ju1, juo are fresh use variables.

2. S=U(F)
3. Return (S,ST,S(OUOG,U---UBy,))
Definition 3.9 O(T', 0, k) is defined as the following procedure:

1. Return a type environment I and the least use constraint set © which
satisfy the following conditions: 1) dom(I") = dom(T), 2) ©" O © and 3)
[(z) = plrr2) = (T(x) = pU2) A jy > k- K1, ja > K- Ky € ©') where j1, s

are fresh use variables.

The definition of | |({(T'1,©1),..., (I, ©,)}) is obtained from the definition of
@ by replacing all 4+ with LI.

The algorithm PTU, shown in Figure 3.2 and Figure 3.3, takes e as an input
and returns a triple (I, ©, e). For the simplicity of the following discussions, we
assume that the unification procedure does not generate a unifier which substitutes
any other uses for use variables in e. This assumption is reasonable because it can
be proved that uses to be unified with uses in e are only use variables. Hence, it
is possible to avoid substituting some uses for use variables in e.

The following theorem ensures that our algorithm computes a principal typing.

Theorem 3.3 (PTU) If [',0" 7y e, then PTU(e) computes the principal

typing of e without failure.
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PTU(z(y1,---,Un)) = {z: [ozgj“’j”), RV ozglj"l’j"l)](j’k), Y1t agk“’k”), e Yt b Rn2)

{E>1 U{ky > i1 <i<n,j =12}, 2(y1,...,yn))
where a;’s, j, k, ji;’s, and k;;’s are fresh type/use variables
PTU ey | e2) = let (T'1,01,e1) = PTU (ey)
(T2, 09,e2) = PTU(e3)
(5,T,0) = B{(T1,01), (T2, 02)})
in (T,0,e; | e3)
PTU (e1&ey) = let (T'y,01,e1) = PTU(ey)
(T2,04,e2) = PTU(e3)
(5,1,0) = [J{(T'1,01), (T2, 02)})
in (T, 0, e1&es)
PTU(z(y1,...,yn) =€) =
let (T'1,0,e) = PTU(e)
(51.7.0) = ®({ (z: [of"™), .. a0 {j > 1}),
Ty \ (yi : 7ilys € dom(T'1)), ©1)})
Sy = U({(S107*), 5,7:)|y; € dom(T1)})
in (SoT, 520, 2(y1,...,yn) =€)

where a;’s, j;’s, and k;’s are fresh type/use variables.

2

Figure 3.2: Type Reconstruction Algorithm PTU (part 1)
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PTU(z*(y1,---,yn) = €) =
let (T'y,0,e) = PTU(e)
(I'1,01) = O\ (3 : Tilys € dom(T'1)), O1,w)
(51.7,0) = @({(x : [of™ ™), ., a1, 0), (T}, 60)})
Sy = U({(S10{"""), S17:)|y; € dom(I'1)})
in (82T, S20, 2% (y1,...,yn) =€)
where a;’s, j;’s, and k;’s are fresh type/use variables.
PTU(new (%) in e end) =
let (T',©,e) = PTU (e)
in if z € dom(T") then
(S(T'\ z:7,),50,new z(*1%2) in e end)
where S = U({(7,,a(®1*2))})
« is a fresh type variable

else (T',©,new z(*1*2) in e end)

Figure 3.3: Type Reconstruction Algorithm PTU (part 2)

Proof Structural induction on the proof of IV, ® F7x;, e. See Appendix A.2 for
the detailed proof. O

3.4 Detection of Linear Channels by Solving Constraint

Given a pair (I',0) such that I',© F7rry e, we obtain I' such that TV Fry €
by solving ©'. A solution of © is obtained by: (1) dividing © into two parts
{j1 > K1,-..,jn > ka} and {cas1 > Kpity---,Cm > Km} where each ¢; is a use
constant, (2) solving the first part of inequalities and (3) checking whether the
solution satisfies the second part?.

Since every operation on uses is monotonic, and ji, ..., j, can range over finite

space, the minimal solution of the first part is calculated by the simple iteration?.

Le! is the preterm where use variables in e is replaced with the solution.

2Tf the check fails, © has no solutions.

30f course, we can apply some symbolic simplification methods instead of the naive iteration.
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Note that j; = w,...,J, = w is always a solution of the first part.

Theorem 3.4 (Minimal Solution) Let © = {ji > Ki,...,Jn > kn}. These

—,

inequalities are abbreviated as ; > R(7). Note that each k; can be regarded as a

n-ary function. Define the tuple of use constants £ (m > 0) by

n

——
7O =(0,...,0)
RD = 2(RY = ([ /51, 6 [k, o 6™ - K8 L] K.

Then, for some M, f: KM) is the least solution of ©.

Proof Since a use constant can range over the finite space and the operations
for uses are monotonic, there exists M such that #™) = g(£(™)) holds. Suppose

that & > R(K') holds for some %'. Then, by the monotonicity of each x;,

R>R(E) > .= (R)M(R)

Moreover, by & > (0,...,0),
R)M(F) = ®M((0,...,0)(= &)

from which we obtain # > 7). O

Remark: If use variables appear in T' of the pair (T', ©) obtained by the recon-
struction, then those variables should be kept undetermined, because they may be
constrained outside the term. When such a term is required to be compiled at that
time (for separate compilation, etc.), we can allow programmers to declare their
uses (in addition to type declarations), and the compiler can assign w without such

declarations.

3.5 An Example of Analysis and Optimization

We show an example of type reconstruction and optimization. Consider the follow-
ing term, which computes the factorial of n, implemented with the target language

extended with integers, boolean values and several primitive operators like if.
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fact*(n,c) =
if n < 2 then ¢(1)
else new ¢1U%) ¢2 in

(pred(n, cl) | ei(x) = (mul(z,n,c2) | c2(y) = c(y))) end

pred is a (built-in) replicated receiver, which sends n — 1 to ¢ if it receives (n, ¢).
mul is also a built-in replicated receiver, which sends x x y to c if it receives
(z,y,c). pred and mul have the type [int, [int]@D]©%) and [int, int, [int]OD]O«),
respectively*. For simplicity, we concern only uses related to cl. So uses about ¢2
is omitted.

The reconstruction algorithm outputs the triple (fact : [int, [int]01F)]@D Q| ¢))
where

O={j>n+juk>k +kyk >1,5.>1,...}

Use variables j7; and k; in © are the uses of ¢l in the type environment for
pred(n,cl). Similarly, j, and ko are the ones for ¢1(z) = €. The minimal so-

lution of © is

J=7=175=0,
k:klzl,kzzo,...

As a result, we know that c1 is a linear channel. Similarly, we know that ¢2 is also
linear.

From the information obtained above, we can optimize the program below.

factopt*(n,c) =
if n < 2 then ¢(1)

else new c1Y in pred(n, c1) | cl(z) = mul(z,n, c) end

Note that the optimized program is “tail-call optimized” form of the original pro-

gram.

4Strictly speaking, uses should be attached to also int, but we ignore them.
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3.6 Summary

The type system with uses introduced in the previous chapter has been modified
for type reconstruction. The modified system is essentially equivalent to the orig-
inal one, but become suitable for extracting a type reconstruction algorithm by
introducing use expressions and use constraint sets. Then, a type reconstruction
algorithm PTU for the modified type system has been described. Given a preterm
e, PTU outputs its principal typing, which includes a use constraint set. By
solving the use constraint, with no type declarations in a preterm, we can detect
which channels are linear. By linear channel information, we can apply a program
transformation corresponding to tail-call optimization of concurrent programming

languages.
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Chapter 4

Analysis of Usage of Values

In this chapter, we extend our analysis to the language extended with basic val-
ues such as integers, functions, data constructors such as records, and ML-style
let-polymorphism. The extended language is still small but realistic enough to
apply our analysis to other concurrent programming languages. We show a typing
system with uses and its type reconstruction algorithm for the extended language.
Although it augments the expressiveness, the language extensions do not require

our type system and analysis method to be modified so much.

To prove the correctness of the type system, we need handle uses of values other
than channels in operational semantics. For this purpose, the reduction relation
of the operational semantics is annotated with heap, which is an abstraction of
memory space. To put it more concretely, a snapshot of execution is represented as
a pair of a preterm and a heap, which keeps information on values of free variables
of the preterm, and the reduction relation is defined as a relation between such

pairs.

The structure of this chapter is as follows. In Section 4.1, the pure message
passing calculus we have treated is extended. The extended syntax, a type system
with uses, and its type reconstruction algorithm are described. In Section 4.2, the

correctness of the type system is proved.
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4.1 Extended Language

The extended target language is close to the core of HACL[10] and can be con-

sidered as an asynchronous process calculus equipped with integers, functions, the

ML-style let-polymorphism, and records. It is small, but realistic enough to apply

our analysis to other concurrent programming languages. Similarly to the lan-

guage treated until the previous section, computation is performed by multiple

processes which communicate values asynchronously through channels.

4.1.1 Syntax

The syntax of the extended language is given below.

Definition 4.1 (preterms) The set of preterms, ranged over by e, and the set

of values, ranged over by v, are defined as follows.

v

z(, Y,
,UH/
€1+ €2
€1 €2

Zy...)

match {l; = zy,...,1[,

let x — e; in ey end

61’62

Z‘l(yl) = 61& &xn(yn) = ey
new z("152) in ¢ end

ied...,
Ax.e

rec f(z)=e
{ll = €1,...

~1,0,1,2, ..

)

l, =en}

3

=Tn} =

variable)

values (other than channels) with a use)
summation of integers)

application, message send)

1 in e; end

simultaneous field extractions from a record)
polymorphic definition)

message receiver(s))
channel creation)

A-abstraction)

(
(
(
(
e
(
(
(parallel composition)
(
(
(2
(
(recursive function or process)
(

record creation)

k of v, +, and channel creation is a use (constant) defined before. Uses in

a preterm are often omitted for readability unless they are important. We give

e1 ey (applications, or message send) a higher precedence than +,, +, a higher

precedence than =, and = a higher precedence than | and &.



Their intuitive meanings are as follows. e; 4, e; evaluates e; and ey to two
integers 7; and 73 and computes their mathematical summation whose use is k.
For example, 3! 4+, 2! is evaluated to 5. e; e, evaluates e; and e, to values z and
y. If z is a communication channel, then it sends y along the channel z. (while if
x is a function, it applies x to y as in ML.) rec f(x) = e is a recursive function (or
process) where f can be referred as Az.e in e. match first evaluates e; to a record
{li =y1,...,ln = y,}", then binds zi,...,z, to y1,...,yn, and executes ey. For
example, match {{ =z, m =y} ={l=3,m = Az.z}* in y = end is reduced to
3 via Ax.x 3. The intuitive meaning of let = e; in e; end is the same as in ML.
The concurrency primitives have the same meaning as described in Chapter 2.
The communication primitives (e; e and z(y) = e) look as if they can pass
only a single value at once. However, with records, polyadic communication can
be expressed. Besides, replicated message receivers are removed from the syntax
because they can be represented with rec. For example, z*(y) = e is represented
as rec z(y) = e, while sending to a replicated message receiver is as an application
of such a recursive process.

