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(Extended Abstract) allowed has elapsed) is a piece of information of the same status as

information received in an explicit message from the environment.
In particular it should be possible to act instantaneously in response
Abstract to this implicit information (e.g., power should continue to be sup-

. plied to motors in the first case; the connection should time-out in
We extend the model of [VRV94] to express strong time-outs (and the second).

pre-emption): if an evend does not happen through timecause While the problem of representing and reasoning about nega-
eventB to happen at time. Such constructs arise naturally in prac-  tjye information is present in all reactive programming languages,
tice (e.g. in modeling transistors) and are supported in languagesi; shows up in a particularly pure form in frameworks based on a
such as BTEREL(through instantaneous watchdogs) angrRe computational interpretation of logic, such as concurrent constraint
(through the “current” operator). programming (CCP) [Sar93,SRP91]. This framework is based on
The fundamental conceptual difficulty posed by these opera- he idea that concurrently executing systems of agents interact by
tors is that they are non-monotonic. We provide a simple com- hnsting (telling) and checking (asking) constraints in a shared pooi
positional semantics to the non-monotonic version of concurrent ot (hositive) information. Constraints are expressions of the form
constraint programming (CCP) obtained by changing the underly- x >y or “the sum of the weights of the vehicles on the bridge
ing_ logic from intuitionistic logic to Reiter’s Qefault I_ogic [Rei80]._ must not exceed a given limit". They come equipped with their
This allows us to use the same construction (uniform extension gyn entailment relation, which determines what pieces of informa-
through time) to develop Default Timed CCBefault tcc) as we tion (e.g.,Xx > Z) follow from which collections of other pieces
had used to develop Timed CCteq) from CCP [VRV94]. Indeed (e.g.X > Y,Y > z). Synchronization is achieved by suspending
the smooth embedding of CCP processesault cc processes a5k agents until enough information is available to conclusively an-

lifts to a smooth embedding @fc processes intDefault tcc pro- swer the query; the query is answered affirmatively if it is entailed
cesses. Interestintgc properties such as determinacy, multi-form by the constraints accumulated hitherto.

time, a uniform pre-emption construct (“clock”), full-abstraction, Such a framework for concurrent computation is proving fruit-
and compositional compilation into automata are preserved. ful in several investigations [SKL90,HSD92,JH91,SHW94,Kac93],

Default tcc thus provides a simple and natural (denotational) - yjth applications in areas ranging from modeling physical systems,
model capable of representing the full range of pre-emption con- 4 combinatorial exploration and natural language analysis.
structs supported in&rEREL LUSTREand other synchronous pro- There are however some fundamental limitations to this “mono-

gramming languages. tonic accumulation” approach to concurrent computation.

Keywords:  Programming paradigms — constraint program-  The Quiescence Detection Problem.within the frame-
ming, reactive systems, synchronous programming; Formal approachigg, quiescencef computation cannot be detected and triggered
— denotational semantics, semantics of concurrency on.! Two examples should make matters clearer.

Example 1.1 (Histogram, due to K.Pingali) Assume
1 Introduction and Motivation given an arrayl[1. .. n] taking on valuesin . . . m. Itis desired to
obtain an arrayB[1 . . . m] such that for alk, B[k] contains exactly
We elaborate a framework for the design of programming languagesthe indicesi such thatd[:] = k. (The histogram of4 can then be
that permit instantaneous detectiomefjative informationthat is, obtained by associating with eaghe 1...m the cardinality of
detection of the absence of information. In such systems the fact B[k].) The computation oB should be done in parallel.
that the environment has failed to respond in an expected way (i.e.,  In a language based on monotonic accumulation it is possible
an interrupt signaling a jam has not been received; a response to &o simultaneously assert, for evefyc 1...n thatj € B[A[j]].
password query has not been received even though the time-periodrhis is however, not good enough to force the g2ft] to contain
exactlythe required indices — all that is being forced is tBk]
containsat leastthe given indices. O

Example 1.2 (Composition of model fragments)Similar examples
arise when using such languages for compositional modeling of

In many cases, quiescence detection can be explicitly programmed. However, this
can become quite cumbersome to achieve.



physical systems (see, e.g.[For88]). In such an application com-

thus getting very powerful “user-programmable” pre-emption con-

putation progresses via repeated iteration of two phases: a model4rol constructs. The denotational model is very simple and in full
construction phase and a model execution phase. In the construcaccord with an intuitive operational semantics and an underlying

tion phase, pieces of information (“model fragments”) about the
variables and constraints relevant in the physical situation being

logic — discrete time, intuitionistic linear temporal logic.
More generallytcc provides a powerful setting in which to pro-

modeled are generated. For example, it may be determined thatgram systems of reactive, embedded agents — perhaps modeling

some real-valued variable, ecgrrent , is monotonically depen-
dent onvoltage _drop , and also orconductance. On termina-

tion of this phase, it is desired to collect together all the variables
thatcurrent  is nowknownto depend on (say, its jugbltage _drop
and conductance ) and then postulate that these are tmdy
variables that it depends on. That is, it is desired to postulate the
existence of a functiorf and assert the relationshimrrent =
f(voltage_drop, conductance). ]

Such detection of quiescence is inherently non-monotonic: if

moreinformation is provided in the inputlifferent(rather than just
more) information may be produced at the output.

The Instantaneous Interrupts Problem. Another fun-

aspects of the real, physical world — which autonomously main-
tain internal beliefs in the face of change induced by interaction
with the environment. At each step, the agent has an “internal the-
ory” that describes its computational state, its assumptions about
its environment, and rules for inferring new information from old.
On the basis of these, and the input information, the agent decides
to act (send messages to the outside world) and revises its internal
state. In particular, it is useful for agents to consider their beliefs to
be interruptible, subject to abandonment in the face of new infor-
mation communicated by the environment.

The main drawback of theec model, however, is its inability
to expresstrongtime outs [Ber93]: if an eventt does not happen
by timet, cause evenB to happen at time. This is the behavior,
for example, of thedo A watching immediately c” construct

damental source of examples is real-time systems, where the de-0f ESTEREL the execution oA is interruptedas soon ag is de-

tection of absence of information is necessary to handle interrupts.

tected (rather than one step later). Weak time outs cause the action

To get at these examples, however, we first take a short detour tot® be taken to be queued up for thextinteraction with the en-

explain Timed Concurrent Constraincg) languages [VRV94].
tcc arises from combining CCP with work on the synchronous

vironment. While this unit delay is unproblematic in many cases,
it is intolerable in cases where these delays can cascade, thereby

languages such as [BG92], [HCP91], [GBGM91], [Har87], [CLM91]. causing these queued actions to become arbitrarily out of sync with
These languages are based on the hypothesis of Perfect Synchronyhe time when they were actually supposed to happen. If there is a
Program combinators are determinate primitives that respond in- feedback loop, then such a model of pre-emption may simply fail

stantaneously to input signals. At any instant the presancithe
absence of signals can be detectedn synchronous languages,
physical time has the same status as any other external &eent,
time is multiform. So, combination of programs with different no-
tions of time is allowed. Programs that operate only on “signals”
can be compiled into finite state automata with simple transitions.

to work.

Example 1.3 (Modeling a transistor) More concretely, consider

a transistor whose emitter is grounded, and whose collector is con-
nected to high voltage by a resistor. Unless there is current flowing
into the base, the collector is not shorted to ground, and remains

Thus, the single step execution time of the program is bounded angPulled high. Because the user may desire to cascade several such

makes the synchrony assumption realizable in practice.
Integrating CCP with synchronous languages yitddsat each

time step the computation executed is a concurrent constraint pro-

gram. Computation progresses in cycles: input a constraint from

the environment, compute to quiescence, generating the constrain€ircuit being modeled.

to be output at this time instant, and the program to be executed

at subsequent time instants. There is no relation between the Sto“?or

at one time instant and the next — constraints that persist, if any,
must explicitly be part of the program to execute at subsequent time
instants.

