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Abstract

A formal model and a logical framework for the functional specification of time
sensitive communicating systems and their interacting components is outlined. The
specification method is modular with respect to sequential composition, parallel
composition, and communication feedback. Nondeterminism is included by
underspecification. The application of the specification method to timed
communicating functions is demonstrated. Abstractions from time are studied. In
particular arational is given for the chosen concepts of the functional specification
technigue. The relationship between system models based on nondeterminism and
system models based on explicit time notions is investigated. Forms of reasoning are
considered. The alternating bit protocol is used as arunning example.
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1. Introduction

The behaviour of distributed systems that communicate by exchanging messages can be
represented by functional models. By such a modelling, systems that operate embedded into some
environment are described by functions that map histories of input communications onto histories
of output communications. Communications of a system can be internal, i.e. between the
components of a system and therefore not necessarily important nor even observable from the
environment, or external, i.e. lead to an exchange of messages between the system and its
environment. In the latter case we speak of input and output of the system. The causal or logical
relationship between input messages and output messages is called the (extensional) behaviour of a
system. A simple way for representing the behaviour of interacting systemsisatrace. A traceisa
sequence of communication actions providing the input/output history of a particular instantiation
of a system. Since traces do not emphasize compositional forms and the conceptual difference
between input and output for interacting system components, we use functional models for
representing the behaviour of systemsinstead of traces.

In afunctional specification of a component that is part of a distributed system, interaction and
communication are essential. The behaviour of system components can be understood by
mappings that relate the input received from the environment to output sent to the environment (cf.
[Kahn, MacQueen 77], [Broy 85]). Formally this can be modelled by prefix monotonic functions
mapping histories ("streams") of input communications onto histories of output communications.

Prefix monotonicity reflects a basic property of communicating systems. assume we have
observed a finite sequence of output messages for a corresponding finite sequence of input
messages. Then if we observe additional input (thus the old input sequence is a prefix of the
extended one) we may just observe additional output (thus the old output sequence is a prefix of
the extended one). Prefix monotonicity provides a notion of causality between input and output. It
reflects the stepwise consumption of input and production of output and guarantees the existence
of least fixed points, which is mandatory for giving meaning to communication feedback loops.
Using streams and stream processing functions for modelling interacting computations has been
proposed many times before in the literature (see also data flow approaches, such as [Kahn,
MacQueen 77]).

A specification of a system component can be given by a predicate that characterizes the
component's behaviour. Technically such abehaviour is described by a class of stream processing
functions. For every input x and every choice of afunction f from this class, a system behaviour



with output f(x) is obtained. It seems methodologically fruitful to specify systems by giving a set
of properties. Following this concept the functional behaviour of a system is described by a
number of properties represented by logical formulas. The properties can be classified into safety
properties and liveness properties. Safety properties describe system characteristics that can be
falsified by finite observations. Accordingly liveness properties correspond to characteristics that
can befalsified only by infinite observations.

Agents the behaviours of which depend on the timing of the input messages can be modelled aso
along the lines described above by introducing particular time messages. An interesting question
that we want to discuss in the following concerns the relationship between models of
communicating systems including explicit notions of time and abstractions from time by the
concept of nondeterminism.

In our functional setting a system component is called nondeterministic, if there are several output
streams possible for a given input stream. Nondeterminism generally causes a number of
complications for the semantic treatment of communicating systems. Nevertheless, since
nondeterminism is an important methodological concept, it has to be incorporated into a
specification formalism. The reasons arein particular as follows:

- the abstraction from certain only operationally relevant details (such astime, storage etc.) keeps
the specification more understandable and more managesble,

- leaving open certain properties in specifications that are not relevant or should be determined
only later in the design process avoids overspecification and brings additional flexibility.

Accordingly, nondeterministic specifications of systems with time dependent behaviour are of
interest.

Nondeterminism of systems is easily incorporated into functional specifications by
underspecification: there may be several functions that meet the predicate specifying an agent and
any of them can be chosen for generating system behaviours. Strictly speaking it does not make
any difference whether a choice is done throughout the design of a system component (removing
underspecification) or left open in the implementation as nondeterminism in the execution.

However, for particular agents at particular levels of abstraction the input/output behaviour cannot
be modelled ssimply by a set of prefix monotonic functions. Examples are system components that
produce output as long as there is input on at least one of its input lines. For those agents
particular, in principle possible, behaviours should only be chosen for input histories with certain
properties. In particular, when abstracting from explicit time, there may exist conflicts between
time oriented choice conditions and the requirement of monotonicity. These conflicts can be solved
by either introducing an explicit notion of time into the proposed model or by considering so-called
input choice specifications. Input choice specifications allow the expression of liveness properties
of agents that depend on certain time properties of input histories. For such agents the
nondeterministic choice of a behaviour function may depend on the timing of the specific input.
Input choice specifications allow one to handle even such time dependent agents by
nondeterminism without including necessarily explicit time notions into the semantic model.

The presented approach is powerful enough to deal with the specification of liveness properties
that are considered especially difficult in specifications such as fairness or responsiveness in the
absence of input. The particular forma model for specification has been chosen carefully for
avoiding anomalies (such as the one described in [Brock, Ackermann 81]).



Timing aspects are of high importance in computing science. In many safety critical applications of
process control systems the timing of the system actionsis decisive. Therefore, if forma methods
are to be applied for increasing the reliability of such safety critical applications by formal
specification and verification techniques the formal modelling of timing aspects and a logical
formalism for reasoning about them is necessary.

Most early work on the formal treatment of interactive system mostly did not consider timing
aspects at all. Instead of explicit notions of time some nondeterministic scheduling was assumed.
Fairness was used to incorporate some properties of scheduling that are not appropriately
represented when using just straightforward nondeterminism.

The papers of treatment of time can roughly be divided into three categories. In the first largest
category we may see al the work giving logical calculi for the verification of time properties using
assertion logic or temporal logic (cf. [Bernstein, Harter 81], [Zwarico, Lee 85], [Jahanian, Mok
86], [Bernstein 87], [ Shankar, Lam 87], [Davies, Schneider 89], [Hooman, Widom 89], [Joseph,
Goswami 89], [Ostroff 89], [Koymans 90], [Schneider et a. 91], [Hooman 91]).

In the second category we see dl the work on given formal models for real time systems aswell as
semantics to real time languages (cf. [Broy 83], [Koymans et al. 83], [Reed, Roscoe 86],
[Huizing et al. 87], [Reed 89], [Yi 90], [Berry, Beneviste 91]). Reed and Roscoe relate timed and
untimed models.

In athird category we see more recent papers on algebraic properties of real time languages (cf.
[Baeten, Bergstra 90], [Nicollin et al. 90]).

In the following we concentrate rather on two aspects that are not so directly present in the
literature mentioned above: the specification of timing properties and the relation between timed
and untimed models for interacting systems.

The remaining part of the paper is organized as follows:. in section 2 the basic mathematical
structures for functional system models are introduced such as streams, the basic operations on
streams, and the notion of stream processing functions.

In section 3 functional system specifications are introduced and related to system models using
sets of action traces.

In section 4 the alternating bit protocol istreated as an example for amodular system specification.
A particular problem in functional system specification isidentified that is caused by the fact that
the relative timing of messages on different channelsis not used for determining the output.