A variable z is bound in e of: 1) Az.e, 2) let x = ¢’ in e end, 3) new z(*1%2) in
e end, and 4) y(x) = e. Similarly, f and = are bound in e of rec f(z) = ¢, and the
variables z1, - - -, x,, are bound in ey of match {l; = z1,...,l, = z,} = e; in ey end.

We allow implicit a-conversion of bound variables, again.

4.1.2 Typing Rules

Uses are attached not only to the channel type constructor but also type construc-
tors of integers, functions, and records. Similar to communication channels, the
use of other values is also not just the number of syntactic occurrences. For the
integer type, we count its use when the values are actually used, that is, by apply-
ing +,. For example, the use of 3 in a preterm (Az.(((Ay.1)x)+,x)) 3 (where uses

are omitted) is 1, because z in the first occurrence of x is never used. Similarly,
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the use of a record is counted only when values are extracted by match and that
of a function is counted in application.

Now, we formally define the types and the type schemes for polymorphic values.
For the convenience of type reconstruction, we attach two uses to every type

constructor, although one of them is not important for most type constructors.

Definition 4.2 (bare types, types with uses, type schemes) The set of bare
types, ranged over by p, and the set of types, ranged over by 7, the set of type

schemes, ranged over by o, are given by the following syntax.

p = int (integer type)
| a(B,..) ((ordinary) type variables)
| al,p,...) (non-O type variables)
| O (process type)
| ™= (function types)
| {l 7, i1} (record types)
o= p(m,m)
o = 71|Vdao|Va.o (type schemes)

O is the special type for processes, that is, if a preterm e is proved to be a well-
typed process expression, it has O type. We introduce two kinds of type variables.
One of them, ¢, is the usual one, for which any bare type can be substituted. & is
a type variable, which can be replaced with any bare type except for the process
type and ordinary type variables. When we don’t need to distinguish the two
kinds of type variables, we use the word ‘type variables’ and «. The (bare) type
of channels that carry values of a type 7 is represented as 7 — O instead of [7].
Thus, a function that returns a process, called process closure, and a channel have
the same form of a bare type.! They are distinguished by the use; since functions
can only be used for application, the receive use is required to be 0. It is forced
by the typing rule for A-abstraction by giving a function a type (1, — 7). We
)

. (K12
often write 7, —— 7y for (1, — 7y)F1R2),

!This is not surprising because a channel m for sending a message can be considered as a

process that sends a message m(v) and does nothing.
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We allow silent a-conversions of bound type variables by Va. Two bare type
schemes Va.o and ¢ are identified if « is not bound in . Also, oy and o, are
identified if they differ only in the order of their Va’s. For instance, we identify
Val.\v’ag.Vag.agj’k) — agl’m) and ‘v’ﬁ.‘v’al.a(lj’k) — plm),

Since they are not important, we ignore one of the uses of type constructors
except for the function (channel) type constructor —. Therefore, we often write
int® for int(—")_ O for O, and {lhimyo by i for {ly o m, .o 1y Tn}(_”‘”").
The uses replaced with “—” have no real meaning, hence they are assumed to be
w by default in the type system.

A type environment will be a mapping from variable to type schemes in the
type system of this chapter. Type judgement form is modified to I' F e : 7, which
means that “e has the type 7 under the type environment I'.”

The definitions of 71 + 79, 71 U Ty, k-7 and 7y > 7 are similar to that in
Section 2.2. Also the definitions of such operations on type schemes are obtained

as straightforward extension of those of types, i.e.,
Vo .. V. o\ £ Vay . V. p5 ) = VYay ... Vay,.pttrssetn)

Vo .. .Van.pgmm) UVay ... Yoy, .p5" ) =VYay ... Vay,.plmHremate)

KoV ... o) = Vay oy )

Yay ... Ya,.p%%2) > Yoy .. Vay,.p"%) is defined if (ky, kg) > (K3, K4).

Before describing the typing rules, we give several preliminary definitions. For
a subtle technical reason, we assume that e, in e; €9, e; in let z = e; in ey end,
and each e; in {l; = ey,...,l, = e,} cannot have the type O. The condition is
represented as 7 % O which means that 7 is neither O nor a(#1:2),

Substitutions for type variables are restricted so that O type (or ordinary type

variables &) is not substituted for non-O type variables.

Definition 4.3 (well-defined substitution) A substitution for type variables
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S, is well-defined if and only if for all non-O type variables &, S,& % O holds. A
type-use substitution (S,, S) is well-defined if and only if S, is well-defined.

We assume all substitutions are well-defined in this thesis.
The whole typing rules are described in Figure 4.1. clos(T', 7) denotes the type
scheme Va; ...Va,.7 where the «;’s are type variables that appear free in 7 but

not in I'. We explain several notable rules.

(ETu-Prus) This rule requires both of two integers e; and e, to have uses greater

than 0.

(ETu-ABSs) Since the type 7 . 75 means that the function Az.e can be invoked
K times, each binding in the type environment I' used in the body may be
used k times. Therefore, we need totally the summation of k copies as the

type environment at least.

(ETu-RECON) A record of type {ly : 71,...,1l, : 7,,}" allows us to use at most »
copies of the value of the type 7; stored in the field [;. Therefore, it must be

that each element can be used as a value of type x - 7.

4.1.3 Type Reconstruction Algorithm for the Extended Language

By introducing use expressions and use constraint sets, the typing rules presented
in the previous subsection are easily modified for reconstruction in the same man-
ner as in Chapter 3. We do not present the typing rules for reconstruction because
they are trivial. The each name of the typing rule modified from (ETu-...) is
(ETRU-...), respectively. In this chapter, henthforce, I F¢7y € : 7 means that
['F e : 7 is derivable from the typing rules (ETU-...) and I', © Fg7rry e : 7 means
I',® F e: 7 is derivable from (ETRU-...).

Equivalence of the two typing rules is stated in the similar manner to Theo-

rem 3.1.
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S, > 7' for some substitution S, = [p1/a1, ..., pn/cw)
— ETu-
ILe:Voay.---Va,. 1z 7 (ETU-VAR)
'k int® (ETU-INT)

Fl F (A nt™ FQ F €9 nt™? K1 Z 1 K9 Z 1
Fl + FQ F €1+ €9 : int”

(ETu-PLus)

(,ﬂ—’>m)7'2 KJQZl 7'1?60 Fgl_ez

Iy +TsFeey:m
M{r:m}rFe:m I">k-T

I'ikFe :m

aE (ETu-ApPpP/SEND)

(ETu-ABs)

I"FXze:n @)TQ

(0w)

H{f:n—=mnae:ntre:n I">w-T

0 (ETu-Fix)
["Frec f(z)=e:m —= 7
yvkFe:r, Mf>2k-m ... Thwkey:1, 7.>2K-7,
— ETUu-RECO
Ty b AT Al = eneo o= end (T dy s 7y (T U-RECON)
Cybe o {lyim,. ol s )" Kk >e 1

Lof{xyim,..c,ap i be:m M £0...1, 40

[+ Ty Fmatch {ly =2y,...,[,=2,} =€ ineend : 7

IikFe 7 7%#0 To{x:clos(Ty, 7))} Fes:T
I'M+IsFlet z=¢ iney end: 7

P1|_€1§O FQ"GQlO
P1+F2|_61|62§O

Fll—el:O FQ"@QlO
Fll_lfgl—el&eg:O

ki>1 To{y:7}hke:O
{x:T(K—lﬁ?)O}+F2|—x(y):>e:O

(ETu-MATCH)

(ETu-LET)

(ETU-PAR)

(ETu-CHOICE)

(ETu-RECV)

T{z: (r " Ol Fe:0

I new z(12) in ¢ end :

(ETu-NEW)

Figure 4.1: Typing Rules with Uses for the Extended Language
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Theorem 4.1 (Equivalence of ETU and ETRU) If T',0 terry e : 7, then
S Fery Ske : S, for any ground substitutions S, for use variables such that
0 E S.O where ) is the empty constraint set (i.e., S, is satisfied). Conversely,

T Ferye: 7, then I',0 Ferry e : 7 where () is the empty constraint set.

Proof Similar to the proof of Theorem 3.1. O

Principal typing of the type system for the extended language is defined as a

triple consisting of a type environment, a use constraint set and a type.

Definition 4.4 (principal typing) (T',0,7) is the principal typing of e if the

triple satisfies the following conditions:
1. The range of T is only types (not including type schemes).
2. 'O berrue:

3. f I",0" Ferry € : 7 where the range of I is only types, there exists a

substitution S such that © = SO, I" D ST, and 7’ = ST.

Before describing type reconstruction for the modified typing rules, we must
mention unification. In our system, we deal with type schemes in type environ-
ments, so unification between type schemes is required. Besides ordinary unifica-
tion , we must check whether bound type variables corresponds each other. Two

type schemes Vo ...Va,. 7y and V(3 ...V[,,.7 are unified as follows:

1. Let 7{ = [v1/aq,...,7/an|m1 where each «; is a fresh type variable, and
Ty = [61/B1,- - 6m/Bm] T2 where each §; is a fresh eigen type variable, i.e.; a

type variable for which no other types can be substituted.
2. Apply first-order unification to the pair (71, 73).

3. Let S be the most general unifier of the pair. Check whether {v; — S(v;) |7 €
dom(S)} is a 1-to-1 mapping to {61,...,0m}-
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Therefore, the existence of the unification algorithm for the set of pairs of type

schemes can be stated in a similar manner to Theorem 3.2.

Theorem 4.2 (Unification (2)) Given {(011,012),...,(0n1,002)} where every
use in o;; is either a constant or a variable, there exists an algorithm U which
computes the most general unifier of the set {(o11,012),...,(0n1,0n2)}, Or reports

failure if it does not exist.

Then, the subprocedures @, © and || defined in the previous section, are
extended straightforwardly.

The type reconstruction algorithm, called PTUV, is shown in Figure 4.2, Fig-
ure 4.3, Figure 4.4, and Figure 4.5. PTUV takes not only e but also a map-
ping from variables to type schemes As. The additional argument As keeps type
schemes of variables declared by let. Since the algorithm may give incorrect results
if both let-bound and A-bound, we assume that the input to PTUV is a preterm
with all bound variables renamed to be distinct.

The soundness theorem of PTUV is stated below.

Theorem 4.3 (PTUV) If IV, 0’ berry e : 7' where the range of I is only types,

then PTU (e, ) computes the principal typing of e where ) is the empty mapping.

Proof See Appendix A.3. O

4.1.4 Further Optimization by Analysis of Uses of Values

With the language extension, further optimization by linear channels is possible.

