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Abstract

This paper introduces process spaces, a unified theory of interacting systems. The
main new trait, abstract executions, leads to a simple and general set formalism.
For concurrent systems (including digital circuits), process spaces apply to diverse
correctness concerns and yield a new classification of liveness and progress faults.
The resulting studies of different correctness concerns are decoupled and
homogeneous (i.e., they do not interfere with each other and they have the same
algebraic structure). Applications to other interacting systems, such as electrical
networks and dynamical systems, are also possible. Process spaces have many
meaningful properties; here, some results from concurrency theory are generalized
and simplified, and some new results are found.

1 Introduction

Concurrent systems are practically everywhere; some examples are digital circuits (synchronous
and asynchronous), distributed programs and data structures, communication protocols, and work
flowsin afactory.

By interacting systems we mean systems that can be coupled and compared. This paper
introduces process spaces, a unified theory of interacting systems, including concurrent systems as
particular cases. Also, this paper starts to investigate the applications and the algebraic properties
of thistheory.

t This research was supported by a grant and a scholarship from the Information Technology Research Centre of
Ontario, by an Ontario Graduate Scholarship, and by Grant No. OGP0000871 from the Natural Sciences and
Engineering Research Council of Canada.



Process Spaces

In process spaces, the notion of ‘execution’ is abstract, and is a primitive notion. An execution
is not necessarily a sequence of events, a function of time, etc.; a priori, an execution has no
structure. Asaresult, process spaces may modd the entire spectrum of discrete-state, continuous-
state, and hybrid systems, and allow for discrete and continuous time as well.  Another
consequence of abstract executions is a smple set-theoretic formalism.  Many meaningful
properties can be smply checked by Venn diagrams.

For concurrent systems, process spaces apply to diverse correctness concerns. safety, liveness,
progress, timing, and even absence of dangling inputs. These applications can be obtained as
separate instances of the same theory, by choosing a suitable type of execution for each correctness
concern. These applications are completely decoupled (e.g., the study of liveness has no safety or
connectivity restrictions) and homogeneous (i.e., they have precisely the same agebraic properties).
A comparison between the process space studies of liveness and progress yields a formal
classification of liveness and progress faults (called ‘lock faults').

Process spaces have strong relationships with several theories of concurrency (see Section 3);
however, we are not aware of previous work with any of the characteristics mentioned above.

Wefirst present the process space formalism (Section 2). Then, we show how process spaces
can be used to study the behavior of concurrent systems; we provide several examples and a
classification of lock faults (Section 3). We give several algebraic properties of process spaces and
discuss some of their practical and theoretical significance; some results from concurrency theory
are generalized and simplified (Section 4). We discuss further applications to electrical networks,
dynamical systems, behavior analysis in cases where ports can change direction (input/output
lines), a connectivity concern for concurrent systems (input control), and frameworks for studying
timing and true concurrency (Section 5). Finally, we summarize the contributions of this paper and
their significance, and we indicate directions for further work (Section 6).

2 The Process Space Formalism

In this section, we present the main concepts of process spaces. We offer some intuition, but no
justifications. The justification for thisformalism is ‘because it works' . Thiswill be substantiated
in the rest of the paper, where particular examples of applications and interpretations are given.
We recommend that the readers consider at least the examples in Subsections 3.2, 5.1, and 5.4 in
order to understand how the modd can be interpreted and applied. However, we chose to omit
examples from this section, because the model itself is quite smple, and because we should not
create a bias towards the types of systems which are more familiar to the author.

Our model consists of the following definitions of execution, process, and process space. Let E be
an arbitrary set; we refer to the elements of £ as executions. A process over £ isapair (X, Y)
of subsets of F suchthat X U Y= E. The set of al processes over £ is called the process space
of F and is denoted by S;.

Our main intuition for this mode is the agreement pattern presented below; particular
interpretations are discussed in other sections. A process can describe a device by means of an
agreement between the device and its environment, regarding executions. Notice that a process
partitions Z into three digoint sets: X, X N'Y, and Y (where denotes the complement with
respect to ). The agreement stipulates that only executionsfrom X N'Y are alowed to occur in
the presence of the device. Nevertheless, all executionsin £ are considered to be possible: all can
occur, athough some may be forbidden by the agreement. The agreement aso qudifies the
executions that are not alowed to occur, by assigning the ‘blame’ to either the device or the
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environment. Set X contains the executions in which the device violates the agreement, while set
Y contains the executions in which the environment violates the agreement. Accordingly, X
contains executions where the device respects the agreement (but the environment may or may not
violate it), while Y contains executions in which the environment respects the agreement (but the
device may or may not violate it). Note that the case where both the device and the environment
violate the agreement is not possible, because the condition X U Y= F implies XN Y = .
Thus, the ‘blame cannot be assigned to both the device and the environment for the same
execution.

We denote processes by p, g, .... For process p = (X, Y), we use the following terminology
and notation (see Figure 1):

atp=Y
asp = X = theaccessible set of p,
atp = Y = theacceptable set of p, | er\Cp | ep I\f
vp = XUY = theviolation set of p,
rp = Y = thereject set of p, asp= X vp
cp = XNY = thecontract setof p, Figure 1: Execution sets of a process.
ep = X = theerror set of p.

These terms refer to the agreement described above, as seen from the perspective of the device
(rather than the environment). For example, the acceptable executions are acceptable to the device.
Refinement is abinary relationship = on S; such that

(X]_, Y]_) = (Xz, Yz) = X12Xo A YIE Yo

Intuitively, refinement represents a relative notion of correctness: p = g means that p can be
replaced by g without bad effects. The directions of the set inequalities can be understood by
considering that the occurrence of an execution congtitutes a danger of misusing certain processes
(the danger of misuse is formalized by the presence of that execution in the reject sets of those
processes). A better process accepts more executions, thus it is less exposed to misuse. Also, a
better process accesses fewer executions, thus it is less likely to misuse other processes. Examples
will be given in Sections 3 and 5, for particular applications of the formalism.

Reflection is aunary operation — on S, such that

(X Y) =Y, X).

Informally, if aprocess p isviewed as an agreement between a device and its environment from
a device point of view (as described above), then reflection turns the table: —p represents the
corresponding agreement from the environment point of view. The environment undertakes not to
misuse the device; thus, the device rejects become the environment errors.  Also, the environment
demands that the device does not err; thus, the device errors become the environment rejects. In
this sense, —p model s the ‘ matching environment’ of a device represented by p.

Product, written x, and exclusive sum, written @, are binary operations on S, such that

(X1, Y1) X (X3 Y2)
X1, Y1) © (X3 Y2)

KanX, YiNnY: U Xin %),
KanNX U YinYs YinYy).
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Figure 2: Deriving the product and exclusive sum operators.

Informally speaking, the product models a system formed by two devices operating jointly.
The new system’s accessible executions include all executions that are accessible to both
participating devices, and its acceptable executions include all executions that are acceptable to
both devices. In Figure 2, we see that the executions marked with *? are so far not accounted for.
These executions are errors for the resulting system, because they should be avoided by one of the
devices. Accordingly, these executions are acceptable to the resulting system. In the definition of
product, notice that X; N Xo \ (YA N Yy = Xi N Yo U Yy N Xy, i.e, the acceptable set is
augmented from Y; N Y, by precisely the executions marked ‘7. The exclusive sum is similar to
the product, except for the executions marked ‘7. Each of these executions should be avoided not
only by one of the devices, but also by the environment of the other. In the exclusive sum, we
consider these executions to be regjects, rather than errors, for the resulting system. (This amounts
to blaming the environments, rather than the devices, for not avoiding these executions. In this
sense, the exclusive sum assumes that the environments, rather than the devices, operate jointly.)
Accordingly, these executions are accessible to the exclusive sum. Noticethat Y; N Y2\ (Xg N Xy)
=X NY2U YN X

Statement 1 For processes p, g and r, we have

@ pxp-=p @) pep=p (idempotency of X and &)
(b) (pxg)xr = px(gxr), (b") (peg)er = pe(ger), (associativity of X and @)
(© pxg=gxp, (c) peg=qenp. (commutativity of X and @)

Idempotency ensures that connecting a device with an identical replica of itself produces an
identical device. Commutativity and associativity ensure that the order of connecting devices (in
parallel) does not matter.