In section 5 afunctional model of timed componentsis introduced.

In section 6 this mode! is related to the nontimed functional model and abstractions for a certain
class of time insensitive components are defined.

In section 7 input choice specifications are introduced that allow to abstract from certain
components in the timed model that are not time insensitive in the strict sense.

In section 8 the concept of input choice specificationsis related to safety and liveness properties.

In section 9 it is shown how input choice specification can be seen as time free abstraction of
certain timed components.

In section 10 properties are given that allow to guarantee fixpoints for modelling communication
feedback for input choice specifications.



In section 11 it is shown how the correctness of the alternating bit protocol is proved formally
based on the functional specification.

In section 12 he full abstractness of the functional specification technique is defined and an
equivalence relation of full abstractnessisintroduced. Finaly it is shown how timed and nontimed
models of components can be used side by side.

2. Basic Structures

For agiven set M of messages a stream over M is afinite or infinite sequence of elements from M.
By M* we denote the finite sequences over the set M. M* includes the empty sequence which is
denoted by <.

By M we denote the infinite sequences over the set M. M= can be understood to be represented
by the set of total mappings from the natural numbersN into M. We denote the set of streams over
the set M by M®, Formally we have
M® =get M* U M®°.

For simplicity we write also & for the finite stream consisting of n copies of the element a.
Streams can be understood to represent the history of communications (on channels) between
components of interactive systems. We introduce a number of functions on streamsthat are useful
in system descriptions. For every stream s we may define its length. The length of a stream is
infinite or anatural number. It will be denoted by #s. Formally we have

# MO — N U { o}

A classical operation on streams is the concatenation which we denote by *. The concatenation isa
function that takes two streams (say s and t) and produces a stream as result starting with s and
continuing with t . If sisinfinite then the result of concatenating s with t yields s again. Formally
we have for the concatenation the following functionality:

JOMOX MO MO
On the set M@ of streams we define aprefix ordering . Wewrite st t for streamssand tif sisa
prefix of t. Formally we have for streamss and t

sct iff Arsr=t
The prefix ordering defines a partial ordering on the set M® of streams. If st t, then we also say
that sis an approximation of t. The set of streams ordered by £ is even complete in the sense that

every directed set S ¢ M® of streams has aleast upper bound denoted by lub S. A nonempty set
S whichis subset of a partially ordered set is called directed, if

VX,ye SSdze S Xczaycz.

With the technique of least upper bounds of directed sets of finite streams we are able to describe
infinite streams. Infinite streams are also of interest as (and can also be described by) fixed points
of prefix monotonic functions. Note, the streams associated with feedback loops in interactive
systems can be seen as such fixed points.

A stream processing function isafunction



f: MO — N®

that is prefix monotonic and continuous. The function f is called monotonic, if for all streams s
and t we have

sct = fscft.
For better readability we often write f.x for the function application instead of f(x). The function f
iscaled continuous, if for all directed setsSc M® of streamswe have

lub{f.ssse S} =f(lub S) .
If afunction is continuous, then its results for infinite input can be predicted from its results on all
finite approximations of thisinput.

By L (called "bottom") we denote the pseudo element which represents the result of diverging
computations. One has to deal with diverging computations at the level of the processes computing
the individual messages (such as nontermination of recursive calls or nonterminating while loops
without send or receive actions). Thisis the reason for introducing L. We write ML for M U { 1}.
Of course, we assume that L is not an element of M. On M-- we define a simple partial ordering
by:

Xey iff x=yvx=1

We use the following functions on streams

ft: M® — ML, first
rt: M® - MO, rest
& :MLx MO 5 MO, cons

The function & (called "prefixing") uses as arguments a message m and a stream s and produces
as result a stream that has as its first element x and as its rest the stream s, if the element x is
defined (i.e. x # L), otherwise the stream collapses to the empty stream. Note, the empty stream <«
as being the least element in the domain of streams corresponds to the indication "output
undefined” aslong asis further input unspecified and not to the message "end of transmission”.

The properties of the functions can be expressed by the following axiomatic equations:

1 & s=o, re.o = o,

ft(x & ) = X, Xzl=rmnXx&s) =s,
o’'s=s=50, Xzl =X&9)T=x& (ST),
#o =0, Xzl =>#X & S)=1+4#s

Sometimesit is useful to work with afilter function on streams. Given aset Sc M and a stream x
e M® we write SOx for the substream of x consisting only of the elements of x contained in S.
Formally we define

SO = o,
SO(d& x) =d & (SOX) ifde S,
SO(d & X) = SOX if ~(de 9).

We denote the function space of (n,m)-ary prefix continuous stream processing functions by:



(MO — (M®)M
The prefix ordering £ induces an ordering on tuples of streams and on this function space as well.

Note, the operations ft, rt, and & are prefix monotonic and continuous, but the concatenation ™ as
defined above is not prefix monotonic. Prefix monotonicity reflects a characteristic property of
interactive systems. communicated data cannot be changed after being shown as output. In
addition, monotonicity gives the formal platform for handling communication in feedback loops:
feedback is trandated to fixed point equations, which are known to have solutions, if the involved
functions are monotonic.

For composing stream processing functions we may use the three classical forms of composition,
namely sequential and parallel composition and feedback. Let g be a(n,m)-ary function and h be a
(n',m"-ary stream processing function.

We denote parallel composition of g and h by g||h. g|jh is a (n+n',m+m")-ary stream processing
function. Parallel composition can be visualized by a diagram:

—i— e
9

—— e

—_— -
h

—_— -

We definefor x e (MO)N, ze (M)

(gllh).(x,2) = (9.x, h.2) .
Let m = n'; we denote sequential composition by (g ; h). (g ; h) isa(n,m’)-ary stream processing
function. Sequential composition can be visualized by a diagram:

— - — -

—_—| }— -

We define for x e (M®@)"-
(g;h)x =h.gx.

We define the feedback operator uk for a (n+k,m)-ary stream processing function f wherem > k.
ukf is a (n,m)-ary stream processing function derived from f by k feedback loops. This can be
visualized by a diagram:

X z
__>f -

(Y




We definefor x e (M®)N
(ukf).x = fix A z, y: f(X, y)
whereze (M Q))m‘k, ye (M w)k. By fix we denote the least fixed point operator. We write uf for
ulf.
In amore readable version we may specify the p-operator as follows: we have
(2, y) = (uKf).x,
if (z, y) istheleast fixed point of the equation
(z,y) =f(x, y).

Formally (pkf).x denotes a fixed point relative to X, i.e. for every given tuple x of streams we
obtain (z, y) by afixed point construction.

Note, the fixed point concept reflects the characteristics of feedback of communications in an
appropriate manner. The output of the agent f is sent back to its own input line. If further output
requires more input than available this way no more output is generated. Thisis properly modelled
by the assumption that the fixed point is the least one.