Consider the following example? of Fibonacci function?.

rec fib(n,c) =

2Several primitives like if are added to the language

3This function computes the two recursive calls sequentially.
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PTUV (z,As) = if As(x) =Vaq...Va,.p
then (z : Vay ... Va,.p0" {j > 1k >m},z,Sptm)
where S = [B1/a1,. .., Bn/an], the B;’s are fresh type variables,
and 7, k,l and m are fresh use variables
else (z: &R 0, {5 > 1,k > m},z, ab™)
where &, j, k,l,m are fresh type/use variables
PTUV(i®, As) = (0,0,3", int")
PTUV (e1 +4 €2, As) = let
(T'1,01,e1,71) = PTUV (ey, As)
(T'1,02,€2,72) = PTUV (€3, As)
(51,1",0") = D({{(T'1,01),(I'2,02)})
Sy = U({(71,int*), (19,int")})
in (SoIV,S2(0' U{k > 1,1 > 1}), ey +4 e, int")
where 7,k and [ are fresh use variables.
PTUV (ey e, As) = let
(T'1,01,e1,m1) = PTUV (e, As)
(T3,02,e3,72) = PTUV (e3, As)
(51,17,0") = D{(I'1,01), (T'2,02)})
S2 = U({(81m1, (S172) B2 80m)), (8173, 50 })
in (SoI", S2(0' U {k > 1}),e1 ez, S26(™))

where 7, S,j, k,l,m,n,p are fresh type/use variables

Figure 4.2: Type Reconstruction Algorithm PTUV (part 1)
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PTUV((Az.e)®, As) = let (I',0,e,7) = PTUV (e, As)
in if x € dom(T")
then (I, ', (Az.e)", 7 2 7)
where (I",0") = O[T \z: 7,0,k)
else (T", 0, (Az.e)*, a7k ©:) 7)
where &, j, k are fresh type/use variables and
(I",0) = O(T', 0, %)
PTUV ((rec f(x) =e)¥, As) =
let (T',0,e,7) = PTUV (e, As)
inif x € dom(T) A f € dom(T)
then let S = U({(rs, 7 24 7)})
where 7 =T'(f), 7. =T'(2)
(M,0) = QST (& 70, f £ 77)), 50,)
in (I, 0, (rec f(z) =¢€)*,STs)
else if x € dom(T") A f & dom(T")
then (I, 0, (rec f(z) =e)¥, 1, 0) T)
where (I",0") = O[T\ z : 7, 0,w)
else if x & dom(T') A f € dom(T")
then let § = U({(ry, a0 2% 1)
where &, j, k are fresh and 7, = I'(f)
(I",0) = O(S(T'\ £ : 77), 50,)
in (I, 0", (rec f(z) =e)*,STy)
else (T, 0, (rec f(z) = e)*,al*) ©w) 7)

where (IV,0") = O(T,0,w) and &, j, k are fresh

Figure 4.3: Type Reconstruction Algorithm PTUV (part 2)
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PTUV({ly = e1,...,l, =en}", As) =
let (Fl R 61, €1, pgﬂll,lﬂz)) = PTUV(@l, AS)

(T, ©1, €0, p""2)) = PTUV (e, As)
(5,I",0") = @B({(T1,01),...,(Tn,0n)})
O"=0'"US{k11 > k-l kn1 > K- ln1}
U{k12 > K- liz, ..., Kn2 > K- ln2})
where [;1’s and [;5’s are fresh
in (T, 0" {li = €1,y ln = e}, {11 - Sp{"12) L 1, Splin )y
PTUV (match {l; =z,...,l, =z,} =e; in ey end, As) =
let (T'y,04,e1,7") = PTUV (e, As)
(T2,02,e2,7) = PTUV (e, As)
(51,77,0") =P T1,01,T2 \ (z; : 7 s.t. z; € dom(T'2)),05)
So = U{({ly - a*) 1, calfty s
U{(S1 75, al¥ ")) 2; € dom(T2)})
where j, @;’s, k;’s and [;’s are fresh
in (SoIV,S2(0' U {j > 1}),
match {ly =zy,...,l, =z,} =e; in e; end, S>2517)
PTUV(let z = e; in e; end, As) =
let (T'1,0q,e1,71) = PTU(ey, As)
As' = AsU{z : clos(T'1,11)}
(T2,02,e9,12) = PTU(eq, As')
in if z € dom(T";) then
then (SoIV, 5,0’ let z =e; in ez end, 5551 72)
where (S1,TV,0") = P{(T1,01),(Ta\z: 0,,02)})
Sy = U({(Siclos(Ty, 1), S102), (@9%), S111)})
a, j, k are fresh (type/use) variables
else (SoI7, 5,0 let x =e; in ez end, 5551 72)
where (S1,TV,0") = P({(T1,01),(T3,02)})
Sy = U({(ah), $171)})

@, J, k are fresh

Figure 4.4: Type Reconstruction Algorithm PTUV (part 3)
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PTUV (ey | €2, As) = let
(T'1,01,e1,71) = PTUV (e, As)
(T2,02,e2,10) = PTUV (e3, As)
(51,17,0") = D{(T'1,61),(T'2,02)})
Sy =U({(S1711,0),(S1712,0)})
in (S2IV, 520" ¢e1 | e2,0)
PTUV (e1&esy, As) = let
(T'1,01,e1,71) = PTUV (e1, As)
(T2,02,e9, 1) = PTUV (eq, As)
(51,1",0") = ({(T'1,©1), (T2, ©2)})
Sy =U({(S1711,0),(S112,0)})
in (S3IV,520,¢e; & ey,0)
PTUV (z(y) = e, As) = let
(T2,02,e,72) = PTUV (e, As)
in if y € dom(T'2) then
(oI, 520, z(y) = e,0)
where (1,1, 0) = @({(a : a™ 2 0,{j 2 1}),
(T2 \y:7',02)})
Sy = U({(S1(al"™), $17'), (817, 0)})
&,7,k,l,m are fresh
else (S2I7, 5,0, 2(y) = €,0)
where (1,1, 0") = @({(x : ™ 22.0,{j > 1), (T2, 02)})
Sy = U({(S272,0)})
&, 7,k,l, m are fresh
PTUV (new z(*1*2) in e end, As) =
let (T',0,e,7) = PTUV (e, As)
in if z € dom(T") then
(S(I'\ z:7,),50,new z(*1%2) in e end, O)
where § = U({(r., a"™ “2%) 0y, (r,0)})
&,l, m are fresh
else (ST, SO, new z(*1*2) in e end, O)
where S = U({(r,0)})

Figure 4.5: Type Reconstruction Algorithm PTUV (part 4)
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if n < 2 then ¢(1)
else new cl,c2 in
(fib(n —1,cl) | cl(x) = (fib(n — 2,¢2) | 2(y) = c(x +y)))

end

By solving the use constraint set of the principal typing obtained by PTUV, our
analysis concludes cl and ¢2 are linear. Then, the second argument of the recursive
calls can be replaced with functions which behave as same as after receiving from
linear channels, that is, ¢2 in fib(n — 1,¢2) is replaced with Ay.c(z + y). As a

result, the optimized term will be

rec fibopt(n,c) =
if n < 2 then ¢(1)
else fibopt(n — 1, Ax.(fibopt(n — 2, \y.c(x + ¥))))

The optimized term corresponds to the continuation passing style[2] represen-

tation of the functional Fibonacci program.

4.2 Correctness of Uses of Values

In this section, we prove the correctness of uses of values. To handle the uses of val-
ues in operational semantics, the notion of heap, which is an abstraction of memory
space, is introduced. Formally, heap is a mapping from variables to pairs of a heap
value, which is a value of a restricted form, and its use. A snapshot of execution is
represented as a pair of a heap and a preterm, and the reduction relation is defined
as a relation between such two pairs. As uses of free channels are decreased in the
type environment, uses of other values are decreased in the heap during reduction.
As in Section 2.3, correctness is shown through Subject Reduction Theorem (3)

(Theorem 4.4) and Run-time Safety Theorem (2) (Theorem 4.5).
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4.2.1 Heap

The formal definitions of heap values and heap are given as follows:

Definition 4.5 (heap values, heap) The set of heap values, ranged over by h,
is a subset of the set of values v. A heap value is either a integer, a A-abstraction,
a recursive function, or a record whose elements are all variables. A heap H is a
mapping from variables to pairs of a heap value and a use.

h == ilA\x.elrec f(x)=el{ly =x1,... I, = x,}

H == zy=h", ... 2, =h"

Intuitively, heap values are values (other than channels) which can be allocated

to memory spaces. Hence, a record is restricted to consist of variables, which can
be considered as pointers to other values. The definitions of H,z = h and dom(H)

are obtained in the similar manner to type environments.

4.2.2 Operational Semantics with Heap

Structural congruence relation is defined same as before (See Definition 2.3).
Before describing the whole reduction relation, the reduction relation corre-
sponding actions other than communications, which includes function applica-
tion, extraction from a record, etc., is described. The relation has the form
letrec H in e——)letrec H' ine¢'. letrec H in e represents the snapshot of
an execution where a free variable x of e can be used k times as the heap value h
if H(z) = h".

The below definition of evaluation contexts (E) represents that such execution
steps are done from left to right, i.e., in the call-by-value manner. An instruction
(I), which is a redex of the reduction, is either (heap-allocated) function applica-
tion to a value, summation of two (heap-allocated) integers, heap values (with its
use), let declaration which completes the evaluation of the locally-bound value, or

extraction from a (heap-allocated) record.
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Definition 4.6 (Evaluation Context, Instruction)

E = [|]|E+e|z+E|Ee|zE |let z=F in e end
| b=z, iy =x 1, =E i1 =¢€i41,...,0l, = e}
| match {{; =z,...,l,=2,} = F in ¢ end

I = zy|xz+y|h*|let z=yin e end
| match {{; =z,...,l,=2,} =y in e end

The reduction relation for sequential execution is defined as follows where we

write E[e| for the preterm obtained by substituting e for [] in E.

Definition 4.7 (reduction relation letrec H in e—s,letrec H' in e¢') The
reduction relation letrec H in e—iqletrec H' in ¢’ is the least relation closed

under the following rules.

(L-ArL0C) letrec H in E[h"]

—letrec H,z = h" in E[z]
(L-Prus) letrec H,z =ij',y =i5° in E[x +, 9]

Y \letrec Hyx =i,y =i52,2 = (11 +142)" in E[z]

where #; 4 i3 denotes the mathematical summation of two integers 4; and 45.

