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The Design and Implementation of an Actor Language Based on Linear Logic

by
Clifford Sheung-Ching Tse

Abstract

Recent advances in computer architecture have led to a proliferation of machines made of thou-
sands of processors, such as the T3D, CM5, Paragon, NCube, and JMachine. These machines
have tremendous potential which will allow us to tackle problems previously unmanageable even
on supercomputers. Unfortunately, we have yet to develop languages to efficiently and reliably
create sophisticated software for such machines. Computer languages we have today are ei-
ther computationally powerful but semantically ill-understood or semantically well-understood but
computationally primitive.

This thesis describes a new language called Linear Janus. The underlying theoretical foundation
of Linear Janus is Girard’s linear logic, Hewitt's actors and Saraswat’'s Concurrent Constraint
Programming (CCP). By using a minimal set of primitives for creating, communicating and syn-
chronizing processes, Linear Janus provides a simple framework for exploiting and reasoning
about concurrency and indeterminacy.

Processesin Linear Janus are encapsulated in entities called agents. Agents perform autonomous
tasks and interact with each other asynchronously. Communication and synchronization happen in
channels, which are concurrent objects accessible by multiple agents. Agents add information to
a channel using asynchronous tell and retrieve information using ask which blocks until the ask
can be answered. Finally, by moving from classical logic to linear logic, resources and actions are
modeled precisely aslogic formulas, whereas computation isinterpreted as controlled deductions.

The three foci of this thesis are (1) to establish the underlying foundation of Linear Janus as
a calculus for reasoning about concurrency and indeterminacy, (2) to discuss the computational
properties of Linear Janus as alanguage for structuring and expressing concurrent and indetermi-
nate algorithms, and (3) to outline an implementation for studying issuesin developing an efficient
systemfor Linear Janus.

ThesisAdvisor: Dr. V. A. Saraswat, Xerox Palo Alto Research Center
Professor W. J. Dally, MIT Avrtificia Intelligence Laboratory



Chapter 1

| ntroduction

As traditional computer architectures reach their physical limitations, only massively parallel ma-
chines can deliver the processing power required for confronting problems of the coming decades.
Massively parallel machines like Cray T3D, Thinking Machine's CM5 and Intel’s Paragon, which
are made up of thousands of processors, have aready promised performance that far supersedes
that of conventional supercomputers. However, we have yet to develop a clean and lean language
to harness the power of such machines.

To understand the interaction among different processesin a concurrent system, we need avigorous
yet simple conceptual model. A-calculus haslong been regarded as a pure mathematical foundation
for computation. Despite its simplicity, A-calculus provides an astonishingly powerful framework
for understanding the intricacy of computation. However, A-calculus is intrinsically sequential.
Concurrent systems present a whole new array of complexity for which we have not been able to
develop a solid foundation. Our current models are predominantly concerned with architectural
aspects of the systems, how individual process are interconnected, and how they may interact with
each other. Within such models, reasoning and understanding are always obscured by inordinate
details.

In thisthesis, a model of concurrency and indeterminacy is proposed via Linear Janus. Linear
Janus is a concurrent language developed from insights gained from Girard’s linear logic[17],
Hewitt's actorg[24, 4, 12] and Saraswat’s CCP[50]. The computational model of Linear Janus
centers around entities called agents. Agents perform autonomous tasks and interact with each
other asynchronously through channels, which are objects allowing concurrent access. Channels
arethebasis of all communication and synchronizationin Linear Janus. Agentscommunicate and
synchronize by sending messagesor posting methodsto channels. Messagesare sent asynchronously



but a method blocks until a matching message arrives. The formal foundation of Linear Janus
is based on linear logic in which resources and actions are defined by formulas and computations
are interpreted as controlled deduction. The model of concurrency and indeterminacy proposed in
Linear Janus issimpleyet rich enough to encompassformalismslike Petri Netg[46], =-calculug[ 37,
38], and actorg[4, 12].

1.1 Overview of thethesis

Inthefirst part of thisthesis, we describethetheoretical foundation of Linear Janus. Chapter 2 gives
an overview of the motivation for thisresearch, aswell asitstheoretical and historical background;
in particular, actors, CCP and linear logic are discussed in relation to each other. Chapter 3 explains
our design choices as well as syntax and semantics of KLJ, the kernel of Linear Janus. Chapter
4 describes the computational properties of Linear Janus through a series of examples. Chapter
5 reviews related formalisms. Finally, chapter 6 discusses the directions that Linear Janus may
evolvein the future.

In the second part of the thesis, we describe a prototype implementation of Linear Janus which
includes an abstract machine and a compiler. Chapter 8 presents the abstract machine architecture
and instructions. In chapter 9, the prototype compiler and some optimizations are discussed. In
chapter 10, the implementation of the abstract architecture is explained. Finally, some preliminary
observations about the implementation of Linear Janus are discussed in chapter 11.



Chapter 2

Motivation and Background

2.1 Motivation

The devel opment of concurrent programming languagesis hardly a new enterprise. Multithreading
was proposed as early as 1960's with constructs like fork/join, co-begin/co-end, critical sections
and monitors, whose descendants still have significant presence in many operating systems and
programming languages'. These ideas, however, are less applicable nowadays, at least in their
primitive forms. In the current generation of concurrent computers, there are typically thousands
of threads active at the same time. The complex interaction between different components makes
explicit control of individual thread tedious and error prone. The lack of formal semantics aso
prevents compl ete confidence in program correctness.

A more promising approach isthat of functional programming. Functional programs are side-effect
free and referentially transparent. Results of a computation only depend on the inputs and not the
course of execution. In theory, functional programs can run with all the potential paralelism. In
reaity, pure functional languages are virtually non-existent. Functional programs with Church-
Rosser property, while allowing a compiler to explore possible parallelism, are incapable of dealing
with reactive tasks such as 1/0 handling that are common in any real systems. Imperative features
(references in ML[40], M-structuresin 1d[7]) are frequently introduced to provide expressiveness,
efficiency or both. However, adding these imperative features inevitably weakens and complicates
the underlying mathematical semantics.

Imperative and functional languages both project a computational model which may be classified

1This focus of this thesisis on concurrent MIMD machines and languages, instead of parallel SIMD machines and
languages.



as process-oriented. Object-oriented languages, on the other hand, offer amodel in which tasksare
performed by interacting entities called objects. Concurrency arises naturally because objects may
act in paralel. Additionally, objects and classes provide a very useful abstraction for expressing
and structuring concurrent computations. However, for al its conceptual simplicity, vigorous
theoretical models for objects are still missing. Hewitt generalized and formalized the notion
of objects to autonomous entities called actorg24]. Actors communicate with each other via
asynchronous message-passing and computation evolves as actors interact. By focusing on patterns
of communication, actors provides a powerful model for dynamic and asynchronous computation.

A different model of concurrent computation wasintroduced in Concurrent Constrai nt Programming(CCP)[50],
where computations emerge from the interactions of concurrent processes which communicate and
synchronize by placing, checking and instantiating constraints on shared variables. Instead of

reading and writing to a store, processes in CCP ask to check if a constraint is entailed by the

store and tell to augment the store with a new constraint. Using constraints for communication and
synchronization, CCP provides a framework for exploiting fine grained concurrency.

Although CCP and actors have radically different notions of communication and synchronization,
there are close connections between the two. However, as will be discussed in the following,
the exact connections was revealed only with the development of linear CCP[53]. Linear CCP
abandoned the classical intuitionistic logic as the underlying foundation and moved onto linear
logic. With linear logic, resources and computations can be defined precisely as formulas and
deductions.

Linear Janus isan actor-like language within the general framework of linear CCP. By assimilating
key ideas of actors and CCP, Linear Janus provides a formal model for exploring fine grained
concurrent and indeterminate computation.

The rest of this chapter introduces the theoretical and historical background behind Linear Janus.
Section 2.2 discusses actor computation, section 2.3 describesthe principles of CCP and section 2.4
explainsthefailure of classical logic asamodel of computation and the solutions provided by linear
logic.

2.2 Actors

Actors was proposed in the 70’'s by Hewitt et al.[24] for modeling asynchronous computation in
open systems. Open systems can be defined as large collections of services which interact with
each other without centralized control, complete trust and full specification. An open system has
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the ability to evolve as new services are added or removed, and as connections between services are
modified. Hewitt[25] described the fundamental characteristics of open systemsas follows:

¢ Concurrency due to simultaneousinflux of information.

Asynchrony due to non-deterministic interaction between components.

Decentralized control to avoid bottlenecks and increase reliability.

Inconsistent infor mation due to information sources maintained by different components.

Arms-length relationshipsto ensure privacy and security.

Continuous operation despite component failures.

In an actor system, computation is encapsulated in entities called actors. An actor system has at
least two classes of actors, built-in actors and non-primitive actors. The set of built-in actors, which
perform internal functions like additions, is defined by a particular implementation. Informally, a
non-primitive actor P is defined by a unique address, a set of addresses, and a script. The unique
address is the reference to P, commonly referred to as P’s mailbox; the set of addresses, referred
to as P’s acquaintances, is the set of actors that P knows; and the script consists of a collection
of actions to be carried out when a message arrives at P’s mailbox. In particular, an actor upon
receiving a message can send messages to its acquaintances and spawn new actors, including a
replacement for itself to service the remaining or incoming messages in its mailbox.

Actor computation isinherently concurrent since actors are autonomous and affect each other only
via asynchronous messages. Additionally, through communications, an actor can acquire new
acquaintances and hence can change the connectivities with other components of the system. The
notion of an actor isextremely robust and in auniversal actor system everything (including numbers
and messages) can be uniformly treated as actors.

The ability of actors to interact asynchronously and to evolve dynamicaly is the basis of actors
power. However, actors are a minimal model of asynchronous computation. In [31], actors was
shown to be a special case of CCP. This leads to the question that actor computation might be
obtained in the high level framework of CCP.

10



23 CCP

CCP[50] is a generaization of concurrent logic programming and constraint logic programming.
The central concept underlying CCP isto replace the notion of store-as-valuation behind imperative
programming languages with the notion of store-as-constraint, which naturally allowspartial infor-
mation to be manipulated and recorded during computation. In imperative programming, the state
of computation is captured by a set of values stored in variables. As computation progresses, the
variables are updated by single-valued assignments. Essentially, acomputation may be represented
by a transition of a single point in the state space. In CCP, instead of a single point, a state is
better visualized as a (possibly infinite) set of pointsin the state space. Variables in CCP contain
constraints that represent sets of admissible valuations. Computation emerges as constraints are
added to refine the sets of admissible valuations.

More concretely, instead of reading and writing a store, agents ask to check if a constraint (such as
X > 3) isentailed by the constraints within store and tell to add a new constraint (such as X = 4)
to the store. Operationaly, tell is non-blocking while ask suspends on the store until the store has
enough information to answer (prove or disprove) the ask. Communication and synchronization
arise naturally when multiple agents place, check and instantiate constraintsin shared stores.

The cc framework is very general and various languages can be defined by choosing a particular
ask-and-tell constraint system.

An intuitive way to model actors within the cc framework is to represent a mailbox M with a
logical variable 1. equated to a multiset of messages. Sending a message m to M can then be
translated to imposing the constraint m € L. However, such a trand ation does not work correctly.
Two actors may try to communicate the same message m to an actor P. Operationally, we would
like P to see both copies of m; logically, this situation cannot be distinguished from one in which
only one message is sent. The problem stems from the behavior of connectives, conjunction
(A) and digunction (V), in classical logic. Since conjunction and disunction are idempotent,
(me L)AN(me L)yand(m € L)V (m € L) arebothlogicaly equivaentto (m € L). Moreover,
in CCP, constraints are accumulated monotonically in a store. A constraint in a store, unlike a
message in a mailbox, is never removed. Hence, CCP does not have a built-in notion of resource
consumption. To solve these problems, we need to move to linear logic, in which formulas can be
treated precisely as computational resources.

11



24 Classical Logic and Linear Logic

To make the following discussion more precise, we introduce the Gentzen-sequent notation for
writing logical judgments. We let P and ) range over formulas and I' and A range over finite
(possibly empty) sequences of formulas. A sequent consists of two sequences of formul as separated
by aturngtile, -. The sequent I' - A asserts that conjunction of the formulasin (= P1,..., P,)
impliesthe disunction of formulasin A(= Q1,...,Q,),.€:

PAAN...ANP, — @Q1V...V Q,

A proof of the sequent I - A, constructed using the proof rules, is afinite tree where the root is
labeled with " = A. A proof rule states that if the set of hypothesesis true, the conclusion will be
true. A proof rule consists of two parts, a set of hypotheses (or sometimes called premises) and a
conclusion, written as:

Hypotheses
Conclusion

In logic programming, resources and actions are formulated as atomic formulas, and relationship
among objects are defined by a set of axioms. A computation is a controlled deduction from the
initial set of axioms. Paralelism arisesin two waysduring adeduction. Inthefirst case, conjunctive
branches of the derivation are expanded concurrently (and-parallelism) andinthe second, dijunctive
branches of the derivation are expanded concurrently (or-parallelism). Both kinds of parallelism
have been exploited in (Flat) Concurrent Prolog[6], PARLOG[11], (Flat) GHC[60] and avariety of
other languages.

The close correspondence between computation and deduction has been explored extensively to
develop formal semanticsfor logic programming languages, proof theoriesfor program verification,
semantic preserving program transf ormationsand other vigorous mathematical tool sfor understand-
ing computations. Notwithstanding, classical logic isinadequate to capture realistic computational
phenomena. For example, thereisno logical representation for the simple chemical equation:

2H, + Oy, — 2H50

The central problem is that logic formulas are treated as static and pervasive entities. In classical
logic, hypotheses and conclusions can be duplicated and discarded rather arbitrarily in a derivation
due to the two structure rules, contraction and weakening:

12



(Contraction) —+—prp r

(Weakening) — tH8x A8

Intuitively, contraction states that if two assumptions of a hypothesis P can prove a property, then
one assumption of P can prove the same property. Weakening, on the other hand, states that if
we do not need an assumption P to prove a property, then introducing P can still prove the same
property. With these structural rules, there is an inevitable loss of control: if we start with two
hypotheses P and P— (), then we can logically assert ¢), or in our sequent representation as:

P, P=QFQ

However, sincewe can duplicate P before usingit to discharge theimplication P— (), we can easily
get both P and ¢ in our conclusion, i.e.:

PP=QFPAQ

where, one copy of P isused to discharge the implication, while the other copy is retained in the
conclusion. It is not difficult to see that we can in fact have arbitrary many copies of P and () in
the above conclusion. Such abilitiesto duplicate and discard formulas are essential in mathematical
proofs, but disastrous in modeling real world computations. In computational terms, contraction
allowsusto useresourceswithout ever consuming them, whileweakening createsfal se dependencies
by demanding morethanwhat isreally necessary to performacomputation. Inreality, computational
resources have to be accounted for carefully. With contraction and weakening, classical logic can
only deal with stabletruth and has no vocabulary to precisely expressthe dynamicsof computations.

In hindsight, it is clear that the contraction and weakening must be re-examined if logic isto model
interesting real world computationsdirectly. Asproposed by Girard in linear logic[17], contraction
and weakening should be eliminated from the structural rules. Without contraction and weakening,
each formulahas to be used exactly once in adeduction. Within such alinear system, each formula
can now be naturally regarded as afinite resource that cannot be duplicated and discarded without
effort. Such linearity also leads to notions of resource consumption and resource conservation in
linear implications, where formulas used for discharging the implications are consumed and the
others are conserved.

13



2.5 Intuitionistic Linear Logic

The rules for the intuitionistic fragment of linear logic is asfollows:

Axiom:

U Tra
Structural Rule:
[ A B,AFC
(Ewchange) m

Cut Rule

r-A AAFB
LAFC

14



Logical Rules:

(1n) F1 Bl (1)
r-A Ar-B LA BEC
(©r) FAF A0 FASBFC (L)
(&r) [FA TEB [LAFC rLBFC (&1)
R M+ AaB ML A&BFC FLA&BFC L
(@n) EA [+B MAFC T.BtC (1)
R} TFApB '+ AeB FLAsBFC
(o) [LAFB [tFA4 B,AFC (—op)
R 4B A—<BAFC L

The multiplicative conjunction (©) corresponds to the customary notion of “and”, whereas the
additive conjunction (&) represents a choice between two actions and we have the ability to decide
on thechoice. The additive disjunction (&) issimilar to the additive conjunction (&) in representing
a choice between two actions, except that we cannot decide on which choice. Findly, linear
application ( —o ) represents the action which consumes a formula and produce another one.

To illustrate the operational meanings of the connectives, we use the classic vending machine
example. Welet A, B and ' stand for the following propositions:

A input $1
B : output aCoke
C': output aPeps

Suppose the vending machine is governed by two rules A —o B and A —o C'. Thefirgt rule states
that adollar will buy you a Coke and the second states that a dollar will buy you a Pepsi. With only
one dollar, one can never buy both a Coke and aPepsi, and indeed A —o B C' does not follow from
the initial rules. But, we can either buy a Coke or a Pepsi; the rulesimply A —o B&C' (a choice
between B and ). Additionally, the vending machine allow usto make the choice on buying either
aCokeor aPepsi. However, if the vending machineis designed by alinear logician, he may decide
that the output of the vending machine be indeterminate by specifying A —o Bg (' as the machine
rule. In such case, inserting a dollar will either get you a Coke or a Pepsi but you do not know
which.

15



Using part of the above fragment, we can already derive a simple calculus for concurrent and
indeterminate computations. If we represent actions and resources by logic formulas, tensor (©)
gives a logical reading for concurrency because formulas thus conjoined can be manipulated in
paralel, whereas with (&) gives a reading for indeterminacy because computation may proceed
on one of two branches, and finally, implications are rules of actions. However, computations
expressed within this fragment are necessarily finite since implications and formulas are consumed
once they take part in any action. The solution isto introduce the storage operator of course (“!”),
which is defined by the following logical rules:

! MMAFB C
(IR) |rr|_||_Ai1A r7 TAF B (D@T@llct’LOn)

. MI1A'AFB )
(Contraction) 7F, 1T B F,r!lfi IFB (Weakening)

In essence, the storage operator alows us to use aformulaeither 0, 1, or moretimes, i.e. ! A means
that A can be duplicated by contractions, discarded by weakening, or restored to a linear formula
by deréeliction.