To the combinators of CCP (namely, tat)(ask ¢ — A) and
parallel composition4: || A2)), tcc adds unit delayriext ), and
delayed negative agle ~ next A). 2 ¢ ~» next A allows A to
be executed at theexttime instant if the store on quiescence is not
strong enough to entadl. This allows the programming afieak
time-outs — if an eventd does not happen by time cause event
B to happen by time + 1 — while still allowing the computation

at each time step to be monotone and determinate. We showed tha]

the mathematical framework of such an integration is obtained in
a simple way — by uniformly extending the mathematical frame-
work of CCP over (discrete) time. Indeed, many complex patterns
of temporal behavior — such as théd'’A watching ¢” construct

of ESTERELwhich allows the ager to execute, aborting it at the
time instant after & is detected — could be programmed as de-
fined combinators icc. In general, it was possible to capture the
idea of having processes “clocked” by other (recursive) processes

2In addition, CCP allows for a form of hiding, corresponding to existential quan-
tification. The proper treatment of hiding, however, introduces several complications
that we have chosen to ignore. See Section 4 for more comments.

transistors (and introduce feedbacks), it is not possible to tolerate
a unit delay between detection of absence of current in the base,
and determination of the status of the collector — such unit delays
can build up unboundedly wrecking the timing information in the
a

Examples of the need for instantaneous detection of negative in-
mation abound in the literature on default reasoning (e.g. [Rei80]).

Example 1.4 (Constraint-based User Interfaces)Consider a set-

ting like THINGLAB [Bor79], in which it is possible for users to
draw diagrams, e.g. a parallelogram, that must obey certain con-
straints. If the user moves a vertex of the parallelogram, then the
system moves other vertices in response so as to maintain the con-
straints. Here it would not do to queue up the computed location
of a vertexX for the next interaction, because the user may move
X in that interaction. Rather the location of the vertex should be
omputed and displayed instantaneously, even if no constraint on
he location of the vertex arrives from the environment. a

As an example of the use ¢fc to model aspects of time-
varying, real world situations, consider the following problem.

Example 1.5 (Yale Shooting Problem, [Sho88])rhe
scenario to be modeled is this: a gun is loaded at fiine 2. It
is fired at Fred at tim& = 4. Inbetween, it is possible that the

'gun may have been subject to various other acts: for example, it

may have become unloaded. Various other “common-sense” facts
are known: for instance, guns once loaded do not spontaneously
become unloaded, if a loaded gun is fired at a live person, and the



gun is functioning normally, then the person may cease to be live, using defaults as above, and then decomposed as a fully-formed set
etc. to build the term (e.gf (V4, . . ., V.) to be equated t&).

In a setting such as this, it is crucial that a gun be deemed to be
loaded at present only if it was loaded at some time in the past, andExample 1.7 (Default values for variables)Consider
not unloaded at any time since thamluding the present. Sim- the program:
ilarly, for success, the gun should be fired in the direction of the
perceivecturrentposition of the target, not the known past position
of the target. Even one-step delays introduced due to the modelingdefault(x V) XAV~ K=V
framework can invalidate the representation. 0 ’

1.1 Defaults It establishes the value of asV unless it can be established

The fundamental conceptual difficulty with the instantaneous de- that the value oK is something other thei O

tection of negative information is that it is not monotonic. On re-
ceipt of further information a conclusion arrived at earlier may have
to be withdrawn. This is just not expressible in the CCP framework,
which is monotone. Furthermore, no principled analyses of non-
monotonic processes have hitherto been available which would al- . .
low us integrate them into a reactive real-time programming frame- transistor(Base, Emitter, Collector) ::

Example 1.8 (Transistor model) Using defaults, we can express
the transistor model as:

work. Emitter = Ov,

The fundamental move we now make is to allow the expression ~ Base = on—Emitter = Collector,
of defaults after [Rei80]. We allow agents of the foram A (to default(Base, off),
be read as¢ else A”), which intuitively mean thain the absence default(Collector, 5v).

of informatione¢, reduce toA. Note however thatd may itself
cause further information to be added to the store; and indeed, sev-
eral other agents may simultaneously be active and adding more  |n the absence of any information, the least reachable solu-
information to the store. Therefore requiring that informatidme tion is Collector=5v, Base=off : however in the presence
absent amounts to making assumptiorabout the future evolu- of Base=on , we getCollector=0v, Base=on . 0

tion of the system: not only does it not entaihow, but also it will

not entailc in the future. Such a demand on “stability” of negative Example 1.9 (Default setting for vertices)In this setting it may
information is inescapable if we want a computational framework be desirable to impose the default that the location of a vértex
that does not produce results dependent on vagaries of the differ-remains unchanged, unless there is a reason to change it. This can
ences in speeds of processors executing the program. be expressed by:

How expressive is the resulting system? All th&TEREL-Style
combinators, includingdo A watching immediately c” (which
we write aglo Awatching c) are now expressible (see Section 3.5). 1 VP.location(V) = P
All the examples considered above can be represented here. (In thvays vi.Location ) = .
following always A is the agent that executes at every time — next default(location(V), P).

instant.)

Example 1.6 (Histogram, revisited) The program is: Note that always the last value of the location will be tracked.
Also note that every agent can be wrapped in a “do/watching” con-
struct — even aralways assertion. Thus, if it was desired to be

histogram(A, N, B, M) :: able to “retract” the above default, all that needs to be done is

B : array(1.M), to “wrap” it in a do/watching that awaits the retraction command
VI in 1.N: (I in B[A[I]]), (let float(v) ):
VI in 1.M:

VS CB[I]: S #B[I]~ S = BI[I].
do always VP.location(V) =P

— next default(location(V), P)
watching let_float(V).

Intuitively, for every subsefS of B[I] other than the largest
subset, it will be possible to establish tifatA B[I]. Hence, for
eachl, the default will fire just once — for the largest subset, and
will assert then thaf is equal to the largest subset. For example, if O
the assertions in B[2], 6 in B[2], 5 in B[2] had been made,
then it can be established ttBie] # {3, 6}. However, it cannotbe ~ Example 1.10 (Yale Shooting Problem)Various elements of this
established theg[2] # {3, 5,6}. scenario can be modeled directly. Variables are introduced to corre-

0 spond to objects in the situation to be modeled (possibly with time-
varying state). Constraints are placed on the values that the vari-

The compositional modeling example is similar in flavor to the ables may take over time. Typically, one states (using a do/watching
Histogram problem. Assertions about the dependence of a variableloop) that the value of a variable is to be kept the same, unless
V on other variables can be stated as positive pieces of information,some actions of interest take place. Actions are represented as base
e.g. as constraints imposing membership in the set of dependentatomic formulas whose applicability may be contingent on the pres-
variables ofVV. The associated set can then be “completed” by ence of some information in past stores, and whose effect is stated




in terms of changes in the values of affected variables from the (which blocks the assumption of the first default). In reactive sys-
present moment onwards. tems intended for embedded control, preserving system determi-
Thus, for example, the occurrence dbad action causes the  nacy is crucial, and thus identifying determinate programs (those
gun to maintain the state of being loaded until such time as an oc- with exactly one distinct evolution path, on every input) is a central
currence of ahoot or anunload action: problem.
In Section 2.3 we present an algorithm — uniform over con-
straint systems — to check at compile-time whether a program is

always (occurs(load) determinate or not. The key idea here is to recognize that the ef-
—do always loaded fect of running a progran® on any inputd can be simulated by
watching(occurs(shoot) V occurs(unload)))). running the program on one of only finitely many projections (onto

the space of constraints the program can discriminate on). This, in

essence, allows a finite representation of the effect® ain any

- ) input, and hence provides an algorithm for checking that every in-
The default perSIStence of I|fe, and other faCtS, are formulated put is mapped to a Single Output. Unfortunate|y’ because of the

as: free composition of defaults allowed, such a determinacy checking

algorithm cannot be compositional: determinacy is a global prop-

erty of the entire program, and cannot be established by examining

do always alive watching death. pieces in isolation.

always occurs(shoot)—loaded—death.

always occurs(shoot)——loaded. Compiling programs. Third, how are programs to be im-
always occurs(unload)——loaded. plemented efficiently? A naive implementation may involve per-
always death—always dead. forming the actual guessing at run-time, and backtracking if the

assumption about the future evolution of the system is violated dy-
namically. In Section 2.3 we show (extending [VRV94]) that in fact