(L-AprP)  letrec H,z = (Az.e)" in E[xy]

—“sy\letrec H,z = (Az.€)" in E[[y/2]e]
(L-Fix) letrec H,z = (rec f(z) =e)" in E[zy]

—“s\letrec H,x = (rec f(z) =e)* in E[[y/z,x/f]e]
(L-LET) letrec H in E[let £ =y in e end]

—nletrec H in E[[y/z]e]
(L-MATCH) letrec H,y={li = z1,...,ln, = z,}* in E[match {l; = z,...,l, = 2,} =y in e end]

s letrec H,y = {li =21,...,0n = 2,}" in E[[z1/x1, ..., 2n/Tn]€]

The rule (L-ArLLoc) models the allocation of a (heap) value by binding the
value to a new variable. The variables on the arrow denotes the used heap values
in the reduction. The rule (L-PLUS) represents that two integers x and y are
used. Similarly, a function and a record are used by applications and extraction,

respectively.
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The summation of two heaps H; + H, used in the definition of the reduction
relation below is defined as follows:
htre it o € (dom(Ty) N dom(Ty))
and Hy(z) = h*', Hy(x) = h"
Hy(x) ifx € (dom(H;)\ dom(Hs))
Hy(x) if x € (dom(H,) \ dom(Hy))

(H1 + HQ)(LL‘) =

\

The whole reduction relation is defined as the straightforward extension of
Definition 2.10. The label € : Z means not only communication on a bound channel,
but also a reduction other than communications derived from —=s A

Definition 4.8 (reduction relation I' - letrec H in e 1y letrec H' in e')

kK1 >1 Keg>1

o) = (ERu-ComMm)
T,z:7 == OF letrec H in ((z(y) = e)&e') | x(2) — letrec H in [z/yle
!
el 2 ey I'Fletrec H ine; — letrec H' ine}| e} =él
== ! p L 1~ 2 (ERu-CONG)
It letrec H in e — letrec H' in €}
letrec H in einfl.etrec H' in € (ERU-LAvB)
I'F letrec H in e =5 letrec H' in €’
T’y + letrec H; in e; L 1etrec Hi in €}
; (ERuU-PaRr)
'y + Ty + letrec Hy + Hy ineg | e — letrec H] + Hs in e} | ey
(r1,52) . z .
T,z:7 —" Ot letrec H in e — letrec H in ¢’
(ERU-NEWL)

. < < . € . - - .
T+ letrec H in new z(¥1:%2) in ¢ end — letrec H in new z(*1-%2) in ¢’ end

(K1

Na:7 —’H>2)Ol—letrecHineL>letrec H ine zxz#1

; (ERU-NEW2)
T+ letrec H in new z(¥1%2) in ¢ end — letrec H' in new z(¥1%2) in ¢’ end

4.2.3 Correctness

To state the subject reduction theorem about this operational semantics, the defi-
nition of well-typedness of letrec H in e is given after the following preliminary

definition.

Definition 4.9 Type environment I" is split into 'y and T'y with respect to a heap
H if and only if I' =T’y + [y, dom(I'y) N dom(H) = 0 and dom(T'y) C dom(H), for
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which we write ' ="y Wg I's.
The following lemma is trivial.

Lemma 4.1 Given H and I', there uniquely exist [y and ['s such that I' =T'y Wy
Is.

The well-typedness of letrec H in e is defined by the following rule.

F.Fe:T I'e=T¢ Wyl
I',FH(z): 7 [(x)=clos(I'y, s
Vo € dom(H). (=) (@) ( )
Fa::Fatl LﬂHFxQ

F:F112+"'+an2+1—‘62 dO’I’)’L(H):{ZEI,...,ZEn}
Fpjp+-+T;,1+ e, Fletrec H ine: 7

(ETu-Heap)

Intuitive meanings of the conditions are:
1. e must be well-typed.
2. All heap values bound in H must be well-typed.

3. T keeps total use information on (heap-allocated) values used in other heap

values and e. Therefore, uses of I'(x) and H(x) must be the same.

I';.1’s and I',y are type environments whose domain have no intersection with the
heap, that is, the variables in these type environments can be possibly used as free
channels.

H~!, defined below, denotes the heap after the reduction.

Definition 4.10 H~! is defined by: H™' = H, H* = H, (H,z = h*)™5%¥ =
(H,z = h*" )=,

Now, we state subject reduction theorem and run-time safety theorem.

Theorem 4.4 (Subject Reduction (3)) If I' - letrec Hine : 7 and I' F

letrec H in e —— letrec H' in ¢, then I ' letrec H' ' ine : 1.
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Proof Structural induction on the proof of I' F 1letrec H ine SN

letrec H' in ¢'. See Appendix A.4 for the detailed proof. O

Theorem 4.5 (Run-time Safety (2)) A term has no immediate possibilities of

(e}

misuse of channels or values. More formally, if - letrec H ine : 7 and e =

new {2 ,wleniin2) in (e {| ey}) end then:

1. If ey is xz(y) | ((z(z) = €”)&r), then for the use pair (ki,k2) of the binding

of z in either T or new, (k1,K2) > (1,1).

2. If ey is x y and = ¢ dom(H), then the send use of the binding of x is greater
than 0.

3. If ey is (z(y) = €')&r, then the receive use of the binding of x is greater than
0.

4. If ey isz y|x 2 and = ¢ dom(H), then the send use of the binding of z is w.

5. If ey is ((z(y) = €)&r)|((z(2) = €")&ry) then the receive use of the

binding of z is w.
6. If e; = E|zy] for some F and H(x) = (Az.e)", then k > 1.
7. If e, = E[xy] for some E and H(x) = (rec f(z) = e)", then k = w.

8. If ey = Elx + y| for some E, then H(z) = if*, H(y) = iy’, Ky > 1, and

Ky > 1.

9. If ey = E[match {l; = z1,...,l, = z,} = y in e end] for some FE, then the

use of H(y) is greater than 0.

Proof Trivial from typing rules. O
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4.3 Summary

The target language has been extended from a pure process calculus to a process
calculus equipped with integers, functions, data constructors such as records, and
let-polymorphism. A type system with uses for the extended language and a
type reconstruction algorithm has been described. It enables detection of not
only linear channels but also other used-once values and further optimizations for
concurrent programming languages. Also, the soundness of the type system has
been proved. To handle the uses of values, the notion of heap has been introduced

into operational semantics.
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Chapter 5

Experimental Results

In this chapter, the experimental results about the effects of optimization and the

cost of the analysis are shown.

5.1 Evaluation of Optimization

In this section, we show results of simple experiments with HACL compiler® to
evaluate how much the results of our analysis can improve performance of con-
current programs. Application programs are the example of Fibonacci function
described in the previous chapter, and concurrent objects expressed by HACL.

Before showing the results, we mention encoding of concurrent objects first.

5.1.1 Encoding and its Optimization of Concurrent Objects

We explain how concurrent objects are realized in our language, and what opti-
mization we can do for the resulting code. The state of a concurrent object is
implemented by a channel, while each method is implemented by a process which

first extracts the current state from the channel, executes the method, replies a

!The HACL compiler that translates HACL programs to C codes in a similar manner to
sml2c. The compiler is available both for a single processor workstation and for a network of

workstations. We show just performance on a single processor workstation.
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result, and puts back the new state into the channel. So, the following fragment

of a preterm corresponds to a typical method definition:

let m =rec m(arg,r) =
state(s) = (... | r(result) | state(news))

in ...
A caller of the method is typically of the form:
new 0% in (m(v,7)|r(z) = ¢) end

With our analysis, it can be translated to m(v, Az.e) in most cases.

5.1.2 Experiment Results and Evaluation

We evaluate effect of optimization through four kinds of programs: a sequential
Fibonacci program (the one shown in the optimization example where n = 25), a
parallel Fibonacci program (which performs recursive calls in parallel), a counter
increment program (which creates a counter object and increments its value 10000
times), and a tree summation program (which creates a binary tree of which
each node is a concurrent object, and computes a summation of values of its
leaf nodes). Each row in Table 5.1 shows the result for each program. The first
column (“naive”) shows the running times of unoptimized programs written with
concurrency primitives, and the second column (“optimized”) shows the running
times of optimized programs by our analysis. The rightmost column (“speedup”)
shows speedup per one function call or method invocation, which is calculated by
(naive — optimized)/(# of communications on linear channels). In addition, we
list in the third column the running time of a program written with function prim-
itives for the sequential Fibonacci. Note that all programs are executed on a single
processor machine.? Therefore parallel fibs are slower than sequential fibs because

of overheads.

28520 (Hyper SPARC 150Mhz)
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naive (sec) | optimized (sec) | function (sec) | speedup (usec)
sequential fib 1.45 0.57 0.41 3.6
parallel fib 1.76 0.93 — 3.4
counter 0.26 0.17 — 9.0
treeld 1.55 1.36 — 0.8

Table 5.1: Running time and speedup for Fibonacci, counter and treel4

The result of the sequential Fibonacci program indicates that even if program-
mers encode functional computations with concurrency primitives, the compiler
can generate an optimized code which is comparable to those written directly
using function primitives. The speedup rate of the parallel Fibonacci program
is relatively smaller because of overheads of multi-threading, but it is still large.
Note that the speedup rate (100-200%) in this experiment itself should not be
taken important, because the execution time of the Fibonacci program is dom-
inated by communications and/or function calls rather than local computations
(integer comparison and summation). For more general programs, the speedup

rate will be much smaller.

The last two programs (counter and treel4) are measured to estimate effect
of our optimization for typical concurrent object-oriented programs. In counter,
method invocations are much more frequent than creations of concurrent objects,
while in treel4, creations of concurrent objects happen as frequent as method
invocations do. The figures of the table show that the speedup per one communi-

cation on a linear channel is larger than for Fibonacci programs.
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Figure 5.1: Elapsed time for Our Analysis and Ordinary Type Reconstruction

5.2 Cost of Analysis

In this section, we compare the cost of our analysis with standard type reconstruc-
tion (not including use information). The cost of our analysis consists of that of
type reconstruction and that for solving a use constraint set. We show the elapsed
(system) time for several programs in the Figure 5.1. The analysis program is im-
plemented with Standard ML of New Jersey 0.93 and the elapsed time is measured
on SS20 (Hyper SPARC 150Mhz).

The horizontal and vertical axis represents the size of the syntax tree of a
term and the elapsed time, respectively. The solid line connected with e denotes
the elapsed time for type reconstruction with uses while the broken line with e
does for standard type reconstruction. The broken line connected with O denotes
one for solving the obtained use constraint sets. The total time of our analysis
is represented as the bold line connected with x. This results tells us that type
reconstruction with uses is efficient enough for practice although the complexity
of type reconstruction is theoretically exponential. Moreover, the cost of solving a

use constraint set, to be seen later that its complexity is polynomial, is much less
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than that of type reconstruction.
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Chapter 6

Discussion

In this chapter, we give several discussions. In Section 6.1, to refine the analysis,
subtyping and polymorphism on uses are discussed as extensions of the type sys-
tem. In Section 6.2, we discuss several implementation issues about linear values.
In Section 6.3, we see the computational complexity of our analysis is polynomial

in the size of preterms.