Returning to the example above, our chemical equation can be modeled precisely in linear logic as:

H2®H2®02 —0 H20®H20

The computational structure of linear logic is remarkably rich. In the following chapters, we show
that by exploiting a subset of linear logic, we can develop a simple yet powerful calculus for
concurrent and indeterminate computations.

2.6 Historical Background

Linear Janus wasinspired by Janug[51] which was developed by Saraswat, Kahn and Levy. Janus
is a CCP language designed to address the shortcomings of committed choice logic programming
languages for distributed programming. A subset of Janus, called Lucy, was observed to mimic
actor computation closely[31] while capable of providing a higher level of abstractionsthan actors.
However, an exact connection between actors and CCP cannot be drawn in the classical framework
due to problems mentioned above.

By moving to linear logic, Saraswat has started developing a new framework, called (logicaly),
linear CCP. Linear CCP isavery general framework and Linear Janus is an instance of the actor

16



subset. My involvement in the formulation of Linear Janus started in January 1992 and by then
Saraswat had started working on the foundation of linear cc languages. A portion of the result
described in this part of the thesisare developed from Saraswat’s early noteson linear cc languages
and through collaboration with him.
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Chapter 3

The Language

Thischapter formally introducesthe kernel subset of Linear Janus. Section 3.1 examinestheissues
in communication and synchronization. Section 3.2 explains the notion of aLinear Janus channel
which plays akey role in thewhole language. Section 3.3 presents the definition of KLJ, the kernel
language which forms the building block of Linear Janus. Section 3.4 formulates operational
semantics for Linear Janusand the connection between operational and logical interpretations of
agents. Finally, section 3.5 summarizes and discusses anumber of critical issuesand design choices
of Linear Janus.

3.1 Overview

The principle notions of any concurrent system are those of communication and synchronization.
In multithreading, mutable shared memories are frequently used to implement communication and
synchronization among processes. In such models, interacting processes share common resources
which alows each process to read or write for the purpose of communication and synchronization
with other processes. To coordinate accesses to the shared resources, atomic constructs like mutex,
semaphore, conditional variables (Modula3), and definitional variables (Strand[14] and PCN[15])
are used in many shared memory concurrent languages.

On the other hand, message-passing is more commonly used in object-based or agent-based sys-
tems. With message-passing, communication can be either synchronous (such as in CSP[10] and
CML[47]) or asynchronous(such asinactors). When communicationissynchronous, thecommuni-
cating parties reguire ahandshake process commonly referred to asrendezvous. During rendezvous,
the sender initiates a request for communication and waits until the receiver accepts its request.

18



When both the sender and receiver are in sync, communication takes place. When communication
is asynchronous, the messages have to be buffered to allow the sender to send the message without
blocking. Onthe other end, the receiver may retrieve the message at somelater time or may suspend
on an empty buffer until a message arrives. The buffers can be either ordered or unordered. If the
buffers are ordered, the arrival order of the messages at a buffer is preserved during retrieval. If the
buffers are unordered, the receiver may see the messagesin an unspecified order.

3.2 Communication and Synchronization in Linear Janus

In Linear Janus, both communication and synchronization happen in channels. Agents asyn-
chronously send messages and post methods to channels. In achannel, if a message and a method
match, a new agent is created. If a message (resp. method) does not match with any existing
method (resp. message) in the channel, then the message (resp. method) stays in the channel until
amatching method (resp. method) eventually appears, or until there is no agent left with access to
that channel.

Communication (sends/posts) to a channel is asynchronous and the contents of a channel are
unordered. Moreover, communication is many-to-many, i.e. multiple agents can share the same
channel. The choices present a coherent picture of concurrent communications which is easy to
understand and implement.

Logically, sending a message and posting a method in Linear Janus are similar to tell and ask
operations in CCP. An important difference is that information in a channel is not necessarily
monotonic. A message is consumed when it matches a method. A method is also consumed when
it matches a message, unless the method is declared as pervasive.

The formal basisfor the model described above is provided by a first-order intuitionistic fragment
of linear logic, over the connectives (2, &, —o, !). Parallel composition is modeled by multiplica-
tive conjunctions (@) and indeterminate choices by additive conjunctions (&); linear implications
logically provide the vehicle for transforming a communication into a collection of activities; pa-
rameterization is provided by universal quantifications while hiding by existential quantifications.
Finally, to complete the picture, the of course (“!”) modal operator gives us the ability to install
reusabl e resources.
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3.3 KLJ: Linear Janus Kernd
We start with the class of items. An item can be one of the following:
1. A name, notated by alphanumeric strings that begin with alower-case | etter:

n = (identifier _starting_in_a_lower_case_letter)

2. An i-parameter that can take on names as values. i-parameters are notated (like Prolog
variables) by aphanumeric strings that begin with an upper-case letter:

(Name) p = (identifier_starting_in_an_upper_case_letter)
(i — parameter) 1 = n|p
A termisatuple (i1,...,7) of £ > Oitems, or at-parameter which can take on tuples as values.

The empty tuple (¢ = 0) iswritten as (). We do not lexically distinguish between i-parameters and
t-parameters; both are notated by alphanumeric strings that start with an upper-case letter. But an
identifier must be used consistently as either an i-parameter or at-parameter in each scope and this
restriction can be checked by a simple scan of the program.

(Tuple) w == (i1,...,1,)
(t — parameter) q = (identifier_starting_in_an_upper_case_letter)
(Term) t == ul|q

Note that tuples cannot be nested. The fact that tuples cannot be nested is not crucial for the
semantics, but it facilitates the distinction between i-parameters and t-parameters; only i-parameters
can occur inside atuple. Such a distinction is made because messages and methods can only be
posted on names, not on tuples. Thisis a decision motivated by simplicity of implementation, not
logical necessity.

Curly braces (“{” and“}") are used for bracketing. Any expression e can bereplaced by {e} without
changing its meaning.

By abusing the notation we also use the meta-syntactic variables n,p,:,u,q, and t to range over the
corresponding syntactic class. The context will makeit clear whether the class or an el ement of the
classisintended.
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Agents and methods are defined by:

(Agents) A = 1 — Nil
| it — Message send
| im — Nonce Method send
| '¢m  — Reusable Method send
| nrA — Local name
| AxA — Parallel composition
(Methods) m = t—-o A — BaseMethod

| m & m — Composite Method

Themethodt —o A iscalled abase method (with head ¢ and body A); the method m&m iscalled a
compositemethod. Inan agent i m (or ! + m), ¢ issaid to be the channel for the method. I1n addition,
the following syntactic restrictions must be obeyed:

For no agent 7 m (or ! ¢ m) does a parameter occur more than once in the head of a

method in m. Further, if : isaparameter, it does not occur in the head of a method in
m.

Informally, method ¢ —o A is fired when there is a message that matches ¢ in the channel for the
method. When method ¢ —o A is fired with message m, m is used to substitute ¢ in A. For a
composite method m1& mo, only one of the componentswill befired (i.e. thereisa choice between
m1 and my).

The formal semantics of the KLJwill be given in section 3.4 and the informal interpretations of the
agents are as follows:

¢ 1: 1 (the nil agent) is an agent which vanishesimmediately.

e Message Agent: A message agent, represented as i ¢, is the simplest atomic agent. Opera-
tionally, a message agent 7 ¢ sends the term ¢ to channel :. If there is a method in ¢ which
matches with ¢, ¢ is used to fire the method.

¢ Method Agent: A method agent, written as+ m or ! ¢ m, is complementary to a message
agent. Informally, the agent « t —o A posts the method ¢ — A to the channel «. If thereisno
matching message, the method suspends on ¢ until a matching message arrives. When there
is a message matching ¢ with a substitution é for the i- and t-parametersin ¢ or when such a
message arrives, the method isfired, yielding the agent A with @ applied to it.
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Intheagent ¢ m, m isnonce and m vanishesfrom : when fired and issaid to be consumed. In
theagent ! < m, m isreusable and is never consumed. That isto say, after firing, the method
recreates itself.

For example, we can define a forwarding agent = M —o y M that forwards a message in «
to y. Since the method is a nonce method, it disappears after forwarding one message. The
method can be made reusable by prefixing the agent “!”. The reusable forwarding agent
e M —o y M forwards all messagesin z to y.

o Intuitively, n~ A isan agent that binds new channel to » and behaveslike A. We say A isthe
scope of n. Since agents are recursively defined, scopes can also be nested.

e Composite Agent: A compositeagent A B isanagentinwhich A and B executein parallel.

3.4 Semantic Model of Linear Janus

This section explains the operational semantics of Linear Janus and the relation between the
operational interpretation and the corresponding logical interpretation in linear logic.

3.4.1 Basic Definitions

Definition 3.4.1 The set of free parameters of a syntactic expression is defined inductively as
follows:

fp(n) =0

Ip(p = {p}

fo((i, ..o in)) = fpia) U U fplin)
fo(q) ={q}

fp(1) =0

Fp(it) = fp(i)U fp(t)

fplit — A) = (fp(A)U fp(i)\ fp(t)
fp(tm) = fp(m)

fp(nrA) = fp(A)

fp((AxB)) = fp(A)U fp(B)

Definition 3.4.2 The set of bound parameters of an agent A are the parameters that occur in A but
arenot freein A.
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The occurrences of parametersin the head of a method are considered binding occurrences — they
bind occurrences of the parameters in the body of the method.

Note the asymmetry in 7 and ¢ in the definition of fp(it — A). INnX (Y, Z,¢) — Y (¢), X isa
free parameter whileY and 7 are not.

Definition 3.4.3 An agent A issaid to be closedif fp(A) = 0.

Definition 3.4.4 Similarly, the set of free names of a syntactic expression is defined by:

fn(n) = {n}

fn(p =10

fn((ie,... ) = fa(in)U...U fn(i,)
fn(q) =0

fn(1) =1

fuli ) = fa(i) U a1

fo(it o A) = fn(A)U fr(d)U fn(t)
falim) = Fu(m)

a(nrd) = fu(A)\ {n}
fn((AxB)) = fa(A)U fa(B)

Definition 3.4.5 The set of bound names of an agent A is the set of names occurringin A lessthe
names that are freein A.

A bound name » isintroduced in agent A using theform n A.

Note that a closed agent is an agent that does not have any free parameters. It is allowed to have
free names.

For any syntactic expression e and parameters X and Y, the notion of X isfreefor Y ineisthat X
can be substituted for Y in e without becoming captured. The sameistrue for an expression e and
names ¢ and y.

3.4.2 Operational Semantics

We define a configuration, represented by I', to be a multiset of agents. We assume that agents are
identified up to the renaming of bound parameters. The operational semantics definesthe transition
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of a configuration of closed agents into another configuration of closed agents. The transition
relation, —, is defined as the smallest relation closed under the following rules, where = stands
for syntactic identity:

(1) ri1—r

(2) MLA+*B —T,A,B

(3) Mn'A—T,A (nnot freeinl)

(4) - for somei, 8, t=1;0 '
,nt,nty o0 A1& ... &ty oA, —T,A;60

(5) for some,0, t=t;0
MNnt,Intg oA1&...&t, oA —T,A40,nt; o A1 &...&t, o A

In (4) and (5), # isasubstitutionon the parameters occurring int;. More precisely, § isasubstitution
on al the parameters, because syntactic equality is used and the message cannot contain any
parameters.

Intuitively, rule (1) says that the nil agent will disappear from the configuration; rule (2) says that
multiset unionisjust aparalel composition; rule (3) alowsusto discard unnecessary channels that
are introduced; rules (4) and (5) state that a nonce method disappears from the configuration when
fired but a reusable method is persistent.

Definition 3.4.6 A configuration I' issaid to be closed if for all agents A inT, fp(A) = 0.

Notethat if T — I/, and " isclosed, then "’ is closed.

3.4.3 Relation with Linear Logic

To see how the operational semantics defined in the last section relatesto linear logic, we define a
tranglation from agentstolinear logicformulas. Thetrandation[. . .] consistsof separatetrangations
for each of the different syntactic categories. The categories n, p, ¢, u, ¢, t are trandated into first-
order linear logic terms. The category A istrandated into linear logic formulas.

The linear logic formulas that result from the trandation make use of a 2-place predicate letter
written as“:”. No specia properties are assumed for this predicate letter.
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[n] = n
[p] = p
[(:1,...,in)] = (i1,...,in)
[q] = q
[1] = 1
[id] = [] : [#]
[4+B] =  [Alo[B]
[nrA] = In.[A]
[[i|t1—OA1&...&tn—OAn]] = [[i]]:[[tl]]—o[[Al]]
& ...
& [i] : [tn] —o [Ax]
[[!i|t1—OA1&...&tn—OAn]] = [[i]]:[[tl]]—o[[Al]]

& ...
& il : [tn] —o [An]

The above trand ation extends to multisets of agents element-wise, i.e.:

[A1,..., A ] =[A1], ..., [A:]

The linear intuitionistic proof rules that define the - relation between multisets of linear logic
formulas and singletons are given in appendix A.

The basic connection between the operational semantics (—) and logical definition of + is as
follows:

Let ' be a multiset of agents. Then Gamma — '’ implies that for any formula D
with free namesin fn(I"), we can derive aproof of [I'] - D from aproof of [I] F D.

For example, consider the following configuration I

Fr=aryrzr{etx{a M —oyM}x{ax M —zM}}

Starting with I, we can eventually reach a configuration & or A, defined as follows:

M=yt, o M—ozM
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or

Do=axM—oyM, 2t

Operationally, = ¢t sends a message ¢ to » and the message will indeterminately activate either
x M —oy m leading to A1, or + M —o z M leading to A,. We can formalize the reasoning by
translating I" into the corresponding linear formulas:

Jz,y,z(z: toVm(z:m—oy:m)oVm.(z:m—oz:m))

Then, aconfiguration I’ isreachable from I" if for any D with freenamesin I, wecan derivel” + D
fromaproof of ' - D, i.e.

e D
rFD

For instance, we can prove A is areachable configuration from A by the following proof:

xitFoait Ymax.m-oy.m,z:t F D

z:t,Ymax.m-oy.m,x.t—oz:tk D

zit,Ymax:m—oy:mVmae:m-—-oz.mbtD

zit,VYmae:m—oy:m@Vma:m—-oz:mtFD

z:t®Vmax . m-oy . m@YVmarx . m-—oz.mbFD

A similar proof can be constructed for A,.

Unlike classical logic, there is no proof of ' = D from a proof of "1, F D. In other words,
A; and A, cannot both be reachable since there is only one message sent to = and the message is
consumed by the method that isfired.

InA; or Ay, thereisaresidue method in 2 after one of the two methods consumes the only message
sentto 2. Since I isclosed, thisisinconsequential abeit inelegant. A cleaner configuration can be
set up as follows:

M= aryrzMaots{a M —oyM&a M —zM}}

The configuration " will reduceto either A} = y t, or &, = = ¢.
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3.5 Discussion

3.5.1 Concurrency and Indeter minacy

Communication and synchronization have aways been regarded as the two faces of same coin
and both are captured by using channels. In Linear Janus, the only important concept that
one need to understand is the symmetry between senders and receivers of a channel. In our
traditional understanding of concurrent systems, we always conceive of a set of processes which
are synchronously or asynchronously activated by incoming messages. Even in object-based or
actor-based systems, the common notion is that there is a communication port where an agent
receives its messages which then activatesfurther activities. Whereas amethod impositionz ¢t —o A
may be regarded as an agent which reads a message from 2 and behaves like A, we choose to
interpret it as an agent that simply posts the method to =. The action of removing a message
or firing a method all happens within a channel. There is no explicit notion of senders and
receivers. An immediate consequence of such bilinear nature of channels is that communication
is many-to-many, as opposed to one-to-one in process-based models or many-to-one in object-
based and actor-based models. Concurrency arises because autonomous activities and interactions
take place simultaneously. Indeterminacy arises because communication is asynchronous (i.e.
arrival indeterminacy) and because channels can be accessed in a non-deterministic fashion (i.e.
indeterminate choice).

3.5.2 Order and Fairness

The choices for asynchronous communication and unordered buffers are motivated by the fact
that they closaly reflect existing and emerging concurrent architectures and can be implemented
efficiently. Moreover, synchronous and/or ordered communication can be readily implemented in
our system, but not vice versa. However, the asynchronous unordered natures of communication
post a question about fairnessin our system.

Consider aserver which receives non-deterministic requestsfrom severa clients. Can we guarantee
that the server will eventually service each request? What happens if there is a malicious client
sending an infinite sequence of requests to the server? If the server always services the shortest
request first, for example, there is a possibility that some requestswill never be answered. A simple
solution is make the server enforce a first come first serve policy. Now, if a client cannot send
infinite number of requests within a finite amount of time, fairness will be guaranteed. However,
thisrequires atotal ordering of incoming requests.
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While the notion of ordered arrival guarantees fairness, the price is dear. Total ordering means
that messages have to be queued and each message queue can be accessed only sequentialy. In
actors, messages in amailbox are recorded in their arrival order and message handling isimplicitly
seridlized since an actor can only deal with one message from the mailbox and has to spawn a
replacement to take care of the rest of the message. Thisis probably the logical choice for actors
because mailboxes are inseparable from their actors and communicationis model ed as many-to-one.

On the other hand, communicationis many-to-many in Linear Janus and channelsdo not belongto
any particular agent. A channel may have multipleaskersand tellers and they can access the channel
in non-deterministic ways. It is pointless to enforce a total ordering of messages when there is so
much uncertainty in the way they may be observed. The ordering in asynchronous systemsisweak
sinceit only requires that causality be respected, which isdonein Linear Janus. With unordered
messages and methods, we allow simultaneous accesses to channels. The price we pay is a lack
of fairness guarantee, a shortcoming that we hope to mend when the semantics of concurrency is
better understood.
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Chapter 4

Computationsin Linear Janus

This chapter discusses a number of examples to illustrate the computational properties of Linear
Janus. Thefirst part of thischapter introducesanumber of syntactic shorthandsto simplify writing.
The second part presents a series of examples to illustrate techniques for composing concurrent or
paralel computations.