Top, denoted by T, isthe process (J, ), where & isthe empty set. Bottom, denoted by L,
is the process (Z, &). Void, denoted by @, is the process (Z, ). Void has no reects and no
errors.

A process (X, Y) isrobustif Y= . A process (X, Y) ischaoticif X= .

Informally, a process (X, Y) guarantees that certain executions do not occur in its presence
(its errors) and requires that other executions must not occur in its presence (its rgjects). In this
interpretation, robust and chaotic processes are pure guarantees and pure requirements,
respectively. Robustness a so represents an absolute notion of correctness. The fact that a process
has no rgects means that it needs no guarantees from the environment and can operate
autonomously, hence the term ‘robust’. Chaotic processes are so called because any execution is
accessible to them. Void is both robust and chaotic.
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Figure 3: Charting a process space (and beyond).

Figure 3 (b) charts a process space and Figure 3 (a) illustrates the notation. The subsets of £
are represented by digoint segments on the coordinate axes. Every subset has two segments, one
on each axis, equidistant from the origin. Notice the positions of Z on the two axes in Figure 3 (a).
Complementary subsets are represented by segments equidistant from the middle of an axis.
Notice the segments for Z and Z in Figure 3 (a). Each pair of subsets of F is represented by a
square whose projections on the axes are the segments of the subsets in the pair. Notice the
positions of p, asp, and atp in Figure 3 (a). With these conventions, a process space S; is
represented in Figure 3 (b): S, contains none of the pairs in the heavily shaded area, some of the
pairs in the lightly shaded area, and all the pairs in the delimited blank area of Figure 3 (b). The

upper and right bordersin Figure 3 (b) are the sets of robust and chaotic processes, denoted by R+
and C, respectively. The set D contains the pairs of the form (Z, Z), called diagonal processes
(just because of their position). The = signs indicate the direction of the refinement order on sets
Ry, Crand Dy.

3 Behavior of Concurrent Systems

In this section, we apply the process space formalism to particular correctness concerns regarding
the behavior of concurrent systems. The only parameter of a process space is the execution set; we
instantiate the whole construction by choosing an execution set. For each application, refinement
and robustness have specific meanings as conditions for safety, liveness, etc. In examples, we
apply refinement and robustness to detect diverse faults in concurrent systems.
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Concurrent systems have discrete state spaces and operate in continuous time.  Some examples of
types of concurrent systems were given in Section 1. The state spaces can be finite or countable.
The state transitions are called events (however, events do not necessarily change state, because a
state transition may be from a state into the same state). For smplicity, in this section events are
assumed to be instantaneous and not simultaneous, however, process spaces are by no means
bound to this point of view or even to concurrent systems. In Section 5, we discuss other possible
applications and points of view.

For this type of concurrent systems, the process space product resembles the ‘||’ operator in
Hoare’' s communicating sequential processes [Ho85] (see the lawsfor ‘failures’ and ‘ divergences');
the process space refinement is similar to the ‘=’ ordering of ‘non-deterministic processes in
[Ho85] (in terms of ‘failures’ and ‘divergences'); and the process space reflection is similar to the
‘reflection’ in Ebergen’s method for the design of delay-insenstive circuits [Eb89, Eb91]. Some
other formalisms of concurrent systems define similar operators for parallel composition (product),
comparison of an implementation to a specification (refinement), or the matching environment of a
specification (reflection), in terms of particular types of executions (‘partial’ and ‘complete
executions, ‘computations’, ‘traces’, etc.). For example, we mention: the failure models of
Brookes, Hoare, and Roscoe [BHR84, BR85]; the testing equivalences of de Nicola and Hennessy
[dNH83]; Dill’'s trace theories [Di89]; Josephs receptive process theory [Jo92]; and Verhoeff's
models of delay-insengitive systems [Ve94b]. (A complete literature survey is, unfortunately,
beyond the scope of this paper.) However, the process space operators are smpler (e.g., they have
no connectivity restrictions, and they do not need action sets) and more generd (they are not bound
to a particular type of executions, and they apply wherever process spaces apply). Exclusive sum
of processes does not seem to have a precedent.

Correctness

Perfor mance
Behaw or

Connectivity \ Progress

Liveness
Safety

Figure 4: Correctness concerns for concurrent systems.

Concurrent systems can have diverse pathologies: hazards, deadlock, livelock, starvation, etc.
Three main classes of correctness concerns for concurrent systems are connectivity, behavior, and
performance. Performance concerns involve bounds or other relationships on quantitative
parameters such as delays and probabilities. Roughly speaking, behavior concerns regard those
aspects of the operation of a concurrent system that can be determined without specifying
quantitative parameters'. Connectivity concerns regard proper connections of ports. There can be
other concerns, such as maintainability, cost, and fault tolerance. Both performance and behavior
concerns are topics of active research, and even the connectivity concerns need some work. We
further categorize behavior concerns as safety (absence of hazards, wrong outputs, etc.), liveness
(absence of deadlock, starvation, etc.) and progress (absence of deadlock (again), livelock, etc.).

! Reference to parameters seems to be the distinction between ‘ metric-containing’ and ‘ metric-free’ concerns [Mo95].
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For the examples of concurrent systems, we use the following terminology and notation. Let ‘U be
a set, caled the action universe. An alphabet is a subset of ‘U. A word over an aphabet Z isa
(finite or infinite) sequence of actions from . Concatenation of a finite word with an arbitrary
word is denoted by their juxtaposition. The empty word is€. For words u and v, we write u < v
if uisaprefix of v, i.e, if there exists word w such that uw = v, or if visinfiniteand u=v.

A language is a set of words. We use the following notation for languages. pref is prefix-
closure (the set of all prefixes of the words in a language), * is Kleene closure (defined if all words
in the language are finite), \ is set difference, U is union, N is intersection, or juxtaposition is
concatenation (defined if al words in the first operand are finite), action x can represent language
{x}, and alphabet ~ can represent the language of single-action words with actions from =. A
language L isprefix-closed if L = pref L. Throughout this paper, the unary operators have higher
precedence than the binary operators.

b,c
<2 S

Figure 5: A finite automaton.

A regular language of finite words is represented by a finite automaton over ‘U. We render an
automaton as follows. The initia state is marked with an incoming arrow. The accepting states
are circled. Each edge has a label from ‘U. Double arrows on an edge represent two edges with
the same label heading in opposite directions. Multiple labels on an edge represent severa edges,
between the same two states, each having a single label. For example, the language of the
automaton in Figure5is (a(a U b u ¢))* (e U abd*). Word ¢ is in the language, because it
leads to a circled state, the initial state. Word aba is not in the language, because it leads to a
state that is not circled.

For language L, L is the set of all concatenations of infinitely many words from L, and L~ is
the set of all concatenations of (finitely or infinitely many) wordsfrom L. We have L~ =L" U L.
For finiteword u, u® istheinfiniteword uuullll The precedence of unary language operators is *
(highest), ©, =, pref (lowest).

The projection of aword u on an aphabet >~ isaword ulXZ obtained by deleting from u all
actions which are not in Z. For language L and aphabet %, the expansion of L from Z is the
language L1Z = {uOU™ | ulZOL},i.e, theset of al words whose projectionson X are in
L. The precedence of binary operators on languages and alphabets is [(highest), |, 1, \, N, U
(lowest).

To represent concurrent systems, each event (state transition) is associated with the ‘ occurrence’ of
an action. Severa events, possibly in different concurrent systems, can be associated with the
same action.
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a b
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Figure 6: Inverter.

Some aspects of the behavior of a concurrent system are well described by two alphabets and a
language. Actionsthat are controlled by that concurrent system are called outputs; actions that are
controlled by the environment are caled inputs; and, the set of finite sequences of inputs and
outputs that can occur up to a certain time in correct operation of concurrent system s is called the
language of s. In this section, we shall sometimes describe devices by their inputs and outputs,
shown in a figure, and by their languages. For example, the inverter in Figure 6 has input a and
output b, and we may assign to it the language pref(ba)*. Events correspond to changes in the
voltage signals on the terminals of the inverter. In determining the language, we assume that
initially all signalsare low (power off).