6.1 Subtyping and Polymorphism

Our simple type system often suffers from worse result of the analysis than ex-
pected. It is mainly derived from (ETu-ApPP/SEND) rule, which tells us the type
of the value to be sent must be the same as the domain type of the channel in-
cluding use information. It often makes too many channels have the same (bare)

type. For example, consider the following term:

let x =rec z(y) =y e in
let z =rec 2(y) = (y €1 |y €3) in

mz|m z| new u in (z u|u(y) = e3) end

end end
Since y in rec z(y) = ... is used for sending twice, the type of z is, for example,
(1 (0) 0) © 0. Our typing rules force x to have the same type as z. As
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a result, our type system concludes u, which is passed along x, is not a linear
channel, though it will be used only once for sending and receiving, respectively.
This example shows the possibility that only one misuse (or maybe intentional use)
of channels leads many channels to be non-linear channels. As another example,
uniform lists, which consists of elements of a uniform type, can cause the same

kind of problems.

Subtyping To avoid these problems, we could introduce a subtyping relation and
modify the typing rule for application. For instance, the rules for the subtyping

relation 7 < 75, and the typing rule for application would be below.

T 2Ty Ty XT3 (K1, riz) 2 (K3, k) S-USE
7 =7 (S-REFL) T XT3 (S-TrAN) plrr2) < plaira) ( )
E’ ? T ?Tgl (S-Fun1) ) 2T 0 (S-Fun2)
7'1—>7'2~<’r3—£>7'4 t O"<2'i @)

Fll_eliTl(’Eﬂ)Tz /ﬁ)QZl 7'3;60 F2|_€237'3 ngTl
I+ T keen:m

(ETu-APpP/SEND)

The first two rules represent reflectivity and transitivity of the subtyping rela-
tion. (S-UsE) rule allows us to regard p(1#2) as the type whose uses are smaller
than (k1, ks), that is, it tells us, for example, “the value which can be used an
arbitrary number of times is regarded as used at most once.” (S-Fun1) rule is
the same as the standard subtyping relation between function types. (S-FuN2)
rule represents that the channel to receive 7 type values can be used as the channel
to receive values of its supertype.

Since (r 22 0) @ 0 < (r 22 0) @)
even if z has the type (7 —— 02 0) — 02 O, we could give the type (7 o — 0) “9 0

(Ow (Ow

O could be derived from these rules,

to z and conclude u is linear.
By introducing subtyping, a type reconstruction algorithm would output

(', 0, <, e,7) where < is subtyping constraint which should be satisfied by 7 and
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the types in the I'. Although the type reconstruction algorithm itself would not re-
quire so much modification, it would be complex to solve the subtyping constraint.
The complexity is derived from subtyping rules for function types. For example,
consider the following subtyping relation 7 (1.02) Ty =< T3 (r3,69) 74. Applicable

subtyping rules depends on the uses of the types, that is, (S-FuN1) rule can be

applied only when k; = k3 = 0 and so forth.

Polymorphism on Use Variables Another solution for the problems is to
allow polymorphism not only on type variables but also on use variables. For

instance, the type scheme of = in the above example would be expressed as:

r 2808 Owherelk = 1}

It means that x is used as a function whose type is (7 (r12) 0) (0) O for any k;

such that k9 > 1. Polymorphism on use variables would allow x and z, which are
sent to m, to have different types and u to be a linear channel.

Theoretically, however, introduction of use polymorphism makes the size of
a use constraint set in type judgements exponential for the same reason in the
case of polymorphism on type variables. Besides the compiler needs to generate
different versions of a polymorphic function for different instantiations of the use
variables. Further experiments will be necessary to evaluate the trade-off about

polymorphism on uses.

6.2 How to Utilize Use Information

We discuss how the compiler utilizes uses of values for optimization. As is shown
through the examples until now, uses of channels enable program transformation.
Besides, we reduce the cost of garbage collection by releasing the memory space
for linear values immediately after they are used.

It is not straightforward, however, to implement such optimization because our
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type system allows for non-linear values to be mingled with linear values. In other

1 (5r) 7, it is ensured only that the passed

words, even if a function has a type in
integer will be used at most once in the body. The integer may be used in other
places. Fortunately, such mixture does not matter so much for implementation
of channels (closures). In the implementation of HACL, the data structure for
channels includes the pointer to the code for communication where such explicit
release of memory can be embedded. Therefore, the difference between linear
channels (closure) and non-linear ones can be encapsulated in their data structure
and they can be treated in a uniform manner in the generated code. In order
to distinguish records, however, a run-time tag, which represents their uses, is
required to the data structure for records.

To avoid such mixture by a type system, we would modify the typing rules.
For example, (ETU-VAR) would be:

S, is a substitution [p; /a1, ..., pn/ow]

'z :Vay.---Vo,. THx: S, (ETU-VAR)

According to this typing rule, the type judgement like z : int” - z : int!' is not
allowed, that is, the value of w cannot be regarded as a value of 1. Also, the
definition of + must be modified. 1 4+ 1 = w represents the fact that “a non-
linear value can be used as a linear value in subexpressions.” So, for the intended
purpose, summation of such uses, i.e., 14+ 1, 1 4+w and w+ 1, should be undefined.
For the similar reason, 1 Ll w and w LI 1 also should not be defined.

With this modification, use constraint would be a system of equations on use

variables. It would be more complex to solve than that of our system.

6.3 Computational Complexity of Analysis

It is well-known that the complexity of type reconstruction for languages, includ-
ing our target language, with lambda abstraction, function application, and let-

polymorphism is exponential in the size of a program[12]. In this section, we see
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that the additional cost for the analysis, that is, the time complexity for solving
the use constraint set of the principal typing is polynomial in the preterm.

First, we give several preliminary definitions. The size of a use expression
size(k) is defined as 1 if k is either a constant or a variable and 1 + size(k) +
size(kq) if K i K1 + Ko, K1 U Kg, OF Ky - ko, size(O), #(s), and #py (e) denote the
number of inequalities in O, the number of variables in s, and the number of free

variables of e, respectively.

Let {ji > FK1,...,Jn > kn} be the use constraint set to be solved!. Since
jp = --- = j, = w is always the solution and #®is monotonously increased from
(0,...,0), the number of steps of iterations is at most 2-n. In each iteration step,

the cost for computing £ is O size(r;))(< O(n - mzax(size(mi)))).

Then, we estimate n and Inzax(siize(m)) of a use constraint set generated by
PTUV. For example, consider the case of e = e; +, e3. Let (I'1,0q,...) and
(T3, ©4,...) be obtained from PTUV (ey, As) and PTUV (e, As), respectively.
The size of the use constraint set generated by @({(I'1,01), (s, 02)}) is equal
to 2 - #(dom([y) U dom(T'y)) + size(©1) + size(©y) by the definition of @. Note
that #(dom(I'1)U dom(T'9)) is equal to # 5y (e). As a result, the size of © obtained
from PTUV (e; + €3, As) will be:

size(©) = 2 - #py(e) + size(O1) + size(Oq) + 2

By similar case analyses, we conclude that size(©) obtained from PTUV (e, As) is
O(n?) where n is the size of a preterm e. The maximal size of the use expressions
in © is equal to the maximal number of children of the nodes of the syntax tree
of e.

As a result, the computational complexity for solving the constraint set is
polynomial in the size of a preterm. Note that this estimation of the order is very
rough and there is better upper bound. Indeed, the experimental results in the

Chapter 5 shows the cost for solving is almost linear.

1We use the notations in Theorem 3.4.
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Chapter 7

Related Work

The most closely related work are Turner, Wadler, and Mossin’s work on analysis
of linearity for (lazy) functional programming languages|[24], and recent work on
analysis of communication for concurrent programming languages[16, 7]. In fact,
the type system presented in this study was partially inspired by [24] and [7]. In
[24], the use can only be either 1 or w. As a result, in their system, if a variable
has more than one syntactic occurrence, its use is inferred to be w. For example,
the use of y in let f = Az.1 in (fy) + y end is w in their system, although y is
actually used just once. This roughness of the analysis causes serious damage in
the analysis of uses of communication channels, because channels have normally
at least two syntactic occurrences, as already mentioned.

Nielson and Nielson[16] proposed another technique that can find some of
linear channels using results of their effect-based analysis[15]. However, their
technique behave poorly in finding linear channels, because it counts opera-
tions on channels region-wise, where a region is a set of (possibly infinite)
communication channels, rather than channel-wise. For example, in the term
let f = (rec f()=m(z)= (z()|f())) in (f()|m(n)) end, the number of send
operations performed to the channel z is counted as w in their analysis while
counted as 1 in our type-based analysis. Kobayashi, Nakade and Yonezawal7]

solved this problem partially, and proposed a better (but more costly) analysis to
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find linear channels (as well as an analysis to find linearized[8] channels). How-
ever, as far as linear channels are concerned, our type-based analysis presented
here gives more accurate results for typical programs with much less costs.

As another approach to determine the lifetimes of values, Baker’s Linear Lisp|[3]
forces programmers to use each variable exactly once. But this restriction on
programmers is too severe. Above all, the restriction cannot be applied to usage
of channels for the same reason as above.

Recently, Kobayashi advanced the linear channel type system of [8] to a type
system, which ensures partial deadlock-freedom of processes[6]. In that work, a
class of channels, called reliable channels, are introduced. If a process is proved
to be using only reliable channels by the type system, it never causes deadlock.
Conversely, if deadlock occurs, it happens on unreliable channels, which are the
other channels than reliable ones. Moreover, a process using a subclass of reliable
channels has no non-determinism. In addition to uses, the key idea of that type
system is to keep ordering of channel uses as a part of type information. Our

technique would be applicable to the type reconstruction for this type system.
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Chapter 8

Conclusions

In this thesis, we have proposed a type-based analysis to find use-once values,
including linear channels, for concurrent programming languages. This analysis
enables several optimizations such as program transformation and reduction of
run-time costs for communications. The program transformation includes tail-call
optimization of concurrent programs, which is enabled only by nontrivial global

analysis unlike that in functional programming.

8.1 Contributions

e We have improved the linear channel type system of [8] and developed a type
system which judges how many times each value is used for a realistic core of
concurrent programming languages. The soundness of the type system has

been proved with respect to the operational semantics.

e A type reconstruction algorithm for the type system and a method for de-
tecting used-once values, including linear channels, have been developed. By
the analysis, we can detect used-once values with no declarations about types
in programs. Although we presented the analysis through a core of concur-
rent programming languages, the technique proposed here could be applied

to other concurrent programming languages, including functional program-
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8.2

ming languages extended with concurrency primitives[20], concurrent object-
oriented programming languages|27, 26|, and concurrent languages based on

process calculi[19].

We have implemented the proposed analysis method for a concurrent pro-
gramming language HACL and showed that our analysis is practically effi-
cient through several experiments, though the cost is theoretically exponen-

tial in the size of program.

We have showed that the results of preliminary experiments on the reduced

costs of operations on channels are promising.

Future Work

Extension of the type system. As discussed in Chapter 6, we often suffer
from roughness of the analysis due to the simplicity of our type system.
Thus, in order to refine the analysis, extensions of the type system, including

subtyping and polymorphism on use, should be considered.