Note that thedeath event causes the fluedead to be un- it is possible to (compositionally) compile determinate (recursion-
equivocally asserted for all time to come — the state of being dead free) programs into finite constraint automata so that there is no
cannot be “interrupted”. guessing or backtracking involved at run-time. We are able to

Executing a program like this, in the presence of no additional achieve compositionality — unlike compilers forsEEREL and

information from the environment, will ensure that Fred is dead LUSTRE— by labeling the nodes of the automata widefault
when shot at timg" = 4. O cc programs (for which a notion of parallel composition is already

defined).
Thus the addition of the construect A to the language gives
us a very powerful programming system. However, three central Rest of this paper. The rest of this paper contains the de-
issues arise immediately. tailed technical development of these ideas. After a discussion of
related work, we develop and explore the mathematical founda-
Model. First, what should a model for such a programming lan- tion, operational semantics, determinacy checking and compilation
guage look like? The basic intuition behind our approach is as fol- algorithms forDefault cc, and then repeat this f@efault tcc. In
lows. An agent in CCP denotes a closure operator (a function on particular, we develop a sound and complete axiomatization for the
constraints that is idempotent, monotone and extensive) which can(monotonic) logic of defaulec programs. This logic can be used
be represented by its range. In the presence of defaults, an agento establish the equivalence of two ageAtand B.
A is taken to denote set of closure operators different opera-
tor for each “assumption” with respect to which the defaultstin
are to be resolved. That is, the denotation is a set of fdirs) 1.2 Related work.
where f is a closure operator on the sub-lattice of constraints be- More broadly our contributions can be cast in the following gen-
low ¢. On this space of denotations we define the combinators for eral light. The integration of defaults with constraint programming
conjunction (parallel composition), tell, positive ask and negative is a long-standing problem for which there has been no clean math-
ask. Furthermore, we provide a simple operational semantics andematical or practical solution. We believe that this paper makes
show that the denotational semantics is natural by providing a full- a basic contribution to this problem, with ramifications in non-
abstraction theorem. monotonic reasoning and knowledge representation. Furthermore,
from the viewpoint of the theory of (synchronous) reactive systems,
Checking for Determinacy. Second, a program may now  the basic model we present can be adapted, with minor adjustments
easily have zero or more distinct evolution paths (terminating in dif- to provide a model for ETERELand LUSTRE as well — indeed
ferent answers), as opposed to CCP in which there is exactly oneDefault tcc provides a setting in which&rERELand LUSTRECan
distinct evolution path terminating in a single answer. For example, be combined smoothly.
the programX = 1 ~» X = 1 (or more generally ~ ¢) allows
the addition ofX = 1 in the empty store ...only to have that vic  Non-monotonic reasoning. Our work builds on [Rei80]

olate the assumption underlying its addition, namely that= 1 directly, and is related to the stable semantics model of [GL88]. To
not be entailed by the store. So this program has no evolution path.our knowledge this is the first paper that provides a compositional
Similarly the program{(X =1~ Y =1) || (Y =1~ X =1) semantics for default logic and that mathematically connects de-

has multiple evolution paths — one in which the first assumption fault logic with reasoning about time-outs in reactive, synchronous
is made, resulting in the addition 6f = 1 to the store (which programming.
blocks the assumption of the second default), and one in whichthe  There is a very large literature on non-monotonic reasoning

second assumption is made, resulting in the additioX of= 1 (IGHR94] is a recent handbook on this subject), doing justice to



which is not possible in the space available to us. So a few re- suppressed through the entailment relation of a constraint system
marks will have to suffice. Our analysis seems to bring the follow- (2) the notion of defaults is analyzed at the level of the basic (un-
ing novel ideas to the research around non-monotonic reasoning.timed) concurrent logic language (3) the synchronous language is
First, we explicitly introduce the notion oftavo-levellogical sys- obtained by extending the untimed language uniformly over time.
tem: the program combinators provide a logical scaffolding on top In addition, this analysis clarifies the hitherto not well understood
of an underlying logical language of constraints. Questions of en- relationship between the combinators that are present in the above
tailment and disentailment have to be decigedely with respect languages. We show that Timed Default CCP supportsi¢hea-

to constraints This makes the languages far more practical than tion of a “clock” construct that allows a process to be clocked by
non-monotonic formalisms based directly on reasoning about en- another (recursive) process; it generalizesuhdersamplingon-
tailment/disentailment in full first-order logic; since the constraint structs of 36NAL and LUSTRE, and the pre-emption/abortion con-
language can be chosen so that its expressiveness, and hence corstructs supported by SSEREL.

plexity, is appropriate for the needs of the application at hand.

Second, we explore these ideas in the context of agents embed- . .
ded in an autonomous world with which they cannot control the 2 Default Concurrent Constraint Programming
rate of interaction. This necessarily implies that the computations
that an agent can afford to perform between interactions with the 2.1  Basic model
external world must be limited, indeed bounded by some a priori
constant. IrDefault tcc this means that recursion in a time instant
is not allowed; consequently there is hope for compiling away de-
fault programs into a finite state machine, so that only some very
simple tests have to be done at run-time.

Third, the notion of reactive computation forces us to view a
default theory as &ransducer it must be open to the receipt of ; LY : . -
unknown new information at run-time, and must produce then an relation ¢ that_ is finitary (in that it rglates finite sets of tokens
“extension” beyond that input. This emphasis on the relational na- to toke_ns), decidable and records which tokens follow from which
ture of default deduction — also to be found in [MNR90,MNR92] collection of tokens. .

— is a key idea behind our development of a denotational seman- L€t thei--closed subsets dp be denoted byD|. (|D], C) is a
tics. It forces us not to look at just what is deducible from the given _cc_)mplete algebraic Ia_ttlce,_we will use the notatioandr for the
theory, but ask what is deducible from the theory in the presence of /0InS and meets of this lattice, and the naimee for the element

new information. And in particular, it causes is to develop condi- - A (finite) constraint is an element of D| generated from a
tions for the determinacy of default programs. (finite) set of tokens; for a set of tokems we will usew to denote

Similarly, the desire to get denotationalsemantics for such ~ the closure ok undert-. We usually denote finite sets of tokens by
transducers forced us to ask the question: what aspects of the interth€ I€ttersz, b, and constraints by the lettersd, e. We writea ~ b
nal construction of a default theory need to be preserved in orderif @ = b. Sometimes, we will say entailse to meanthatl 2 e.
for us to construct the denotation of a conjunctive composition from ~ For real-time computation we have found the simple constraint

Constraint systems. A constraint system [Sar92] is essen-
tially a first-order system of partial information. Briefly, we may
understand a constraint systéhas coming equipped with the fol-
lowing data: (1) a seD of first-order formulas (closed under vari-
able renamings, where an infinite underlying set of variables is as-
sumed) callegbrimitive constraintor tokens and (2) an inference

the denotation of its constituents? It forced us to developrtfee- systemGentzen (G) to be very useful [SJG94]. The tokens of
nal logic of default theories:A + B if any observation that can ~ Gentzen are atomic formulas drawn from a pre-specified logical
be made ofB can also be made of. This logic can be used to ~ Vocabulary; the entailment relation is trivial, i.e, ..., ¢, Fg ¢

establish the equivalence of two default agents. To our knowledge, iff ¢ = ¢: for somei. Gentzen provides the very simple level of

the development of such an inference relation between default pro-functionality that is needed to represent signals, e.g. asTEREL

grams is original to this paper. and LUSTRE

The model presented in this paper smoothly enriches the model

in [VRV94] by allowing the instantaneous detection of negative in-

formation. All the results of [VRV94] continue to hold in this richer 2.1.1 The model.

setting; there is a straightforward embedding of (the denotations of) What should a model for defaults look like?

tcc programs intdefault tcc. Consider first the definition of the model for CCP [SRP91]. The
crucial insight there was to develop a very simple notion of obser-

Concurrent Constraint Programming. A non-monotonic vat_ion: observe_ for each ageAtthose storeg i_n which they are

framework for concurrent constraint programming has been pre- quiescent, that is those storésn which executingA does not re-

sented in [dBKPR93]. The paper focuses on providing for general sult in the gedneratlon“of any more |nf0’r’mat|on_. Formally, define the

constructions foretracting constraints once they have been estab- Predicated” (read: “A converges om”). The intended interpre-

lished, and for checking for disentailment. A version of existen- tation is: A when executed i@ does not produce any information

tials are worked out. The connection between this work and default that is not entailed by. We then have the evident axioms for the

logic (and its notions of extensions) and reactive programming is Primitive combinators:

however, not clear. This will be the subject of future investigations. 5ot There are no rules foabort: it does not converge on any

input.