4.1 Syntactic Abbreviations

While the syntax given in section 3.3 is sufficient for writing applications, it is rather verbose. For
example, the agent for computing the factorial number would be rather lengthy:

I fact(N,R) —o
one * { one(1) *
tmp A { 1eq(N, one, tmp) *
tmp (true) —o r(1) &
(false) —o sR A { sub(N,one,sR) *
fR » { fact(sR,fR) *
times(fR,N,R) } } } }

To make our programs more concise, we introduce a number of syntactic abbreviations in this
section. The abbreviations are expanded from inside out and from left to right.
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1. For clarity purposes, multiple channels can be introduced together. That is, the agent z~y» A
is same as the agent {z,y}*A if 2 # y. Furthermore, the agent A * 2~ B is the same as
e~{Ax B} if zisnotin fn(A).

Given the convention, fact can be written as follows:

I fact(N,R) —o
{ one,tmp } ~ { one(1) *
leq(N,one, tmp) *
tmp (true) —o r(1) &
(false) —o { sR,fR } » { sub(N, one,sR) *
fact(sR,fR) *
times(fR,N,R) } }

2. We let an agent of the following form, where £ > 1 and in: > 1 for each i:

X | Pity---Pinr —0 Ay
& Paty...-Pon2 —© Ay
&

& DPxis---Prnk —© Ag
represent:

X (P117---P1n1) —0 Al &
(P21s---Pan2) —© Ay &

(Pxis- - -Prnk) —© Ag

The abbreviated form is called the case agent. With case agent, fact appears asfollows:
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I fact(N,R) —o
{ one,tmp } » { one(1) *
leq(N,one, tmp) *
tmp | true —o r(1)
& false —o { sR,fR } ~ { sub(N,one,sR) *
fact(sR,fR) *
times(fR,N,R) } }

3. We extend the class of items with i ::= ¢ u. Let A be the syntactically smallest agent

containingatermz (i1, ...,%,). Then A istaken asa shorthand for the agent:

M i(ig, ..., di,x) *x a[x /1 (i1,...,10)] }

where z issome namenotin fn(A). Theintended meaning isthat ¢ (¢4, ..., 1,) designates
achannel on which the “result” of ¢ (i1, ..., ¢,) will bereturned.

For example, consider the following abbreviationsand their expansions, where A ~ B means
Aissyntactically identical to B after the expansion of abbreviationsin A:

(1) f(c,ab) ~ x~{alb,x) * f(c,x)}

(2) f(c,abd) ~ xr{ab,x) * yr{x(dy) * £(c,y)}}

(3) ab){t ox3&2 —o0zx4} ~ yr{alb,y) *+ y{1 ©x3& 2 —ox4}}

Note that such terms can be nested, i.e. the agent z(y, z)(¢, d)(P, Q) —o A, with full paran-
thesization, stands for:

{{x(y,2) }(c,d) }(P,Q) — A
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which expands to:

at{x(y.z,21) * {ai(c.d)}(P,Q) — A}

and further expands to the following:

aiM{ x(y,2,a1) * ax*{ aj(c,d,ay) * ay(P,Q) — A} }

Intuitively z(y, z)(¢, d)(P,Q) —o A reads: theresult of sending (y, z) to z issent (¢, d), and
the result of that is tested with (P, () ), and reduced to A if the test succeeds.

With this abbreviation, we can abbreviate fact asfollows:

I fact(N,R) —o
one ~ { one(1) *
leq(N,one) | true —o r(1)
& false —o times(fact(sub(N,one)),N,R) }

. In addition, we further extend the class of itemswith ¢ ::= ~¢t. Let A be the syntacticaly
smallest agent containing aterm ~¢. Then agent A istaken as shorthand for the agent:

™xt x A[x/*t]}

where z isanamenotin fn(A).
Intuitively, a subterm ~¢ stands for some channel on which the message ¢ has been sent.

In addition, i-parameters are distinguished from t-parameters by examining their binding
occurrences. If the parameter occurs inside a tuple, it is an i-parameter; if the parameter
occurs as the head of a method, it is a t-parameter.

We allow :’sto occur in places that ¢'s are expected: in such a case an i istaken to stand for
the 1-tuple (7). For example, consider the following abbreviations and their expansions:
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(1) f(c,21) ~ xr(x 1 * f(c,x))

(2) ~1{{1 oxok} & {2—oyok}} ~ yr{y1l x y{1 oxo0k &2 — xok}}

With implicit channels, fact can be abbreviated as follows:

I fact(N,R) —o
leq(N, A1) | true —o r(1)
& false —o times(fact(sub(N,~1)),N,R)

5. Finally, we extend the class of tupleswith « ::= $i. Let A be the syntactically smallest agent
containing aterm $i. Then agent A istaken as shorthand for the agent:

M x M —o A[M/ $i] }

where z isaname not in fn(A) and M is a parameter not in fp(A). For example, the
forwarding agent M —o y M can be written more concisely as y $z.

4.2 Concurrent Computations

Recursive datastructures, such aslists, are very useful and commonin functional and logic program-
ming. However, listsare not very suitable in concurrent setting because they are built and accessed
sequentially. Instead, a stream-like datais preferred because such a data structure allows usto deal
withinfiniteand incompletedata. InLinear Janus, streamscan be defined using 2-tupleswherethe
first element of the 2-tuple isaterm and the second element is another channel containing another
2-tuple or an empty tuple (signaling the end of the stream). For instance, a stream containing 1, 2,
3 can be written (using implicit channel abbreviation) as:

ML (20 (3,0 0))
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Similar to the function append for lists, we can define an agent append to concatenate two streams
asfollows:

! append(X,Y,Z) —o
X| () oz $
& (H,T) —o Z(H,append(T,Y))

Operationally, append functions as follows. First X, which is achannel presumably with only one
message, istested. If the content of X isthe empty tuple (), the content of Y (i.e. $Y) isoutput to Z.
If the messageis a 2-tuple (with elementsH and T), the output to Z is a 2-tuple whose first element
isH and whose second element is a stream produced by recursively appending T and Y.

4.2.1 Dataflow Computation

The first example is an agent or which receives inputs from channels a and b and computes the
logical disunction of the two and produces the result on channel . In Scheme, a similar function
can be written as:

(define (or a b) (if a t b))

In aconcurrent setting, one can imagine the scenario where some agents produce results on channels
a and b while another agent waits for the result on c. If a and b are produced by agents that are
arbitrarily fast or slow, how do we know which input should be tested first to achieve the best
performance? The optimal order isto test whichever arrives first. To do this, the input messages
from a and b are directed to acommon channel d and the messageson d are then tested. Effectively,
the channels a and b are merged into d. The or agent can be defined as below:

! or(4,B,C) —o
dr{d $4 x d $B * d | true —o C(true) & false —o C $d }

Operationally, or creates alocal channel d and forwards the messages from a and b to d. To output
the result, a message from 4 is examined. If the message is true, true will be output to ¢ and
terminate, otherwise, the next message of d isforwarded to c. During the process, some methods
may suspend because the messagesare not available, but, regardless of the arrival order of messages,
a dataflow network of agentsis set up and is activated by the arriving tokens.
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4.2.2 Producer and Consumer

The examplein thelast sectionisasimplified case of producer-consumer computation. The general
situation is that an agent (the producer) outputs some values which are used by another agent (the
consumer). Normally, the producer is not in synchrony with the consumer, i.e. they produce and
consume values at different rates. In synchronous systems, the faster agent has to wait for the
slower one. We can eliminate such inefficiency by installing a buffer between the producer and
the consumer, so that values can be produced and consumed out of sync. However, if the buffer is
finite, the producer may overflow the buffer by generating valuestoo fast. To avoid this problem, we
develop a protocol to model abounded buffer communication. In abounded buffer communication,
the sender blocks unless there is an empty slot in the receiver’s buffer. In Linear Janus, we can
implement a buffer by an open stream, i.e. a stream where new elements are being added to its
end. For instance, we can install a stream L, eg. ~(p1,~(p2, ... ~(p,, more))), between the
producer and the consumer. To proceed, the producer produces a value to the first channel of L and
recurs with the second channel of L (which should be a stream). For the consumer, it waits for a
value from the first channel of L and then appends a new pair to the end of L and recurs with the
second element of L. A one-slot buffered communication can be implemented as follows, where
produce and consume are the agentsthat do the real work:

p ~ { producer(p, consumer(p)) *
I producer(P,More) —o { produce(P) # producer( $More) }
! consumer(P,More) —o p * { consume(P) * More(p,consumer(p)) }

Besides the single-producer-single-consumer scenario, another common situation is one in which
multiple agents are working cooperatively or competitively on the same task. As mentioned before,
if achannel containsa reusable method M, we can safely imagine that there are unboundedly many
copies of M. If we interpret each message as representing a pending task and each method as a
worker, we have infinitely many worker. Whereas in sequential setting we may run into a problem
with buffer overflows, in a concurrent setting we may run into a problem with too many active
agents. Instead of bounding the buffer size, the equivalent situation isto limit the number of active
agents. This can be done easily given the ability to pass channels. Two channels, producer and
consumer, are created. Then, n copies of consumer are sent to producer, where n is the limit
of active producers and consumers. A reusable method is installed on producer which takes a
copy of consumer and outputsaresult toit. Similarly, areusable methodisinstalled on consumer
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which when activated by a message from the producer sends a copy of consumer t0o producer to
maintain the number of available consumers. For example, the following code implements a case
where the maximum number of active producers and consumersis limited to two and produce and
consume are again the agents who do the real work:

{ producer, consumer } # { producer(consumer) *
producer(consumer)
I producer(P) —o produce(P) *
! consumer(P) —o { consume(P) #* producer(consumer) } }

If multiple consumers and producers are working on the same task, it is likely that some of them

have to share a set of common resources. In the next section we show how channels subsume the
functionality of mutexes, semaphores, monitors or critical regions and the likes.

4.2.3 Assignmentsand Side-effects

Assignmentsand side-effects are commonly used in imperative programming languages. However,
they are difficult to reason in formal models of semantics, program verification and program
transformations. In purely functional programming, the problems associated with assignmentsand
side-effects are outlawed. While simplifying the semantics, such approach also limits the kind of
applicationsthat can be supported.

In Linear Janus, using a channel as a storage unit produce the appearance of assignment and
side-effects. Sending a message can be seen as an assignment, except that a channel contains a
multiset of values instead of just one value. Similarly, removing a message from a shared channel
and subsequently sending it another message produces side-effects affecting other methods in the
shared channel. For example, consider the counter_creator example defined below, where add
and sub are agents that perform addition and subtraction:

! counter_creator(C) —o

count A { count(0) *
I'c | (inc,R) —o add(count,*1) | N —o { count(N) # R(N) }
& (dec,R) —o sub(count,”1) | N —o { count(N) * R(N)}
& (val,R) —o count | N — {count(N) * R(N)}}
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Operationally, counter_creator isactivated with achannel (bound to C); it creates a new channel
count with initial value 0 and installs a method on € which responds to requests for incrementing,
decrementing or reading the value of the count.

A counter ¢ may simultaneously receive multiple requests to increment, decrement, or reading
its count. However, the access to count is exclusive because when one method takes the con-
tent of count, the other accesses are blocked until the content is restored. Even though ¢ may
simultaneoudly service inc, dec and val, the results returned are guaranteed to be seriaizable.

4.2.4 Passing Agentswith Channels

In functiona languages, the ability to pass functions as arguments is of great power. In Linear
Janus only channels can be transmitted in communications. However, we can still obtain the
expressiveness of a higher-order system by passing channels.

For example, amap agent can be defined to apply an function to elements of a stream:

For example, we can define:

I inc(N,R) —o add(N,~1,R)

And, we can invokemap asfollowsto increment each element of a stream to obtain anew stream r:

r » {map(inc,~(1,(2,7())), ) }

Agents can also be composed as follows:

| compose(F,G,FG) —o ! FG(M,R) —o R(F(G(M)))
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To produce an agent which increments a number by 3, we can write:

inc3 » { compose(compose(inc, inc), inc,inec3) * ...}

4.25 Divideand Conquer

Another common idiom in concurrent computing is to spawn out computations in a tree-like (or
more generally, graph-like) fashion and then collect result from each node by progressive merging.

Consider the quicksort algorithm for a stream:

QuickSort:

1. (End Test) If the input stream is empty, close the output stream and terminate.

2. (Divide) Choose the first element as the pivot. Partition the input stream into two streams,
and I, such that elementsin S are smaller than or equal to the pivot, and elementsin . are
strictly greater than the pivot.

3. (Conquer) Recursively call quicksort with S and I to produce 5" and /.

4. (Combine) Output the concatenation of 5" and 1.

The paralldl quicksort in Linear Janus isimplemented as follows:

I gsort(Ls,R) —o
Ls | () — R()
& (H,T) —o {s,1}~{split(~(H,T),H,s,1) * append(gsort(s),qsort(l),R)}

where split isdefined asfollows:
! split(IN,P,S,L) —o

& (H,T) —o 1le(H,P) | true —o split(T,P,S(H),L)
& false —o split(T,P,S,L(H))
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In functional programming language, the parallelism in the quicksort algorithm arises from the
paralel invocations of the recursive calls on the sub-lists. In Linear Janus there is an additional
level of parallelism due to pipelined executions. Since the tail of a stream is another channel, the
recursive callsto gsort with S and L need not wait for the completion of split. Similarly, append
can starting execution without waiting for gsort to finish. We will further investigate pipelined
execution in the next section.

4.2.6 Streamingand Pipelining

In sequentia settings, only one thread of computation is active at atime. Typically, a process runs
to completion and then passes its result onto the next process. In concurrent computing, however,
multiple agents can be active simultaneously and unnecessary serialization of agentswill result in
inefficiency. If a producer computes a large result (e.g. an infinite list), it would be inefficient (if
not impossible) to idle the consumer until the producer finishes.

To exploit concurrency, the producer and consumer can be arranged such that the consumer can
start before the producer finishes. The producer can break the large result into smaller blocks as
partia results, and as soon as a partial result is ready, the producer passes it to the consumer along
with a continuation channel where the producer will output further results.

As a concrete example, suppose we want to find al the prime numbers smaller than n, using the
sieve of Eratosthenes whose operations are as follows:

Seve of Eratosthenes:

1. Create astream L of integer from 2ton
2. If L isempty, then terminate.
3. Takethefirst element a; of I and remove all multiplesof @41 from I, to produce 1/

4. Repeat step 2 with I/

The agorithm works by removing multiples of the first element (a prime) from the stream at each
iteration and inductively, the first element of L at the beginning of each iteration isaprime. The
algorithmas described above issequential, but it can be pipelined. Instead of starting anew iteration
when the previous finishes, we can start a new iteration as soon as elements are being output to
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L', i.e iteration i + 1 works on the stream that is being produced by iteration 7. This allows each

iteration to pipelineits resultsto the next iteration and multipleiterations can proceed in parallel L.

In Linear Janus, this pipelined sieve algorithm can be written as follows:

! sieve(N,R) —o
filter ~ {! filter(L,S,Re) —o
L] () o Re()
& (H,T) —o
divisible(H,S) | true —o filter(T,S,Re)
& false —o Re(H,filter(filter(T,S),H)) x*
R(2,filter(iota(3,N),2) }

To beprecise, thenestedinvocation, filter (filter (T, S),H),insieve startsoff anew pipeline
as soon as anew prime number is found.

4.2.7 Delayed Evaluation

Can we use sieve defined in last section to find the i prime number efficiently? We can if we

know a number that isjust bigger than the i*" prime, which is not easy. Alternatively, we can start
with an infinite list and stop when we find the desired prime.

I iota(N,R) —o iota(inc(N),R(N))

In Scheme, infinitelists(i.e. streams) can be create with the special form delay whichisnot evaluated
until called with force[1]. In Linear Janus, delay and force can be implemented using the usual
mechanisms for communication and synchronization. For example, delayed iota defined below
is an agent that produces a stream of integers starting from /:

! delayed_iota(N,R) —o
R(N)(NR) —o delayed_iota(inc(N),NR)

1Theimproved algorithm can theoretically apply to streams of infinite sizeto find all primes.
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Thisisconsumed by delayed_cons defined as follows:

! delayed_cons(S,R) —o

S| () = R

& (H,T) —o T(R(H))

The construction works asfollows. Indelayed_iota, a2-tupleisreturned where thefirst element
is the number N and the second element is a channel more which, when receives a channel NR
(supplied by delayed_cons), will recursively invoke delayed_iota with N + 1 and NR.

The above definition of delayed_cons hasaproblem: delayed_cons cannot be passed the same
stream twice, since the first invocation has consumed the method in more aready. In Scheme, the
implementation of force has to make sure a delayed expression is evaluated only once because the
delayed expression may induce side-effects. Similarly, we can amend delayed iota asfollows:

! delayed_iota(N,R) —o
more * { R(N,more) *
more(NR) —o {v,w } ~ { inc(N,v),
delay_iota(v,w) *
more(NR) *
! more(P) o v | N — {P(N,w) * v(N)}}}

In essence, a nonce method is defined onmore which, when invoked the first time, forces the next
element to be produced at v and installs a reusable method on itself. The new method handles
messages by reading from v. The agent more (NR) serves to invoke the new method to read the
content of v to NR.

4.2.8 Deadlock and Starvation

As demonstrated in the counter_creator example, a channel (count) can be shared among
multiple agents. The protocol given there is sufficient for coordinating the access to a single shared
resource. However, if agents depend on more than one shared resource, deadlocks may occur.

Consider the classic example of dining philosopherswhere five philosophers share acommon round
table. When a philosopher gets hungry, he triesto eat by picking up a pair of chop-sticks, one from
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his right and one from his left. Unfortunately, each philosopher share the left chop-stick with his
left neighbor and the right chop-stick with his right neighbor. If more than one philosopher get
hungry at the same time, then some philosopher may not be able to eat because his left or right
or both chop-sticks are being used by his neighbors. 1n the worst scenario, all philosophers may
simultaneoudy feel hungry and pick up their right chop-sticks. But, no one can proceed to eat since
there is no more chop-stick on thetable. A deadlock occurs.