Further performance evaluation (especially in distributed environments). In
distributed environments, the tail-call optimization presented in this the-
sis often changes behaviors of programs because the computation site may
change by passing (continuation) closures. For example, in HACL for dis-
tributed environments, new r in m(ey,7)|r(z) = e; end computes e, at
the site where r is created, while its tail-call optimized form m(e;, Az.e3)
computes e, at the site of m. Thus, performance of optimization should be

evaluated through more realistic applications.

Implementation issues on how to utilize linearity information on closures

or other values. As discussed in Chapter 6, it is not straightforward to
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use linearity information on values for optimization. Thus, implementation

technique for linear values should be studied.

Type system with uses for dynamically-typed languages. We consider our
analysis technique can be applied to dynamically-typed languages such as
Scheme by improving type systems for such languages[25]. So, future work
also includes development of a type system with uses for a dynamically-typed

language.
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Appendix A

Proofs

A.1 Proof of Subject Reduction Theorem (2) (Theo-
rem 2.4)

We need several lemmas to prove the subject reduction theorem. These lemmas

are proved by straightforward induction on type derivations.

Lemma A.1 (Weakening on Uses (1)) If I' F e, then for I such that IV > T,
I I e holds.

Lemma A.2 If '+ e and e 2 ¢/, then I' I ¢’ holds.

Proof of Subject Reduction Theorem (2) We prove by induction on the

proof of I' e —Ls ¢’ with case analysis on the last rule used.

(Ru-Comm) Suppose T,z :

(7)) = ((2(3) = e)&e’)|z(Z) and the following
type derivation.

I',gy:7kFe k11 >1

Ty 4 [f]se) b g(g) = e Toke Kkop>1 7>7%
(D1 + o : [f]F1R2)) U Dy F (2()) = e)&e’ Tz +x: [7]F12622) 51 7 | 5()
D,z : [7]5052) b ((2(5) = e)&e') | z(2)
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where [,z : [7]*152) = (T 4a : [f]"10r2))UTy) + Dy« [7](F12re2) 70 7
From k17 > 1 and k9 > 1, (K1, K2) > (1,1) holds.

Consider the case of x € dom(I'y). Let the use pair of I'y(x) be (k] }).
First, we consider only receive uses. If (k1,k9) = (1,1), then the uses of
['y(z) is equal to (0,0), that is, (k7 , k3 ) > (x], k%) holds. In the other cases,
(ky, Ky ) > (K, KY) is easily obtained. Therefore, T', z : [7]*152) > T {% : 7'}
holds even if x & dom(I'y). By Lemma A.1 and renaming of free variables

Yl ... Yp i0 € t0 21, ..., 2,, respectively, T', 2 : [F]*%1%2) - [Z/7]e holds.

(Ru-RCoMM) Suppose T,z : [F]@5) = 2*(yy,...,9,) = e|z(Z) and the following

type derivation.
M,g:7Fe T 2w T ky3>1 #>7
Ty +a: [F]@m) b a*(g) = e Tyda:[f]F2nm) 207 a(2)
T,z : [7]@") F2*(§) = e|z(2)

where T,z : [f]@®) =T, + 2 : [f]@r) + Ty + 2 @ [f]2%) 7 : 7. From
k3 > 1, k > 1 holds. Therefore, T,z : [7]“*7) is well-defined and T,z :
[7F]@s7) >y + T4, 20 7 4 2 ¢ [7]“*1) holds whether x = 1 or w. (Note that
Iy =T +w- T for some I'f and (w-T) 4+ T} =w-T.) By Lemma A.1
and renaming, we have I'|, Z : 7' = [Z/g]e. From (Tu-PAR) and Lemma A.1,

D,z : [7]@8) = [2/g]e ]| 2%(§) = e is derived.

(Ru-Cona) Follow from Lemma A.2.

(Ru-PAR) Suppose I' - e; |es. From (Tu-PAR) rule, for some I'; and T’y such

that ' = I'y + 'y, 'y F e; and 'y F ey By induction hypothesis, I'T* is
well-defined and I';” + €] holds. It is trivial that (I'y + T9)™® > I'1* + Ty

holds. Hence I'"* - ¢/ | ey is derived from Lemma A.1.

(Ru-NEw1) Suppose I' F new z(*1*2) in e end. From (Tu-NEw) rule, T,z :

[7](F152) 1= ¢, By induction hypothesis, I', z : [F](*1 %2) |- ¢’ holds. Therefore,

['(=1I"°) F new z(*12) in ¢’ end.
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(Ru-NEW2) Suppose I' - new z(*1*2) in ¢ end. From (Tu-NEw) rule, T,z :
[7](F152) | e, By induction hypothesis, (T, z : [F](*1%2))~! |- ¢’ holds. Because
1 # x, ([, x: [f]0m2)) =t = =L g2 [F]5052) and T~  new 2(**#2) in ¢’ end

holds.

A.2 Proof of Theorem 3.3

To prove Theorem 3.3, we need the following lemmas on the subprocedures @, ©,

and | .

Lemma A.3 (function @ (1)) Given {(I'1,0),...,(I'»,0,)}, suppose that
(s, 1y, ..., I,0") satisfies I >¢ I'| + ... + Il and that for all i: (1)
[ D STy, and (2) © E 5'0;. Then, ({(T1,01),...,(,0,)}) succeeds
without failure and outputs (S,T",©) which satisfies the following conditions: (1)
' > STy + ...+ STy, (2) Vi.© = SO;, (3) there exists a substitution S” such
that S'=5"S, I" O ST, and ©' E S"0.

Lemma A.4 (function © (1)) Given (I', ©, k), suppose that (S, I, " ©') sat-
isfies: (1) I' >o k-I", (2) I" D ST(x), and (3) ©" E S'O. Then, O(T, 0, k)
succeeds without failure and outputs (I'y, ©1) which satisfies the following condi-

tions: (1) I'y >, k- T, (2) ©1 =0, and (3) [ D ST (z).

Lemma A.5 (function || (1)) Given {(I'1,0,),...,(I',,0,)}, suppose that
(S, T T, ..., T, ©") satisfies ' >¢ [} L. ..UT", and that for i: (1) ', O ST, and
(2) © = 5'0;. Then, J({(T'1,01),...(Is, O,)} succeeds without failure and out-
puts (S, T, ©) which satisfies the following conditions: (1) I' >g STy L ... U ST,
(2) Vi.© = SO,, and (3) there exists a substitution S” such that S’ = S”S,
[" D S"T'(z), and © = S"O.

These lemmas are trivial from their definitions and Theorem 3.2.
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Proof of Theorem 3.3 Structural induction on the proof of I', © F7xy e with

case anlysis on the last rule used.

(TrRU-SEND) Suppose that I, 0" Frry (y1,...,yn). Let (IO, 2(y1,...,yn)) be
PTU(x(y1,---,Yn)). It is trivial that I, © Frry z(v1,- .., ys). From (TRU-
SEND) rule, we have T"(z) = [p{"*12) . plentsn)] TV(y,) = p{"1"2) guch
that (K}, ki) o (Ki1, ki) for all ¢ € {1,...,n}. Let S = (S,,S,) where
S, =1Ip/ca,...,pn/an)and S, = [K11/711s - - -, Kn2/Jn2s K1/ K11, - - o Ko/ 2]
It satisfies the second condition of the principal typing.

(TrRU-PAR) Suppose that IV, ©" Frgry e1]es. From (TRU-PAR) rule, we have
[, 0 Frru e, 15,0 Frry eo and IV >¢ T, +TY,. By induction hypothesis,
PTU(ey) and PTU(es) succeeds and outputs (I'1,0q,e1) and (T'y, O, €3),
respectively. Moreover, for each results, there exist substitutions S; and S,
which satisfy the second condition of Definition 3.5. Let S" = S§15;. S’
satisfies the assumption of Lemma A.3. Therefore, @({(I'1,01),('2,02)})
succeeds and outputs (S,T',0) such that ' >¢ STy + STy, © = SO; for i =
1,2. By Lemma 3.4, 3.3, for + = 1,2, we obtain ST';,© Frry e;. Therefore,

[, © Frry 1] ez is derived from (TRU-PAR) rule.

By Lemma A.3, there exists S” such that S = S§”S, I" O ST, and ©' |
S"O.

(TRU-CHOICE) Similar to the case of (TRU-PAR) rule.

(TrRU-RECV) Suppose that I + z [pgﬁ’“’ﬁb),...,p%”gl’“;ﬂ)](ﬁ'w'z),@’ Frru

(Y1, .-,yn) = €. By (TRU-RECV) rule, we obtain

1. Iy p(ln,“’ﬁlm),ldots,yn : pﬁf”l’“"?), O Frru e
2. lf;,l ZG)’ 1
3. IV > I
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By induction hypothesis, PTU(e) succeeds without failure and outputs

(I, ©,¢e). Let S’ be the substitution referred in the second condition of Defini-
tion 3.5 and S = S"([p1/aa, ..., pu/aml, [Ky )7, K11/ 31, -« oy K/ dns K J K1y - oy Ko [ Knl)-

By Lemma A.3, ®({(x : [agjl’kl), o, @GR L5 S ) (T (g 2 7|y €
dom(T")), ©)}) succeeds and outputs (Sy,I'1, 1) such that: 1) I'y >g, Si(x:
(VR0 lnkn)]GR)Y 4 ST\ (y; Tl |y; € dom(I))), 2) there exists S
such that S = 5,8, IV + 2 : [ﬂ(’”"'l”‘“{z) D ST, and ©' = S,0;.

By Lemma 3.2, U({(Slal(-ji’ki), S17i)|y; € dom(T")}) outputs its most general
unifier S5 and there exists .S; such that Sy = S4.55.

Now, we have S3['1, 5301 Frry e by Lemma 3.4, 3.3, S35 >e, 1, and
S3I' >, S3I'. Therefore, S5I'1, S50 Frry x(§) = e. Sy is the substitution

which satisfies the second condition of the principal typing.
(TrU-RRECV) Similar to the case of (TRU-RECV).

(TrU-NEW) Suppose that I',0’ Frry new (%2 in ¢ end. From (TRu-
NEW) rule, we have T,z : [#]1#2) @' 7y e. By induction hypothe-
sis, PTU (e) succeeds without failure and outputs (I',©,¢e). Let S be the

substitution in Definition 3.5.

Consider the case of € dom(T"). By Theorem 4.2, U(T'(z), a*12)) succeeds
and outputs S’. Therefore, S'(T'\ z : 7,), 'O Frry new z(*1"2) in ¢ end
is derived. By the property of the most general unifier, S = S"S’, I D
S"S'(T'\z:1,) and O E S"(5'0).

The case of ¢ dom(T") is similar.
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A.3 Proof of Theorem 4.3

To prove Theorem 4.3, we need to strengthen the theorem so that induction works.
Theorem 4.3 is then obtained as a special case of the strengthened theorem (The-
orem A.1).