3. Functional System Specification

A simple example of a specification of a system component is an interactive stack. It can be
modelled by afunction

f: (DL{?%})® — DO,
Here data messages in the input stream are understood as to be pushed onto the stack and

messages " ?" are understood as messages indicating requests for data. We specify the behaviour
of the interactive stack by the formula (for x e D*, de D,y e (D W{?})®):

fx=o,

f(X«b™<>y) =d & f(X7y) .
The first equation indicates that the interactive stack does not produce any output as long as no
request signals are received as input. The second equation indicates that the interactive stack, after
having received afinite sequence x of data messages followed by the data message d and arequest
signal, produces the data message d, which is the last data message received before the request

signal, as output and then produces the same output as an interactive stack on the input without the
data message d and the request signal.

Similarly, an interactive queue can be specified by replacing the second equation by:
f«d™X«>y) =d & f(X7y) .

Note, in both cases the function f is not uniquely determined by the given equation, since nothing
is said about its output for an input of theform ? & .

A system component with n input lines and m output lines accepts n streams as input and produces
m streams as output. It is called (n,m)-ary agent. An agent specification describes the behaviour of
an agent.



For a deterministic agent its behaviour is represented by a stream processing function. For a
nondeterministic agent its behaviour is specified by aclass of stream processing functions. Several
instances of an agent may occur in a system. In every instance (every execution) one function is
chosen from that class for determining one particular output. An agent specification thus can be
represented by a predicate

Q (MO — (MO — B
where B = {1, 0} represents the set of truth values.

A ssmple example for ahighly nondeterministic agent is afork that receives a stream as input and
produces two streams as output by splitting the input stream:

FORK.f =V x,V, 7 d: fx=(y, 2 = #{d}©Ox) = #{d} ©y)+#({ d} ©2).

Another basic example for a nondeterministic agent is the merge agent that nondeterministically
merges two streams. It can be specified by the predicate MERGE:

MERGEf =V x,y: 3 oraclee {1, 0} ®: f(x, y) = sched(x, y, oracle) A #oracle = o
whereV a, b, c. sched(a b, 0& c) =ft.a& sched(rt.a, b, c) A
sched(a, b, 1 & c) = ft.b & sched(a, rt.b, c) .

A function f with MERGE.f need not to be fair and it may be strict, i.e. we may have (evenif x =
oandy # o) :

f(x,y)=x.
Strictness is an issue here, because for may practical applications we prefer a merge that does
guarantee correct transmission on one of its input lines even in cases where the component
providing input for the other line runs into a diverging computation (i.e. the merge should be
nonstrict).

A version of aspecification of a (on infiniteinput) fair merge agent reads as follows:
FAIR_MERGE.f =V x, y: 3 oraclee {1, O} ®: f(X, y) = sched(x, y, oracle) A
#{1} ©oracle) = = A #({ 0} ©oracle) = e .
Again we may have
f(x,y) = x

for finite streams x, but not for infinite ones. A specification of a nonstrict and fair version of
mergeisgiven later.

Stream processing functions
f: (MO — (Mo)M
can be seen as a special case of an agent specification, i.e. as a deterministic agent specification.
For notational convenience we write
f
also for adeterministic agent specification Q with Q.h = (f = h).

The combining forms for stream processing functions carry over to system specifications by
pointwise application. Let Q and Q' be specifications for (n, m)-ary and (n',m’)-ary agents resp.
We define:
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(QIQ)f =43 9. h: QgaQ.haf=glh,
Q;Mf=x¢IFg N QagAQ.haf=g;h,
ukQ) f=¢3 g QoA f=pKg.

A decomposition of specifications into safety and liveness properties as suggested in [Lamport 83]
and [Schneider 87] may help in the understanding of behaviours of agents. It is defined as
follows:

- safety properties correspond to characteristics of a system that can be falsified by finite
observations. A finite observation for an input x consists of some finite output which is an
approximation for some possibly infinite totally correct output produced for input x. This
observation does include the causality between input and observed output. For every prefix x' £
X we may observe which is the maximal prefix y' E y that can be caused by input x' (when
assuming that the output is a prefix of y).

- liveness properties correspond to characteristics of a system that can be falsified only by infinite
observations.

Since a specification of an agent should provide enough information about its saf ety properties to
determine the safety properties of composed systems in which the agent is used as component we
do not specify asimple input/output relation, but a set of prefix continuous (and thus monotonic)
functions. This way the causality between input and output in the sense of safety propertiesis
properly indicated. This will be demonstrated by an example below. Each of the functions
specifies information about system behaviours in the sense of possible courses of computation.

The notion of observation has proved to be central in the understanding of interacting systems.
What can be observed about a system is what we consider to be the relevant properties of the
system. Therefore the notion of observability determines the notion of semantic identity. The
observation of the causality between input and output as being part of the safety propertiesis a
subtle point and therefore requires further explanation.

We use a very basic notion of observability here. Consider a system component with one input
line and one output line. Assume, furthermore, we may select a message and send it via the input
line to the component. After having sent a message we observe a sequence of messages (which
may be empty, of course). Then we may continue sending messages and observing output. If we
stop our observation after afinite amount of time, the observation is called finite.

An observation can be represented by atrace, i.e. a stream of messages labelled asinput or output.
Mathematically then an observation is a partially ordered set of events labelled by input and output
actions. For smplicity we represent finite observations by finite traces of messages M labelled by
"in" for input and "out" for output. Then a (finite) trace is a (finite) sequencet

te (1UO)®
where | and O denote the set of input and output actions resp.
I ={inm: me M},
O={outm:me M} .
By
strip: (I w O)® —» M®
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we denote the function that derives the underlying pure message stream from a given trace. It is
specified by the following equations:

strip.o = o,
strip(innm & t) = strip(out.m & t) = m & strip.t.

Note, that for ssimplicity we model observations by traces, i.e., just use sequential observations. It
is also possible to use partial ordered event structures for representing observations about the
input/output causality of stream processing functions. However, for our purpose traces seem to be
sufficient.

For formally defining the concept of observations by traces we introduce a predicate obs. A tracet
iscalled apartial observation for a continuous stream processing function

f: MO -5 M® |
if we have
obs(t, f)
where the predicate
obs. (I U O)®x (M® —» M®) —

specifies that the sequence of actionst corresponds to possible observations of a sequence of input
actions for the function f. Formally the predicate obs is specified by the most liberal (weakest)
predicate that fulfils the following equations:

obs(«, f) = true,
obs(inm & t, f) = obs(t, g) where V x: g.x =f(m & Xx),
obs(out.m & t, f) = (ft.f.o = m A obs(t, rt . f))

The concept of trace observations is closely related to the notion of approximation. This can be
seen by the following lemma:

Lemma: f £ h = (obs(t, f) = obs(t, h))
Proof: For finite traces t we prove the proposition by induction on #t.

For #t = 0 the proposition is obvious. Now let us assume that the proposition holds for al traces
of length < n. For atracet' of length n+1 we consider two cases:

(1) t=inm& t; from obs(t', f) we obtain by definition of obs also obs(t, g) where
V x: gx=f(m& x).
For g' with
V X: gx=h(m& x)
wehavegE ¢'if f £ h; by induction hypothesis we have
obs(t, g) = obs(t, g) and thus
obs(t', f) = obs(t', h).