There are heuristics to prevent deadlocks. The philosophers can pick up both chop-sticks at the
same time, or they can flip a coin to decide which chop-stick to pick up first, or a waiter can be
hired to watch over the chop-sticks. The first two solutions are not elegant and the last alternative
creates a bottleneck.

A simple solution is to make the philosopherstalk to each other when someoneis starved. When a
philosopher finds himself hungry but does not have both chop-sticks, he tells his Ieft neighbor. If
a philosopher P iseating and his right neighbor P, starts talking to him, then P asks P, to wait.
Otherwise, P tells his left neighbor P; that P, is waiting for him to finish. When a philosopher
receives a message telling him that he is waiting for himself to finish, he knows that there is a
deadlock and he should put down his chop-stick and try later. The behavior of our intelligent
philosophers can be represented as below:

! philosopher_creator(Me,Neighbors,Left,Right) —o state » {
state(contemplating) *

I Me | getting hungry —o
Right(free) —o
Left | free —o state(.) —o { state(eating) * Left(busy) }
& busy —o state(.) —o { state(waiting)
Left(busy) *
Neighbors(hurry_up,Me) }

& getting full —o
state(_) —o { state(contemplating) x*
Left(_) —o Left(free) x
Right(.) —o Right(free) }

& (hurry_up,Who) —o
equal(Who,me)
| true —o state(.) —o { state(thinking) =
Right(_) —o Right(free)
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Me(getting hungry) }
& false —o state | eating —o { state(eating) #* Who(wait) }
& waiting —o { state(waiting) *
Neighbors(hurry_up, Who) }

& wait —o Neighbors(hurry_up,Me) }

Our intelligent philosophers do not guarantee that there is no deadlocks. The best a philosopher
can do isto realize there is a deadlock, give up his chop-stick, and try later and with luck he will
succeed in obtain apair of chopsticks eventualy.

43 Summary

This chapter showed some examples of common programming idiomsin Linear Janus. Although
the language constructsin Linear Janus are simple, complex computation can be developed with
remarkable flexibility. We showed how channels can deal with merging, assignments, side-effects,
many-to-many communication and synchronization. In addition, by passing channels we can gain
the power of ahigher-order system, and by defining streamsin terms of channels, we can exploit a
finer level of parallelism viapipelined executions. Finally, by using asynchronous communications,
deadl ocks can be detected without undue communication and overhead.
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Chapter 5

Related Work

Over the past three decades, various models of concurrency and indeterminacy have devel oped and
evolved. Some of the more significant examples are Net Theory[46], CSP[10], ACP[8], CCY[36]
and r-calculug[ 37, 38], actorg[24, 4, 12] and CCP[50]. There are aso numerouslanguages designed
to addressissuesin concurrent computing. Therest of thischapter compares and contrasts our work
with other formalisms and languages.

51 Petri Nets

Net Theory[46], developed by Petri in the early 1960's, was the earliest mathematical model of
concurrency. Informally, a net consists of a set of places and a set of transitions. Each transition
is arelation between two multisets of places called the preset and the postset. A state of the net is
specified by a marking, which isa multiset of places.

Pictorially, anet is a bipartite weighted directed graph. In the usual representation, a circular node
represents a place and a rectangular node represents a transition where incoming and outgoing
arrows specify the preset and postset. Dots represent tokens and each place in a marking has a
token. Since a place may have multiple occurrences in the marking, it may have multiple tokens,
one for each of its occurrence in the marking. When atransition isfired, tokensare consumed from
the incoming arrows and produced on the outgoing arrows. Depending on the initial markings and
dependence relations, transition firings can either be sequential, indeterminate or concurrent. An
example of anetisgiveninfigure5.1.

It iseasy to encode a Petri net in linear logic. Each token at a place « may be encoded as an atomic
formulaa and transitionsin the net may be trandated to reusable linear implications. For example,
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Figure 5.1: Petri net example.

the net presented in figure 5.1 can be encoded with a, a, b, b, !((a2b) —o (bc¢)), ((a®@a@b) —o d).
The firing of atransition is modeled as a discharge of the corresponding implication. Reachability
in a net can therefore be encoded as the derivability of a sequent in linear logic. In the above
example, {b, d} is areachable configuration from {a,a,b,b} if and only if the following sequent
can be proved:

a,a,b,0,'((a®b) —o (bac)), ((a@acb) —o d) - bad

Indeterminacy in transition firings isreadily reflected in the corresponding encoding in linear logic.
Instead of {b, d}, the net may settlein {b, b, ¢, ¢}, which corresponds to the provable sequent:

a,a,b,b,!((a2b) —o (boc), ((aa®b) —o d) F babocae

A first-order Petri net can beencoded in Linear Janus using the scheme mentioned above. However,
it would be incorrect to think that Linear Janus is similar to Petri Nets. Linear Janus provides
substantially more power and expressiveness. In anet, tokensrepresent the presence of a condition,
whereas in Linear Janus names represent channels which encompass more information than
tokens. Channelsin Linear Janus are sub-systems which can be transmitted in communications.
The dependence relations and connectivitiesare static in a petri net but dynamic and reconfigurable
in Linear Janus. Therefore, first-order Net Theory is better regarded as a sub-calculus of Linear
Janus. Nonetheless, it would be fruitful to study properties of this sub-calculus more carefully
since Net Theory has accumulated a rich body of results over the past three decades. Techniques
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have been devel oped to analyze propertieslike safeness and liveness of anet. 1t would beinteresting
to see how the experience can be carried over to Linear Janus.

5.2 w-calculus

Another formal approach to concurrency isthrough process algebra, asin ACP[8], CCS[36] and 7-
calculug 37, 38]. In this section, we discuss the connection between Linear Janus and w-calculus.
Although Linear Janus started from the concurrent interpretation of linear logic while 7-calculus
was motivated by an algebraic reading of concurrency, the underlying principles between the two
are remarkably similar.

In m-calculus, the syntax of agents are defined as followq 37], where z, ¥, » range over an infinite
set of names A/, P over agents and A over agent identifiers:

(agent)P 1= 0 —inaction
| yx.P —negative prefix
| y(a).P —positive prefix
| T.P —silent pre fix
| ZicrP;, Iis finite —summation
| MierPi, I is finite —composition
| (2)P —restriction
| o =ylP —match
| A(Y1, s Yn) —defined

yx. P isan agent which outputsthe name z at (output) port  and then behaveslike P; y(z).P isan
agent which inputsan arbitrary name z at (input) port y and then behaveslike P[z/x] (sSimultaneous
substitution); 7. P performs a silent action 7 and then behaves like P.

0 is an agent that does nothing. (z)P behaves like P except that actions at ports = and = are
prohibited and an agent [+ = y] P behaves like P if the names = and y are identical, otherwise it
behaves like 0.

Agents are composed by either summation or composition. A summationZ; - ; P; behaveslike P;
for some ¢, whereas M;c; P; behaves like P; for all ¢ in parallel. Finaly, A(yi,...,y,) isan agent
with arity » defined previously by a defining equation A(y1, ..., y,)=P.

A more detailed discussion can be found in[37].
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Asexplained by Milner et a, the goal of r-calculusisto model systemsin which components may
be arbitrarily linked and communication may cause the linkages to be changed dynamically. It
is the same kind of considerations that motivated the development of Linear Janus. Indeed the
underlying principles of the two are so similar that a lot of the problems and solutions discovered
in w-calculus can be directly carried over to Linear Janus. The encoding for lazy A-calculus and
combinatory logics are two of the examples that will be discussed in appendix B. In fact, thereis
a natural trandation of w-calculus to Linear Janus: negative prefix can be trandated to message
send, positive prefix to method imposition, restriction to hiding, summation to indeterminate choice
and composition to parallel composition. Match is not strictly necessary in w-calculus, and silent
prefix and define are already embedded in indeterminate choice and method impositionin Linear
Janus. Assuming NV, C A/, the table below shows such a translation map [.] from =-calculus to
Linear Janus:

[0] =1
[yz.0] = y(2)
[y(2).P] =y(X)—o[P]

[(y)P] = y~[P]
[P+Q] =[rl&lQ]
[Plel =[r1+1el

Although 7-calculus and Linear Janus bear alot of resemblances with each other, there are subtle
differencesbetweenthetwo. Themostimportant disparitiesarisefrom thedifferent starting points of

m-calculusand Linear Janus. The semantic model of 7-calculusis developed via process algebra,
whereas the semantics of Linear Janus is developed by adopting a concurrent interpretation of
linear logic. Asaresult, processes equivalencesin r-calculus are defined by bisimilarity, whereasin
Linear Janus processes equivalences are defined afiner level by logical equivalences. Additionally,
the seemingly mysterious notions of scope intrusions and extrusions of =-calculus are captured

logically in Linear Janus by existential and universal quantifications. Using closures, Linear

Janus also eliminates the need of the explicit restriction operator of r-calculus'.

Both w-calculus and Linear Janus are first-order systemsin that only references to processes are
passed in communications. In section 6.1.3, we will discuss the ramifications of moving to a
higher-order system.

1The scoping in Linear Janus is lexical, while dynamic scoping can be implemented in 7-cal culus using restriction
and scope extrusion.
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5.3 Actors

Linear Janus started from the actor model of computations, so naturally there is a very close
relationship between the two and many similarities have been discussed in the last few chapters.
However, the two differ in some fundamental aspects. First, communication in Linear Janus is
many-to-many, instead of many-to-one in actors. Mailboxes in actors are implicitly part of the
actors, whilein Linear Janus, channels are symmetric links among agents. Asshownin chapter 4,
such symmetry allows a richer pattern of communication that are useful in real systems. Second,
in Linear Janus, new agents can dynamically install methods on pre-existing channels (such as

in counter_creator, which isimpossiblein actors)2. Such ability allows agents to dynamically
modify the behavior of a system.

The treatments of recursion and state changes in the two are also different. A serialized actor,
when invoked, needs to specify a replacement for itself to achieve recursion and passes on any
state information to the replacement. Although the replacement can be concurrently computed with
other events in a script, there is an notion of sequential access to messages due to arrival order.
As mentioned in section 3.5.2, the mail system of actors serializes concurrent communications
and creates a total ordering for messages in each mailbox. On the other hand, in Linear Janus,
reusability givesriseto recursion and arbitrarily many copies of a reusable method can be activated
a the same time by messages. Channels allow concurrent asks and tells and the only serialization
is dueto resource availability. Linear Janus agents are inherently more concurrent than actors.

Finally, an actor can only service one mailbox whichisitsonly port for receiving communications.
An immediate consequence isthat actors are not directly compositional. A configuration of actors,
in general, is not itself an actor since it can respond to messages arriving at different mailboxes
(ports). The problem can be solved by introducing the concept of receptioniststo handleinteractions
among configurations, but introducing a special actor interface also increases the complexity of
actor semantics. On the other hand, a configuration of agents in Linear Janus isitself an agent.
Configurationscan be composed just like agentsand can allow multipleinterfacesto convey different
views of the system.

2This opens the question about security, which will be addressed in the next chapter.
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5.4 Chemical Abstract Machine

In this section, we informally discuss the Chemical Abstract Maching[9] and describe the close
resemblance between Linear Janus and a chemical abstract machine, as a way to discover any
complexity issues and possible implementation difficulties. As put forth in [9], constructing a
chemical abstract machine (CHAM) islike standard programming; if aconcept isdifficult to realize
inacham, itislikely to be difficult to be implemented on areal machine.

Intuitively, CHAM is analogous to a chemical solution in which molecules float around freely and
interact with each other according to a set of chemical equations. The elegance of a chemical
abstract machineisthat moleculesdo not explicitly interact with one another. Motionsof molecules
are governed by some system dynamics (Brownian motion, concentration gradient, for example)
and reactions occur only when complementary molecules randomly run into each other.

To draw the analogy even closer, a chemica solution may be heated in order to break large
molecules into their constituents called ions, or cooled so that molecules can combine to form
compound molecules.

A solution may also contain subsolutions enclosed in membranes. Subsolutions can evolve inde-
pendently and can be part of amolecule, i.e. itisitsef amolecule. In order to allow the molecules
inside a subsol ution to react with those outside, membranes are porous. A single molecule may also
be isolated within an airlock. In computational terms, subsolutions provide the abstraction layers
and airlocks allow interfaces to be exported.

Using an example given in [9], we can construct a chemical abstract machine to find the prime
numbers between 2 and » as follows. We take integers as our molecules and start with a solution
containing all integersfrom 2to n. We specify onereactionrule: aninteger reactswithitsmultiples
by destroying them. When the sol ution reaches equilibrium eventually, we will have prime numbers
between 2 to n.

Channels, which are the basis of Linear Janus’s computational model, are identical to what
was called a subsolution in the above. The connection between concepts mentioned above and
constructsin Linear Janus are quite obvious. Thelogical structural rules of Linear Janus can be
easily trandated into heating and cooling rules, whilelogical transitions of agents can be trandated
into reaction transformations. The implementation of Linear Janus on CHAM is not terribly
interesting in itself. However, by comparing implementations of Linear Janus with those of
similar calculi, such as TCCY42], we can see that the implementation of Linear Janus can be
simpler. Therestriction operator in TCCS (and 7-cal culus) requiresthe airlock mechanism, whichis
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not necessary for Linear Janus. Additionally, external sumin CCS was shown to be inappropriate
for CHAM and thusraisesthe question about thefeasibility of external suminareal implementation.
On the other hand, all the basic ideasin Linear Janus correspond to those of CHAM closely. This
gives us more confidence to say that the our framework is feasible both as a theoretical model and
apractical tool. We will discussthe real implementation in the second part of the thesis.

55 Linda

The computational model presented by Linda[3] centers around the notion of tuple spaces. A tuple
gpace resembles a shared associated memory where processes can communicate by reading and
writing messages represented by tuples. Writing is done by in(7'5,T"), which adds a tuple 1" to
the tuple space pointed by 7'5; reading is done by out(7'S, (P, ?M ), which instantiates M to M’
if thereisatuple? = (P, M) in TS such that P matches P’. The matched tuple 7" in an out
operation is removed from the tuple space during the process. A third primitive rd behaves like
out, except that the matched tuple is not removed from the tuple space.

Conceptualy, Lindaisvery similar to Linear Janus. First classtuples spaces[21] are like channels
and Linear Janus may be viewed as aformalized version of higher-order Linda (such asin [18]).
On the other hand, the two differ rather radically in the uniformity, modularity and scalability of
their communication primitives. Lindais better thought of as a coordination language that adds a
communication layer on top of some languages (C-Linda, S-Linda and M-Linda). In Linda, loca
communications (e.g. communications within the same program) are done by native primitives
and only global communications (e.g. communications among programs) are supported by tuple
spaces. However, in Linear Janus channels are the only primitive®. Additionally, each channel is
an active component of computation bringing together messages and methods related for a specific
task. A tuple space, on the other hand, ismorelike a (gigantic) message server that centrally handles
messages from possibly disparate processes. Channels are extremely lightweight and mobile since
each channel isaminimal entity capturing only the essential part of an autonomoustask. Efficient
Linda implementations have to resort to optimizations that depend on globa knowledge of the
systems, making the language unsuitable for open and distributed systems. As we shall see in the
second part of the thesis, the feather-weight nature of channels allows an implementationwhich can
scale from shared memory multiprocessors machines to distributed networks of computers.

%To be fair, the predominant goal of Linda is to provide interoperability in a multi-lingual environment besides
concurrency, while in Linear Janus, we try to develop a uniform conceptual framework for understanding concurrency
and indeterminacy. In the second part of the thesis, we will discussissuesrelated to interoperability.

50



56 ACL

Kobayashi and Yonezawa have investigated a language called ACL[22] simultaneously but inde-
pendently of our work. The fragment of linear logic used in ACL is dual of that used in Linear
Janus. In ACL, both messages and processes are represented as logic formulas. For example,
in ACL m por A is a process that sends a message m and then becomes A, while mt @B is a
process that receives a message m and then becomes B. A choice between two processes A and B
isrepresented by A @ B. In ACL, counters can be expressed as follows (taken from an examplein
[22)):

Counter(Id, N) o— (inc(Id)*@Counter(Id, N + 1))
®IRid(read(Id, Rid)*@(val( Rid, N) por Counter(Id, N)))
B(reset(Id)*@Counter(1d,0))

The similarity between the above definition and our definition of counter creatorinsection4.2.3
isimmediate.

However, Kobayashi and Yonezawa focus mainly on the abstract semantics of ACL and they do
not seem to have investigated implementation issues. Indeed, their language seems difficult to

implement. In ACL, aprocess which waitsfor messagesmy, . . ., m,, and becomes P isrepresented
as:

mio...omtoP

whichislogically equivalent to:

mEemie...omi,omi©...omroP

A problem with the above equivalence is that deadlock may occur when a process indiscriminately
consumes messages that are needed for other processes to make progress, for examplein:

(zroytortaoP) @ (ztoyteP,)) por (x por y por 1)

In addition, while the above equival ence provides a mechanism useful for synchronization between
multipleprocessesand for splittinglarge datainto multiplemessages, itsimplementation seemsnon-
trivial. Animportant aspect of Linear Janus isthat communication and synchronization only occur
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through channels, and one message at atime. This restriction allows an efficient implementation
while still retaining the expressiveness to embed formalisms like A-calculus, 7-calculusand etc,
as shown in the previous sections. However, neither this thesis or [22] develops a denotational
semantics that will distinguish between the following two agents:

Logicaly A; and A, are equivalent. However, if x only has 2-tuple message, A; may deadlock
while A, will not. In order to distinguish A; and A, we have to take a step beyond linear logic.
There is much work to be done to devel op a useful denotational semantics for the language.
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Chapter 6

Future Work

This chapter discusses a number of extensions that are being developed and directions that Linear
Janus may evolve in the future. Section 6.1 first examines a number of theoretical issues, such as
type systems, proof theoretical models and higher-orderness. Section 6.2 considers some pragmatic
aspects of Linear Janus, such as security and reflectivity.