On the other hand, such descriptions are insufficiently flexible: e.g., they do not permit a
termina to be sometimes an input and other times an output, and they do not contain explicit
liveness or progress information. (One can attach certain implicit liveness or progress properties
to such descriptions (see [NB95a, NB95b]), but that is done at the expense of flexibility.) Here,
we use such descriptions only informally, to introduce examples. The only formal representations
in this paper are by processes.

3.1 Safety

Informally speaking, safety properties of concurrent systems assert that ‘something bad does not
happen’ [LL90]. Safety violationsinclude hazards, illegal output events, and illegal input events.

For studying safety, we take the execution set to be “U* and we consider that each concurrent
system s is represented by its safety process, a process os over ‘U*. A partial execution is a
finite sequence of actions that can be observed up to a certain time. The safety processes are
determined by the agreement pattern described in Section 2, applied to partial executions. A theory
of safety, containing all operators and properties of process spaces, is obtained by just choosing the
execution set to be ‘U* and by applying the agreement pattern to partial executions. Since the
operators and properties are for arbitrary processes over ‘U*, this theory has no connectivity
restrictions or interference from any other correctness concerns. The following examples illustrate
safety processes and meanings of robustness and product in the safety interpretation.

>
<>
i,

(b) INV1 (c) INv2 (d) circuit

Figure 7: Contract sets and circuit for Example 1.
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Example 1 The robustness condition can be used, for instance, to detect hazards in a digital
circuit. Hazards can be represented by employing particular models of gate behavior in which
certain transitions are declared illegal. Also see [Di89], p. 46, and the *stability’ condition in
[St94], p. 165. For definitions and other techniques for the analysis of hazards see, e.g., [BS95].

We first construct safety processes representing the components of a circuit. Then, we check
robustness of their product; violations of this condition constitute safety faults.

Let OINV1, OAND, and OINV2 be the safety processes of the three gates in Figure 7 (d)
(from top to bottom). Assuming U = {a, b, c}, the contract sets of these processes are
represented by the finite automata in Figure 7 (b), (), and (c), respectively. Each event
corresponds to a change of the logical value of the corresponding voltage signal in the circuit. We
consider al signal voltagesto below intheinitia state (power off). For example, the contract aca
of ogINv1 specifiesthat a goes from low to high, then ¢ goes from low to high, then a goes from
high to low. Hazards are ruled out by omitting those input events that disable output events. For
example, two consecutive transitions on ¢ are omitted from the contract set of INV1, because the
second ¢ would disable the output event a and thus congtitutes a hazard. The regjects of each of
OAND, OINV1, and gINv2 are finite words u such that there exist finite word v and input a such
that va isa prefix of u, visin the contract set of the respective process, and va is not in the
contract set. Informally, the rejects of these processes are finite words that get out of the contract
set by an invalid input. For example, abbcabc isargect of 0AND, because the second b is an
invaid input, but ab isa contract. Dually, the errors of these processes are finite words that get
out of the contract language by an invalid output. For example, abcbaabc isan error of GINVZ,
because the third ais an invalid output.

Notice that the contract sets of o'INv1 and oINv2 are different from the languages of INv1 and
INV2, because of actions that are neither inputs nor outputs. Events whose actions are neither
inputs nor outputs of a gate can occur arbitrarily in the contracts, rejects, and errors of the safety
process of that gate (such events are not ‘seen’ by the gate), but do not appear in the language of
that gate. Eventsfrom outside the alphabets of a gate produce self-loops in every state.

Next, we check the robustness of the product of the safety processes representing the parts of
the circuit. For the circuit in Figure 7 (d), the condition is not satisfied. Let u = abcac. We note
that u [0 asoINV1 N aso AND, since u isin the contract setsin Figure 7 (@) and (b). Also, u [
aso INV2, since u gets out of the contract set in Figure 7 (c) by an input to INv2 (the second ¢), and
thus u isargect for INv2. We aso note that u [ ato'INv2, because u is a rgject for o INv2.
After some set manipulations, it followsthat u 0 at(0INV1 X 0 AND X O'INV2), and thus o INv1

X OAND X OINV2 [J R« (One can check the last sentence directly or by applying Statement 12
(a) from Section 4.) Therefore, the safety condition is violated.

The violation can be interpreted as follows. The offending word represents a hazard. After
abca, both the input and the output signals of INv2 are high, and an output event is enabled.
However, another input transition ¢ can occur first, changing the input voltage to low and disabling
the output transition. Also seethe ‘oscor’ examplein [St94], p. 167.
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b a
C ac b
b a
(a) AND (b) INVL  (C)INV2

Figure 8: Contract sets for Example 2.

Example 2 For the circuit in Figure 7 (d) (Example 1), it is up to the users whether or not to
consider hazards to be safety violations (or to choose which types of hazards congtitute safety
violations). One may, for instance, permit arbitrary input transitions under an inertial gate model.
The contract sets of the modified safety processesof INV1, AND, and INV2 are shownin Figure 8
(b), (8), and (c), respectively. The reects are ill the finite words that get out of the contract set
by an input event, and the errors are still the finite words that get out of the contract set by an
output. Note that any input event is allowed from any state; therefore the reject sets are empty.
Thus, the safety processes of the three gates are robust. It follows that the product of these safety
processes is aso robust. (One can check the last sentence directly or by applying Statement 17.)
Thus, there is no safety fault.

3.2 Liveness

Informally speaking, liveness properties of concurrent systems assert that ‘something good
eventually does happen’ [LL90]. Examples of liveness faults include deadlock and starvation.

For studying liveness, we consider that each concurrent system s is represented by its liveness
process, a process As over U™. A complete execution is a finite or infinite sequence of actions
that can be observed until the ‘end of time'. The liveness processes are determined by the
agreement pattern described in Section 2, applied to complete executions. A theory of liveness,
containing all operators and properties of process spaces, is obtained by just choosing the
execution settobe ‘U™ and by applying the agreement pattern to complete executions. Since the
operators and properties are for arbitrary processes over ‘U™, this theory has no safety restrictions
or interference from any other correctness concerns. The following examples illustrate liveness
processes and meanings of refinement and product in the liveness interpretation.

10
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Figure 9: Languages and circuit for Example 3.

Example 3 The refinement relationship on liveness processes can be used to verify faults such as
deadlock (‘wait-for’ cycle) and unfairnessin a digital circuit. In this example, we check whether
the circuit in Figure 9 (d) is a correct implementation of the AND gate in Example 1.

Let c (a C-element), BUF (a buffer), and INv (an inverter) denote the three components in
Figure 9 (d) (from top to bottom). The languages of C, BUF, and INv are shown in Figure 9 (a),
(b), and (c), respectively. In determining the liveness processes we will consider the liveness
properties of the components, as explained below.

Wetake

asABUF = ((de)* U (de)"dd{d, €}~) 1{d, €},
atABUF = (pref(de)* U (de)*e{d, €} ~) 1{d, €}.