(2) t' = out.m & t; from obs(t', f) we obtain ft.feo = m A obs(t, (rt; f)). By f & h we
obtain ft.fo =mand (rt ; f) £ (rt; h); by induction hypothesis we obtain

obs(t, (rt; f)) = obs(t, (rt; h))
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and thus obs(t', h). 0
A tracetiscalled total observation for f, if obs(t, f) and f.strip(1©t) = strip(O©t).
Lemma: Alternative characterisation of traces
(a) tispartia observation for f, iff
Vit Et= strip(OOt") E f.strip(ICt) .
(b) tistotal observation for f, iff in addition
f.strip(I©t) = strip(O©t) .

Proof: (& By induction on the length of t. If t = <, then the proposition (a) trivialy holds.
Assume t is finite and nonempty and the formula holds for finite streams of length #rt.t. By
definition we have:

obs(t, f) = obs(rt.t, g)
where g is defined as follows
ftte | = V x: g.x = f(ft.strip.t & x),
ftte O= V x: ftstript & gx=fx.
For rt.t and g we apply the induction hypothesis and obtain (a) for t and f.

This completes the proof for finite traces by induction on the number of elementsint. To infinite
traces the proof is extended by the continuity of f and g. Note, we have for a chain of finite traces
ti:

(V i: obs(t.i, f)) = obs(lub {t.i: i € N}, f) .
(b) isjust the definition. ¢
Every predicate Q on functions defines a property of functions and also specifies a set of finite and

infinite observations represented by finite and infinite traces. We say that atracet is an observation
about the property Q, if

3 f: Q.f A obs(t, f) .
We write then also obs(t, Q). We say that property Q isfalsified for aspecification R, if thereisa
trace t such that
obs(t, R) A = obs(t, Q)
i.e. if we can make an observation about R that falsifies property Q.
For an agent specification Q and someinput x € (M®)Man outputy € (M®)M js called correct, if
there exists a stream processing function f such that
Qfafx=y.

Partial correctness corresponds to safety properties and finite observations. For an input x partial
correctness corresponds to observations restricted to finite prefixes of the output streams, but it
includes observations of maximal output for approximations (prefixes) of x. For modelling thiswe
introduce the notion of output finite function. A function f is called output finite, if its output
awaysisatuple of finite streams, i.e. if

f: (M@ (M*M
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An output finite prefix monotonic function f is called partially correct or safe for the specification
Q, if we have:
Jg:QgafEgQg.

Generally afunction is called safe (or partialy correct) with respect to specification Q if al its
output finite approximations are safe with respect to Q. According to this definition, if for a
function f which is partialy correct for Q we have f.x =y wherey isinfinite, this does not imply
that there exists afunction g with Q.g and g.x = y. It only indicates that for al finite prefixesy' of
y there exists afunction g with Q.g and y' E g.x.

Lemma: A function f is safe with respect to Q iff al finite observations about f are observations
about Q.

Proof: Assumef is safe with respect to Q; then for every output finite approximation f' £ f there
exists g with
QgafEQ
Moreover, for every finite trace t with obs(t, f) there exists an output finite function ' such that
obs(t, f) = obs(t, ).
By this we obtain obs(t, Q). Now assume
obs(t, f) = obs(t, Q)
for dl finite traces. An output finite function f' is an approximation of f iff for all finite tracest
obs(t, f') = obs(t, f).

This showsthat al output finite functions that are approximations of f are safe and thusf is safe by
definition. 0

By this definition of safety we can be sure that the following property of compositionality holds: if
f is partially correct with respect to Q, then pKf is partially correct w.r.t ukQ. The same holds for
parallel and sequential composition. Also with respect to liveness our approach is compositional.
This scenario of input and output shows a strong relationship between |/O-automata as used by
many researchers for modelling interactive components and functional system specifications (cf.
[Lynch, Stark 89]). Stream processing functions can be seen as functional minimal (with respect
to the size of the state space) representations of deterministic input/output—automata. Specifications
of components including underspecification can be seen as nondeterministic 1/O-automata.

Asaresult of the monotonicity of the considered function we have
obs(t"«out.m1 in.m2>, T) = obs(t"<in.m2 out.m1>, T).

Thisindicates that once an output is enabled, this enabledness cannot be changed by further inpuit.
This shows a very schematic property of functional system specification which will be discussed
in detail in the following section.

There are two reasons why we work with sets of functions rather than set-valued functions or
relations when modelling nondeterminism in communicating systems:

- wecan usetheclassical functional calculusfor proving properties of specifications,
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- for determining the meaning of feedback loops least fixed points have to be considered, which
cannot be characterized uniquely, in general, in the framework of set-valued functions or
relations.

Weillustrate the second remark by an example.
Example: Agent specifications with identical input/output relations
We consider two (1,1)-ary agents. Let the continuous stream processing functions
g hi ji {1} O — {1} 9]
be specified (for all x, y e {1} ®) by the following equations
g.0 = h.o =<, o =jo =0,
g.<I> = j<d> =<1 1>, h.<> = i< = <D,
y=<dbL'x=gy=hy=iy=jy=<«<dDL,
We define the specifying predicates Q1 and Q2 by
Qlf=(f=gvf=i),
Q2f=(f=hvf=)).
Obvioudly for every input the sets of totally correct output of Q1 and Q2 coincide. The behaviours
nQ1 and nQ2 for the agent specifications Q1 and Q2 under feedback are given by the least fixed
points z of functions f with Q1.f and Q2.f resp. The least fixed point of the functionsi and j is ©.

The least fixed points of g is <1 1>. The least fixed points of his <1>. So uQ1 is distinct from
uQ2. Note, for Q1 the trace

<out.L in.l out.l in.1l>
is a possible observation, but not for Q2. 0

For explaining the adequacy of the given approach let us for a moment refer to operational
considerations: for an agent specification Q given some input x every finite prefix y of f.x for
some function f with Q.f represents some approximation for the totally correct output f.x . The
stream y can be seen as the output produced for the input x after a certain finite amount of
computation time. It corresponds to a "finite observation”. If we "wait long enough" then the
output should be increased eventually as long as "more" output is guaranteed by all functions f
with Q.f andy E f.x regardless what further inputs are added.

4. The Alternating Bit Protocol

For illustrating the proposed functional specification techniques we consider the example of the
alternating bit protocol. Let D stand for a set of data elements. The alternating bit protocol can be
graphically represented by the following diagram:

transmitter




15

From this diagram the number of input lines and output lines for the involved agents are obvious.
The diagram represents the following composed specification

AB =u(CS;CT;CR;(ID||CT));CP
where CP specifies the projection function
CPf=V Xy f(X,y) =X,
and ID specifies the identity function
IDf=V x: fx=x.
The function that is to be realized by the aternating bit protocol is simply the identity.

We use for the specification of the sender and the receiver the following auxiliary continuous
function:

at: {1,0}® — {1, 0} ©,
The function alt records the aternations from 1 to O in itsinput stream :
at.<b =<,
at(b & b & x) =dt(b & x),
dtb& -b& x)=b & dt(-b & x) .
The continuity of atimpliesalt(1°°) = «I>. The continuous function
res. (D x {1, 0})® — D®
produces as output those data that are labelled by an aternating bit:
res. = o,
res.«(d, a)> = «b,
res((d, @) & (d, @) & x) =res((d, @ & x),
res((d, @) & (d', d) & x) =d & res((d', @) & x) if (d, @) = (d, a).
The continuity of resimplies res((d,1)>°) = «db. The continuous function
ack: (D x {1,010 - {1,0}®
drops the data and produces a stream of hits:
ack.o = o,
ack((d, @) & x) =a& ack.x .
We may specify the agent receiver in the alternating bit protocol by the following predicate CR:
CR.f =V x: f.x = (resx, ack.x) .