Synchronous languages. The synchronous languages men- . . .

tio);led above implicit%/ ad%pt speciaﬁ/zed forms of dgefal?lt reason- 1€l The only inputs on whicla can converge are those which al-

ing for handling absence of signals: A signal is absent at a time ready contain the information i

instant if and only if it is not emitted by some process. This pa- dDa

per extends this view to generic constraint systems, and provides _GET

a “formal recipe” to design such languages. Our analysis breaks

down the design of synchronous languages into three inter-related 3tcc exhibited this relationship for monotone/weak pre-emption/abortion con-

. ; P . structs. Timed Default CCP generalizes this to non-monotone/instantaneous pre-
components: (1) details of actual synchronization mechanisms ar€;stion and abortion




Ask The first corresponds to the case in which the ask is not an- abort There are no rules foabort: it does not converge on any

swered, and the second in which it is: input.
dDa A4 ¢ Tell The information about the guesss not needed:
d d
@a= A1 (a4 isa
d
Parallel Composition To converge oni, both components must ale
converge oni: - ] ) ) )
A e A, e Positive Ask The first two rules cover the case in which the ask is

—_— g not answered, and the third the case in which it is:
(A || Az) I*

Note that these axioms for the relation are “compositional”:
whether an agent converges®is determined by some conditions
involving whether its sub-agents convergediThis suggests tak-

e2a d2a Al Al
(a—=A) L (a—A) 1L (a— A) L

ing the denotation of an agentto be the set of alf such thatd |¢; Parallel Composition Note that a guess for A; || A2 is propa-
because of the axioms above, the denotation is compositional. gated down as the guess fdi and 4,:
We can now use the denotational semantics of an agent to rea-
son about the actual input/output behavior (the “operational seman- Al A )l
tics”): the output of an agerm on an inpute is exactly the leasd (A || A2) 12

abovec (if any) for which A converges.
Conversely, one can ask which sets of observations can be viewagegative Ask In the first case, the default is disabled, and in the

as determining the denotation of a process. The answer is quite second it can fire:

straightforward: the key idea is that from the set it should be possi-

ble to determine a unique output above every input (if the process eDa Al
converges). That is, the s8tshould have the property that above (@~ A) 19 (a~ A) 19

every (input) constraint, there is a unique minimal element in
S (the output). We can say this generally by requiring thate
closed under glbs of arbitrary non-empty subsets. In partidiiar,
a process — the process which diverges on every input) igthe
denotation ofbort.

We thus have an independent notion of processes, on which all
the combinators of interest to us are definable. Two further ques-
tions arise: (1) Expressive completeness: are all processes defin
able by agents, and (2) Full abstraction: if the denotations of two
agentsA and B are distinct, then is there in fact a context, i.e. a
third agentP with a “hole” in it, such that plugging the hole with
A and B separately would produce agents with observably differ-
ent behaviors? If the given language is expressively complete, then
we know that every process is the denotation of some agent. If the
model is fully abstract for the given language and notion of obser-
vation, then we know that the model does not make distinctions
that are too fine: if the denotations of two agents are different, then
there is a reason, namely, there is another agent which can be use
to distinguish between the two. Together, these two nice properties

imply that a logic for reasoning about processes (semantic entities) rocess behaves like a determinate CCP agent. This is expressed
can_be used to reason safely about agents and their operational b By saying that under every guegsthat is, for everyd such that
havior. . . . (d,d) € S) the set of constraints on which the process is claimed
The model for CCP we motivated above is both expressively ' convergent under the guesé.e., the sefc | (c,d) € S})
complete and fully abstract. should be closed under glbs. The second idea to capture is the
. anti-monotonicityof defaults—the only affect a stronger guess can
Adding defaults. How does the situation change in the pres- have is to caustewerdefaults to fire, resulting in even more con-
ence of defaults? vergent points. This is the requirement that for every agenif
The critical question is: how should the notion of observation it converges on inpud under the guess, then it is going to also
be extended? Intuitively, the answer seems obvious: observe forconverge on input under any guess D e.
each agent! those stored in which they are quiescengjven the We now have the basic ideas in hand to proceed somewhat more
guess about the final resultNote that the guessmust always be formally. We establish the basic notion of a process, provide an
stronger tham — it must contain at least the information on which  operational semantics for processes, explore some properties, and
A is being tested for quiescence. Formally, we define a predicate show that the model is fully abstract.
A |¢ (read as: 4 converges od under the guess). The intended
interpretation is: if the guess is used to resolve defaults, then  The pasic model.
executingA in d does not produce any information not entailed
by d, and executingd in e does not produce any information not  Definition 2.1 (Observations) SObs the set of simple observa-
entailed bye. tions is the sef(d,e) € |D| x |D| | e 2 d}. a
We then have the evident axioms for the primitive combinators:

Again, note that these axioms for the relation are “composi-
tional”: whether an agent converges @i ¢) is determined by
some conditions involving whether its sub-agents converge o).
This suggests taking the denotation of an agetd be the set of all
(d,e) such thatd |¢; because of the axioms above, the denotation
is compositional. Furthermore, we can recover the “input/output”
Telation exhibited byA from its denotation: the output of on in-
put ¢ are exactly thosé’s abovec such thatd |4 and there is no
constrainte O ¢ distinct fromd such thatd |5. That is, the result
of running A on inpute should be just those constraimtsuch that
A can produce no more information thdrfunder the guess thdt
is the output), and such that there is “no place to stop” akad
strictly belowd (so thatd, can, in fact, be generated byon input

Again, conversely, one can ask which sét®f observations

an be viewed as determining the denotation of a process. The
0 intuitive conditions we wish to capture are the followirgp-

cal determinacy— the idea is that once a guess is made, every



For a setS and element, we use the notatiofiS, e) to stand Examples. With the above definitions, we can work out the
for the sef{(d, e) | d € S}, andrS to stand for the greatest lower  denotation of anyefault cc process. Here we consider two inter-
bound ofS. esting examples.

Definition 2.2 (Process)A processP is a set of simple observa- Dla ~ a] ={(d,e) € SObs | e D a}

tions satisfying: This is an example of a default theory which does not have any

Guess-convergencee, e) € Pif (d,e) € P extensions [Rei80]. However, it does provide some information, it
) ) says that the quiescent points must be greaterdhand it is nec-
Local Determinacy (MS,e) € Pif S # @ and(S,e) C P. essary to keep this information to get a compositional semantics. It

is different fromb ~» b, whereas in default logic and synchronous
languages both these agents are considered the same, i.e. meaning-

Processes are naturally ordered by inverse set inclusion: definel€Ss, and are thrown away.
P < Qif P O @. Under this orderingSObsis a process, the
“least” process which converges on every constraint; it is the deno-
tation of the agentrue . 0 is the unique maximal process. Fur-
thermore, the limit of every chain of processes is itself a process:
that is, given a set of processs O S ..., the sef), S denotes  ris agent s “almost” like “if thenb elsel”, and illustrates the ba-
a process. This means that recursion can be handled in the modelgj; gifference between positive and negative information. In most
the denotation of a recursive agent A is simply the intersection of

X ) . ' semantics, one would expect it to be identical to the aeHbw-
the denotation of the all the agents obtained by replacing recursive o\ ar , ~., b is not the same asa —s b. in the second case some
calls by:-fold expansions. ! ’

: L . . . agent must explicitly writema in the store, if~a is a constraint, but
We can now provide explicit semantic definition for various in'ine first case merely the fact that no agent can writesufficient
combinators: to triggerd. This difference is demonstrated by running bb#nd
a — b || a ~ bin parallel withb — a — b producesa LI b on

Anti-monotonicity (c,e) € Pif (¢c,d) € P,d C e, (e, e) € P.