6.1 Theoretical Issues

6.1.1 Polymorphic Type System

One of theadvantagesof Linear Janus isits sound theoretical foundation, which allowsusto devise
powerful mathematical and logical tools to support software development. In well-devel oped
high-level languages like ML[40], Mirandg[58] and others, polymorphic type systems[35] have
been proven to be invaluable in both the development and maintenance of software. Saraswat is
developing a linear polymorphic type system for linear cc language by exploiting the proofs-as-
types principle.  Within the current formulation of Linear Janus, we are able to type check a
program. However, the main challengeisto integrate concurrency and indeterminacy and to devise
an efficient inference algorithm to deal with issues with dynamic process creations and method
installations on pre-existing channels.

6.1.2 Proof Theory Model

In previous discussions, we have sometimes relied on our intuitions to specify properties of a
program. However, one of the major motivations behind this research is to establish a solid
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foundation for clarifying semantic and operational meanings of a program, verifying correctness
(such as termination) and detecting abnormalities (such as deadlock) in a rigorous framework.
Currently, proving the interesting properties of a program islaborious, even with the help of linear
logic. However, there are reasons to believe that many of the intuitions can be axiomatized to
establish a more convenient proof theoretical model. Moreover, in the chapter 5, we have seen
the connections between Linear Janus and a number of other well-developed formalisms. 1t will
be rewarding to see what can be learned from the experiences gained in developing those formal
systems and to find out if a different semantic model (e.g. algebraic theory) for Linear Janus can
be developed to gain insightsfrom outside logic.

6.1.3 Higher-Order Systems

In Linear Janus, asin w-calculus, agents are never passed directly in communication. Instead,
references to agents are transmitted. As demonstrated in chapter 4, by passing channels only, we
gain the effective power of a higher-order system without distracting ourselves with theoretical and
practical issues associated with higher-order systems. Similar claims can be made of w-calculus
and in [37] the rationales were summarized by the following passage:

“First to pass R as a parameter to )=y(z).Q’ may result in replication of R, due to
repeat occurrence of the formal parameters > within ¢’; we do not wish the replication
of agents with state to be a primitive of the r-calculus. Second, to pass R as a
parameter gives () accessto thewhole of R; we are concerned to model the case where
a received name x provides only partial access to another agent. (For example, R
may communicate with still other neighbors via names not known to ¢).) Third, the
transmission of access links is a very common phenomenon in computation, even in
purely sequential computation, which has hitherto had no adequate theoretical basis;
we must examine primitiveswhich may provide such abasisin as lean aframework as
possible”

Nevertheless, the development of higher-order versions of w-calculusand linear cc isachallenging
area of research and proposalsare emerging. For linear cc, Saraswat and Lincoln[52] are devel oping
a higher-order framework by moving onto higher-order linear logic. In higher order systems,
processes are first-class citizens which can be communicated. By allowing processes in messages,
agents can acquire and manipulate processes with complete freedom. Such freedom is the power
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behind A-calculus and there are reasons to believe a higher-order linear cc system will lead usto a
true concurrent A-calculus. But much research has to be done to achieve such end.

6.2 Pragmatic lssues. Security and Modularity

The current formulation of Linear Janus is as lean as we could possibly make it. There is a
minimal set of ideas built into the language and control-structures and data-types are derived from
a basic primitive, namely channels. However, while such cleanness reduces the complexity of the
theoretical treatment, it also hinders the pragmatic uses of Linear Janus. In many ways, thisis
an intentional choice since we are more concerned with a vigorous framework and do not want
extraneous details to obscure the big picture. There are certainly alot of improvements that can
make Linear Janus amuch better programming language.

For example, an important issue in real computer systems is security. Security of a language has
to depend on the underlying implementation of the operating system and communication protocol .
However, assuming there is a secure underlying platform, it isilluminating to consider the possible
implementation of asecure system on thelanguagelevel. In[cp], asecure electronic banking system
was implemented in Concurrent Prolog, using unification and unforgeable read only variables of
Concurrent Prolog. In[27], asimilar problem was solved in GHC, which only required unforgeable
unigue constants.

Our formulation of Linear Janus isincapable of implementing a secure system, since communi-
cation isopen. An agent can both ask and tell a channel to which it has access. Accessto achannel
can be duplicated (for example when a universally quantified name appears more than once in the
body of amethod). It is easy to have malicious agents to eavesdrop on communications and disrupt
the system. However, a dlight extension will allow usto implement a secure system. The basic idea
isto introduce, asin Janus, the notions of ask right and tell right. Having the tell right to a channel,
an agent can only send messages to that channel, while an ask right on a channel only allows the
agent to post methods on that channel.

On amore interesting note, a class/module system for Linear Janus can be implemented by using
the same notions of ask rights and tell rights. Agents within a class‘module have one or both ask
and tell rights to channels defined in the class, while agents from outside the class can only have
tell rights to those channels. In other words, an abstraction is set up such that only agents within
the same class can affect each others' behavior.
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Chapter 7

| mplementation of Linear Janus

Computationsin Linear Janus evolvethrough theinteraction of messages and methodsat channels.
The usage of channels to encapsulate both communication and synchronization provides a simple
conceptual model. The price for the simplicity is the difficulty in implementing the compiler and
the runtime system efficiently. Thisisthe focus of this and the next few chapters.

Our main objective in devel oping a prototype system is to understand issuesin implementation and

the computational behavior of agents in Linear Janus. As aresult, the focus is on generating a
functional and flexible platform for performing experiments both in the compiler and in the runtime
system.

Linear Janus isdesigned as alanguage capable of extremely fine-grained concurrent computation.
Each agent performs a minute amount of computation. The easiest and simplest implementation
would represent each agent as a process. However, current generation of concurrent machines are
geared towards coarse-grained computations with few communications. In the T3D, for example,
each node is an Alpha processor where instruction granularity is of the order of thousands of
instructions and creating new processes and switching among processes are of the order of many
hundreds of instructions. In such an architecture, the implementation of agent as a process is
infeasible. On the brighter side, there are a few fine-grained concurrent machines, such as the
Jmachine, to handle the task. In the Jmachine, each node is a message driven processor (MDP)
specialy designed to support object-based and actor-based computations. The MDP provides a
globa name space on top of distributed memory and supports (in the hardware) mechanisms for
fast process creations, context switchingsand internode communications. In an architecture likethe
JMachine, there is considerably more freedom in choosing the granularity and mobility of agents.
The J-machine would have been a good platform for implementing Linear Janus, had it developed
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arobust programming system.

The current implementation of Linear Janus was developed for Sun SPARCStations. In many
aspects, SPARCStations, being the conventional workstations, are not very interesting as a platform
for implementing Linear Janus. Conventional workstations are designed to run C-like procedural
languages and Unix-like operating systems. Performance depends heavily on strong locality, long
instruction sequences and stack-based execution. The support for investigating a highly concurrent
language is virtually non-existent on SPARCStations, or other conventional workstations for that
matter. On the other hand, given that our main objective isto understand issues in concurrency, a
workstation with a robust programming environment suffices.

The current implementation defines an abstract machine architecture and a set of abstract machine
instructions which serves as the target of our compiler. An abstract machine has two components,
the kernel and the communication interface. The kernel provides the environment where local
agents interact. The communication interface is responsible for coordinating agents on different
abstract machines to form a bigger system. Currently, each abstract machine isimplemented as a
normal Unix process and multiple abstract machines can reside on the same machine or on different
machines on the network.

The next four chapters of the thesis are organized as follows. Chapter 8 describes the details of
the abstract machine design. Chapter 9 discusses the optimizationsin our prototype compiler. In
chapter 10, the implementation of the abstract architecture is explained. Finally, some preliminary
observations about the current implementation of Linear Janus are discussed in chapter 11.
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Chapter 8

Abstract M achine

8.1 Oveview

The main reason for defining an abstract machine isto hide the runtimeimplementationissuesfrom
the compiler. With an abstract view of a machine, the compiler has a stable target architecture,
while the runtime implementation may change over time.

Our emphasis on the abstract machine design is simplicity, sometimes at the expense of efficiency.
In addition, to avoid unnecessary assumptions on the implementation of the abstract machine,
serviceswhich can vary in different implementationsare not considered part of the abstract machine
definition, such as process scheduling and memory management.

The abstract machine consists of two components — one is responsible for dealing with communi-
cation among abstract machines, while the other carries out the local computations and communi-
cations. Operations in the abstract machine are defined by a set of abstract machine instructions,
similar to conventional instruction sets.

Thefollowing sectionsdescribe the operations of the abstract machine, aswell asa subset of abstract
instructions.

82 AM Kernd

8.2.1 Abstracted Execution M odel

The kernel of an abstract machine provides an abstract view of the environment in which agents
interact to perform computations:
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Initialy, the environment consists of a set of agents. When an agent sends a nonce message or
posts a nonce method to a channel, the following happens at the channel. When a message is sent
to a channel, the methods on the target channel are examined. If there is no matching method, the
message is added to the multiset of messages. Otherwise the message is used to instantiate the
pattern of the method and to create a new agent. Similar actions happen when a method is posted.
The messages on the target channel are examined. If there is no matching message, the method is
added to the multiset of methods. Otherwise the message isremoved and is used to instantiate the
pattern of the method to create a new agent.

In the case of reusable messages and reusable methods, similar af orementioned actions are carried
out, except that areusable item isalways added to the corresponding multiset regardl ess of whether
there is a matching message or method. Moreover, by definition, a reusable message or method is
never removed even if it is used to create a new agent.

8.2.2 Abstracted Representation for Message, Method and Agent

The abstract machine’s representations for messages, methods and agents are as follows:

¢ Message. A message is represented as a tuple consisting of a number of terms (the number
isreferred to as the arity of the message).

e Method. A method consists of a pattern and an agent (the body). The pattern is like a
message, except that some terms may be universally quantified. To match a message with
a pattern, the corresponding terms are compared. If both are unquantified variables, their
equality is tested. Otherwise the message term is used to instantiate the quantified term.
When amatch is completed, a new agent is created from the instantiated body of the method.

¢ Agent. An agent consists of three parts:

1. Code Pointer: The code pointer points to a sequence of abstract instructions which
represents the agent.

2. Message Pointer (AP): The message pointer pointsto the message that isused to created
the agent. In the code sequence, APYi] refersto the #* term in the message.

3. Closure Pointer (CP): Linear Janus islexically-scoped. Hence an agent may contain
free variables which are defined in a lexical context enclosing the agent. In the code

sequence CP[i] refersto the i" variable in the closure.
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8.3 AM Kernd Instructions

The complete list of instructionsis included in appendix C. In this section, only the instructions
which pertain to our examples are discussed and other instructions are introduced as their rationale
becomes more obvious.

Our abstract machine instructions are similar to RISC machine instructions, i.e. each operand is
either an immediate, a register or a register index. Moreover, we assume that there is an infinite
number of registers, named by A[i], where: > 1. For clarity, operands are given meaningful names
in the following examples.

The abstract instructions are classified into two sets, one is visible to the compiler while the other
is not visible to the compiler but is used to implement the instructionsthat are visible. Instructions
which are visible to the compiler are marked with an * in the following.

8.3.1 Datamanipulation

The following instructions are for object creation and manipulation:
¢ Alloc(n, r) alocates a new record of n words and returns the pointer of the record to r.
o Store(s, d)* stores s to the location pointed by d.

o Deref(s, d)* returnsthe value stored at s to d.

o Arity(p, n)* returnsthe arity of record pointed by p ton.

The following set of instructions, which can be defined by the instructions given above, provide
means for creating channel, message, method, pattern and closure:

¢ NewChannel(r)* returnsachannel tor.

¢ NewClosure(n, r)* returns aclosure of arityn tor.

¢ NewPattern(n, r)* returns a pattern of arity ntor.

¢ NewMessage(n, r)* returns amessage of arity ntor.
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¢ NewRMethod(p, cl, b, r)* returns a reusable method with pattern p, closure c1, and agent b

tor.

¢ NewNMethod(p, cl, b, r)* returns a nonce method with pattern p, closure c1, and agent b to

Ir.

8.3.2 Communication

The following instructions are defined to manipul ate a channel:
¢ Send(msg, €)* sends messagemsg to channel c.

¢ Post(mth, c)* posts method mth to channel c.

8.3.3 Tests

¢ ISEq(p1, p2, cc)* returns TRUE to cc if p1 and p2 are equal.

8.34 Contral

The control instructions are defined as follows:
e Jeq(p, g, Ibl)* jumpsto label 1b1 if p equalsq.
¢ Jec(cc, Ibl)* jumpsto label 1b1 if cc iSTRUE.
o Jmp(Ibl)* jumpsto label 1b1 unconditionaly.

¢ Ret()* terminatesthe agent.

8.3.5 Primitives

The set of primitive agents which perform simple arithmetic operations are defined as follows (the
arguments are all channels):

e Add(pl, p2, r)* returnsto r the result of adding p1 and p2.
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e Sub(pl, p2, r)* returnsto r the result of subtractingp1 from p2.

e Mul(pl, p2, r)* returnsto r the result of multiplyingp1 and p2.

e Div(pl, p2, r)* returnsto r the quotient of dividing p1 by p2.

¢ Mod(pl, p2, r* returnsto r the remainder of dividing p1 by p2.

e Eq(pl, p2, n* returnsto r the result of equality test for p1 and p2.
o Lt(p1, p2, n)* returnstor if p1 islessthan p2.

o Le(pl, p2, n)* returnstor if p1 islessthan or equal to p2.

o Gt(pl, p2, n* returnsto r if p1 isgreater than p2.

o Ge(pl, p2, r)* returnsto r if p1 isgreater than or equal to p2.

8.3.6 Internal Instruction

Finally, the following set of instructionsare not visible to the compiler but isused for implementing
the instructions mentioned above:

¢ MatchMethod(msg, ¢, mth) returns tomth a method in ¢ that matchesmsg.

¢ MatchMessage(mth, ¢, msg) returnsto msg a message in ¢ that matchesmth.

¢ AddMessage(msg, €) adds messagemsg to channel c.

¢ RemMessage(msg, €) removes message msg from channel c.

¢ AddMethod(mth, c) adds method mth to channel c.

¢ RemMethod(mth, c) removes method mth from channel c.

¢ New(msg, mth) creates anew agent by instantiating method mth with messagemsg.

e |sChannel(p, cc) returns TRUE to cc if p isachannel, False otherwise.

¢ |sMessage(p, cc) returns TRUE to cc if p isamessage, False otherwise.
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¢ ISRMethod(p, cc) returns TRUE to cc if p isanonce method, False otherwise.

o IsNMethod(p, cc) returns TRUE to cc if p isanonce method, False otherwise.

Given these instructions, Send can be implemented by the following sequence of instructions:

Send:
MatchMethod(msg, ¢, mth); - get the list of methods of ¢
Jeq(mth, NULL, L_insert); - if there is no method, insert the message

IsRMethod(mth, cc);
Jt(cc, L_new);

RemMethod(mth, c); - remove the nonce method

L_new:

New(msg, mth); - create a new agent with msg and mth

Ret();

L_insert:

AddMessage(msg, c) - insert the message

Ret();
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Example

Tobriefly illustratethe use of theabstract i nstructions, consider thefollowing exampl e, first described

in section 4.2.3.

! counter_creator(C) —o
count » { count(O) *

| (1
& (dec,
& (

inc,R) —o add(count,”1) | N —o { count(N)
R) —o sub(count,?1) | N —o { count(N)
val,R) —o count | N —o { count(N) * R(N)}}

)}
R(N) }

*
*

which can be represented by the following sequence of abstract instructions:

Def (counter_creator)
NewChannel (count); -
Send (0, count); -
NewClosure(1l, closure); -

Store(count, closure[1]); -

NewPattern(2, pattern); -

Store(inc, pattern[1]);
Store(ANY, pattern[2]); -
NewRMethod(pattern,

Post(inc_mth, AP[1]);

closure, _inc,

NewPattern(2, pattern); -
Store(dec, pattern[1]); -
Store(ANY, pattern[2]); -
NewRMethod(pattern,

Post(dec_mth, AP[1]); -

closure,

NewPattern(2, pattern); -
Store(value, pattern[0]); -
Store(ANY, pattern[1]); -
NewRMethod(pattern, val
Post(val_mth, AP[1]); -
Ret(); -

End

closure, _val,

inc_

create a new channel count
send 0 to count
create a closure for one variable

put count into closure

create a pattern of 2 terms
first term is the constant inc
second term is the constant ANY
mth) ;

post the method to AP[1], i.e. ¢

create a pattern of 2 terms
first term is the constant dec

second term is the constant ANY

_mth);

post the method to AP[1], i.e. ¢

create a pattern of 2 terms
the first term is the constant value

the second term is the constant ANY

_mth);

post the method to AP[1], i.e. ¢

terminates
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The representation is derived directly from the source code. A channel count is created and
initialized with 0. Then three methods (_inc, _dec, _val) are then created and are posted to the
input channel c. For example, to create method _inc, aclosure and a pattern are created to hold the
free variable count and the pattern (inc, ANY) respectively. The methodisthen postedto AP [1]
(i.e. channdl c).

The definitions of the three methods are similar, only that of the _inc method is given below:

Def(_inc)

NewChannel (one) ;

Send(1, one);

NewChannel (tmp); - create a new channel
Add(CP[1], one, tmp); - add count, 1 and put result in tmp
NewClosure(2, closure) - create a closure for 2 variables
Store(CP[1], closurel[1]); - put count into closure
Store(AP[2], closurel[2]); - put u into closure
NewPattern(1l, pattern); - create a pattern of 1 term
Store(ANY, pattern[1]); - set the term be ANY
NewRMethod(pattern, closure, _inc_aux, mth);
Post(mth, tmp); - post the method to tmp
Ret (); - terminate

End

Def(_inc_aux)

Send(AP[1], CP[1]1);
Send(AP[1], CP[2]); - send the message to u

send the message to count

Ret (); - terminate

End

In_inc, anew channel tmp iscreated and isused to hold theresult of Add. A methodisthen created
for tmp which takes a message from tmp and sendsit to count (CP[1]) and u (CP[2]).
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84 AM Interface
Theinterface layer isresponsible for handling communications among abstract machines transpar-
ently.