Note, the receiver in the specification above yields pairs of result streams (r, y) wherer is the
output of the system and y is the stream of alternating bits that is produced as feedback for the
sender.

For a specification technique it is essential that we can specify also the behaviour of highly
(unboundedly) nondeterministic components for representing the behaviour of physical devices.
Asanillustration for such components we specify the transmitter. We give a specification by the
predicate CT:
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CTf= Vx:dse B®: fx=h(x, s) A #(1Os) =
where V x, s: h(x, 1&s) = ft.x & h(rt.x, s) A h(x, 0&s) = h(rt.x, s).

A further example for a specification is the sender. The sender should send its current message
again and again as long as there is no (correct) feedback from the receiver. However, thereis a
clear conflict between the prefix monotonicity and the intended behaviour: if there is never
feedback the message should be repeated infinitely often, if there is correct feedback the message
should be sent no longer (i.e. at most finitely often after al). We may try to give a specification CS
for the sender asfollows:

CSf =V x,y: resf(x,y) E x A #resf(x,y) = min(#x, 1+#at.y) A ft.ack.f(x,y) € 1L A
(#x > #alty = #(X,y) = o).

This specification assertsin particular by the last clause that if not enough acknowledgements are
sent back to the sender then the first nonacknowledged message is repeated infinitely often.

From CS.f we may conclude in particular:
f(d&d'&x, ©) = (d, 1)°°,
#{(d',0)}of (d&d'&x, 1&Yy)) = 1.

These formulas show that there does not exist a prefix monotonic function that fulfils the predicate
CS. This problem has to do with timing. Informally speaking, the sender repeats its message as
long asit does not get the expected acknowledgement. However, without explicit time information
we cannot express the notion "aslong as' in the considered model.

For fixing this gap we have either to introduce explicit time considerations (see below) or to regard
the specification either as contradictory with respect to monotonicity or we have to give up the
requirement of monotonicity which makes it difficult to ensure the existence of least fixed points.
Least fixed points, however, are badly needed to give meaning to feedback |oops such as the one
occurring in the aternating bit protocol.

This example seems to show that functional system specifications show less expressiveness than
for instance |/O—automata (cf. [Lynch 89]), which allow one to model the alternating bit protocol
in a straightforward way. However, the reason for that is that 1/O-automata are somewhat less
abstract. They describe the behavior of system componentsin a more operationa way. By thisthe
relative timing of input on different channels can be used for determining the output. Thisway an
additional "pulse” isintroduced into the computational model that makes I/O-automata more similar
to the "timed" stream processing functions treated in the following section.

For solving this trade off we switch to real time models and later to so-called input choice
specifications as an abstraction of timing asintroduced in the following sections.

5. Agents with Time Dependent Behaviour

For many applications of communicating systems the timing of the messages on their input history
is essential: the behaviour of a communicating agent may critically depend on information about
the relative or absolute timing of received messages. Such a situation can be formally modelled by
introducing a notion of time explicitly into a semantic model.
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Timeisalready modelled in the formalism as introduced so far as atotal order on events. Now we
add a quantitative notion of timein the form of a discrete, rather than a continuous ("dense") time
model. We work in the following with a fairly simple but nevertheless sufficiently expressive
model of time by using a special element \ called "tick" for representing the situation that no
message has arrived at some input line (or no message has been produced at some output line)
within acertain time interval. The fact that no actual message has arrived within such an interval of
time can be seen as the specific information represented by .

Note, we assume that the arrival of an actual message takes the sameinterval of time as V. We use
\ asamessage and write MY for M U {}. A timed stream is an element from the set

MY)o.
It represents the communication over a channel with additional time information, i.e. information
about the time that it takes between the transmission of two messages on some input or output line.
Then atime annotated (or timed for short) (n, m)-ary stream processing function f is a continuous
function of the following functionality:

£ [(MY)@)N — (V)M
Timed streams and time annotated stream processing functions can be specified by the same
techniques as introduced and used for streams without explicit time information above.

Example: Specification of a time sensitive function
A time sensitive stream processing function f that produces some input message as output only if
the input is repeated within a certain amount of time can be specified by the following equations

(letxe (MO, a be M, az b):
f.o=0o,
f = ab,
f(V & x) =V & f.x,
fa& a& x) =V & a& f.x,
f@& b& x) =V & f(b & X),
fa& V& a& x)=V& V& a& fx,
f@& V& b& x)=V& V& f.(b& X),
f@& V& V& x)=v& V& V&fx.

Note, we have #f.x = x for all input streams x. The function f can be understood as a simplified
version of alogin function with a password: if the correct password is not given within a certain
amount of time the login is aborted. This shows that ticks can be used to model atimeout. 0

From every timed stream se (M \/)‘D we may derive its time information free stream of actual

messages by M©s. Note, an infinite timed stream s e (M\/)‘D provides a complete timing
information about the communication history on an input or output line.

Again, we may think about traces of timed agents. Then time ticks occur as elementsin the traces.
Note, in principle time ticks in the input stream may refer to an interval of different time duration
than a time tick in an output stream. Such assumptions, however, may lead to conceptual
anomalies when considering feedback. The concept of time ticks can be applied for different
modelings of time such as quantitative or relative time models. The different models can be
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reflected by different additional properties that are assumed for the stream processing functions
(see next section).

One of the most interesting aspects in connection with models for interaction including timing
aspects are questions of abstracting away time. So in the following a short explanation is given of
how streams with explicit timing informations are related to streams without explicit timing
information. A timed partial stream s € (M \/)* of length n can be understood to provide
incomplete (i.e. finite) information about the communication history on a channel just representing
the behaviour on the channels in the first n time intervals. In contrast to this a nontimed partial
stream s e M* of length n represents information more ambiguously. It may correspond to the
complete information about the communication history on an input channel where, after all, only a
finite number of messagesis sent (i.e. it is the abstraction from an infinite timed stream s by s=
M®©s) or it may just represent the behaviour on the channelsin the first n+k timeintervals (i.e. it
is the abstraction from a finite timed stream s’ of length n+k by s = M©s)). The identification of
these two essentially different situations into one when abstracting away time information is the
reason for the problems with monotonicity (and continuity) in the sender specification of the
aternating bit example above. The sender should behave differently on a finite timed stream
(which of course contains only a finite number of messages) of acknowledgement feedbacks
without the expected hit (where it should send only a"sufficient”" number of messages) and on an
infinite timed stream without the expected bit (where it should send an infinite number of

messages).
If an infinite timed stream s contains only a finite number of proper messages, i.e. if

#(MOS) < o,
then after afinite prefix the stream s consists of an infinite stream of time ticks V. However, there
is a remarkable difference between s and M©s (and also between s and every finite stream s
(M\/)w with M@s = M©s). The stream sis atotal element with respect to prefix ordering, while

M®©s (and similarly s) is a partial element, i.e. an element representing (possibly) incomplete
information about the input.