Recall that (de)* = (de)" U (de)® and that (de)* C pref(de)*. The finite wordsin (de)" are
contracts of A BUF because, at any time, the environment of BUF may stop producing d events.
Theinfiniteword (de)® isacontract of A BUF because the environment and BUF need not stop at
al. (We have used ‘strong liveness with respect to outputs [NB95a, NB95b] as a guide for
determining the contracts of ABur.) Thewordsin (de)*dd{d, €}~ are rejects and are accessible
to BUF. After two consecutive d events, which are not expected, BUF may stop at any time or may
not stop at all. Thewordsin (de)"d are errors, since BUF should eventually produce an e after
receivingad. Thewordsin (de)"e{d, €~ are also errors, since the environment does not expect
two consecutive e events. Notice that the errorsin (de)"e{d, €}~ are not only safety violations,
but also liveness violations, because, after two consecutive e events, the environment may demand,
for instance, events that BUF cannot produce (e.g., events whose actions are not in the output
alphabet of BUF). Also, arbitrary interleavings of actions from outside {d, €} can occur in the
accessible and acceptable executions of A BUF, hence the expansions from {d, €} .
By similar considerations, we take

asAINV = ((de)"d U (de)® U (de)"e{d, €} ~) 1{d, €},
atAINv = (pref(de)” U (de)"dd{d, €} ~) 1{d, €},
asAC = ((aaU bbu abc U bac)® U (aa U bb U abc U bac)*[(e U a U b)
U (aa U bb U abc U bac)"[(ab U ba){a U b){a, b, ¢} *) 1{a, b, ¢},
aaAc = (pref(aa U bb U abc U bac)”

U (aa U bb U abc U bac)" [t U ac U bc)da, b, ¢} ) 1{a, b, c}.

11
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Let u= abca(de)®. We have u [0 asAC N asABUF N asAINV. On the other hand, u O
asAAND because AND should eventualy produce a second c after the second a (the a signal
becomes low, thus the ¢ signal should eventually become low). Thus, we have as(AC X ABUF X
AINV) & asAAND, and, therefore, AAND & AC X ABUF X AINV.

The violation can be interpreted as follows. Word u causes a deadlock (a ‘wait-for cycle
occurs). After abca, c waits for the environment of AND to send another input event, while the

environment of AND waits for C to produce an output event. Note that deadlock occurs despite the
fact that some partsin the circuit never stop producing eventsd and e.

task body PO is
begin
loop
select
Critical Section 1;
or
Critical Section 2;
end select;
end loop;
end PO;

Figure 10: Specification for Example 4.

Cl, C2: Integer range 0..1 := 1;
task body Pl is
begin
loop
Non Critical Section 1;
Cl := 0;
loop
exit when C2 = 1;
Ccl :=1;
Cl := 0;
end loop;
Critical Section 1;
Ccl :=1;
end loop;
end P1l;

task body P2 is
begin
loop
Non Critical Section 2;
C2 := 0;
loop
exit when Cl = 1;
C2 := 1;
C2 := 0;
end loop;
Critical Section 2;
C2 := 1;
end loop;
end P2;

Figure 11: Implementation for Example 4.

Example4 Let us consder a classical example of
starvation adapted from [Be90] (p. 35). The
concurrent program in Figure 11 attempts to ensure
mutual exclusion between the critical sections of
tasks p1 and p2 by using variablesc1 and c2. c1
and c2 are initidly set at 1. We state the
specification as the task po in Figure 10. Let the
actions be

yz = PX reads cy=z,

Wy, = PX Sets cy to z

€CS, = enter Critical Section X

lcs, = leave Critical Section X
encs, = enter Non Critical Section X
Incs, = |eaveNon_Critical_Section_X

Consider infinite execution u = encs,Incs;(encs;
INCS; Wi101 121 Woro 210€CS1 1 CS1 Wa11 Wapt) . Word U iS
an accessible complete execution for p1, because
P1 executes its main loop, in which it can stay
forever. Word u is also an accessible complete
execution for p2, because p2 executes its inner
loopandreads c1 =1 at every iteration, and thus
can stay in its inner loop forever. On the other
hand, we take u not to be an accessible complete
execution for 0, because PO executes a non-
deterministic choice in its loop (between ecs; and
€Ccs;), and, for any non-zero probability of ecs;,
PO will eventualy choose ecs,. (We have used
‘strong liveness with respect to outputs [NB95a,
NB95b] as a guide for determining the contracts of
AP1,APr2,and Ap0.) Thus, udas(Ar1 X Ap2)
and u O asApo. Conseguently, we have asApo
2 as(Ap1 X Ap2) and thus Apro £ (Ap1 X
AP2).

The violation can be interpreted as follows.
Word u causes starvation because it never alows
P2 to enter itscritical section.
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3.3 Progress

Informally speaking, progress properties of concurrent systems assert that ‘something good does
happen within a bounded time’ (our interpretation). (Progressis a behavior concern rather than a
performance concern, because it does not refer to the values of the delay bounds, but only to their
existence. The values of the delay bounds need not be known for progress analysis.) Examples of
progress faults include deadlock and livelock.

For studying progress, we consider that each concurrent system sis represented by its progress
process, a process 7ts over ‘U~. An unbounded execution is a finite or infinite sequence u of
actions with the property that, after every prefix of u, the execution point can continue to follow u
(can remain in u) for any amount of time. (An unbounded execution u may or may not be
complete, as the execution point may or may not follow u forever.) The progress processes are
determined by the agreement pattern described in Section 2, applied to unbounded executions. A
theory of progress, containing all operators and properties of process spaces, is obtained by just
choosing the execution set to be U~ and by applying the agreement pattern to unbounded
executions. Since the operators and properties are for arbitrary processes over ‘U=, this theory
has no safety restrictions or interference from any other correctness concerns. The following
examples illustrate progress processes and meanings of refinement and product in the progress
interpretation.

r

i r
in X 0

o

+ ‘
1
out O
o
@ (b) BUFFER (© (d) sSENDER (€) CHANNEL  (f) RECEIVER

Figure 12: Communication protocol for Example 5.

Example 5 Consider the following communication protocol. The specification of the
communication protocol is a 1-bit buffer, as in Figure 12 (a). The language of the buffer is
represented in Figure 12 (b), but more explanations of its operation are necessary. After an input
message in, an output message out follows within a bounded delay, and then the operation may be
repeated indefinitely. The implementation uses alossy channd with two interfaces, asin Figure 12
(c). The languages of the components are represented in Figure 12 (c), (d), and (€), but more
explanations are necessary. After in, SENDER sends s, messages. Some may be lost, causing lo
events which reset CHANNEL and are not seen by RECEIVER. Some may get through, causing rq
events to be fired. After an ro, RECEIVER issues out. According to the specification, another in is
now allowed (there exists some feedback from out to in in the environment). The operation is then
repeated, with sy, I; and r; instead of s, lo, and ro, and so on. Some alowances are made for out of
place sy, ro, S1, and ry events, which do not change the state of RECEIVER when repeated.

Consider u=in(slg)®. Word u is an accessible unbounded execution of SENDER, because the
environment is under no obligation to provide another in. It is also an accessible unbounded
execution of CHANNEL: athough CHANNEL cannot choose lp over rq infinitely many times,
CHANNEL can choose |y any finite number of times. Thus, the execution point of CHANNEL can
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stay in u for an unbounded time after any prefix of u. Word u is also an accessible unbounded
execution of RECEIVER, Since RECEIVER remainsinitsinitial state, whereit is not expected to issue
an output event. Since u [J asTTSENDER N asTTCHANNEL N asTTRECEIVER, we have u [ as
(TTSENDER X TTCHANNEL X TTRECEIVER). On the other hand, u is not an accessible unbounded
execution of BUFFER, because an out event must follow in within a bounded time. Hence, u O as
TIBUFFER. Therefore, TTBUFFER & as(TTSENDER X TTCHANNEL X TTRECEIVER).

Theviolation can be interpreted as follows. Word u causes alivelock. After in, SENDER starts
producing s, events. For fairness, CHANNEL will eventualy choose ro; however, this choice can be
delayed for any amount of time. On the other hand, the specification demands an out within a
bounded delay, which cannot be granted, regardless of the value of the bound.

Example 6 The deadlock fault in Example 3 also congtitutes a violation of progress. The
progress processes of the components in Example 3 are exactly the same as ther liveness
processes. (Thisisnot awaystrue. For instance, the liveness and progress processes of CHANNEL
in Example 5 are different.) Hence, the fault in Example 3 can be detected with progress processes
in the same manner as with liveness processes.

3.4 Classfication of Lock Faults

Uus atAs

I at 7ts

Figure 13: Absolute lock faults.

The fact that the progress execution set is the same as the liveness execution set (‘U*) invites a
comparison between liveness and progress. By this comparison, we obtain a classification of
liveness and progress faults (called *lock faults'), in absolute and relative versions.