To the user, communication to a remote machine is annotated by the symbol “@”. For example,
foo@hal represents achannel foo on machinehal.

However, once a connection is established between the agents on two machines (by the user or
otherwise), more connections can be established as the computation evolves because channels can
be passed around in channels.

For example, a machine A can export an agent get_service:

| get_service(S,R) —o
S | append_serv —o R(append)
& reverse_serv —o R(reverse)
&

Then machine B can invoke append on machine A to concatenate two streams, L1 and L2, as
follows:

{s,1}~(get_service@machine_a(append_serv,s) * s(A) —o A(L1,L2,L))

The details of the interaction between abstract machine will be discussed in section 10.4.

8.5 Interfacelnstructions

Thefollowing instructions are available for remote interactions:

¢ Open(h, cc) opens a connection to host h, returns TRUE to cc if successful, FALSE otherwise.

¢ Close(h) closes the connection to host h.
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¢ Send(m, c, h) sends a message m to channel ¢ on host h.

e Post(m, ¢, h) posts amethod m to channel ¢ on host h.
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Chapter 9

Compiler

The current implementation of the compiler is primitive but it provides the infra-structure for
developing the analysis for various optimizations mentioned in this chapter.

The compiler iswrittenin C++ and is structured as follows:
1. Phase 1 (Front end): Phase one performs lexical analysis and syntax parsing to produce an

abstract syntax tree representing the input program. The lexer and parser are generated from
lex++ and yacc++.

2. Phase 2 (Mid section): Phase two implements transformations on the abstract syntax tree to
generate another abstract syntax tree which may give better runtime characteristics.

3. Phase 3 (Back end): Phase three of the compiler takes a syntax tree, chooses atraversal order
to walk the tree nodes and generates abstract machine instructionsfor the tree nodes.

Once the abstract instruction code is generated, another pass is used to link with the abstract
instruction definitions with the runtime system to generate an executablefile.

Thefront end and back end of the compiler arerelatively straight-forward. Thefocus of this chapter
is on the possible transformations occur during phase 2.

9.1 Optimizations

In the current implementation, each abstract machineinstructionisimplementedin C++, asamacro
or afunction. In other words, the output of the compiler is a C++ program. As aresult, many of
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the common compiler optimizations are available when a good C++ compiler is chosen to compile
the abstract machine code. However, there is another set of important (semantic/algorithmic)
optimizationsspecific to the design of Linear Janus. Those optimizationsare responsible for order
of magnitude improvement in the runtime performance. Some of the more interesting ones will be

discussed in this chapter?.

In the following, we use counter_creator as an example to describe how transformations can
apply.
9.1.1 Closures

Linear Janus is lexically-scoped. As a result, an agent may contain free names or parameters
which are bound in an statically enclosing context. For example, consider the following agent,
which may be defined within alarger context:

I fwd(R) — x(M) —o R(M)

Thenamex isfreein fwd andR isfreeinx(M) —o R(M).

The above program is compiled as follows:

1Theseoptimizations have been studied by transforming the source manually or by annotating the sourcewith compiler
directives, since the mechanismsneededto infer the necessary information for our algorithm are still under development.

69



Def(fwd)

NewPattern(1l, pattern); - create a new pattern for 1 term
Store(ANY, pattern[1]); - set the term to be ANY
NewClosure(1l, closure); - create a new closure for 1 variable
Store(AP[1], closurel[1]); - put r into the closure

NewRMethod(pattern, closure, _fwd, mth);

Post(mth, X); - post the method to X
Ret (); - terminate
End
Def(_fwd)
Send(AP[1], CP[1]); - send m to r
Ret (); - terminate
End

In fwd, anew closureis created to hold r. Since there may be multiple invocations of fwd at the
sametime, a new closure is necessary for each individual invocation.

However in many situations, we can avoid creating anew closure at new closure at each invocation.

Consider counter_creator where count is a free name in al three methods. Since al three
methods share the same count, they share the same closure (in the three instances of NewRMethod).
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Def(counter_creator)

NewChannel (count);

Send (0, count);

NewClosure(1l, closure); - create a closure for one variable

Store(count, closurel[1]); - put count into closure

NewPattern(2, pattern);
Store(inc, pattern[1]);
Store(ANY, pattern[2]);
NewRMethod(pattern, closure, _inc, inc_mth); - use closure

Post(inc_mth, AP[1]);

NewPattern(2, pattern);
Store(dec, pattern[1]);
Store(ANY, pattern[2]);
NewRMethod(pattern, closure, _dec, val_mth); - reuse the closure

Post(dec_mth, AP[1]);

NewPattern(2, pattern);

Store(value, pattern[0]);

Store(ANY, pattern[1]);

NewRMethod(pattern, closure, _val, val_mth); - reuse the closure

Post(val_mth, AP[1]);

Ret();
End

However, consider the body of the three methods:

add(count,*1) | N —o { count(N) x R(N) }
sub(count,*1) | N —o { count(N) x R(N) }

count | N —o { count(N) x R(N)}

besides count, R isaso afree variable. Hence, anew closureiscreated in_inc:
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Def(_inc)

NewChannel (one) ;

Send(1, one);
NewChannel (tmp) ;
Add(CcP[1], one, tmp);

NewClosure(2, closure)
Store(CP[1], closurel1]);
Store(AP[2], closurel[2]);

NewPattern(1l, pattern);
Store(ANY, pattern[1]);

create the channel for ~1
create tmp for add(count, ~1)
add(count, ~1, tmp)

create a closure for 2 variable
put count into closure

put u into closure

NewRMethod(pattern, closure, _inc_aux, mth);

Post(mth, tmp);
Ret();

End
Def(_inc_aux)

Send(AP[1], cP[1]);
Send(AP[1], cP[2]);
Ret();

End

In general, a new closure is needed for each invocation because in a concurrent setting there may

count (N)
R(I)

terminate

be muiltipleinvocations active simultaneously and each invocation may have a different u.

However, in counter_creator, because of the shared access to count, al methods (and their
multipleinvocations) are serialized. Assumingthat Add (aprimitive whose behavior we can define)
will block until the addition can be completed, then, aclever trick isto reuse the closure passed into

_inc if the closure has been allocated with one more slot:

Def(_inc)
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NewChannel (one) ;

Send(1, one); - create the channel for ~1
NewChannel (tmp); - create tmp for add(count, ~1)
Add(CP[1], one, tmp); - add(count, ~1, tmp)
Store(AP[2], CP[2]); - reuse the closure

NewPattern(ANY, pattern);
NewRMethod(pattern, CP, _inc_aux, mth);
Post(mth, tmp);

Ret();

End

Def(_inc_aux)

Send(AP[1], CP[1]); - count (N)
Send (AP[1], CP[21); - R(N)
Ret();

End

In the optimized code, instead of creating a closure each time amethod isinvoked, only one closure
is needed for each counter. Thus, both storage and instructions are saved.

In the above example, counter_creator presents a special case in which we can reuse a single
closure for al invocations of all methods. In the general case, the optimization is only applicable
for a method which is posted to alocal and temporary channel (i.e. the channel is never used again
after the method isinvoked).

Instead of doing the transformation as above, an aternative solution commonly employed in
lexically-scope functional language is to pass free variables as extra arguments. This latter method
will work well for us, but seemsto incur more overhead if the scope of avariableis deeply nested,
asiscommon in Linear Janus.

9.1.2 Messages and Methods

Another area of inefficiency arises from the fine granularity of action performed by agents. In our
previous exposition, communication happens when messages and methods combine at a channel.
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This picture is conceptually simple because the relationship among a channel, a message and a
method is symmetric. Moreover, the implementation is straight-forward since there is no need
to have, for example, a suspension queue for methods that do not find a matching message.
Unfortunately, a naive implementation of this scenario will be very inefficient.

Consider the compilation of the _inc method given above. A method (_inc_aux) is created
dynamically and is posted to the newly created channel tmp. However, if Add produces the results
to tmp before the method is posted (as is the case for us), we can avoid creating the method
atogether, by simply fetching a message from tmp and breaking the symmetry between messages
and methods as follows:

Def(_inc)
NewChannel (one) ;
Send(1, one); - create the channel for ~1
NewChannel (tmp); - create tmp for add(count, ~1)
Add(CP[1], 1, tmp); - add(count, ~1, tmp)
Recv(tmp, n); - add(count, ~1) | N
Send(n, CP[1]); - count(N)
Send(n, AP[2]); - R(IN)
Ret();
End

Instead of posting amethod to tmp which resultsin a match, a messageisdirectly fetched from tmp
and senttou (AP[2]) and count (CP[1]).

The above transformation can be safely applied when it can be determined that a message residesin
the channel when requested (i.e. no suspensionisrequired). In _inc, thisisthe case, since tmp is
local channel and Add isa primitive agent which we can maketo block until the addition completes.

This optimization turns out to be applicable in many cases and improves the performance greztly,
compared with thenaive compilation. Thepriceto pay for theimprovementin performanceisamore
complicated implementation because special mechanismsare needed to deal with the suspension of
agents when Recv cannot be completed (i.e. when there is no message in the channel). Currently,
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the runtime system is responsible for handling the failure of Recv. However, it would have been
simpler to make the compiler responsible for creating and posting the method asin the normal case
when Recv fails.

9.1.3 Specializing Channels

In Linear Janus channels are used for many different purposes, such as communication, syn-
chronization and storage. While this generalization of channel provides great flexibility, it aso
leads to poor performance when implemented naively. To satisfy the general usage, a channel has
to be implemented as a record containing multisets for messages and methods. However, many
channels are used in a particular way and by analyzing the usages more carefully we can optimize
the representations to fit the particular uses.

In this section, we describe three different uses of a channel and in each case we develop a better
representation for it.

¢ Storage Channd: Very often a channel is used as a storage unit, since there is no other
means of storage in the language. For example, count in counter_creator isused as a
single element storage. A channel used as storage can be better implemented as a storage
channel. Instead of Send, an object is sent to a storage channel by ScSend. Moreover, a
storage channel is accessed only by ScRecv which returns the object in the channel.

Therestricted protocol allows usto implement a storage channel in asingle word of memory
and accesses can be done without pointer dereference (chapter 10). The small memory
requirement and the faster access significantly decrease the overhead of using channels as
storage elements.

The analysis to determine if a channel is used as a singular message storage requires the
following two conditions:

1. The reachable scope of the channel is closed, i.e. all usage of the channel can be
accounted for.

2. There can be at most one message in the channel at any time. This can be determined,
for example, if every consumer of the message produces a message to the same channel
eventualy.

For example, count (in counter_creator), one and tmp (in_inc), satisfy both of the above
conditionsand thus can be created as a storage channel:
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Def(counter_creator)

NewScChannel (count);

ScSend (0, count);

End
Def(_inc)

NewScChannel (one);
ScSend(1, one);
NewScChannel(tmp);
Add(cP[1], one, tmp);
ScRecv(tmp, n);
ScSend(n, CP[1]);
Send(n, AP[2]);
Ret();

End

Currently, when the compiler cannot determine the full usage of a channel (e.g. when the
channel is passed to another agent), it may till choose an immediate_channel for the channel
speculatively aslong as the known usage is consistent with that of a storage channel. During
the runtime, a misuse will cause an exception which would convert the storage channel back

to anormal channel.

Remark. Implementing a channel as a storage channel would open up further opportunities
for the C++ compiler to optimize the generated abstract instructions. For example, the

add(count, ~1, tmp)
add(count, “1) | N
count (I)

R(I)

instructions above would generate the following C++ code:

Def(_inc)

one = hp++;

*one = 1;

tmp = hp++;

*tmp = *CP[1] + 1;

n = *tmp;
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_send(n, AP[2]);
*CP[1] = n;

End

which can be readily optimized by any C++ compiler into:

Def(_inc)

hp++;
hp++;
*CP[1] = *CP[1] + 1;
_send(CP[1], AP[2]);

End

¢ Method Channel: Many channels have only one method and can be determined to be closed
during compile time, i.e. no new method would be added. In such case, the channel is
implemented as a method channel. A method channel only handles incoming messages and
not methods (there should be none, by definition). Instead of Send, McSend is used to send
an message to a method channel.

When a message which matches the pattern of the method arrives at a method channel, anew
agent is created. However, since an unmatched message will never be handled, a method
channel does not need to store them. Asaresult, amethod channel can be implemented by a
pointer pointing to the method.

To make our optimization more applicable, methods for the same channel are coalesced into
onewith a case statement. For example, instead of creating three methods (_inc, _dec, _val)
for a counter, we can instead create a single method which handles all three with the same

piece of code?.

Def(counter_creator)

NewScChannel (count);

2Actually thetransformation is not strictly applicable becausec may have other methods defined el sawhere. However,
we can inline the call of counter_counter which may closeoff c. In which case, ¢ is created as amethod channel and

the posting of a method simply puts the pointer to the method into the channel.

7



ScSend (0, count);

NewClosure(1l, closure);
Set(closure[1], count);
NewRMethod (NULL, closure, counter_method, mth);
Post(mth, AP[1]);
Ret();
End

Def(counter_method)
Jne(AP[1], inc, Dec);

Inc:
NewScChannel(one);
ScSend(1, one); - "1
NewScChannel (tmp) ;
Add(CP[1], one, tmp); - add(count, ~1, tmp)
ScRecv(tmp, n); - add(count, "1) | N
ScSend(n, CP[1]); - count (N)
Send(n, AP[2]); - R(W)
Ret();

Dec:
Jne(AP[1], dec, Value);
NewScChannel (tmp) ;
Sub(CP[1], one, tmp); - sub(count, ~1, tmp)
ScRecv(tmp, n); - sub(count, "1) | N
ScSend(n, CP[1]); - count (N)
Send(n, AP[2]); - R(W)
Ret();

Value:
ScRecv(CP[1], n); - count | N
ScSend(n, CP[1]); - count (N)
Send(n, AP[2]); - R(W)

Done:
Ret();

End
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All top level agents are assumed to be closed and implemented as method channels.

Besidesrequiring lessmemory, thisoptimizationallowsusto circumvent the pattern matching
when the message arrives at the channel. Instead, we can immediately create a new agent
within which the message is tested to find the proper handler.

¢ Virtual Channel: Many channels are created for transient purposes, such as holding a
message until the message can be forwarded to another agent. Ideally, we would like
to equate or unify the temporary channel with the target channel (in the same manner as
unification in logic programming), thus eliminating the forwarding. However, equality or
unification would create many semantic problems and implementation difficulties (especially
in a concurrent setting). Instead, if the compiler determines a message is forwarded from
a temporary channel to another channel, it would create the temporary channel as a virtual
channel. The intentionisthat when an object is sent to the virtual channel, it will show up at
the target channel, i.e. an expedited forwarding. Instead of Send, VcSend isused to send an
object to avirtual channel.

For example, consider the following example:

x A {div(P,Q,x) * x(M) —o Y(M,~())

Instead of creating a channel for x, a 2-tupleis created with ahole and x as avirtual channel
points to the hole in the 2-tuple. When the result is produced on x, it fills the hole in the
2-tuple.

In order to implement the various kinds of channels mentioned above, new abstract instructionsare
introduced. We retain Send and Post, which serve asthe catch-al instructions, i.e. they handleall
kinds of channels, at aslower rate however. If the type of achannel isknown, one of the specialized
instructions can be used to expedite the operation.

Besides the special Send’s and Recv’s, new instructions for various kinds of channels are also
introduced and are included in the tables in appendix C.
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9.1.4 Remark

Asmentioned before, the abstract machine instructions are implemented as C++ macros and inlined
functions. Given this, we can implement agents in two different approaches. In the first one, al
agent definitions (e.g. append and counter_creator) are compiled into a single C++ program
with GOTO labelsfor different agents. In the second approach, which we have adopted, each agent
is compiled into an individual C++ function. The former scheme may potentially be more efficient
because a GOTO is usually cheaper than a procedure call. However, the latter scheme seems more
flexible, since it allows usto compile each agent independently and to dynamically load or unload
them individually. To reduce the overhead of procedure calls, functions which represent agents are
declared as inlineable to allow the compiler to inline the agent definitions when appropriate.

80



Chapter 10

Runtime System

The runtime system implements the mechanisms and instructions of the abstract machine. As
discussed in previous chapters, the abstract machine is implemented in C++ and each abstract
machine instruction is either amacro or an inline function, thus allowing usto “compile” an agent,
instead of interpreting an agent during runtime. This approach not only allows us to prototype the
abstract machine and the compiler quickly, but also produces better runtime performance since we
can leverage optimizations of the C++/C compiler.

10.1 Runtime Mod€

There is plenty of flexibility in the runtime implementation of the abstract machine, since the
definitions given in chapter 8 make few assumptions about the implementation.

The overall operation of the runtime system is as follows. The runtime system maintains a queue
and a heap. The queue contains agents which are ready for executiont and the heap holds data
structureswhich areallocated dynamically. Upon startup, the queue, the heap and other bookkeeping
information (see below) are initialized. After the initiaization, the scheduler is invoked. The
scheduler dequeues an agent from the queue and executes it. During the execution of the agent,
new agents may be created and enqueued as a result of sending messages and posting methods.
Eventually, when the agent terminates, control returns to the scheduler which then tries to execute
another agent from the active queue.

The full detail of the runtime system is described in a document in preparation. In the following,
we will concentrate on some of the important aspects of the runtime implementation.

Thereis no suspension queue, sinceall activities are suspended at the corresponding channels.
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10.2 Data Format in the runtime system

Each object in the runtime system is either a word (4 bytes) or a record (of arbitrary size). Each
word has a 2-bit (L SB) tag indicating the type of the word?. The four different tags are:

Pointer Tag: The word represents a normal pointer.

Forward Pointer Tag: The word represents a forward pointer. A forward pointer is used
during garbage collection to point to the new location of the moved word (section 10.3.2).

Descriptor Tag: The word represents an object descriptor.