We give several preliminary definitions before stating the strengthened theo-

rem.

Definition A.1 A type scheme Vo ...Va,.71 is more general than V3, ...V 3,,.7

if [p1/c,. .., pn/an]m = T for some py, ..., pp,.

Intuitively, a type scheme ¢ is more general than ¢ if every simple type obtained
from ¢’ is also obtained from o.

The following condition “I' respects As” means that all the non-simple types
in ' are less general than those in As.

Definition A.2 I' respects A if there exists a substitution S such that for all

(K1,K2)

z € dom(T"), if T'(z) is a type scheme Vay ...Va,.p; (n > 1), then:

1. x € dom(A)
2. if A(x) =Vp .. B pS ) SYB Y B pS ) is more general than ['(x).

Now, we state Theorem A.1. When PTU (e, () is invoked, it recursively calls
itself for each subterm of e, with the second argument As being augmented with
bindings of let-variables to type schemes. So, in order to make induction steps
work, intuitively we want to prove that, if As gives most general possible type
schemes for variables bound by outer let expressions, then PTU(e, As) gives a
most general typing among all the valid typings. By the condition “As gives most
general possible type schemes for variables bound by outer let expressions,” it
suffices to show that PTU (e, As) is most general only among typings whose type
environment “respects” As. Note that Theorem 4.3 is obtained as a special case

since “I" respects (7 if and only if “I" contains only simple types.”
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Theorem A.1 Suppose that IV,0" Fgrry e @ 7/ and I” respects As. Then,
PTU/(e, As) succeeds. Moreover, let (I';©,e,7) = PTU(e, As). The quadruple

satisfies the following three conditions:
1. F,@ l_STRL{ e.T

2. If T(z) is Yo ... Ya,.p*1#2) (n > 1), then € dom(As) and there exists a
substitution S” whose domain does not includes any free (type/use) variable
in (I',0,e,7) such that S'Va;...Va,.p"") = VYay...Ya,.p"1#2) where
As(z) = Vay ... Vay,.pFr),

3. There exists a substitution S such that

(a) ST(x) is more general than I''(z) for all x € dom(T").
(b) © = S©
(c) "= ST
The following lemmas for the subprocedures are obtained from Lemmas A.3—

A.5 by replacing the statement like IV O ST with “ST(x) is more general than
['(z) for all z € dom(T").”

Lemma A.6 (function @ (2)) Given {(I'1,0,),...,(I's,0,)}, suppose that
(s, 1, 1,...,I,0") satisfies [ >o '} + ... + Il and that for all &: (1)
S'T;(x) is more general than T'i(z) for all x € dom(T';), (2) ©" E S'©;. Then,
B{{(T1,01),...,(I,,0,)}) succeeds without failure and outputs (S,I',©) which
satisfies the following conditions: (1) I' >¢ ST + ...+ ST, (2) Vi.© E SO;, (3)

there exists a substitution S” such that
1. 8=5"S
2. S"T'(x) is more general than I'(x) for all z € dom(T").
3. @ =5"0
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Lemma A.7 (function © (2)) Given (I', 0, k), suppose that (S, I, I, ©') sat-
isfies: (1) I > K -I7, (2) ST(x) is more general than I"(z) for all x € dom(T'),
and (3) © = 5'©. Then, O(T', ©, k) succeeds without failure and outputs (I'y, ©1)
which satisfies the following conditions: (1) I'y >, T, (2) ©; = ©, and (3)

ST () is more general than I'(x) for all 2 € dom(Ty).

Lemma A.8 (function || (2)) Given (I';, 01,1y, ©,), suppose that (S, IV, '}, T, ©’)
satisfies IV >¢ I} U T and that for ¢ = 1,2: (1) S'T';(z) is more general than
[i(z) for all x € dom(T;), (2) © = S'O;. Then, [|(T'1,01,,0y) succeeds
without failure and outputs (S, T, ©) which satisfies the following conditions: (1)
[' >g ST USTy, (2) Vi.© = SO;, and (3) there exists a substitution S” such that

1. 8=5"8S
2. S"T'(x) is more general than I'(x) for all z € dom(T").

3. 0= S"0

Proof of Theorem A.1 We prove by induction on the structure of the proof
of I',© Fergry e : 7 with case analysis on the last rule used. We show only the

several main cases.

(ETRU-VAR) Suppose that I, 0 Ferry 2 : p/#34) and that I' respects As. We

have two cases.

e z € dom(As). By (ETRU-VAR) rule, we have [0} /31, . .., p /B p"F152) > e
p'354) where IV(z) = VB, ...V By.p"F1r2),
Let Sy be [p\/01,...,p0,/0m]. Because I' respects As, there exists
Sy such that SoVay ...Vey,.p"1*2) is more general than I'(z), that
is, for some pi,...,pn, [p1/@1s ..., pn/c]Saptrie) = pllEik2) where
As(r) = Yoy ...V, p"%2) Let S3 = [pi/au,...,pnfam), T = x :
Yai... Ya,.p0" © = {j > I,k > m} and Sy, = [vi/a1,..., Y/ an]
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where j, k,[, m are fresh use variables, and the ~;’s are fresh type vari-
ables whose kinds (usual or non-O) are the same as those of the «;’s,
respectively. For (T', 0, z, Syp™), we have I',© Ferry = Sip®m™). Tt
is trivial that the second condition in the theorem is satisfied. More-
over, S(= S153S[a1 /71, -+ O/ Vn,s K1/ 7, K2/ k, k3 /1, K4/ m]) satisfies the

following conditions:

1. SVa; ...Yay,.p%" is more general than I'(z) because SVay . . . Vay,.p0F) =
SoVay .. .‘v’an.p("”"h"“?).

2. @ E SO

3. 88y ptm) = §,8,8, plrske) = pflkaka)

e v ¢ dom(As). In this case, I''(z) must be a simple type and the type
judgement can be written as (I, 2 : p/1%2)), O Ferpy a @ p/(F152)
where (K1, k5) >er (K, k)y). PTU(x,As) always succeeds and outputs
(T,0,z,a¢™) where I' = z : &% and © = {j > [,k > m} with use
fresh variables j, k,1,m. We have z : &% 0 Ferry @™ and there
exists S = [kY/7, k4 [k, &} /1, K, /m, p}/&] such that

1. p/F1R2) = SaUHK) je., ST(z) is more general than IV(x) for all x €
dom(T).
2. © F SO

(ETRU-APP/SEND) Suppose that IV, 0 Ferry €1 €5 @ p#) and that I respects
As. By (ETRU-APP/SEND), we have I}, ©' Ferry €1 : pg“’”ﬁ) (k1,52) plhasha)
[, 0 Ferru €2 : p" Ky > 1, p{") % O and I' > I’ + I.
Both I'} and T respect As. By induction hypothesis, PT'U(ey, As) succeeds
and the outputted quadruple (I'y, ©1, e1,71) satisfies the three conditions of
the theorem. In particular, I'1,01 Ferry e1 : 71 holds and there exists a

substitution S; such that:

1. SiT'i(x) is more general than I (x) for all z € dom(T).
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2. 0 k= 5,0,

3. pgﬁm’%) (m_,)m) p(m”ﬁ‘l) = 517'1

Similary, PTU (ey, As) succeeds and the outputted quadruple (I'y, Oy, 9, 75)
satisfies the three conditions of the theorem. In particular I'y, Oy Ferry €3 :

T holds and there exists a substitution .Sy such that:

1. S9T'y(x) is more general than I'y(z) for all x € dom(Ty).

2. @I |: 52@2

3. Pg%’%) = 59Ty

Let S = SISQ[HI/ja KQ/k, Hg/l, H4/m7 /{/5/n7 Hﬁ/pa P/(S: Pl/’_Y] where j, k, l) m,n,p
are fresh use variables and 5,’7 are fresh type variables. By Lemma A.6,
D({(T1,01),(T9,03)}) outputs (S3, '3, O3) without failure. The triple sat-

isfies the following conditions:

1. '3 >g, S3I'1 + S50, O3 = 530, and O3 = 530, hold.

2. There exists a substitution S; such that
(a) S = 5453
(b) S;T'3(x) is more general than I'(z) for all x € dom(T3).
(c) © = 5,05

By Theorem 4.2, U({(Ss71, (Syma) L §0m). (Syr, 59)}) succeeds with-

out failure and outputs Ss which satisfies S5(S3m) = S5((S372) k)

6m), S5(Ss72) = S57™ ) and 386.(Ss = SS5).

For @5 = 35(@3 U {]{3 2 1}), now we have S5S3F1,@5 l_STRL{ €1 - 55537'1,
S59302,05 Ferru €2 1 S35, S5Saa(= Ss7MP) % O, Ssk >e, 1,
S5F3 295 S5SgF1—|—S5S3F2 and 55(537'1) = 55((837'2) M 5(l’m)) By (ETRU—

APP/SEND), we have S5I's, ©5 Ferry 1€ @ Ss6¢™ . Tt is trivial that the
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second condition of the theorem is satisfied for SsI's and As. We have also

Se such that

1. SeS5I3(x)(= S4'3(x)) is more general than I'(z) for all x € dom(T3).
2. O = S¢05
3. p(”3’”4) = 56855(l’m)

(ETRU-ABS) Suppose that IV, 0 Ferry (Az.e')< : p'l(ﬁll"ig) ©F) 75 and that I

respects As. By (ETRuU-ABS), we have Iz : p’l(ﬁll’%),@’ Ferru €1 Ty
and IV >g/ ' - I, It is triviall that I,z : p'l(nll"i"z) also respects As. By
induction hypothesis, PTU(e', As) succeeds and the outputted quadruple
(T'1, 01, €, ) satisfies the three conditions. In particular, I';,01 Ferry € :

79 holds and there exists a substitution S; such that:

1. ST (y) is more general than (I, z : p'l(nll’ﬁfz))(y) for all y € dom(T'y).
2. O 516,

3. 7_2/ = 517'2
We have two cases here.

e z € dom(I'y). Let S = S;. By Lemma A.7, O(T'1 \z : 71, O1, ') outputs
(T3, ©) with no failure. This pair satisfies the following conditions:
1. Ty >0, 7 - (1 \z:m)
2. Oy =6,
3. STy (y) is more general than I'(y) for all y € dom(T'y).
4. O =50,

(0,5')

By (ETRU-ABS), we have Ty, 0y Ferry (Az.¢))* : 7 == 75. Ty and
As satisfies the second condition of the theorem. We have, S which

satisfies the third condition of the theorem.
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o v & dom(I'y). Let S = Si[x} /], khy/k, p/&] with a fresh &, j, and k. By
Lemma A.7, O(T, 01, ") outputs (I'y, O) with no failure. This pair

satisfies the following conditions:
1. Ty >, - T
2. O, =6,
3. STy(y) is more general than I''(y) for all y € dom(T'sy).
4. ©' =S50,

By (ETRU-ABS), we have ['y, 0y Ferry (Az.e)* @ aUk) o 9. 'y
and As satisfies the second condition of the theorem. We have S, which

satisfies the third condition of the theorem.