Let s be a concurrent system. For robustness, we require that, for al u 0 U~, we have u [
atAs and u O at7rs. This condition can be violated in threeways. (i) uJatAs and u O at1Ts;
(i) udatAs but uOat7rs; and (iii) uOatAs but udat7rs. We define these situations as
absolute locks of type I, 11, and 111, respectively (see the diagram in Figure 13 (a)). There are no
other liveness or progress faults.

Lock faults can also be considered in a relative sense, whereby two concurrent systems s; and
s, are compared. System s, can be thought to be a specification, and s, an implementation. For s,
to be better or as good as s; with respect to liveness and progress, we require As; E As, and 7Ts;
C TTS,, i.e. asAS, 2 asAs,, asTrs; 2 asTrS,, atAs, € atAs,, and at7rs; < at7rs,. A word can
be in sixteen positions with respect to asAs;, asAs,, as7rs;, and as7rs,, as shown in the diagram
in Figure 14 (a). (Figure 14 (b) is similar to Figure 14 (a), except that s, and s, have been
swapped.) We define relative locks of type I, I, and I11 as the existence of a word in at least one
of theregionsmarked ‘1", “11I’, and ‘11", respectively, in either Figure 14 (a) or (b).

Locks of type I, I, and Ill appear to generalize the notions of deadlock, starvation, and
livelock, respectively. For instance, the deadlock fault in Example 3 and Example 6 is a relative
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lock of typeI; the starvation fault in Example 4 is relative lock of type 11; and, the livelock fault in
Example 5 is a relative lock of type 111. Denoting by s, the respective specifications and by s, the
respective implementations, we have: in Example 3 and Example 6, u [0 asAs,, u [ asits,, u [
asAs;, and u O astrs;; in Example 4, u 0 as\s,, u 0 astirs,, u [ asAs, and u [0 asrts; (we
consider that the execution point of the specification can follow u for an unbounded time because
the option ecs; can be chosen any finite number of timesin arow); and, in Example 5, u [0 as\s,,
uldasrrs,, ulasAs;, and u 0 asrTs;.

as\s; atAs,

_— T — _— =

astrs, atTrs,
i | ] i | ]

as\s, atAs,

astrs, atTs,

(@ (b)
Figure 14: Relative lock faults.

Relationships between relative and absolute lock faults follow from a relationship between
refinement and robustness, which will be given later in this paper (Statement 13, Subsection 4.3).
For example, a relative lock of type | can be viewed as an absolute lock of type | between an
implementation and the environment of a specification.

The diagrams for relative lock faults can be smplified by the following observation. In many
concurrent systems, every complete execution is also an unbounded execution (if the execution
point can stay in execution u forever, it can also stay for an unbounded time after any prefix of u).
Therefore, we often have, for concurrent system s, asAs < as7rs and atAs < at7rs. In such
situations, the shaded areasin Figure 14 (a) and (b) are void.

4 Process Space Structure

In this section, we discuss several process space properties and their significance.

In Subsection 4.1, we address some basic questions about the algebraic structure of process
spaces. Some highlights are the level of abstraction of our theory (see comment after Statement 2),
the lattice structure, and a duality principle.

In Subsection 4.2, the product and exclusive sum operators are extended to arbitrary sets of
processes, in order to deal with possibly infinite systems.

In Subsection 4.3, properties with a more practical meaning are derived. We show how
process spaces allow for structured verification. We link the process space notions of absolute and
relative correctness, and the verification and testing viewpoints. A design equation for process
spaces is stated and solved. A decomposition into robust and chaotic processes and a separate
treatment of robust and chaotic processes are proposed.
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4.1 Basic Algebraic Properties

Statement 2 For processesp, qandr,

(@ PCp, (reflexivity of £)
(b) PEqAQETr O pcr, (transitivity of £)
(© PEgAQgEpP O p=ag. (antisymmetry of £)

Statement 2 shows that refinement is a partial order. Reflexivity and transitivity are
commonsense properties of a worse-or-as-good-as relationship.  Antisymmetry ensures that
process spaces are afully abstract model (with respect to the refinement relationship).

Statement 3 (Monotonicity) For processesp, qandr,

(@)
@)

Cgxtr, (monotonicity of x with respect to £)
cCger. (monotonicity of @ with respect to &)
Inwords, if p isrefined by g, then p coupled with r isrefined by g coupled with thesamer.

Statement 3 (a) does not have restrictions on the ports of the devices represented by p, g, and r.
(There are no portsin process spaces.) For the safety and liveness conditions deriving from E, this
absence of restrictions may be surprising. For example, the device of r may have common internal
ports with the device of g, but not with the device of p; the property still holds. Also see the
‘compatibility with union’ theoremsin [NB95a] and [NB95b].

Statement 4 For processes p and g,

@ --p=p,
(b) pEqg - -qE-p,
© -(pxqg =-pe —q, (c) (pe® g = —pxX-g (deMorgan'slawsfor —, X, and @)

Statement 5 (Process Lattice) For subset B of S; , there exist unique processes LB (the join of
‘B) and 1B (the meet of B) such that, for every processp,

€)] (VqOB: p=0qg) = p=UB, (LB isthe least upper bound of B)
@) (VYgOB:pEQ < p=nB. (MB isthe greatest lower bound of B)

Statement 5 showsthat [5;, =) isacomplete lattice.
Join and meet are also defined as operators on processes. Join, written L1, and meet, written
M, are binary operations on S such that

(X1, Y1) U (X2 Y2)
(X1, Y1) 1 (X2 Y2)

(X]_ N X, Y1 U Yz) and
% U Xo, Y1 O V).

Informally speaking, meet models the non-deterministic choice between two devices: the device
p M g can choose to act either like p or like g in deciding which executions are accessible or
acceptable, and may take the choice that causes the most violations. For instance, if execution u is
acceptable to p but not to q, it is not acceptable to p M g. Dualy, join modes the non-
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deterministic choice between two environments. Thedevice p U q has an acceptable set just large
enough and an accessible set just small enough to accommodate an environment that can choose to
behave either like —p or like —q.

Statement 6 For processes p and g,

@ pug= u{paq @) png= n{p a}.

Statement 6 shows the correspondence between the join and meet operators we define and the
join and meet induced by the refinement order. The induced join and meet satisfy laws of
associativity, commutativity, idempotency, absorption, etc. (see for instance [DP90], Theorem
5.2); thus, so do the join and meet we define.

Statement 7 For processesp, qandr,

@ pn(@ur)=(@EnauEnr), (distributivity of r through L)
@) pu(@nmr)=(puagn(pur). (distributivity of LI through )

In conjunction with Statement 6, Statement 7 showsthat [5,, =) isadistributive lattice.

Statement 8 For processp,

@ L1L=peET, (extremal elementsfor &)
(b) pxod=p, (b’) pe d=p, (identity elements for X and @)
(© pul=p, (c) pnT=p, (identity elements for LI and )
d pxT=T, d) pe L =1, (dominant elements for x and &)
e puT=T, €) prlL=.1. (dominant elements for LI and 1)

The identity element properties for X and @ ensure that introducing a void device in a system
does not change the system.

Statement 9

@ -P=0, @) -T=41, @) -L=T,

(b) =-S5 =5;, (b") T=US=1 O, b))y 1L=nS=u9,
(C) _Df: Df, (C,) _Rf = Cf, (C”) _Cl‘ = Rf.

where, for processset B < S;, —B denotestheprocessset{ -p | pd B}.

Remark (Duality Principle) Let X be a statement about process spaces. The dual of X is a
statement X° obtained by replacing in X every occurrence of = by 3, of U by 11, of x by @, of
Rz by Cg, of asby at, of r by e, and conversdly. (-, ®, Sz, Dy, ¢, and v are their own duals.)
Notice that X% = X. Process spaces admit the following duality principle: if statement X holds,
then X° holds, too. (Informally speaking, the duality principle is a consequence of the de Morgan's
laws in Statement 4 (c) and (¢’), which essentialy say that reflection is an isomorphism of process
spaces.)
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4.2 Systems

In order to deal with possibly infinite systems, product and exclusive sum are extended to sets of
processes in the natural way. For B < S, the product and exclusive sum of B are, respectively,

X B = (pfmlasp, pQBatpLJpQBasp>,
B = (pfmlaspu pfmlatp, p@gatp).