Immediate Tag: The word represents an immediate object, e.g. an integer.

In our tag scheme, pointer has tag b’00 and immediate object has tag b’01. This scheme makes
pointer operations efficient (because C pointers can be used directly) while some overhead in
integer operationsisincurred (because the tags need to be dealt with). However, given that pointer
operations are more common than integer operations, making the former more efficient gives a
better result in general.

An object that can be represented by 30 or less bits (such as an integer) occupies one word, other
objects are allocated records of the right size. For arecord, the first word is always the descriptor.
The descriptor consists of the type of record (3 bits for the type, and 1 bit for remote/local) as well
as the length of the record (26 hits):

Y B mmmmmmmmmm 2-———- 0
| length of the record | type of the record | TAG |

Thetypes of records are:

¢ LChannd: alocal channel

¢ RChanndl: aremote channel

2The lower 2 hits are used because on SPARCStations, aword is aligned at word boundary, i.e. the lower two bits of
apointer are alwaysO0.

82



¢ RMethod: areusable method
¢ NMethod: a nonce method

¢ Message: areusable message

10.2.1 Messages, Methods, and Channels

Multisets of messages and methodsin a channel are implemented as doubly-linked lists.
A message isarecord with the following dots:

1. Next: pointer to the next messagein the linked list.

2. Prev: pointer to the previous message in the linked list.

3. Message: content of the message.
Similarly, a method is defined with the following slots:

1. Next: pointer to the next messagein the linked list.
2. Prev: pointer to the previous message in the linked list.
3. Code: pointer to the body of the method (a C++ function).

4. Pattern: pattern of the method.
Finally, a channel isrecord with two dots:

1. Methods: pointer to alinked list of methods.

2. Messages: pointer to alinked list of messages.

10.2.2 Agent Representation

Each top level agent (and each direct channel) is compiled into a C++ function. The Code pointer
of amethod object pointsto the code which represents the body of the method (i.e. an agent).

When an agent is created (i.e. when a message matches a method), a process record is alocated
with the message and the method. When the process record is executed, the message is used asthe
argument to call the C++ function pointed by Code in the method.
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10.2.3 Internal Data Structures

Besides the above data structures, the runtime system a so keeps the following internal data struc-
tures:

¢ Process Record: Each runable process (agent) is represented by a process record. A process
record consists of a message and a method. When a process record is executed, the message
is used as the argument to invoke the function pointed by Code in the method, i.e. ((void
*) method.Code) (message).

¢ Process Queue: Process queue isimplemented by a C++ class, which exports the following
interface:

int init(): initialize a queue

int empty(): return True if the queue is empty

Pr *#dequeue(): return a record from the queue

int enqueue(Pr *): insert a record into the queue

int execute(Pr *): execute a process

Given a process queue pq, the scheduler is defined by the following loop:

while(!pq.empty())
pq.-execute(pq.dequeune());

¢ Hash Table: For bookkeeping purposes, the runtime maintains a number of tables, each asa
hash table. The hash table class exports the following interface:

init(): initiation the hash table

insert(Key, item): insert item with key Key
lookup(Key): lookup the entry which matches Key
delete(Key): delete the entry which matches Key



10.3 Memory Management

Objects created during runtime is alocated on a heap. In the implementation, the heap issimply a
region of the data segment of the runtime system (which isa normal Unix process). Two pointers,
heapLo and heapHi, are used to keep track of the limitsof the current space. A third pointer, hp,
pointsto the first unused location in the current space. When n words are requested from the heap,
the contents of hp is returned and then incremented by n.

For example:
NewRMethod(pattern, closure, code, result)

can be implemented by the following instructions:

result = hp;

hp += sizeof (Method);

if (hp > heapHi) gc(result);
((Method) result).desc = RMethod;
((Method) result).pattern = pat;

((Method) result).closure = closure;

((Method) result).code = code;

10.3.1 Fast Allocation

Since memory allocations happen very often, it isimportant that the allocation isasfast as possible.
The above instructions sequence for NewRMethod seemsto be optimal. However, atrick isto avoid
checking the heap limits before/after each allocation. Instead, when the heap limit is exceeded, an
exception is generated. The exception handler then invokes the garbage collector. The rationaleis
that the heap limit is exceeded only when memory is exhausted which does not happen very often,
and when it does we have to reclaim the memory, a lengthy process that would make the extra
overhead of exception handling insignificant.

This scheme is implemented by fooling the protection for data segment in SUnOS. Using sbrk(),
the limit of the data segment is set to the limit of current heap space. Allocations return without
limit checking (e.g. without the 1f statement in theinstructionsfor NewRMethod). However, when
aword is written to a memory location outside the heap space (i.e. outside the data segment), a
segmentation fault is generated. Our segmentation fault handler then invokes the garbage collector
before resuming the execution of the program.
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By eliminating the heap limit check, this optimization speeds up memory allocations by 5 to 20
percent, depending on the length of the allocated objects.

10.3.2 Local Garbage Collection

Objects allocated in the heap are not destroyed explicitly. To reclaim memory occupied by obsolete
objects, garbage collection is performed when the heap spaceis exhausted. Our garbage collection
isimplemented by a stop-and-copy algorithm.

The stop-and-copy agorithm requires the heap to be partitioned into two semi-spaces, commonly
referred to as from.space and to_space. Objects are alocated from the from.space until it is
exhausted. Then objects that are reachable from aroot set are copied to the to_space. Findly, the
roles of from_space and to_space are switched.

The garbage collector is very simple because it only needs to understand the four types of tags.
The root set in our garbage collection is the process queue. When aword or record is copied from
from_space to to_space, a forward pointer pointing to the new location in to_space is written to the
original location in from_space, thus the garbage collector can re-direct later references to the new
location.

10.3.3 Efficiency of Garbage Collection

The efficiency of a stop-and-copy garbage collector is determined by the amount of live data at
the time of the collection. For many applications, such as append and naive-reverse, most of
memory would become non-reachable at the point of garbage collection, so the overhead of garbage
collectionissmall. However, for applicationsinwhich objectspersist for alongtime, agenerational
garbage collector can reduce the overhead of copying the persistent objects. Alternatively, the
compiler could use information on the persistence of an object and allocate objects from one of the
many spaces. However, both alternatives require significant effort in the implementation and have
not yet been pursued.

10.3.4 Global Garbage Collection

Since abstract machines can communicate with each other, some references may be from other
abstract machines. It isinefficient and infeasible if all abstract machines have to garbage collect at
the same time. Instead, we use a counting scheme to track references to and from other abstract
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machines and each abstract machine can perform its own garbage collection independent of others.
To implement the scheme, each abstract machine keeps two tables:

¢ Outgoing Reference Table (ORT). The ORT keeps track of references to objects on other
abstract machine. When a remote object is received, an entry is created for the object and is
inserted into the ORT. An entry in the ORT consists of:

— host_id: the identifier for the home node of the object.
— object_id: aunique identifier to locate the object at its home node.

— reference_count: the number of references to the object.

¢ Incoming Reference Table (IRT). The IRT keepstrack of references from other machines to
local objects. During garbage collection, the IRT is used together with the process queue as
the root set. Each entry inthe IRT consists of:

— object_id: an unique identifier to locate the object.
— reference_count: the number of references to the object.

— object_pointer: thelocal pointer to the object.

During local garbage collection, the IRT is used to complement the process queue as the root set,
i.e. an object is not garbage when it isreachable from the process queue or has a remote reference.
When an outgoing reference is canceled during garbage collection, areference_cancel message
is sent to the home of the object which decrements the reference count of the object in its IRT and
if the reference count reaches 0, the entry is del eted.

If local garbage collection repeatedly fails due to remote references, a gc request is broadcasted
to machines that hold those references. If garbage collection till fails after a gc_request, the heap
spaceisexpanded by alocating alarger data segment or the runtime system exits reporting memory
exhaustion.

In the current implementation, the actual number of reference isrecorded in the reference tables. So
each time a reference to an object is canceled, a cancel_reference message is sent to the home
of the abject. Moreover, if an object from machine H isforwarded by machine A to machine B, A
would retain references to the object in both of itsIRT and ORT, even though it may never need the
object itself. When machine B cancels the reference to the object, it sends a cancel_reference
message to A. Eventually, machine A sends a cancel_reference message to H to cancel the
reference.
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There exists more efficient methods to implement the reference counting across multicomputers
using weights [16], which require substantially less communications (e.g. machine B would send
the cancel request to H directly in the above example). However, we have used a simple-minded
implementation in which the actual number of references isrecorded. Asaresult, the overhead of
cross machine communication is rather high in our implementation.

10.4 Remote Interface | mplementation

Another layer in the implementation of the abstract machine deals with issues of interfacing with
agents on other abstract machines. Communications between abstract machines (which can reside
on the same machine or on different machines) are implemented using Unix sockets. Each abstract
machine maintains a standard input port which listens for communication requests from other
machines, aswell as a standard output port which sends communication requeststo other machines.

For example, if an agent on machine A sends a messageto an agent on machine B, machine A sends
a connection request to the standard input port of machine B which acknowledges the request by
opening a new socket connection for the communication. Then the agent on machine A will use the
new connection for communication with the agent on machine B.

Since the handshake required to open a new socket connection is significant when there isalot of
communicating agents on different machines, the runtime system maintainsa host table (HT) listing
al connections that have been established. When a connection to a machine is requested, HT is
consulted. If the connection already exists, it isreused. Otherwise anew oneisestablishedand HT
is updated. Remote machines to which a machine has a connection are called its acquaintances.

In addition, agents can enter and exit a machine dynamically and system configuration can change
over time, as in an open system. Hence a service table (ST) is kept by every machine listing the
exported services that other machines can request. When a certain serviceisneeded, aquery issent
to one or more acquaintances of the machine. A positive acknowledgment will be returned by the
machine which provides the service.

10.4.1 Remote and L ocal References

When an object is sent to a remote machine, it is scanned and pointers to local objects are changed
to be remote pointers. A remote pointer consists of a host_id, which uniquely identifies the host
machine, and an object_id which uniquely identifies an object on a machine. The IRT is updated
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accordingly. On the remote end, when an object is received, it is scanned for any remote pointers
and the ORT isupdated to reflect any reference to objects on other machines.

For example, if Send is executed with a remote channel (i.e. a channel that resides remotely),
the message is marshaled as mentioned above and is sent to the remote machine. The process is
transparent to the programmer.

Asan example, consider get_service below:

| get_service(S,R) —o
S | append_service —o R(append)
& reverse_service —o R(reverse)
&

If machine B wants to get append service from machine A to append two streams L1 and L2, it
would create an agent:

{s,1}~{get_service@machine_a(append_service,s) * s(4) —o A(L1,12,1)}

which creates two channelss and 1 and send append_service and s to machine A. On machine A,
get_service receives the message containing append_service and a channel bound to R. When
machine A sends append to R, the runtime system will find out R is aremote channel and will send
append to s on machine B. When machine B receives the message from machine A, it searches its
IRT for the current location of s (which may have been relocated during garbage collection) and
sends the message to s. Similarly, the two lists would then be sent to machine A and etc.

In our example, many data are moved between machine A and B in doing the remote append.
Compounded with the long latency and high overhead of Unix sockets, the remote append would
perform miserably. This can be improved by migrating, for example, the lists to where append is
or vice versa. Thiswork surely isan area of research that can be exploited.
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Chapter 11

Remar ks on the I mplementation

The goal of developing the current prototype system is to understand issues in implementing a
language like Linear Janus. The current implementation is still at an early stage. While the
runtime is quite efficient, the compiler is currently incapable of performing the optimizations
mentioned in chapter 9 automatically.

On the other hand, the prototype system has provided us a platform to investigate and understand
many issues. Our preliminary experiments show that unifying the communication and synchroniza-
tion using channels are not prohibitively expensive. In fact, compared with Linda, communication
using channels is both more efficient and easier to implement (especialy in a distributed environ-
ment) because unlike a tuple space, each channel has a selected set of readers and writers.

In addition, by optimizing representations for channels (as described in chapter 9), our runtime
performance compares favorably with the same programs compiled and run on language systems
that are close in nature to Linear Janus, e.g. Prolog and Lisp. For example, to compare the
runtime performance of append and nrev with the same programs written in Prolog and Lisp, we
manually optimized the code from our compiler using the optimizationsdiscussed in chapter 9. The
table below presents the timing statistics (in msec) of append and nrev in Prolog, Lisp and Linear

Janus! (the source codes are presented in appendix D).

Moreover, by connecting multiple abstract machines to form a network, we have a mechanism to
combine multiple workstations to form a powerful computing engine, with few extra syntax in the

All programs are compiled and run on a SPARCStation 2 with 32 megabytes of memory. All timings exclude
the system startup time and each system allocates five megabyte of heap storage. The numbers are the averages of 10
consecutiveruns.

90



\ | Sictus Prolog (v.1.8) | Lucid Common Lisp (v.4.1) | Linear Janus |

append 10000 49 210 55
append 100000 509 stack overflow 556
nrev 1000 2579 6830 2723

Table 11.1: Performance datafor Prolog, Lisp and Linear Janus.

source language. Unfortunately, we have yet to develop any extensive application that will exploit
the available networking capability.

Needlessto say, thereisstill plenty |eft to bedone. We are still finding and trying new optimizations.
For example, we have tried to use a compiler managed stack to execute asynchronous agents as
procedure call and recursive methods (such as append) as recursive procedure calls. Initia data
indicates that this optimization can reduce the running time of nrev 1000 by nearly 50 percent (to
1399 msec). Intheruntime system, we can al so fine-tuning the performance by allocating important
abstract machine registersin hardware registers and by optimizing codes that are commonly used.

While the implementation of the compiler and runtime system will improve over time, the big jump
inperformanceislikely to be brought forth by something morefundamental. For example, weneed a
linear type system that will provide theinformation that is needed for the optimizationsdiscussed in
chapter 9. There have been anumber of studiesusing linear types([2], [23]) to determinethe storage
requirement of an object, thus allowing a more efficient memory management. Another possible
analysis that can improve the runtime performance significantly is to determine the dependence
among agents, so that we can schedule the producer of a message before the consumer to avoid
undue suspension.
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Appendix A

Intuitionistic Linear Logic

I dentity Group:

(Identity) A A
kA  AAFB
(Cut) FAF B
Structural Group:
LA B,AFC
(Ewchange) m
L ogical Group:
r’-A ABFHC LAFB (o p)
(—oz) AA<BFC FA—<B R
LA BEC A AFB
(©L) M AGB I C rardop (On)
(&1) [LAFC rBFC EA_TEB (g,
L LA&BFC T,A&BFC - A&B R
LAFB r-B
(1 D) FTAF B rars (W)
MIA'AF B M- A
(tc) FIAF B T FTA ()
(11) rff}ﬁé -1 (1R)
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Quantifiers:

LAF B M FAlt/]
M 2. AF B FF3z.4
M, Alt/z]- B FTEA
FVi.AF B FFvz.A

Tz 1s not free in the lower sequent.
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Appendix B

A-Compiler and A-Evaluator

In this chapter, we discuss an encoding of A-calculus in Linear Janus and an implementation
of A-calculus in our system. In section B.1, we first discuss an encoding of lazy A-calculusin
Linear Janus and in section B.2, we show aschemefor translating A-expressionsinto combinatory
terms and in section B.3, we sketch a parallel evaluator for A-calculus using techniques of graph
reductions.

B.1 Lazy A-calculus

A-calculusisavery simple calculus for manipulating functions. Despiteitssimplicity, it providesa
remarkably rich model for sequential computations. In this section, we show an accurate encoding
of A-calculusin Linear Janus.

A-calculusis formally defined as follows. We let « range over an infinite set )V of variables and let
M and N range over the set A of A-terms defined as:

M = U —atom
| Au.M —abstraction

| MN  —application
The lazy reduction . isdefined as the smallest relation closed under the followi ng two rules:
(Au.M)N = M[N/u]

98



MM = MNMN
Encoding of A-calculus

The encoding of A-calculusin Linear Janus is quite simple once we realize that function applica
tionshaveto map to communications. Each A-termistranslated to an agent that hasacommunication
channel open to others. From this channel, the agent either receives inputs from other agents or
outputs result to other agents. In particular, an abstraction is trandated to an agent that receives
inputswhen it is applied, whereas an application is translated to an agent that sends to the operator
a channel pointing to the operand. To define the encoding, we write [#]2 as a map from A-term
to agents. Informally [#]= may be regarded as the agent that produces on = a Linear Janus
representation of 4. A different way to interpret the notation is to say that an agent encoding M
receives/sends its input/output at channel =. For convenience, we assume V is a subset of A (the
set of channel names) and let r, z, ¥ and = range over namesin A" — V (to avoid variable capturing).
Thefull encoding is defined asfollows:

[u]r = u(r)
[N M]r =r(u, X)—o[M]X
[MN]r =y, 23{[M]y * y(z, )+ 2(X) o [N]X}

For instance, consider the encoding of (Aw.u)N:

[(Auw)]r=r(X,Y) o Y(X)

Assuming « isnot freein IV, we can obtain the following encoding for (Au.u)N:

[(Auw)N]r = {z, y}r{[Auu]z * a(y,r)* ! y(Z) — [N]Z}
=A{z, y}M{e(X,Y) o Y(X) * a(y,r)+ ! y(Z) < [N]Z}
—{z, ytMy(r) « y(Z) - [N]Z}
—{z, y{[N]r « 1 y(Z) - [N]Z}
~ [N]r

The final step in the above is legitimate because ! y(7) — [N]Z is inactive, since no agent has
access to channel b.

The trandation may look abit peculiar. Intuitively, one may argue that the agent for A-abstraction
should be reusable since an abstraction can be applied repeatedly. In the encoding given above,

99



however, aterm ismade reusable only when it actually isused (whenitisin an application). Another
point of interest is that laziness is preserved in the trandation. The last agent in the encoding of
application (! y(Z) —o [N]Z) delays the activation of N until another agent sends N a message,
which happens only when the V is applied.