Dla = b |l a~b] =
{(d,e) € SObs |e D b,((e D a)V(dDa))=d Db}

d
D[abort] = @ true, whilea — b || a ~ b produces no output.
4 These two examples show that designing a logic for this lan-
D = d SObs |d D
[o] 4 {(d.e) € sld2a} guage is not entirely trivial. We come back to this a little later.
Dla -+ A] = {(d,e) € SObs| e 2 a= (e, e) € D[4],
d2a=(de) € D[A]} Expressive completeness.Given a process, is there a fi-

d nite (recursion-free) agent such thatS = D[A]?
Dla~ A] = {(d,e) € SObs|e 2 a= (de) € D[A]} We can characterize the class of processes for which this is pos-
D[A || B] 4 D[A] N D[B] sible — these are precisely the finite elements in the lattice of pro-

cessesP < Q & P D ). Recall that a finite elemer® is one
Each of these combinators is seen to yield a process when appliedsuch that ifLl; P; > P, then there is &; > P.
to a process, and to be continuous and monotone in its process ar- Now given any proces®, we can write down a (possibly in-
gument. finitary) agent which ha# as its denotation. For ea¢h, ¢) € P,
defineP. = {d | (d,e) € P}. ThenP. is (the fixed-point set of) a
closure operator, and can be written as an ask-tell agent. Now form

Recursion. Default cc programs are given as a set of dec- . h
the conjunction

larationsg :: A along with an agent. (Herg names a procedure.)
The names of the agengscan now occur in the program. We will
denote a recursively defined processuds.A[X]. As indicated
above, the meaning of recursive processes is obtained in the stan
dard way by taking least fixed points in the given complete partial
order of processes.

le (2§~ 25~ ...~ P.)

for all e € ¢(P), wherez;'s are all the constraints greater than
e. We also take all the constrainisvhich are mapped to nothing

by thei/o relation, and add the agenis— abort to the agent.

o . . The antimonotonicity property assures us that the denotation of this
Obtaining the operational semantics. How do we ob- agent isP.

tain the “result” of executing an agedt on an input constraint ) o )

from the denotatio[A]? The output is going to be all those con-  Theorem 2.11f P is a finite process, then its agent can be ex-
straintso D i such that there is no place for the process to stop Pressed finitely. Conversely, every finite agent denotes a finite pro-

strictly belowo: cess.
Definition 2.3 (I/O mapping) The input-output relatiom(P) in- Operational Semantics A simple non-deterministic execu-
duced by a proces8 is defined by: tion mechanism (operational semantics) can be provided for recursion-

) . L. . free Default cc by extending the operational semanticzofcom-
r(P) = {(i,0) € SObs | (0,0) € P,¥Y(j,0) € P.j Di=j=o0} putations.
We take a configuration to be simply a multiset of agents. For
any configuratior’, let o (I") be the subset of primitive constraints
in . We define binary transition relatiors—. on configurations

Note thatr(P) _may b_e no_n-monotone, e.g*.(’Q[[a M_ b)) is indexed by “final” constrainte that will be used to evaluate de-
non-monotone — it mapé to b anda to @. (A relation R is non- faults:

monotone iff itis not monotone. Itis monotonedffR b anda’ D a
implies there is @' D b such that’ RV'.)

0



and

a<b— fa<fb 2
c)kFa
(T,a — B) . (T, B) The functions generated by determinate processes will continue
' e ' to satisfy Condition 1. Instead of being monotone, however, they
o) Fa arelocally monotone:
(I'a~ B) <. T
elfa a<b< fa— fa<fb 3

(T,a~> B) &= (I, B) Let us call functions that satisfy Conditions 1 and 3 local clo-
(I'A || B) . (I', A, B) sure operators. We now show that the i/o functions associated with

. . . . . _determinate processes are precisely local closure operators.
From this family of transition relations, we may provide a defi- P P y P

nition of the operational semantics: Definition 2.6 For f : L — L a local closure operator, define
Definition 2.4 p(f), the process associated withby:
O[A] £ {(@,e) € SObs | AB.(A,a) <. B /. ando(B) ~ e} p(f) = {(d.e) € SObs | f(e) =, (f(d) = ¢ — d =e)}
O O
The “result” of runningA on inputa, r,[A](@), may be ex- Roughly,p(f) is thecomplemenbf the graph off. Itis easy
tracted thus{e | (@, e) € O[A]}. to verify thatp(f) is a process. In facp(f) is maximal among all

The operational semantics described above can be used to comprocesses whose i/o relation is given fiy
pute the result of running the agent in a given store only if the “final
store” is known beforehand. For finite ageftswe now show how Theorem 2.4 r(p(f)) = f
this non-determinism can be bounded, and hence made effective
(e.g., by backtracking). In fact (r, p) form a Galois connection.
Let ¢(P) be the sublattice generated by the finite number of

constraints that syntactically occur . Now, clearly, any in- Determinate, Monotone processesHow do CCP pro-
d 1

put d can be mapped by only to some element id Ul ¢(P)(= cesses embed in the spaceD#fault cc processes? It is easy to
{dUe| e € c(P)}. Thereforer,(P)(d) can be computed by con-  see that:

sidering just the finitely many refatiorfs—c |e € dUc(P)}. Proposition 2.5 For any processP, r(P) is the graph of a mono-

. . . tone function iffP satisfies the property:
Full abstraction. The following results establish the connec- property

tions between these two characterizations: Monotonicity (d,d) € P if (d,e) € P.
Theorem 2.2 O[A] = D[A] andr,([A])(d) = r([A])(d) In such a case, the fixed point setrdP) is just{d | (d,d) €

] P}. Conversely, given a closure operafotheDefault cc process
Theorem 2.3 (Full abstraction for Default cc) If corresponding to it is given bf(d, ¢) € SObs | d,e € f}.

D[P] # D[Q]. then there exists an age6t such thatP || C'is
observationally distinct fromy) || C. .

2.2 Logic for Default cc
Proof Sketch 2.3 Since the two denotations are different, suppose

there is a(d,e) € D[P], but (d,e) ¢ D[Q]. Now if (e,e) ¢ In this section we consider a proof-system for recursion-Dee
Q. then sinceg(d,e) € D[P] = (e,e) € D[P], e is an agent ~ faultccagents. _ _
separating? andQ. The denotational semantics f@refault cc induces a natural

Otherwise, we follow extant proofs in [SRP91,JPP91]. Con- 0gic, namely the logic for proving, for agentsandB that[A] C
sider the closure operatofs = {d | (d,e) € D[P]} andQ. = [B]. Note that this logic is necessarily a monotone logic.
{d | (d,e) € D[Q]}. These are unequal, so differ on some in- The syntax of formulas in the logic is
put, saya. If P.(a) € Q.(a), then the agent || (P.(a) — e)
is the required agenta || (P.(a) — €) || P producese, but
a || (P-(a) — e) || @ does not. (Note that iP. (a) andQ.(a) are
not finite, there is some finite element where they differ, and this
may be chosen instead.)

(Agents) A u= a|Mala— A|la~A|A|A (4

Sequents are of the forghy, ..., A, - Bi,..., Bk, where the
A;, B; are all agents, with the requirement that all except at most
one of theB; is of the formM a, which is understood to stand for
a ~ a. \We say that the remaining; is thenon-trivial formulaof
. the RHS. Intuitively, a sequent is valid if every observation that can
Determinate processes. be made of system consisting of tHe running in parallel can be
made of (at least) one of th8;. In the following, we will letT", A
range over multisets of agents(I") will stand for the sub-multiset
of constraints il and M ~*(T) for the multiset{a | Ma € T'}.

How can the functions generated by determinate processes be ~ The Structural and Identity rules of inference for the logic are

0

Definition 2.5 (Determinate processesA processP is said to be
determinate if-(P) is the graph of a total function. ]

characterized? the rules of Exchange, Weakening and Contraction, and the Identity
Closure operators are functiofis: L — L that satisfy (for all and Cut rules. Thus the logic is classical.
a,be L) The other proof rules are:

a < fb+ fa < fb @)



Let U[A] be defined ak) , _ . [A]. Note that while in general

the union of two processes Is not a process, the restriction that we

place uporA — all but one of its processes is of the fofia —
ensures that it is a process. In fdd/a] U [A4] = [a ~ A].