Note, there does not exist a prefix continuous function end_of _transmission with
end _of_transmission.s = true iff 5=,

Clearly, even with explicit time information we can never test algorithmically, i.e., in a program if
end_of transmission is valid, because we cannot predict the future. However, we may define
functions that for instance repeat a message as often as there is no new actual message in the next
time intervals. Such arepeater (rep.m) starting with message m can be defined on timed streams as
follows (for x e M):

(rep.m).(¥ & ) =m & (rep.m).s,

(rep.m).(x & s) = x & (rep.x).s.
Of course there is no way to define a monaotonic function g.m in analogy to the repeater on the
level of nontimed streams such that

(rep.m).s = (g.m).(M©s).

This simple observation throws some light onto the difference between modelling systems with or
without explicit time notions. In an infinite stream s including time ticks with #(M©s) < « (i.e. s
is the representation of the partial stream M®©s with full time information) we cannot test (by
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monotonic predicates) whether the stream M©sis empty, but we can test again and again whether
astream is (so far) not continued by actual messages and according to this react to this situation by
producing, for instance, more and more output. We get this way a weak (stepwise) test for the
availability of further input on timed streams which does not exist (by a monotonic predicate) for
the nontimed partia stream M©s.

The behaviour of a timed agent with n input lines and m output lines can be specified by a
predicate over the space of timed stream processing functions. A nontimed agent may be obtained
as an abstraction from a timed agent. If the timing information for the input streams does not
influence the actual messages in the output streams, but only their timing, then an agent is called
time insensitive. A more formal definition of time insensitivity is given later.

The use of time notions in specifications may make specifications longer and more detailed, since
we have to deal with al kinds of time considerations, but it may also make the specification of
certain agents simpler, since using the explicit notion of time may allow us to express certain
liveness aspects more directly.
Example: Timed specifications for the alternating bit example
Assuming time information in the input streams the sender specification of the alternating bit
example above for instance is rather simple. We give such a specification by the predicate TCS for
the sender:
TCSf = (Q.1).f where Vf, b: (Qb).f=VXy, a

(@ f(a& x, ©) =<«(ab)> A

(b) f@& x,V & y) = (ab) & f(@a& x, y) A

(o f(a& x,"b&y)=(ab) & f(a& x,y) A

(d) fa& x,b& y)=(ab) & gx,y) where (Q.-b).g
In this specification of the sender a timed function is specified to be a sender function if itisa
sender function (specified by (Q.b).f) with initial bit b = 1. (Q.b).f is specified by four lines that,
informally speaking, indicate that for the current bit b:

@ if the acknowledgement stream is empty and the first message to transmit is then the
sender outputsjust (a, b), i.e., the message alabelled by hit b;

(b)+(c) if the sender receives atime tick or the wrong bit on the acknowledgement channel,
then the current message and labelled by the current bit is repeated;

(d) if the current bit is received on the acknowledgement line, then the (after sending
the message (a, b)) the actual message is dropped and the remaining input streams
are processed with a behaviour g using the negation of the current bit.

In contrast to the time free specification above there do not arise any conflicts w.r.t monotonicity
here. Of course, we may give more nondeterministic versions of the sender (repeating a message
an arbitrary - but finite - number of times on nonpositive feedback).

For being able to use such atimed specification of the sender for the alternating bit protocol we
need of course also specifications dealing with explicit time notions for the transmitter and the
receiver. We specify the agent receiver by the timed agent specification TCR:

TCRf=V x: fx=h(x, 1)

where V x, b, a2 h(o, b) = (o, ©),
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h(N& x,b)=( & r,V & y) where(r,y) = h(x, b),
h((ab) & x, b) = (a&r, b&y) where (r, y) = h(x, =b),
h((a,—b) & x, b) = (r, =b&y) where (r, y) = h(x, b).
We give a specification with explicit time notions for the transmitter by the predicate TCT:
TCTf=V x:3Ise BO: fx=h(x,s) A #1©s) =
where V x, s: h(x, 1&s) = ft.x & h(rt.x, ) A h(x, 0&s) =V & h(rt.x, s) .

Again we may give more nondeterministic versions of the transmitter where alost message may
lead to an arbitrary but finite (and nonempty) number of time ticks. 0

The specifications of the timed agents given here are rather smple and straightforward. Our model
of time is discrete. It is similar to the one proposed in [Ostroff 89b]. Maodels of nondiscrete,
"dense" time, where between two finite time points infinitely many time points can be found, are
used, for instance, in [Lynch 89]. The concept of "dense" time, as it is proposed, for instance, in
[Alur, Dill 90], [Schneider et a. 91], and [Baeten, Bergstra 90] allows one to study processes
where infinitely many actions may occur in finite time intervals such as in Zeno's paradox (cf.
[Abadi, Lamport 91]). Such models of time may be of interest when specifying physical
phenomena of hardware. We concentrate rather on software aspects and on discrete time.

In the next section we study the abstraction from time for agents with time dependent behaviour.

6. Abstracting from Time

In principle, the message ' can be used and treated in specifications like any other message.
However, looking at timed systems we may assume additional propertiesthat are characteristic for
timing. We may assume that for every agent it takes some time until arriving input messages
trigger output messages. This can be modelled by timeticksin the output streams.

In the following we take a very simple view towards timing. We assume that every message takes
an equal amount of time. A time tick indicates that there is no actual message in atime interval.
This is a very simple view. More sophisticated models using time ticks are feasible. If we
understand a timed agent as afunction or a set of functions mapping input histories including time
information onto output histories, then it is suggestive to add the following assumptions to our
model:

— infinite input histories are mapped on infinite output histories, i.e. on acomplete timing of the
output streams,

— finiteinput histories of length n lead to output histories of length > n+1.

The second assumption implies the first by the continuity of the functions. According to these
assumptions of the first k elements of an output stream an agent is determined by the first k
elements of itsinput streams. A timed stream processing function f is called pulse driven (or also

time synchronous), if we have (forali, 1<i<m, xe ((M\/)‘D)n):

#EX).0=2min {1+#xj: 1<j<n} .
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This formula expresses that for each output channel at least the first k+1 output elements are
determined by the first k elements on the input channel.

We may then ask for the time, the delay, that it takes until messages received at input lines show
effects at output lines. The most remarkable observations about such a modelling of timed system,
however, can be stated as follows

(@ Pulsedriven agents produce infinite output streams on infinite input streams.
(b) Streamsthat are (components of) least fixed points of pulse driven functions are infinite.

() Parald and sequential composition of pulse driven agents as well as feedback lead to pulse
driven agents.

Observation (b) allows one to conclude that fixed points of pulse driven functions are unique.
Observation (a) shows that for pulse driven functions every input history with acompletetimingis
mapped onto an output history with a complete timing.

Pulse driven functions in particular form an adequate functional model for switching circuits.

Studying certain properties of timed communicating systems by abstracting away time information
is amethodologically attractive idea. Therefore it is useful to classify those timed functions and
timed agents that do not use timing information in an essential way and thus allow one to study
message flow independent from timing. In general, however, the message flow of communicating
systems may depend on timing. The order (the relative timing) in which messages are received on
different input lines may influence the behaviour of systems. Nevertheless for some agents this
timing is not relevant for the produced actual messages or it influences the produced actual
messages not in an essential way: this can be modelled by nondeterminism. Some other situations
cannot be mapped so simply onto nondeterminism. The respective agents are called time critical.