A systemis a set of processes. A system can be treated as a single ‘composite’ process that
behaves exactly like the whole system. The definitions above determine composite processes from
the processes in the system. Product can be regarded as the law of composition for devices, while
exclusve sum can be regarded as the law of compostion for environments. Also see the
explanation for deriving the binary X and @ operators (Section 2).

Statement 10 For processesp and q,

@ pxqg= X{pa @) peq= e{pa.

Statement 10 establishes the correspondence between the binary and extended product and
exclusive sum operators.

The following two statements provide criteria for relative and absolute correctness (refinement and
robustness) on systems.

Statement 11 (System Refinement Lemma) For process sets B and C,

@
@)

Nasp 2 (asq A ﬂatpgqgcatq O xBc xC,

pOB

atp quCatq 0 @B c oC.

Remark [Ve94b] mentions a difficulty regarding further model extensions for dealing with
systems of infinitely many devices (p. 111). If wehave p; = g for every ilON, where N isthe set
of natural numbers, do we also have x{p; | iON} = x{q | ILON} ? Our answer is yes, even for
uncountabl e process sets; for such sets, we replace N by an arbitrary index set I.

Foralli, pi = q implies asp; 2 asq and atp < atq. Therefore, igl asp, 2 igl asq and

() atpi <[] atq. By Statement 11 (a), we have x{p: |i0I} = x{q; |0}

igl Ol

O

Statement 12 (System Robustness Lemma) For process set B,

@) XBDRf«:»pﬂaspgﬂatp,

@) eBOC: - pﬂatpgﬂasp.
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4.3 Structured Manipulation of Processes

=

C X Cc; X [ =S

=

(Cgy X dyo X MY X (O XA X MM X M = S4q
- =

q = 5

Figure 15: Modular and hierarchical verification.

Trangitivity of = and monotonicity of X alow for structured (hierarchical and modular)
verification. The problem is to determine whether p E g, where p represents a specification and g
an implementation of an interacting system. Typically, one devises a chain of intermediate
specifications S, Si, ..., & suchthat ss=p and s, = q (see Figure 15). Consecutive
specifications (including p and g) may be broken into components. s = ¢; X ¢; X [land S4 =
(d]_l X d12 X D:m X (d21 X d22 X D:m x [ Oneverifies, for eaCh], that G = dj]_ X djz x [ By
monotonicity of X with respect to =, oneobtains s £ s.;. By the same procedure, one obtains s¢
E s« foreachkin {0, ...,n—1}. By transitivity, p = q isestablished.

Structured verification can reduce computational costs by breaking the overall verification
problem into smaller problems. Note that projection operators may be useful as constructors of
intermediate specifications, but are not necessary for structured verification. Intermediate
specifications may be guessed or derived by other methods.

Statement 13 (Verification) For processesp and q,
PEQq < -pXgqUORs.
Proof Let p=(Xy, Yy and q= (X Y2).

-p X gqORs

- a(-pxq=%

e X]_ﬂYzUY]_ﬂXzzf

= KNY)uY,UuX, = E

= KuYiuX)Nn(MaUYiuX) = E { distributivity of U through N}
s (XUuX)N(Y2uYy) = F (i X1 A XS Yy}
= X]_UYZZZ‘/\YzLJV]_:f

= X12X A YiEY,

- PpPEQ
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Another proof of Statement 13 can be obtained by inspecting

Y, Y, the Venn diagrams in Figure 16. The markers in Figure 16

— — (a) indicate set intersections that must be void for p = g to

. }Yz P }Yz hold. For example, the two markers on the rightmost column

X2|: o X2|: o of Figure 16 (&) meanthat X, N X; = &, i.e, X, € X;. The
(R (R markers in Figure 16 (b) indicate the acceptable set of —p X

X1 X1 0. We check that the sets in Figure 16 (a) and (b) are

(a (b) complementary, meaning that the set in Figure 16 (a) is void

if and only if the set in Figure 16 (b) is £. Although this
proof technique can be applied to most statements in this
paper, we prefer logical deduction for a more insightful
presentation.

Figure 16: Diagramsfor proving
Statement 13.

Statement 13 links the autonomous and relative notions of correctness. Informally speaking,
implementation q is correct with respect to specification p if and only if q operates correctly in the
matching environment of p.

Statement 13 permits to verify whether an implementation satisfies a specification by placing
the implementation in the environment of the specification, and then checking an absolute
correctness condition on their product. Such approaches were taken in [Eb89, Eb91] and further
developed in [Di89], for their models.

Statement 14 (Testing) For processesp and g,
PEQq < VrOSg (rxpOR: O rxgORe).

Proof By Statement 13 and Statement4 (), r X p0 Rz =« -rEpad r x qU Rz = -r
C g. Thus, itissufficient to prove

PEQq « VrOSz (-r&p 0 -rzq).

(O0) By trangtivity of = (Statement2 (b)), p=q A -r&=p O -r Eqg.
(0) Let r=-p. By Statement 4 (a), —r = p. By reflexivity of = (Statement 2 (a)), —r = p.
By hypothesis, -r = g. Since —r = p, wehave p E g.

a

Statement 14 is another link between the autonomous and relative notions of correctness. One
can define refinement from a testing point of view: p is refined by q if q passes any test that p
passes. Passing atest r can be viewed as the absence of rejects when the device is coupled with r.
Statement 14 shows that this testing definition of refinement is equivalent to the direct definition we
use.

The testing paradigm is commonplace in concurrency theory (see e.g. [dNH83]).

Statement 15 (Design) For processesp, q andr,

PEgXr <« p®-qcr.
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Pr oof
pEQgXTr
-pxXqXxXrORg { Statement 13}
= —(p®-q xXrdRg { Statement 4 (a) and (c")}
= pe®-gqCcr. { Statement 13}

a
The design equation is
p=qgxr,

where process p represents a known specification, process g represents a known part of the
implementation and process r represents the unknown remaining part of the implementation.
Statement 15 solves the design equation by showing that the minimal solutionis p & —q.

Related results can be found, for instance, in [Pro1], [Ve94a], and [V e94b].

One possible application of the design equation may be the design of software for embedded
systems. In that case, p can be the (known) specification of the embedded system, g the (known)
description of the underlying machine, and r the (unknown) specification for the software. Another
possible application is the design of interface circuitry for communication protocols: p and q are
two interfaces, and r is the specification for the ‘glue’ circuit.

By the duality principle (Subsection 4.1), we also claim the duals of the results above.

Many available parts and subsystems are robust (or sold as such), i.e., they are intended to be fool-
proof and have a defined behavior in any environment. For example, voltage regulated sources
often have overload protection. At the same time, the environments (e.g. users) should ideally be
assumed to be chactic. In these conditions, it is important to understand and exploit the
characteristics of robust and chaotic processes.

Statement 16 (RC Decomposition)

(a) For processp, there exist unique chaotic process q and robust process r such that
qxr=p.

(b) For p, g, andr asin Part (@), we have
q=pn® A r=puo®.

Recall that robust processes can be regarded as pure guarantees, and chaotic processes as pure
requirements. Statement 16 (&) shows that every process is the product of a pure guarantee and a
pure requirement, while Statement 16 (b) provides a way to compute the factors. One application
is that the robust and chaotic facets of a process can be ‘dealt with’ separately. For example,
dynamic RAMs have a periodic refresh requirement in order to preserve valid data. Such a
requirement can be satisfied by a subsystem designed specifically for that purpose, i.e, by a
subsystem that refines the reflection of the chaotic part of the DRAM. The product of the DRAM
with the refresh subsystem can then be used as a robust subsystem.
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By dudlity, the same decomposition holds for the exclusive sum.

Statement 17 Ry isclosed under X, @, U, and .

Statement 17 implies that the coupling of two robust devices or environmentsis also robust. A
conseguence isthat one can ensure the robustness of a system simply by using robust components.