Theorem 2.6 (Soundness)' - A implies[I'] C U[A].

Proof Sketch 2.6 Straightforward. The only possibly non-trivial
case isR — which is proved thus.

(dye) € [I', a] = (d,e) € U[A, A]
< (d,e) €[I'],d 2a= (d,e) € UA,A]
< (dye)e[I']=d2Da—(d,e) € ULA, A]
= (d,e) € [I'] = (d,e) € Ula — A, A]
The last step follows sinc@is a procesgjMa] U[A] = [a ~ A]
andb - a~ A=a~b— A. 0

The key idea behind both aspects of the implementation is to
construct a finite representation of P) — the input-output be-
havior of the proces#®. This construction is developed formally
below.

Definition 2.7 Let C be a constraint system. TheB,(C) is the
free Boolean Algebra over the generators (constraints occurring in
C) and relationsd — d = true, if ¢ F d).

O

The finite constraint system relevant to an agentdenoted
Cp, is the sub-Boolean algebra & (C) that is generated by the
constraints occurring il®. Note thatC'p is a finite poset. Also,
sinceCp has finite joins, it can be viewed as a constraint system.
Furthermore, there is a natural projection functipn ¢ — Cp
defined as

p(d)=U{c € Cp |d= c=truein B(C)}

Though we have describedd) abstractly, we note that for any
d € C, p(d) can be computed using the entailment relatiof @fe.
queries to the constraint solver) and the axioms of Boolean Alge-
bras. In this extended abstract, we do not present these standard
details.

Determine the denotation of the ageRtwith respect to the
constraint systemi's. In turn, this denotation yieldsfaite input-
output relation, denoted hy’ (P). The following theorem relates
r/(P) to r(P) — the input-output relation oP with respect to the
constraint systerg.

Completeness is proved by structural induction on the non-trivial Theorem 2.8 (Representation theorem)r(P)(d) = {dud' | d' €

formulaB in A.
Theorem 2.7 (CompletenessjI'] C U[A] impliesl’ - A

Proof Sketch 2.7 Suppose the non-trivial formul® = b. Then

the left rules are applied until they can be applied no further. Now

the left side consists af, May, ..., Max, and some implications
(which are ignored). Now if we cannot ug&/) to prove

a,May,...,May - Mby,..., Mb,.,b

then that means that for eadfib; on the right, there must be a pair
(a,b’) on the left such thak, 2 b;. Then the pair(a, N{b}}) is
also on the left, and so it must befit]. Soa O b, and we can use
(C) to prove the result.

The other cases faB are straightforward. FaB = B; A Ba,
apply RA, and use the proof trees f@; andB>. ForB = a ~»
B’, apply R — and use the proof tree fdB’. ForB = a —
B’, proceed as follows. By assumption evérye) € [I] lies
either in[a — B'] or in [A]. But this is means thatd,e) €
[T || a] implies(d, e) € [B’, D], which can be established by the
induction hypothesis. 0

2.3 Default cc: Implementation issues

We consider now the implementation of recursion-fidedault cc

agents — these are the agents that will be generated by a compile

for Default tcc.

The two key issues to be resolved are: a determinacy detection

algorithm, and an implementation 8fefault cc. Note that both

these issues are resolved by the operational semantics. However,

the operational semantics involves

r!(P)(p(d)), for any agentP.

The above theorem is exploited to yield a determinacy detection
algorithm and a compilation algorithm f@refault cc.

Determinacy detection: The determinacy oP is established by
showing that-/ (P) is the graph of a function.

Compilation: The relationr/ (P) is computed at compile time.
The execution proceeds as follows. On ingufirst compute
p(d); next, use the relation’ (P) to determine the output
on p(d); next, use Theorem 2.8 to determine the output of
P in d. This last step involves one more tell action on the
constraint solver.

2.4 Definable combinators

We now show how to generalize the ask combinator{ A) to
allow for simple process arguments. Intuitively, ;v — A, B
evolves only if the store is a quiescent pointaf Formally, B —
A is defined as:

D[B — A] £ { (d,e) € Obs |
(d,e) € D[A] = (d,e) € D[B],

(e,e) € D[A] = (e,e) € D[B]}

However,B — A may not be a process for arbitraB[B]. So,

wve will restrict the processeB to be generated by the grammar:

B := c¢|B| B|c— abort

For such processd3, B — A is indeed a process.
The extension to process arguments can be compiled away com-
positionally to the existing combinators &fefault cc using the

“guessing” of defaults; thus, a priori, it is not clear that it induces laws:

a backtracking free implementation befault cc. Following syn-

chronous languages, we will exploit the denotational semantics to

yield an efficient implementation.

c~ A
By = (B2 || 4)

(c —»abort) - A =
(Bl || B2) — A



3 Timed Default CCP

We consider now the extension B&fault cc to the Timed setting.

3.1 Basic Model

First, we extend the set of observations over time:

Definition 3.1 Obs the set of observations, is the set of finite se-
guences of simple observations. 0

Intuitively, we shall observe thguiescent sequencesinterac-
tions for the system.

We lets, u, v range over sequences of simple observations, and

let z be a simple observation. We usé’ to denote the empty
sequence. The concatenation of sequences is denoted; bgr*
this purpose a simple observatioris regarded as the one-element
sequencgz). GivenS C Obs ands € Obs, we will write

S after s for the set{z € SObs | s-z € S} of simple ob-
servations ofS in the instant after it has exhibited the observation
S.

Definition 3.2 P C Obs is aprocesdff it satisfies the following
conditions:

1. (Non-emptinegs € P,
2. (Prefix-closurg¢ s € P whenevers - t € P, and

3. (Determinacy P after s is aDefault cc process whenever
s € P.

D

The new combinators introduced by the additional structure
are:

D[skip] = Obs
Dlabort] < {e}
DlnextB] < {e}U{z-s€ Obs|se D[B])}

The definitions of the other basic combinatorsDefault tcc are
straightforward counterparts of their definitions Exfault cc.

Dla] = {(d,e)-s € Obs|dDa}
Dla — A] £ {(d,e) s € Obs|
eDa=(ee) se€D[A]
d2a=(de)-secD[A]}
Dla~ A] = {(d,e)-s€Obs|e2a= (de)seD[A]}
DIA||B] £ D[A]ND[B]

Guarded Recursion. Default tcc programs are given as a
set of declarationg :: A along with an agent. (Herg names a
parameterless procedure.) The names of the ageais now occur

in the program, the only restriction being that they occur within the
scope of anext . This is necessary to make the computation in

each step lexically bounded, and also gives us unique solutions for
recursive equations. We will write a recursively defined agent as

uX.A[X].

3.2 Operational semantics

The operational semantics f@efault tcc is just like the opera-
tional semantics fotcc except that @efault cc agent is executed
at every time step rather thanca agent. Further details are pro-
vided by the automata construction in Section 3.4.

The proof of full abstraction fobefault tcc follows essentially
immediately from the proof fobefault cc:

Theorem 3.1 (Full abstraction for Default tcc) If
D[P] # D[Q], then there exists a conte&t such thatP || C'is
observationally distinct frond) || C'.

3.3 Determinacy detection forDefault tcc.

From the compilation algorithm described below, it suffices to de-
scribe an algorithm to check the determinacy of a finite recursion
free Default cc agent — aDefault tcc agent is determinate iff
the Default cc agents at each node of the compiled automaton are
determinate.

3.4 Compilation

Default constraint automata The automata construction
for Default tcc is similar to the construction faicc provided in
[VRV94]. A Default cc automaton is specified by the following
data (1) a set of staté3, with each statg € @ labeled with eDe-
fault cc agent (2) a distinguished start state, and (3) a set of directed
edges between pairs of states, labeled with constraints. The set of
labels will be drawn from the constraints of the finite sublattice of
constraints occurring in the agent. The automaton will satisfy the
property that for every node the set of labels on outgoing edges are
closed under least upper bounds (lubs).