A timed stream processing function f is called time insensitive, if the time information on the input
streams does not influence the produced message streams at al, i.e. if

MOx = MOX' = MOf.x = MOf.X'.
Herewewritefor x € (S®)N simply M©x instead of (M©xq, ..., MOXp).

A time insensitive timed stream processing function f uniquely determines a nontimed stream
processing function g by the formula

g(M©Ox) = MOf X .
Moreover g is prefix monotonic and continuous, if f isso. Thisisimmediately seen by the fact that
(M®ON < ((M‘/)(D)n, and, since MOx = x for x, y ¢ (M®)Nwith x £y we have:

gx =MOfx E MOfy =gy .

Here we used the fact that the function Ax: M©Ox is prefix monotonic. Note, moreover, this
function is continuous.

We define atime abstraction function
o1 (MV)O)N — (M)

that deletes the ticks in a stream by
¢.X=MOX .
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A timed function f istime insensitive if ¢ is homomorphic with respect to afunction g called the
time abstraction for f where:

¢.fx =0.0.x
or in amore combinatorial notation if

fio=9;0
For atime insensitive function abstracting away time does not introduce any nondeterminism. We
obtain a uniquely determined function on nontimed pure message streams.

Returning to the specification of the alternating bit protocol, functions specified by the predicate
TCRin the timed specification of the alternating bit protocol characterize timed functions that are
time insensitive and their time abstractions coincide with the functions specified by CR given for
nontimed functions above.

Given a(n, m)-ary timed agent specification T therelation

W: (M®)Nx (M®)M _,
defined by

W(x,y) =3 x' € (MU{N}HO)N f: TfAXx=MOX Ay =MOfX,
is called time free input/output relation.

To keep specifications abstract we would like to be able to abstract away the exact time aspectsin

specifications. This is certainly not reasonable for arbitrary timed agents or stream processing

functions. However, for certain agents this abstraction is adequate. Of course, we require some

fundamental properties for making the abstraction mapping methodological reasonable. These

requirements are classical:

(@ the abstraction enables the deduction of the time free input/output relation of the original
agent,

(b) theabstraction is modular with respect to parallel and sequential composition as well aswith
respect to feedback.

The requirement (b) essentially means that the abstraction function is required to be a
homomorphism with respect to the compositional forms. Note, if @ is a homomorphism with
respect to al functions occurring in a compositional form describing a network, then the network
can be refined by just refining the nodes of the network. We define the time abstraction function ®
mapping time insensitive stream processing functions f onto nontimed functions by

Of =4 f if foo=¢;f
® ismodular, i.e. we have
@(hllg) = @.h || D.g,
®(h;g) =@.h; D.g,
D(pkf) = pk @ f.
aslong asf, h, g aretime insensitive. The proof is straightforward.

Similar to the definition of time insensitive functions we define time insensitivity of agents
represented by specifications. Consider the specification
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T: (M) = (MY))m] - &

T iscalled time insensitive, if there exists a specification
Q [(MO)N — (MO)T] — B

such that
T;0=0;Q

If a stream processing function is not time insensitive, then abstracting away time can be seen as
introducing some kind of nondeterminism.

Given a (not necessarily time insensitive) timed function f, a nontimed function g is called astrong
time abstraction for f, and we write

g absf,

if for every input x to g there exists atotal timing y of the input such that the behaviour of g on x
coincides with the time abstraction of the behaviour of f ony, i.e.

Vxe (MO Iy e (M) x=MOy A (0 Dyl = ¢ ; Oliyl),
where we use the following abbreviations: f|g denotes the restriction of the function f to S (where
Sisasubset of the domain of f) and:
yl={x:xey}.
A timed function f is called weakly time insensitive, if for every input y < (M\/)O) there exists a
prefix continuous strong time abstraction g for f such that:
g(M©y) = MGf.y.

When abstracting from time we may try to represent the behaviour (apart from timing aspects) of a
weakly time insensitive function by its set of strong time abstractions. For a time insensitive
function al its strong time abstractions coincide.

Example: Weakly time insensitive functions
Let us consider a function that reproduces its input messages provided there is "sufficient time"
between two messages.

f: (MY)© = (Mo

is specified by (let x e M, i.e. x =,y e MY):
f.o=o0,
f.ap = b,
fN&s) =V &fs,
fx&y&s=V&x&fs.

f isnot timeinsensitive, since
MOF.<x \ X V> = X %> # 00 = MOf.X x> .

Nevertheless f is weakly time insensitive. All strong time abstractions for f fulfil the nontimed
transmitter specification. 0
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The transmitter specification TCT defines functions that are weakly time insensitive. The sender
specification TCS given above is not even weakly time insensitive. Since the input of an infinite
stream *° of time ticks leads to an infinite number of copies of the message (a,b) in the output
stream, there are, due to lack of monotonicity, no strong time abstractions for the timed functions
specified by TCS.

For aweakly time insensitive function its output may depend on the timing of the input, but only
in avery weak ("nondeterministic") form. In particular, the function f must not react to infinite
streams of time ticks by an infinite number of actual messages (but with different messages in
reaction to proper messages) since this would generally be in conflict with the monotonicity
requirement. Instead it must respond with different messages in reaction to proper messages.

A further example of atimed function that is not weakly time insensitive is the repeater rep.m. We
have:

(rep.m).(V*°) = m>
and (for ae M):
(rep.m).(NN @” V) = (mN)*(a°)
which contradicts the required monotonicity for strong time abstractions.

So far we have considered time abstractions for stream processing functions. Now we study time
abstractions for specifications. A nontimed agent specified by the predicate Q on nontimed stream
processing functions is called time abstraction for T and we denote Q by ®.T, if for every
nontimed input X for Q every nontimed behaviour shown by Q is areflection of atimed behaviour
of T:

Qg=3f: Tfagabsf.

This generalizes the notion of time insengtivity to timed agents. Q is called full time abstraction for
T, if for every timed input y to T al behaviours possibly generated by T are mirrored by strong
time abstractions specified by Q:

Tf=Vye (M) 3g gabstAQgA (@:9lyl) = lyl).

For atime insensitive nondeterministic agent specified by the predicate T either all functionsf with
T.f aretime insensitive or the time sensitivity is not observable due to the nondeterminism in T.
Technically speaking, whenever we have atimed input y and some behaviour function f with T .f,
then for every timed input y' with M©y = M©Oy' there is a function ' with T.f' such that M©f.y
= MOf.y'. So for the output M©f.y for a function f for which we only know T.f it cannot be
predicted more by knowing the timing of y.

The requirement of the existence of strong time abstractions g is very strong. We require for a
strong time abstraction g that g is continuous and for every input x the output g.x is the time
abstraction MOf.y for an output f.y of a function f with T.f for some infinite timed input y.
Monotonicity (which is part of continuity) enforces that for certain distinct infinite streamsy and y'
with MOy £ MOy' we have functions f and f' such that

TEATEA(@:9lyd) = (F:9llyd) A (@ Illyd) = (5 o)lly]) -
Thisrequirement israther strong. In particular, it implies
Mof.y £ MOf.y'
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which is not at al true if, for instance, when n = 1 both M©f.y and MOf'.y' are infinite and
distinct. So for certain agents such asfair timed merge such strong time abstractions do not exist.