By duality, the same closure properties hold for C.

Statement 18 (Robustness) In thelattice {S;, U, M), R isthe principal filter generated by ®.

Statement 18 provides a characterization of robust processes as those processes better or
identical to the void process.

By duality, C is the principal ideal generated by @, and the chaotic processes are those
processes worse or identical to the void process.

5 Further Applications of Process Spaces

In this section, we propose other applications of the process space formalism, by instantiating the
execution set.

5.1 Electrical Networks

Process spaces may aso be useful in the study of electrical networks, especialy if the precise
values of the parameters (coefficients) are unknown, but only ranges are given. If there are n real

state variables of interest in the network, one may take the execution set to be R". The processes
corresponding to parts or sub-networks are determined according to the agreement pattern
described in Section 2.

Vi R \Z

B EA

Figure 17: Network for Example 7.

Example 7 Figure 17 represents a steady-state network (a DC circuit). The outputs of two
voltage sources s1 and s2 are connected by a resistor r. There are four variables of interest:
Vi, 11, Ve, and Iy, the output voltages and currents of the two sources; correspondingly, we take

the executions to be vectors (Vy, 11, Vo, 1) from [R4 (the units are in the internationa system).
We assume that source sy deliversan electromotive force between Vyimin and Vimx aslong as Iy
isbetween Iy, and Iymax. Accordingly, we represent the sources by processes

4

nst = ( {(Vo 1, Vo, I)) OR | Vigin < Vi < Vigad,
4

{(Vo, 1, Vo, ) O R | lamin < 11 < limad ),
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4

ns2 = ( {(Vul, Vo, o) OR | Vapmin
4

{(Vl1 Il1 V21 |2) |:| [R | |2min

Vo < Vomad s

<
< b < lmad )

We also assume that the resistance of r isr and that R can operate under any voltages.
Accordingly,

R = ({(Valy, Vo, 1) OR" | li+1,=0 A rli=Vi—Vi}, RY).

= lomn = —25mA, and r = 10Q. Robustness of product is not satisfied for parameters in these
ranges. For execution z= (5.2, 0.03, 4.9, —0.03), wehave z[Jasns1 N asns2 N asnr, but z

Oatnsi. Itfollowsthat nsi X ns2 X nr O Res.
The violation can be interpreted as follows. Due to dlack in the values of the electromotive
forces, a short with a current larger than 25mA may occur, which may damage the sources.

5.2 Dynamical Systems

Process spaces may also be useful in the study of dynamical systems. If there are n real state
variables of interest (counting derivatives as well), one may take the execution set to be the set of
functions from R (the time domain®) to R". Some simplifications are possible for particular types
of dynamica systems. For instance, the execution set can be taken to contain only continuous
functions or can be taken to contain distributions whose Laplace transforms are ratios of
polynomials. The processes corresponding to dynamical systems are determined according to the
agreement pattern described in Section 2.

dv/dt

<

[ ]

[

Figure 18: Requirement of Brockett ring type.

One possible use for process spaces in dynamical systems may be to set proof obligations
sufficient to allow for a smpler paradigm, such as the discrete-state approximation (where states
are assumed to be from a finite or countable set). [GC94] demonstrates several difficulties with a
toggle eement at very high and very low switch frequencies. However, [GC94] uses a Sine wave
for input. Some of these difficulties may turn out to be avoidable if all voltages in the circuit are
restricted to be either low, high, or changing fast. This requirement (a Brockett ring requirement
[Br89]) amounts to restricting the phase trgjectories for each variable (i.e. the possible sets of pairs
(V, dv/dt)) to be within a region of the phase plane such as the shaded area in Figure 18 (aregion

2 The time domain can also be discrete (e.g., the set of integers).
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topologically isomorphic to an annulus, i.e., there exists a continuous bijective mapping of the
phase plane to itself that transforms that region into a ring-shaped region), under appropriate
differentiability assumptions. Accordingly, one can restrict the contract sets to comprise only
functions that satisfy such a requirement. If an execution violates this requirement on an input
variable of a dynamical system, that execution will be considered a regject for the process
representing that system. If an execution violates the requirement on an output variable, that
execution will be considered an error. The refinement condition may be used to prove that, for
each cell in acircuit, if the input signals of that cell satisfy the Brockett ring requirement, then that
cell operates according to a discrete-state approximation, and moreover, its output signals also
satisfy the Brockett ring requirement. The robustness condition will tell whether the Brockett ring
requirement is satisfied by the inputs of all cells, to ensure that the discrete-state approximation can
be used without bad effects.

5.3 Bi-directional Ports

In Section 3, we have assumed that the ports of a concurrent system are either inputs or outputs
throughout the operation of that system. However, sometimes a port may change direction. For
example, in larger digital components, a data line is sometimes an input (driven by the
environment) and other times an output (driven by the device), in order to reduce the number of
pins on the package. In such situations, one can treat an event as an input event if that event
occurs while the corresponding action is an input action, and as an output event if that event occurs

whileits action is an output.’
cf d

Figure 19: Component for Example 8.

Example 8 The component p in Figure 19 has a control output ¢ and a data line d. When c is
high, d is an output; when c is low, d is an input. Signal d may change only once or may not
change at al between two transitions on ¢ or before the first transition on c. Both d and c are
initially low. The safety process of component ¢ is a process over ‘U*, determined by the
agreement pattern in Section 2.

op = ( pref(dc U c)* U ((dc U c)(dc U c))*dd{c, d}*
, pref(dc U c)* U ((dc U c)(dc U c))*[idc U c)ldd{c, d}* ).

The contracts of op are finite words that have no two consecutive d events. |If two consecutive d
events occur in a finite word, that word is a regject or an error according to whether signal d is an
input or an output at the time the second d event occurs. For instance, execution dd is a reject
because the second d occurs while d is an input, and the violation is due to the environment.
Execution cdd is an error because the second d occurs while d is an output, thus the violation is
dueto the device.

3 Here, we assume that the direction switches are instantaneous, just as events are. More detailed treatments can also
be obtained with process spaces, by adynamical system or by ‘true concurrency’ execution models.

24



Process Spaces

5.4 Input Control

Input control is a connectivity concern for concurrent systems which forbids dangling inputs.

In[Ve94a), studies of various connectivity concerns are proposed. Those studies are based on
the ‘testing paradigm’, and thus have a high degree of similarity with the modelsin [Ve94b]. On
the other hand, those studies are not homogeneous (e.g., the operators for parallel composition
actually differ among the various models for connectivity and behavior concerns in [Ve94a,
Ved4b]) and are not decoupled (e.g., absence of dangling inputs was not studied independently
from other connectivity concerns).

For studying input control, we consider that each concurrent system s is represented by its
action control process, aprocess ks over U. By an uncontrolled action we mean an action that
is not an output of a process. The action control processes are determined by the agreement
pattern described in Section 2, applied to uncontrolled actions. The following examples illustrate
action control processes and meanings of robustness and product in this interpretation.

£ NS

(@ (b)
Figure 20: Circuit and gate for Example 9 and Example 10.

Example 9 Let the components of the circuit in Figure 20 (a) be c, BUF, and INv, from top to
bottom. For each component in Figure 20 (a), we take the accessible uncontrolled actions to be al
actions from ‘U that are not outputs of that component, and the acceptable uncontrolled actions to
be dl actions that are not inputs of that component. Letting ‘U = {a, b, c, d, €, we have (after
some straightforward manipulations):

KC X KBUF X KINV

({a,b,d, e}, {c,d e) x {ab,cd}, {abrce) x ({abce, {abcd)
({a b}, {c} U{a b})

({a b}, {c d €})

R{a, b,c,d, e}

Ononon

Notethat U \ at(kKC X KBUF X KINV) ={a, b} indicates precisely the two dangling inputsin the
circuit.
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Example 10 Input control can also be considered in a relative sense. Let us check whether the
circuit in Figure 20 () is a correct implementation of the AND gate in Figure 20 (b), with respect to
input control. For that, we demand KAND = KC X KBUF X KINV. The action control processes
of the components are asin Example 9. We have

as(KC X KBUF X KINV)

= {a, b} {asin Example 9}
c {aDb,d, €

= asKAND

at(KC X KBUF X KINV)
= {c,d, € {asin Example 9}
at K AND

The condition is satisfied. Informally speaking, the two dangling inputs of the circuit are
controlled by the environment of the AND gate.