The execution is as follows — The automaton starts in the start
state. Upon receiving an inpuy it executes itDefault cc agent
P in conjunction with the input, and the output(P)(7) is the
output for this time instant. (ThBefault cc agent can be executed
as described in Section 2.2.) The edge labeled with the greatest
constraint less than(P) () is then taken to a new state, where this
process is repeated.

In order to prove the finiteness of the number of states, we need
the notion of a derivative of an agent. Given a procBss deriva-
tive of P is a procesqt € Obs | s-t € D[P]} — this is the
residual process aftd? has produced the sequence of observations
s. The finiteness of the number of states of the automaton is then
guaranteed by the following theorem.

Theorem 3.2 EveryDefault tcc agent has a finite number of deriva-
tives.

Each state now corresponds with one derivative, which predicts
the entire future of the process.

Compilation algorithm.  Following synchronous languages,
Theorem 3.2 induces a non-compositional compilatioDefault

tcc agents. Howeveefault tcc admits a compositional compi-
lation as well. We sketch below the automaton construction for
parallel composition and ~» P, the other cases are simple and
hence omitted.

Automaton for Py || P,. Thisis a variant of the classi-
cal product construction on automata. We are giverDidiault cc
automaton forP; and P>, sayA; and A, respectively. The states
of the automaton foP; || P> are induced by pairs of states, ¢2
from Aq, A>. We will call the induced statéq:,q2). The start



state corresponds to the pair of start states. Défault cc agent
in {q1, q2) is the parallel composition of the agents in this.

Now transitions are induced by the following rule — if on out-
puta, there is a transition frony to ¢} in A1, and also on output
a there is a transition from. to ¢5 in A2, then we get a transition
on a from {(q1, g2) to {q}, ¢5). In order to determine all the pos-
sible transitions, we take all thés in the finite sublattice of the
constraint system generated by the constraints in agemtsand

qz.

Automaton for a ~» P. The automaton fou ~» P is
derived fromA, the automaton fo?. We make a copyy, of the
start stateyy of A, and label it with theDefault cc agenta ~ ¢,
whereq was theDefault cc agent labelingy,. For each transition
from ¢o to ¢ labeled byd, we create a transition fromg, to ¢,
if d 2 a. We also create a transition frogj to a dead state and
label ita. The rest of the automaton far~» P is a copy of the
automaton ofP.

3.5 Definable Combinators

We presentlock a powerful derived combinator, and show how to
define a number of other common patterns of temporal activity in
terms of it.

The clock combinator. clock B do A is a process that ex-
ecutesA only on those instants which are quiescent point&of
It is the extension of th®efault cc constructB — A over time.
Clearly, it is in the flavor of thevhen construct (undersampling) in
LusTREand SGNAL, generalizd to general procesdesnstead of
boolean streams.

Let P be a process. We identify the maximal subsequéemnce
of the sequencethat is an element of the proceBs ¢ p is defined
inductively as follows.

= €

{ (sp) - (d,e), if (d,e) € (P after sp)
(sp), otherwise

€p

(8 ' (da e))P

Now, recognizing thatl is executed only at the quiescent points
of B we can state:

clock Bdo A

= {t € Obs | tprs] € DHA]]}
However,B — A may not be a process for arbitréBf B]. So,
we will restrict the processeB to be generated by the grammar:

B

a|B || B|a— abort
|a — next B |a ~ next B |uX.B[X]

For such processd3, B — A is indeed a process.
The laws that allow us to eliminate occurrences of ¢hack
construct are given in Table 1.

Expressiveness. We now show how various primitive combi-
nators in BSTERELand other languages can be defined on top of
clock. We use the following abbreviationslways A executesA
repeatedly; it is the agenmtg.A || next g. whenevera do A ex-
ecutesA at the first instant at which is entailed; it is the agent
ng.(a = A) || (a ~ nextg). (Note thatwhenevera do A =
clocka do A.)

clock a do A

clock a — abort do A
clock (B; || Bz) do A
clock a — next B do A

clock a ~» next B do A

clock next B do (A || A2)

clock next B do (b — A)
clock next B do (b~ A)
clock next B do (next A)

clock next B do abort
clock next B do skip
clock next B do b

The following laws hold for the clock combinator:

a— Al
a ~ next clocka do A

a~ A
clock B; do (clock B; do A)

a — clock next B do A ||
a~ A

a ~ clock next B do A ||
a— A

For P = next B, we do a case analysis on A:

abort

skip

= b

(clock next B do Ay) ||
(clock next B do A,)

b — clock next B do A
b~ clock next B do A
next clock B do A

Recursion in either argument is now done by expanding
the code — we expand pX.A[X] to A[uX.A[X]], and the
same for B, and then apply the laws above.

Table 1: Laws forclock

Multiform time: time A ona. time A on ¢ denotes
a process whose notion of time is the occurrence of the tokens
— A evolves only at the time instants at which the store entails
This is definable as:

time A ona = clock (alwaysa) do A

Watchdogs: do A watching a. This is an interrupt

primitive related testrong abortiorin ESTEREL[Ber93]. do A watchinga

behaves likeA till a time instant wheru is entailed; whem is en-
tailed A is killed instantaneously. (We can similarly define the re-
lated exception handleprimitive, do A watching a timeout B,
that also activates a handlBrwhen A is killed.) Usingclock this

is definable as:

do A watching a = clock (whenevera do abort) do A

Suspension-Activation primitive: §,A,(A). This
is a preemption primitive that is a variant sleak suspensiom
ESTEREL[Ber93]. S, A, (A) behaves liked till a time instant when
a is entailed; whem is entailedA is suspended from the next time
instant onwards (hence tl$&). A is reactivated in the time instant
whenb is entailed (hence thd;). The familiar(control <7, fg)
is a construct in this vein. This can be expressed as:

S.Ay(A) = clock (whenevera do nextb) do A

Compiling clock. The laws given in Table 1 provide one way
of removing the clock construct from the top level. However it is
possible to directly compile an automaton &ock B do A given



the automata forl and B. The construction is similar to the prod- A pathway for resolving this problem seems clear: one must
uct construction described above. The states of the automaton aranove to a richer model where in fact local determinacy is not re-
given by the Cartesian product of the states of the automatd for quired and such hidden choices can be expressed. Similar ideas

andB. If p; is the agent labeling a stage in A, andp- labelsg. have been worked out in [SRP91] around the semantics of the in-
in B, then the label foKg1, ¢2) is theDefault cc agentps — p1. determinatec languages (which support blind choice). We expect
The syntax for the processés ensures that thBefault cc pro- to elaborate such a model in future work.

cessp: — pi1 is well-defined;i.e. po satisfies the conditions in

Section 2.4. Future work. The use of concurrent constraint programming

_Transitions from the statgyu, ¢>) are given as follows —con- 544 pasis for a synchronous language provides a natural setting for
sider all thea’s in the finite sublattice of the constraints occurring  ihe combination of the combinators of Esterel and Lustre. The de-
in p1,p>. If (a,a) is not in the denotation of», then there is & \glgpment ofclock, a general strong preemption construct, should
transition back to the stat@, ¢2). If (¢, ) isin the denotation of a4 to a theory of strong preemption, which could not have been
p2, there is a transition oa from (q1, ¢=) to {q1, ¢2) — Where, on developed irtcc

! ! -
a, the automaton forl goes tag; and B goes togs, The underlying logical basis for the model of the present paper
needs to be explored further. This should lead to the development

4 Conclusion and acknowledgements of an intuitionistic version of temporal default logic.

This paper has used ideas from non-monotonic reasoning to extendACknowledgements. We gratefully acknowledge discussions
real-time languages with a coherent, mathematically tenable notionwith Gerard Berry, George Gonthier, Johan de Kleer, Danny Bo-
of interrupts. The topic has been developed using the methodologybrow and Markus Fromherz. We thank Peter Bigot for comments
of concurrency theory and denotational semantics of programming on earlier version of the paper, and the POPL referees for surpris-
languages: the construction of a model, and the definition of a lan- ingly detailed reviews.

guage and a process algebra on the model, and the definition of a  Work on this paper has been supported in part by ONR through
logic for reasoning about substitutability of programs in the lan- grants to Vijay Saraswat and to Radha Jagadeesan, and by NASA.
guage. From our perspective, this synthesis of ideas is long over-

due. Fundamentally the fields of Qualitative Physics, Reasoning

about action and state change, reactive real-time computing andReferences

hybrid systems, and concurrent programming languages are abou
the same subject matter: the representation, design and analysis
(at least partially computational) continuous and discrete dynami-
cal systems. We look forward to further developments in this very [Ber93] G. Berry. Preemption in concurrent systems. In R. K.

richarea. . _ . Shyamasundar, editoProc. of FSTTCSpages 72—
The very simple compositional semantics for default logic opens 93! Springer-Verlag, 1993. LNCS 761.

up several possibilities. It is now possible to develop coherent no-

tions of timed default logic, and possibly hybrid default logic, for [BG92] G. Berry and G. Gonthier. TheSTEREL program-

talking about action and change for systems involving continuous ming language: Design, semantics and implementa-

and discrete values. tion. Science of Computer Programmint9(2):87 —
152, November 1992.