The ability to encode A-calculus within a subset of Linear Janus may seem surprising. Linear
Janus isafirst-order system where only accesses to channel s are communicated, whereas functions
are the canonical forms in A-calculus which can be freely manipulated as any value. However,
as stated by Milner[39], functional languages can be successfully implemented on machines by
manipul ating pointers to functionsinstead of functions themselves.

Finally, note that the encoding is faithful and preserves the Church-Rosser property.

B.2 A-Compiler

In this section, we develop a compilation scheme for translating A-terms into combinatory terms.
Such a scheme alows us to exploit the variety of optimization developed for combinators and also
allows us to develop an evaluator for A-terms quite easily.

The compilation scheme is very smple and is frequently used in the compilation of functional
languages (such as SASL and Miranda). Theideaisto translate all A-termsto combinatory terms,
which allows many optimizationg[44, 59] to be carried out.

With dlight abuse of the notation, we let M, N and P range over combinatory terms, which are
built from combinators by a binary (left associative) operation called applications written as M V.
For our purpose, we choose the three basic combinators 5, K, I and define the syntax of our
combinatory logic as below:

M u=S|K|I|MN

Our compilation is defined by the function A.[.] (lambda compilation) which takes a A-term and
returns a combinatory term. For A-abstractions, A.[.] uses the auxiliary function A, u [.] (A-
abstraction of ) which takes a A-term or a combinatory term as input and returns a combinator
term. The definitionsof A.[.] and A, « [.] are asfollows, where «, v range over lambda-variables
in A.[.] and over lambda-variables or the combinatory terms S, K, I'in A\, u [.]:
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AIMN]
Ac[Au.M]
Acfu]

(AJM]A[NT)
Ao u [A[M]]

A [MN] = SAsu[M])(Asw[N])
Agufu] =1
Aaguv] = Kov,u# v

For example, consider the following compilation of AzAy.zy:

/\c[[/\$/\y$y]] =A@ [[/\c[[/\yacy]]]]

= /\a x [[Aa Y /\c[[xy]]]]

=Nz [[Aa C) [[$y]]]]

=Xz [S(Aay [2])(Aa y [¥])]

= Ay 2 [S(K2)]

= §( N2 [SE (N @ [1])
S(S(ha 2 ST & [Ka]))(KT)
S(S(KS)(S(ha 2 [K])\a 7 [2D)NET)
S(S(IS)S(KK)))(KT)

Combinatory reductions are governed by the following three rules:

(S — reduction) SMNP — MP(NP)
(K — reduction) KMN — M
(I — reduction) M — M

With the above reduction rules, we can apply the combinatory term to two terms P and ¢ asfollow:

AJ(AzAy.zy)| PQ S(KS)S(KK))(KI)PQ
(KS)(S(KK)I)P(KIP)Q
KS)(S(KK)I)PIQ
"S)P((S(KK)I)P)IQ

(KK P)(IP)IQ

K P)IQ

P)QUIQ)

2@2

g>22>
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To build the compiler, all we need to doistoimplement A.[.] and A, « [.] to produce acombinatory
representation of a A-term. Assuming that an input A-term is represented as a tuple, we define A,
and A\, asfollows:

I \(E,R) = E | U —o R(U)
& app,M,N —o R(A:(M), A(N))
& abs,U,M —o \.(U, \o(M),R)

' \o(U,E,R) 0 E | V —o {eq(U,V) | true —o R(i)
& false —o R(k,V)}
& M,N —o R(s, A\, (U, M), \,(U,I))

For example, (Az.+ 2z ) can berepresented as~(abs, ~z, *app, *app, *+, *x), ~z)) and compiled
to A (s, A(s, Ak, A+ ), M), AL).

Once the a A-term is compiled into combinatory terms, it can be subjected to a whole variety of
optimizations[59, 44]. For example, consider the following reduction:

S(KMYKEM)N = KMN(KMN) 2 M(KMN) 2 Mm

It can be shown that S( K M )(K N ) can always be optimized to M N. We will not get any further
into the details of those optimizations.

B.3 A-Evaluator

An important reason for the wide use of combinators to encode A-calculus is that combinatory
reductions are extremely simple and can be carried out very efficiently. In this section, we show
how to implement a parallel A-evaluator using combinatory reductions.

The evaluator trandates a A-term into a combinatory term as described in the last section. The
combinatory term is then converted into a combinator graph which can be reduced using graph
reduction rules to be defined below. A combinator graph is a graph in which combinators are
represented by leave nodes and applications M N are represented by intern nodes whose left and
right children are M and N respectively. For example, S( K M )(K M )N can be represented by the
(subterm sharing) graph shownin figure B.1.
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K M
Figure B.1: The combinator graph for S( & M )(K M)N

To define the combinator graph reduction rules, we define four auxiliary combinators, 51, S5,
K,, and I7 in addition to .S, K, I (henceforth written as .59, Ko and /p). The new combinators
are essentialy intermediate steps of the S-, K-, and I-reductions, and they serve to localize the
transformations such that a node only need to know its immediate parent and children to carry out
areduction. Note that the suffix of each combinator corresponds to the number its child(ren). The
reduction rules for the combinators are defined by the schematic shown in figure B.2.

The general strategy of our evaluator is as follows. We define eight kinds of agents, one for each
combinator and one for the application. A combinator graph is constructed by setting up a network
of agents such that each agent knows its parent and child(ren). Each agent then sends to its parent
a private message that includes its type and name(s) of its child(ren), as define by the following
agents:
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Figure B.2: Combinator Graph Reduction Rules

104




I sO(P) — wA{P(w) x ! w(sO}

I s1(R,P) —o wr {P(w) ! w(s1,R)}

I s2(L,R,P) —o w~ {P(w) * ! w(s2,L,R)}
I XO(P) — wA{P(w) x ! w(kO)}

I k1(R,P) — w~ {P(w) ! w(k1,R)}

I i0(P) —o wA {P(w) x ! w(i0)}

I i1(R,P) —o w A {P(w) * ! w(il,R)}

Theactual reductionsarecarried out by the application agent“ @" corresponding to application node.
When an application node receives a message from its left child (application is left associative), it
carries out one of seven reductions (one for each kind of combinator) according to the message, as
defined by the following agent:

! @(Left,Right,P) —o
Left(W) —o W | sO —o si(Right,P)

& s1,R —o s2(r,right,P)

& s2,L,R —o {u,v}*{@u,v,P) *
@(L,Right,u) *
@(R,Right,v) }

& kO —o ki(Right,P)

& k1,R —o i1(R,P)

& i0 —o ii(Right,P)

& i1,R —o @(R,Right,P)

To see how the evaluation works, consider the combinator graph in figure B.1. The reduction
sequences are represented in figure B.3, where we assume all possible reductions (marked with an
*) occur in onestep. There are seven reductionsbut can be completedin 5 steps, when reductionsare
performed in paralel. Theimprovement ishardly significant due to the small size of the graph. In

atypica graph, there are thousands of nodes and parallel reductions can yield orders of magnitude
improvement in running time.

To complete our evaluator, we need another agent to read the outputs of our compiler and constructs
the corresponding combinator graph. Wewill leave out its definition since it is not too illuminating.

It isinteresting to note that the evaluator never reduces a common subterm twice if the input graph
respects sharing. Thiscan be shown by noticing that only S-reduction introduces common subterms
and in the graph reduction rule for .55, the common subterm is shared.
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Figure B.3: Paralle graph reduction for S(KM)(KM)N - KMN(KMN) £

M(KMN) X MM. Nodes marked with an + are reducible and are reduced in the same
step. The reduction will take 7 stepsif reduced sequentially.
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However, the evaluator isnot lazy. In fact, it is probably extremely eager. All possible reductions,
whether needed or not, will happen. Nonethel ess, unnecessary reductionsare ignored and will never
get into the critical path of theresult. Inarea system, wasting resources on unnecessary reductions
may not be acceptable. We may optimize the evaluator such that a node carries out areduction only
when it knows its result is needed. To do this, each node still broadcasts its identity to the parent
and the application agent spawns a new agent that serves to delay the reduction until it is known
that the reduction is necessary (similar in principle to the encoding of A-applicationin section B.1).
For instance, the parent of a K hode can safely ignore itsright child, and the parent of a 5> hasto
delay the reduction of the right child since the reduction may not be necessary.
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Appendix C

Abstract Machinelnstruction Set

The following tables list the complete set of the abstract machine instructions. The arguments of
each instruction are understood as registers and all instructions return results, if any, to the last
argument. To avoid verbosity, we use c, msg, mth, cc, 1bl if the register refers to a channel, a
message, a methad, a condition code, and alabel respectively.
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C.1 DataManipulation

Alloc(n, r) allocate arecord of n words

Arity(r, n) return the arity of r

Set(s, d) d=s

Store(s, d) *d=s

Deref(s, d) d=*s

Cong(car, cdr, cons) creates a cons-cell

Car(cons, car) return the first element of a cons-cell
Cdr(cons, cdr) return the second element of a cons-cell
NewChannel(r) create a channel

NewScChannel(r) create a storage channel

NewClosure(n, r)

create a closurefor n variables

NewPattern(n, r)

create a pattern for nterms

NewPattern(pl,...,pn, r)

create a pattern using pl, ..., pn

NewMessage(n, )

create a message with n terms

NewMessage(pl,...,pn, r)

create amessage using pl, ..., pn

NewRMethod(p, cl, f, r)

create a reusable method with pattern p, closure cl, body f

NewNMethod(p, cl, f, r)

create a nonce method with pattern p, closure cl, body f

AddMessage(msg, €)

add msg to the messages of ¢

RemM essage(msg, ¢)

remove msg from the messages of ¢

AddMethod(msg, )

add mth to the methods of ¢

RemMethod(msg, ¢)

remove mth from the methods of ¢

MatchMethod(msg, ¢, mth)

return the method which matcheswithmsginc

MatchM essage(mth, ¢, msg)

return the msg which matcheswith mthin ¢

C.2 Communications

Send(msg,c) send msg to channel ¢

GcSend(msg,c) | send msg to ¢, whichisanormal channel
RcSend(msg,c) | send msg to ¢, which is aremote channel
VcSend(msg,c) | send msg to ¢, whichisavirtual channel
ScSend(msg,c) | send msg to ¢, which is a storage channel
McSend(msg,c) | send msg to ¢, which isamethod channel
Post(mth, c) post method mth to channel ¢
RPost(mth, c) post mth to ¢, which is a remote channel
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C.3 Tests

IsEq(p, g, cc)

return TRUE to cc if (p == (), FALSE otherwise

IsChannel(c, cc)

return TRUE to cc if cisachannel, FALSE otherwise

IsSChannel(c, cc)

return TRUE to cc if cisastorage channel, FALSE otherwise

IsV Channel(c, cc)

return TRUE to cc if cisavirtual channel, FALSE otherwise

IsMChannel(c, cc)

return TRUE to cc if cisamethod channel, FALSE otherwise

IsRChannel(c, cc)

return TRUE to cc if c isaremote channel, FALSE otherwise

IsMethod(mth, cc)

return TRUE to cc if mthisa method, FALSE otherwise

IsSRMethod(mth, cc)

return TRUE to cc if mthis areusable method, FALSE otherwise

IsNMethod(msg, cc)

return TRUE to cc if mth is a nonce method, FALSE otherwise

| sM essage(msyg, cc)

return TRUE to cc if msg isa message, FALSE otherwise

| sM essage(msyg, cc)

return TRUE to cc if msg isamessage, FALSE otherwise

C.4 Controls

Jeq(p, g, Ib) | jumptolblif (p==0q)

Jee(ce, Ibl) | jumptolbl if (cc == TRUE)

Jmp(ibl) jump to Ibl unconditionally

Ret() terminate

C.5 Remotelnterface

Open(host, cc) | open connection to host, return statusto cc

Close(host) close connection to host
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C.6 Primitives Agents

The following primitive agents are defined for integer operations. All arguments, i.e. p1, p2, and
r, are channels, even though C-like operators are used to described their operations.

Add(p1, p2,1) | r=pl+p2
Sub(pl, p2,r) | r=pl-p2
Mul(pl, p2,r) | r=pl* p2
Div(pl, p2,r) | r=pl/p2
Mod(pl, p2,r) | r=pl % p2
Eq(pl, p2,r) | r=(pl==p2)
Lt(p1, p2, 1) r=(pl< p2)
Le(pl, p2,1) | r=(pl<p2)
Gt(p1, p2, 1) r=(pl> p2)
Ge(pl, p2,r) | r=(pl > p2)
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Appendix D

Benchmarking Code

The programs used in the obtaining the performance datain chapter 11 are listed below:

o Lisp:

(defun app (lstl 1st2)

(if (null 1st1)
1st2
(cons (car 1st1) (app (cdr 1stl) 1st2))))

(defun nrev (1st)
(if (null 1st)
O
(app (nrev (cdr 1lst)) (1list (car 1st)))))

¢ Prolog:

append([], Y, Y).
append([A | B], Y, [A | Z]) :- append(B, Y, Z).
nrev([], .

nrev([A | B], C) :- nrev(B, D), append(D, [A], C).

e Linear Janus:
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! append(X,Y,Z) —o
X| () -2z $
& (H,T) —o Z(H,append(T,Y))

I nrev(X,Y) —o
X | - Y()
&

;T) —o Y(append(nrev(T), (H,7())))

Y)
()
(H

D.1 Optimized append

Below is the abstract machine instructions generated by the compiler for append:

Def (append)

Recv(AP[1], list);
Jne(list, LJ_NIL, L);
Fud(AP[2], AP[3]);
Ret();

L:
Car(list, head);
Cdr(list, tail);

NewChannel (tmp)
Cons(head, tmp, result);

NewMessage(tail, AP[2], tmp, msg);
Send(msg, append);

Send(result, AP[3]);
Ret();

End
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From the source code (R(’ [H; append(T, L2)] in particular), it can be seen that app does not
need to wait for the recursive call to return. If we switch the last two Send’s in the code above,
the last send would be the recursive to append. Since the send is the last instruction in the agent,
it is safe to do ajump to the beginning of append, instead of a Send which has the overhead of
creating the process record, enqueueing the record and later dequeuing the record and executing it.
The optimized code is as follows:

Def (append)

L_append:
Recv(AP[1], list);

Jne(list, LJ_NIL, L);
Fwd(AP[2], AP[3]);
Ret();

Car(list, head);

Cdr(list, tail);

NewChannel (tmp)

Cons(head, tmp, result);
NewMessage(tail, AP[2], tmp, msg);
Send(result, AP[2]);

Set(msg, AP);

Jmp (L_append) ;

Ret();

End

D.2 Optimized nrev

For nrev, the compiler generates the following instruction sequence:

Def(nrev)

Recv(AP[1], 1list);
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Jne(list, LI_NIL, L)
Send(LJ_NIL, AP[2]);
Ret();

L:
Car(list, head);
Cdr(list, tail);

NewChannel (nrev_tmp);
NewMessage(tail, nrev_tmp, msg);

Send(msg, nrev);

NewChannel(nil);
Send(LJ_NIL, nil);
NewChannel(lst_tmp);
Cons(head, nil, 1lst);
Send(1lst, lst_tmp);

NewMessage(nrev_tmp, lst_tmp, AP[2], msg);
Send(msg, append);
Ret();

End

A number of optimizations are applicable, but the way they are applied is a bit tricky. The first
observation isthat the last instruction in nrev isthe call to append, which we can inline. Another
crucia observation isthat alot of temporary channels are created and used in the recursion. Since
the scope of these channels are known, those temporary channels can be optimized. For example,
consider the channel nrev_tmp which is passed to append. After append is inlined, the first
instruction of append would try to fetch a message from nrev_tmp. If nrev_tmp is a storage
channel instead, the receive instruction can be eliminated. However, To makenrev_tmp a storage
channel, there need to betwo different entry pointsinnrev inorder to distinguishthefirst call (called
with anormal channel) from the recursive calls (called with a storage channel). In addition, instead
of calling append with three normal channels, three storage channels are used to call s_append.

The optimized code is as follows (without the inlining):
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Def(nrev)

Recv(AP[1], list);
Jne(list, LJ_NIL, L)
Send(LJ_NIL, AP[2]);
Ret();

L:
Car(list, head);
Cdr(list, tail);

NewScChannel (nrev_tmp) ;
NewMessage(tail, nrev_tmp, msg);

Send(msg, i_nrev);

NewScChannel (nil);
ScSend(LJ_NIL, nil);
NewScChannel (1lst_tmp);
Cons(head, nil, 1lst);
ScSend(lst, lst_tmp);

NewScChannel (tmp) ;

NewMessage(nrev_tmp, lst_tmp, tmp, msg);
Send(msg, s_append);

ScRecv(tmp, msg);

Send(msg, AP[2]);

Ret();
End

Instead nrev, the recursive call invokes i_nrev which differsfrom nrev in creating the temporary
channels as storage channels. Also, instead of calling append, s_append is caled, with all three
arguments as storage channels. As mentioned in chapter 9, storage channels avoid deferences
through pointersand can often optimized away when the abstract instructionsis compiled by a C++
compiler.

Def(i_nrev)
ScRecv(AP[1], 1list);
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Jne(list, LI_NIL, L)
Send(LJ_NIL, AP[2]);
Ret();

L:
Car(list, head);
Cdr(list, tail);

NewScChannel (nrev_tmp) ;
NewMessage(tail, nrev_tmp, msg);

Send(msg, i_nrev);

NewScChannel (nil);
ScSend(LJ_NIL, nil);
NewScChannel (1lst_tmp);
Cons(head, nil, 1lst);
ScSend(lst, lst_tmp);

NewMessage(nrev_tmp, lst_tmp, AP[2], msg);
Send(msg, s_append);
Ret();

End

Finally, instead of append, s_append is called, with the storage channels as arguments.

Def (s_append)

L_s_append:
ScRecv(AP[1], list);
Jne(list, LJ_NIL, L);
ScSend(AP[2], AP[3]);
Ret();

L:
Car(list, head);
Cdr(list, tail);

NewScChannel (tmp)
Cons(head, tmp, result);
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NewMessage(tail, AP[2], tmp, msg);
ScSend(result, AP[3]);

Set (AP, msg);
Jmp(L_s_append) ;
Ret();

End
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