55 Timing

Timing properties can be decided by the time-stamped partial executions of a concurrent system,
i.e., the finite or infinite sequences of pairs of actions and time-stamps representing events that
occur up to a certain time. We take the time domain to be [0,00), the set of non-negative real
numbers.*

For pair (a, t) O UXx[0,), let a(a, t) =a and t(a, t) =t. For finite sequence x, let dx be the
domain of indices of x, whichistheset {i 07 | 0 <i <}, where 7 isthe set of integer numbers
and | isthelength of x. Let the elementsof x be X, ..., X-;. For example, the domain of indices of
aba is {0, 1, 2}, (aba), isb, and the domain of indices of € is &. With this notation, we take
the execution set tobe F = {x O (UX[0,00))* | V i, j Odx (i <j O tx < tx)}. Inwords, the
executions for timing are the finite sequences of pairs of an action and a time-stamp such that time-
stamps are in increasing order. For instance, (a, 0.4)(b, 0.4)(c, 2) O F, but (a, 1)(b, 0.7) O F.
For studying timing, we represent a concurrent system by its timing process, a process over F.
The timing processes are specified by the agreement pattern described in Section 2, applied to time-
stamped partial executions. There are no other restrictions on specifying the timing processes.

Under this representation, timing faults are detected as violations of refinement or robustness.

5.6 True Concurrency

In Section 3, we have assumed that events are instantaneous. Simultaneous occurrence of two
events was modeled as two possible interleavings of those events. In the ‘true concurrency’
paradigm, simultaneous occurrence of two atomic events is different from the possibility of both
interleavings, which is perhaps a more accurate but more complicated point of view.

For a*true concurrency’ model, one can consider actions to be elementsof P (U) (subsets of
‘U), as opposed to atomic actions, which are elements of ‘U. Events are occurrences of actions,

4 Other time domains are also possible, such as the whole set of reals, the set of natural numbers, etc.
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and atomic events are occurrences of atomic actions. The execution sets are determined by the
agreement pattern in Section 2, applied to sequences over P(U). Contracts can be determined
just like in Section 3, but they contain sequences over P(U) instead of over U. Determining
reject and error sets has a subtlety, if an illegal event contains both an illegal input event and an
illegd output event. In such situations, the resulting execution is typically a reject rather than an
error.

[c], [c, d]
[d]
[&], [a d]

[&], [a d]

[d]
[b], [b, d]

[d]
Figure 21: Contract set for Example 11.

Example 11 Consider a component TOGGLE with input a and outputs b and ¢, which repeatedly
inputs an a event and outputs either a b event or a ¢ event, alternating b and c. For illustrative
purposes, assume there also exists an atomic action d which is not ‘seen’ by the TOGGLE. The true
concurrency safety process of TOGGLE is a process o' TOGGLE over P (‘U)*. The contract set of
O'TOGGLE isasin Figure 21, where events are represented as lists of atomic events within square
brackets. Note that d atomic events may occur arbitrarily. Execution [a][a, b] isargect of o
TOGGLE, because TOGGLE may issue a b after the first a, but a second a is not expected until an
output atomic event of TOGGLE. On the other hand, execution [a][a, c] isan error of ' TOGGLE,
because [a, c] contains both an illegal input atomic event (no a is expected until an output atomic
event) and an illegal output atomic event (it is not the turn of c).

6 Conclusionsand Further Work

A new theory of interacting systems has been presented. Some of its novelties are abstract
executions, totally decoupled and homogeneous correctness concerns, a unified treatment of
discrete-state and continuous-state systems, the absence of connectivity restrictions, a
representation of interacting systems by execution sets only (no states or action sets), the formal
operators for this representation, the existence, meaning, and properties of an exclusve sum
operation for interacting systems, a definition and characterization of robust and chaotic processes,
the decomposition of a process into a ‘ pure guarantee’ and a ‘ pure requirement’, a classification of
lock faults, an approach for dealing with bi-directiona (input/output) ports, generalizations and
simplifications of previous results from concurrency theory, new algebraic properties of concurrent
systems and other interacting systems, a study of systems with possibly infinitely many
components, a duality principle for interacting systems, a procedure for structured verification
without connectivity restrictions, and diagrams for process spaces and for absolute and relative
lock faults.
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The process space product, refinement, and reflection, and some of their properties relate to
operators introduced previously in concurrency theory (see Sections 3 and 4). However, we are not
aware of a previous treatment of concurrency with any of the characteristics of process spaces we
have mentioned in Section 1. In particular, it appears that the key idea of abstracting the notion of
execution has not been proposed before. The *lack of popularity’ of thisideais not surprising. To
aiminate the structure of executions, we have abandoned the notions of events, states, actions, and
ports, and we have had to abandon al the related restrictions as well. These notions, in one form
or another, stand at the basis of each of the previous treatments of concurrency known to us. Also,
in process spaces there are no concepts of causality or even sequential ordering.

Process spaces are applied to safety, liveness, progress, and other correctness concerns and
types of systems. For this, executions are finite words, infinite words, input and output actions,
time-stamped sequences, vectors of real numbers, or functions of a rea variable. More
applications should be possible, for other types of executions; this is an important direction for
further work.

From the study of liveness and progress by process spaces, a new classification of absolute and
relative liveness and progress faults is obtained, which appears to generalize the notions of
deadlock, starvation, and livelock. Another topic for further work may be the modularity and
hierarchy properties for the proposed types of lock faults, following from the results in Section 4
applied to liveness and progress processes.

Another direction for further work is to identify and characterize classes of systems that occur
often in practice, and to study the closure properties of such classes under the process space
operators. For example, a frequently occurring relationship between the liveness and progress
processes of a concurrent system has been presented at the end of Subsection 3.4.

The refinement partial order induces a lattice of processes which is complete (Subsection 4.1)
and has all dements defined explicitly. (We did not need to introduce new elements by their
operations to complete the structure.) 1t may be interesting to philosophize over the execution sets
of top, bottom, and void, and what they stand for in ‘redl life’.

Process spaces admit a duality principle based on de Morgan's laws for product and exclusive
sum (Subsection 4.1). Certain aspects of this duality have appeared before in concurrency theory,
but, to the best of our knowledge, this duality has never been formally stated. Apparently, the
existence of a dual operation for the parallel composition, or its de Morgan’s laws, have not been
mentioned before. The difference between the process space product and its dual (exclusive sum)
is subtle enough, and they are the same, say, for robust processes; it is easy to confuse them at an
intuitive level.

This paper only starts to explore the algebraic properties of process spaces. These algebraic
properties and the related techniques for verification, design, etc. are inherited wherever process
spaces apply. We are currently studying other algebraic properties of process spaces.

Automated manipulation of finite-state processes can be achieved by tools for regular
languages. However, as in other concurrent system problems, one encounters the obstacle of state
explosion: the number of states of the product of a system may grow exponentially with the number
of processes in the system. Further work should explore and apply efficient methods for coping
with state explosion. For now, the complexity of the verification problem can be reduced by
applying the structured verification procedure we outline in Subsection 4.3. For the first time, we
have eliminated all connectivity restrictions from structured verification.

Further work should also link process spaces to other models of interacting systems by
assigning safety processes, liveness processes, etc., to objects in other models, and then relating the
process space operators and relationships to their counterparts in other models. Such work may
provide a unified point of view in concurrency theory and a basis of comparison among models.
Moreover, such work may benefit the other models by ensuring that all process space properties
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(present and future) apply to those models as well (perhaps under certain restrictions on the
processes involved). This way, the users may apply process space techniques, while still enjoying
advantages of other models. It is hoped that simplicity and a higher-level understanding will lead
to agreater confidence in concurrent systems.
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