B91] A. Benveniste and G. Berry, editor8nother Look at
Real-time Systemsolume 79:9, September 1991.

Existentials. Another avenue for future work is to enrich the
model to allow for the definition of first-order existentials (hiding).
Somewhat surprisingly, hiding is not definable in the current model.
Intuitively, the procesX " A is supposed to behave like the process

[Bor79] Alan Borning. THINGLAB- A constraint oriented
simulation laboratory PhD thesis, Stanford, 1979.
Also published as Xerox PARC Report SSL-79-3,

A[Y/X], whereY is some new variable distinct from any variable July 1979.

occurring in the environment. _ [CLM91] E. M. Clarke, D. E. Long, and K. L. McMillan. A lan-
The reason is simple. The union of two processes is not a pro- guage for compositional specification and verification

cess. Therefore, the “internal choice” (or “blind” choice) combi- of finite state hardware controllers. Rroceedings of

nator A M B of Hoare is not expressible in the model. Intuitively, the IEEE[BBI1], pages 1283-1292.

AN B is expected to behave like eithdror B, and the choice

cannot be influenced by the environment. [dBKPR93] Frank S. de Boer, Joost N. Kok, Catuscia Palamidessi,
Hiding, can, however, mimic internal choice, in the presence and Jan J.M.M. RuttenLogic Programming — Pro-

of defaults. To illustrate, consider the process: (X = 1 ~» ceedings of the 1993 International Symposigtvap-

Y=1,X=2 || (X=2~ Z=1X =1). These are ter Non-monotonic Concurrent Constraint Program-

two conflicting defaults. The process contains in its denotation the ming, pages 315-334. MIT Press, 1993.

observationg(Y = 1,X =2),(Y =1,Z = 1,X = 2)), and [For8g] Ken ForbusExploring Artificial Intelligence chapter

(Z=1,X=1),(Y =1,Z =1,X =1)). However, no infor- Qualitative Physics: Past, Present and Future, pages
mation aboutX can appear in the denotation of the proc&S=A. 239-296. AAAI and Morgan Kaufmann, 1988.

Consequently, one would expe&t® A to exhibit the observation
Y =1(Y=1,Z=1))and(Z=1.(YY =1,Z =1)). If [GBGM91] P. Le Guernic, M. Le Borgne, T. Gauthier, and C. Le

X" Aisto be a process however, it be locally determinate: it must Maire. Programming real time applications wilc-
also exhibit the glb of these two observations, nantéty.e, (Y = NAL. In Proceedings of the IEEEBB91], pages
1, Z = 1)). However, it cannot do that, since it must either produce 1321-1336.

Y =1 orproduceZ = 1. Thus,X " A cannot be a process.



[GHR94]

[GL88]

[Har87]

[HCP91]

[HSD92]

[JHO1]

[JPP91]

[Kac93]

[MNR90]

[MNR92]

[Rei80]

[Sar92]

[Sar93]

[Sho8s8]

Dov M. Gabbay, C.J. Hogger, and J.A. Robinson, edi- [SHW94]
tors. Handbook of Logic in Atrtificial Intelligence and

Logic Programming, Vol 3: Nonmonotonic Reasoning

and Uncertain ReasoningOxford Science Publica-

tions, 1994. [SIG94]

Michael Gelfond and Vladimir Lifschitz. The stable
model semantics for logic programming. Logic

Programming: Proceedings of the Fifth International
Conference and Symposiumpages 1070-1080, Au-

gust 1988.
[SKL90]

D. Harel. Statecharts: A visual approach to complex
systemsScience of Computer Programmirgj231 —
274, 1987.

N. Halbwachs, P. Caspi, and D. Pilaud. The syn-
chronous programming languag®sTRE. In Pro-

ceedings of the IEE[BB91], pages 1305-1320. [SRPI1]

Pascal Van Hentenryck, Vijay A. Saraswat, and Yves
Deville. Constraint processing icc(fd). Technical
report, Computer Science Department, Brown Uni-
versity, 1992.

. - _ [VRV94]
Sverker Janson and Seif Haridi.  Programming

Paradigms of the Andorra Kernel LanguageLbgic
Programming: Proceedings of the 1991 International
Symposiumpages 167-186. MIT Press, 1991.

R. Jagadeesan, P. Panangaden, and K. Pingali. A
fully-abstract semantics for a functional language
with logic variables.ACM Transactions on Program-
ming Languages and System$8(4):577-625, Octo-

ber 1991. Preliminary version appeared in the Pro-
ceedings of the 4th IEEE Symposium on Logic in
Computer Science, June 1989.

Hassan Ait Kaci. An introduction to LIFE— Pro-
gramming with Logic, Inheritance, Functions and
Equations. In Dale Miller, editorLogic Program-
ming: Proceedings of the 1993 International Sympo-
sium, Vancouver, Canadgpages 52-68. MIT Press,
1993.

W. Marek, A. Nerode, and J. Remmel. A theory of
non-monotonic rule systems — lAnnals of Mathe-
matics and Atrtificial Intelligencel:241 — 273, 1990.

W. Marek, A. Nerode, and J. Remmel. A theory of
non-monotonic rule systems — [lAnnals of Mathe-
matics and Atrtificial Intelligences:229 — 264, 1992.

Ray Reiter. A logic for default reasonindhrtificial
Intelligence 13:81 — 132, 1980.

Vijay A. Saraswat. The Category of Constraint Sys-
tems is Cartesian-closed. Rroc. 7th IEEE Symp. on
Logic in Computer Science, Santa Crag92.

Vijay A. SaraswatConcurrent Constraint Program-
ming Logic Programming and Doctoral Dissertation
Award Series. MIT Press, March 1993.

Yoav Shoham. Chronological ignorance: Experi-
ments in nonmonotonic temporal reasoniAgtificial
Intelligence 36:279 — 331, 1988.

Gert Smolka, M. Henz, and J. WerzConstraint
Programming: The Newport Papershapter Object-
oriented programming in Oz. MIT Press, 1994.

V. A. Saraswat, R. Jagadeesan, and V. Gupta. Pro-
gramming in timed concurrent constraint languages.
In B.Mayoh, E.Tougu, and J.Penjam, edito@on-
straint Programmingvolume 131 oNATO Advanced
Science Institute Series F: Computer and System Sci-
encespages 367—413. Springer-Verlag, 1994.

Vijay A. Saraswat, Ken Kahn, and Jacob Levy.
Janus: A step towards distributed constraint pro-
gramming. In Saumya Debray and Manuel
Hermenegildo, editorsProceedings of the North
American Conference on Logic Programmimzages
421-438. MIT Press, October 1990.

V. A. Saraswat, M. Rinard, and P. Panangaden. Se-
mantic foundations of concurrent constraint program-
ming. InProceedings of Eighteenth ACM Symposium
on Principles of Programming Languages, Orlando
pages 333-352, January 1991.

V.A.Saraswat, R.Jagadeesan, and V.Gupta. Foun-
dations of Timed Concurrent Constraint Program-
ming. In Samson Abramsky, editdProceedings of
the Ninth Annual IEEE Symposium on Logic in Com-
puter Sciencepages 71-80. IEEE Computer Press,
July 1994.