(ETRU-LET) Given e and As, suppose that IV, ©' lerry let £ =€ in ey end :
7' and that I' respects As. By (ETRU-LET), we have I'|,0' Ferry €1 :
p’l(nll’ﬁé), (T, x : clos(F’l,pll(nrl’Hé))), O bFerru e : T, p’l(ﬁrl’né) # O and IV >¢
[ +T%. T'} also respects As. By induction hypothesis, PTU (e, As) succeeds
and outputs a quadruple (I'1, 04, ey, pgﬁl’ﬁz)) satisfies the three conditions of

the theorem. In particular, ['1,© Ferru €1 : pgm’M) holds and there exists

a substitution S; such that:

1. STy (y) is more general than I"| (y) for all y € dom(T'y).
2. @, |: Sl@l

3. p'l(nll’”"z) = Slp(lﬁl’m)

1K)

Because p"1™) = &, p{k1%2) T 4 clos(TY, o ) respects As'(= As U
{x : clos(T'y, ")), By induction hypothesis, PTU ey, As') succeeds
and outputs a quadruple (I'y, Oy, €5, 75) which satisfies the three conditions
of the theorem. In particular, I's, ©9 Fe7rry €2 @ 75 holds, and there exists a

substitution Sy such that:
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1. S9T'9(y) is more general than (I}, z : clos(F’l,pll(ﬁll’ﬁé)))(y) for all y €
dom(Ty).

2. 0k 5,0,

!/ —
3. 7' = SQTQ
We have two cases here.

e v € dom(I'y). For (I'y,09,e9,75), from the second conditon of
the theorem, there exists a substitution S’ such that I'y(z) ==
S’(clos(F’l,pll(m’HZ))) Let S = S15:5'[p} /&, k' /7, k4 /k]. By Lemma A.6,
B{(T1,0,), (Ty\ = : Vay ... Vay,.pl=152)) 0,)}) outputs (S5, s, O3)

without failure. The triple satisfies the following conditions:
1. T3 >e, S3T1 + S3(Ty \ @ : Vay ... Vay,.plt=15=2)) O3 = S30; and
O3 [ S30, hold.
2. There exists a substitution S; such that
(a) S = 5453
(b) S4T'3(y) is more general than I"(y) for all y € dom(T'3).
(c) © = 5,05
By Theorem 4.2, U({(a0*), S3p" 1)), (Syclos(T, p{™"2)), S3Ty(2))})
succeeds without failure and outputs (S5, ©5) which satisfies S5(at*)) =

S5 (Sap )Y S (Saclos(TY, p ) = S5(SsTa(x)), and 3Ss.(Sy =
S6S5).

Now we have S5S3'1, S503 Ferru €1 : S5Sa3p\™ "), S555T s, S505 Ferru
es © S5S37o.  S5Sapl" (= SyalSmnSika)) % O and S5y >se,
S5S3 + 55539, By (ETRU-LET), we have S;I'3, 5503 Ferru
let x = ¢; in ey end : S5537. It is trivial that the second condition of

the theorem is satisfied for SsI's and As. We have Sg such that
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1. SeS5I3(y)(= Sal'3(y)) is more general than I'(y) for all y €
dom(T'3).
2. O = S¢05
3. 75 = S(S55372)
ez ¢ dom(I'y). We can discuss similarly by replacing T'y \ z
Vaj .. .‘v’an.pg‘““’““) with T's.

Proof of Theorem 4.3 Because the range of I is only types, I respects 0.
So, PTU(e, ) succeeds. Let (I',0,e,7) = PTU(e,0). We have no z such that
['(z) = Va.o because As = (). So, the range of I" is only types. IO Ferry € : T
holds and there exists a substitution S such that © = SO, I'' O ST and 7' = St

from Theorem A.1. O

A.4 Proof of Subject Reduction Theorem (3) (Theo-
rem 4.4)

We need several lemmas to prove the subject reduction theorem. Lemma A.13 is
especially important because it ensures that the well-typedness of letrec H in e

is preserved if a reduction is derived from — .

Lemma A.9 (Weakening on Uses (2)) If I' Fgzy e @ 7, then for I such that

F’ZF,F"‘gTueiT.

Proof Structural induction on the proof of I' Fezyy e : 7. O

Lemma A.10 (Term Substitution) Given 7, if (1) T'+y : V3, ...V0,.7, is
well-defined, (2) I',z : 7, Fery € @ 7 holds, and (3) there exists a well-defined sub-
stitution Sy, (= [p1/B1, .., pn/Bu]) s.t. Symy > 7, then I' +y : VG, .. .VB,.7y Feru
[y/z]e : T holds.
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Proof We prove by induction on the structure of the proof of ',z : 7, ey e : 7

with case analysis on the last rule used.

(ETU-VAR) There are two cases. If e = z, the last proof step is

Ty, > T
Lz:m,Fz:71

By the assumption (1), we have a well-defined substitution S, such that
Syr, > 7 where 7, = (' +y : VBi...V3,.7)(y). Therefore, T' + y :
VBi...VB,.1y by 7 holds.

If e = x # z, Trivial from [y/z]z = .

(ETu-Aprp/SEND) The last proof step is
(

I',z:7,Fe:m M)TQ ke>1 m#¥O Ty, z:7,Fe:m
(T14+Ty),2: (1, +T2y) Fegen:

We can easily obtain 7,, and 7, such that 7, = 7, + 7,,, Sy7, > 74,
and Sy, > 7, hold. By the induction hypothesis, we have I'y + y :
VB . BTy, Fly/2ler i (o) mand [y +y : VB ... V0,1, F [y/2]es
7i. By (ETu-AppP/SEND) rule, I'y + Ty +y : VG ... V0,7, F €1 €2 1 7y
holds.

The other induction steps are similar to the case of (ETU-APP/SEND). O

Lemma A.11 (Heap Allocation) Suppose that if I';, = A% : 73, then T’ - E[h"] :
7. Then, there exists some IV such that I' = IV +T', and I, z : clos(T'y, ) F Elx] :

T.

Proof We prove by straightforward induction on the structure of the context E.

We show several main cases.

(F =1]) Trivial. (I" = 0).
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(E=F'e) From I' + E[h*] : 7 and (ETU-APP/SEND) rule, we have: 1) I'y -
E'[h"] : 7 (k1,12) 7,2)Tobe:m,3) ke >1,4) 17 £0,and 5) ' =T +Ts.
By induction hypothesis, we have I'| such that I'y = T'|, + T, and I'|,x :
clos(Tp,m) b E'lz] : 1y () o By associativity of +, I' = (I'} + T'y) + I,
holds. By (ETu-APP/SEND) rule, we have I} + I'y such that (I} + T's), z :

clos(Tp,m) F Elx] : 7.
The other induction steps are similar. O

Lemma A.12 Suppose that if [ +T'. e : 7, then I'y = Ele| : 7 for some context

E, and that I' + ' F €' : 7, holds. Then, there exists some type environment [,
such that I, + T'w F El¢/] : 7 and I + T'. = I'g holds.

Proof Straightforward induction on the structure of the context £. O

Lemma A.13 IfI' - letrec H in e: 7 and letrec H in eiuletrec H' in ¢,

then I' - letrec H 5% in e’ : 1.

Proof We prove with case analysis on the reduction rule used.

(L-Arroc) From (ETu-HEAP) rule, we have I', = E[h"] : 7. We obtain I, - A" :
7, from its type derivation tree. By Lemma A.11, there exists I'' such that
Fe=T"+T,and I,z : clos(T'y, ;) - E[z] : 7 hold. By Lemma 4.1, we can
obtain (I}, I'}) and (I'y1, ['y2) such that IV =T Wy T, and Ty, = Ty Wy Tya,
respectively. Now, we have (I} + '),z : clos(Ty1 + Ty, 72) F Elx] : 7. Let
IMM=T4+ 4T, +T.+T+ (%, x: clos(Ty,1)). Forall y € dom(H,z =
h*), we have T'y - (H,z = h")(y) : 7y, and I''(y) = clos(Ty, 7). Therefore,
we have I'y;q + -+ Ty 1 + Ty + T F letrec H,z = h* in E[z] : 7 because
Ly + T = L.

0,k

(L-App) By (ETu-HEeAP) rule, we have I'.,z : clos(T'y, 11 ) ) F Elzy] : 7

and T, F (Az.e)® : 7y s 7y. From the derivation tree of the first type
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judgement, we have I'y, - zy : 7. By (ETU-APP/SEND) rule and (ETU-

VAR) rule, there exist substitutions S, = [pz1/@1,. .., pwn/ay] and S, =
py1/B1s -+, pym/Bm] such that:

L Tya:Vag .. Vay.m Q) Ty b x: Sp(m (0r1) )

2. FQ,y : Vﬁl...Vﬂm.ﬁ l_y : Té
3. Sy’]'g Z 7':,’) = Sle

4.k >Ry 2>1

(0751)

5. I'yy = (Thz : Vay .. Va1 == 1)+ (Do, y : V01 ...V 0p.T3)

6. SyTo = Ty

Meanwhile, from I'; F (Az.e)® : 7y ) 72, (ETU-ABS) rule and Lemma 3.4,
we have Sy(I'",z : 1) F e : Sy and I, > k- I". By Lemma A.10,
Sl +y VB .. VB, & [y/z]e : T4y holds. Let & be k; if K = w, or 0

(0,57)
— T2) + (F27y :

otherwise. By Lemma A.9, we have (I'y,z : Vo ... Va,,.1y
Vi ... VBp.13) + S F [y/z]le : T4y By Lemma A.12, S,I + (T¢,x :
clos(T'y, 11 @) 7)) b E[ly/z]e] : T holds. We have S, = I'" because no
bound type variables ay, . .., ay, of clos(T',, 7 O 73) is free in ') by the defi-
nition of clos. We can easily obtain fx,fm and fﬂ such that fx = fm Wy fxg
and Iy + 7 =T,. By (ETu-ABs) rule, I', F (\z.e)* : 1 07 Ty because
T, > k™ IV holds. Let I'y =Ty Wy lyp and I, =T, Wy [V,. It suffices that
[, + 1", = T4. Therefore, I' F letrec H,z = (Az.e)"® in E[[y/z]e] : T is

derived from (ETuU-HEAP) rule.

About the other rules, proved similarly. O

Proof of Subject Reduction Theorem (3) We prove by induction on the
proof of I' - letrec H ine —L, letrec H' in ¢ with case analysis on the last

rule used.
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(ERvu-LamMB) Follow from Lemma A.13.

For the cases of the other rules obtain I'. Fg7yy € : O by (ETU-HEAP) and
we can discuss similarly to the proof of Subject Reduction Theorem (2) (Ap-
pendix A.1). O
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