Moreover, time insensitivity of agents T and T' does not alow the conclusion of time insensitivity
of

T;T,
since the timing in f.x (where T.f holds) may such that for the function f* with T'.f' only very
particular output f'.f.x is produced, due to the timing of f.x. So we cannot conclude time

insensitivity for T ; T' from the time insensitivity of T and T'. Nevertheless we may introduce a
further notion that expresses that for given input y al timings of the output are possible.

An agent specification T is called time unspecific, if for every infinite input y and al pulse driven
functionsf and f" with T.f and (f ; (p)|(f_y)\[, =(f"; (p)|(f.y)¢ there exists afunction f' such that

TE APl = FliEy)d -

This means that the timing in the output is not influenced by the timing in the input. If an agent is
time unspecific then the timing in the input does not influence the data messages in the output nor
the timing in the output.

7. Input Choice Specifications

Even for not weakly time insensitive agents we may look for a nondeterministic nontimed
modelling under certain assumptions. For certain time sensitive agents such as the sender in the
example of the alternating bit protocol the choice of the (function generating its) output may
depend on the timing of the input. In particular an infinite stream of time ticks may be mapped onto
an infinite stream of proper messages. Looking for strong time abstractions for those function we
run into conflicts with monotonicity. Nevertheless particular time abstractions for such functions
can be represented at the level of nondeterminism by an input choice specification.

Formally an input choice specification of an (n,m)-ary agent is given by apredicate
R: [(M®)N — (M®)M] x (M®)N 5 B,

The proposition R is used to specify the behaviour of an agent. R(f, x) is supposed to express that
f and aso all g such that g £ f are partialy correct stream processing functions with respect to the
specified agent, i.e. correctly reflect safety properties. Moreover, for the input x the output f.x is
correct output, i.e. correct also with respect to liveness conditions. In other words R(f, x) is
supposed to stand for the following two logical statements:

- fisafunction that is safe (fulfils the safety requirements),
- the output f.x is live (fulfils the liveness requirements) for input x and the behaviour (the
causality between input and output) indicated by f.

This form of a specification is called input choice specification, since in contrast to the forms of
functional specifications considered so far, where the choice of the actual function in a
computation is free from considerations of the actual input, in an input choice specification the
choice of the function can definitely depend on the inpuit.
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For a programming language that allows one to write programs satisfying such specifications cf.
[Broy 86] and [Broy 87a]. For alogical calculus for relating the programs written in such a
language to input choice specifications see [Broy 87b].
Every agent specification

Q [(MO)N — (MO — B
can be trand ated schematically into an input choice agent specification

Q: [(MON — (MO x (M®)N— B
by

Qf,x)=3f: Qf Afecf Afx="Fx.

For notational convenience we write often Q instead of Q'.

Seen as atime abstraction of an agent T specifying a set of timed pulse driven functions g we may
understand R(f, X) as the logical statement "f is a partially correct time abstraction with respect to
some timed function g with T.g and f.x is totally correct with respect to a timed stream y with
complete time information, i.e. y is infinite and x = M®©y holds". This way input choice
specifications provide a concept for abstractions from time for functions that are time sensitive
only in arestricted manner.

For composing input choice specifications of system components we may again use the three
classical concepts of sequential and parallel composition and feedback. For input choice
specifications R and R' we define the compositional forms as follows:

(RIIR).(f, (X, 2) =3g, h:R(g, x)AR'(h,2) Af=g|h,

(R R).(f, X) =39 h:R(g x) AR'(h,gx) Af=(g;h),
(uKR).(f, %) =3Y,2, g R(@ (xY) A (2, y) =fx A f=pkg.
We again write uR for u1R.

For an input choice specification R and an input x € (M®)" an output y € (M®)M js called
correct, if there exists a stream processing function f such that

R(f, x) Afx=y.

An output finite function g is called partially correct or safe with respect to the specification R, if
for al input elements x:

Jf:R(f,xX) AgEf.

Generally afunction f is called safe with respect to R, if all its approximations by output finite
functions are safe with respect to R.

We call two input choice specifications R and R' relationally equivalent, if for every input x the
sets of totally correct output for R and R' coincide. We then write

R~R.
Unfortunately the equivalence relation ~ is not a congruence.
Example: The equivalence ~ is not a congruence.

We consider two (1,1)—ary agents. Let the continuous stream processing functions
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f, g, h: [B® — B®]
be defined (for al x e B®) by the following equations
fx =< 1, g.o =<, h.o = o,
0(1&Xx) = h(1&x) = <1 0>,
0(0&x) = h(0&x) =<1 0> .
Notef.c =<1 1.We define the specifying predicates R1 and R2 by

RL@X)=(q=fv (x#oAq=g)),
R2(q,x)=(q=fv (x#o Aq=h)).

If we consider feedback uR1 and uR2 for the agents R1 and R2 we define its meaning by the least
fixed points z of functions q with R(q, z). The least fixed points of f and g are <1 1> and <1 0>
resp. and fulfil R1. The least fixed point of f also fulfils R2. So R1 exhibits two behaviours under
feedback while R2 exhibits only one, since the least fixed point of his <« which isruled out since it
does not satisfy the input choice condition. 0

The example in particular shows that under feedback relationally equivalent agents may lead to
agentsthat are not relationally equivalent.

Thistrivial example shows further aspects of safety properties. If we give a partial input x (in our
example «) to an agent and we observe some finite output y, which of course has to be an
approximation for some totally correct output, then this may indicate that some particular decisions
have been taken inside the agent (in the sense of nondeterministic choices). If we observe in our
example the output <1> for the input <, then agent R1 still may be free to choose between f and g,
while R2 certainly has already chosen f. Partial output may indicate that certain choices have taken
place. Thisis relevant for determining the behaviour of agents within feedback loops. Note, the
chosen examples correspond directly to the example provided in [Brock, Ackermann 81].

The power of this specification method can be demonstrated by the specification of an agent which
represents fair nonstrict merge:

FAIR_NONSTRICT_MERGE(f, (X, y)) = FAIR_MERGE.f A #{(X, y) = #x + #y.
The sender specification for the aternating bit protocol now can be written as an input choice
specification asfollows:
CS(f, (X, ¥y) = (VX vy: resf(x,y)E XA
#y < oo = #resf(x,y) < 1+#alty A
#y = 0o = #resf(x,y) < #alty) A
(B > #aty = # (X', y) = ) A
#resf(x', y) = min(#x', 1+#alt.y’) .
Thefirst part of the specification defines the safety properties (which are just general properties for
function f) and the second part defines the liveness properties.
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8. Safety and Liveness
The concept of input choice specification strongly reflects on the concepts of safety and liveness
properties. An input choice specification
R: [(MO)N — (MO x (MO - B
may in particular always be decomposed into safety and liveness properties.

Partial correctness or safety properties of communicating systems indicate which communications
may occur as output caused by particular input. The predicate

S [(M®)N 5 (MoyT]

is called the safety predicate for the specification R, if afunction f is partialy correct with respect
to Riff S.f. According to our definition of partial correctness we can expect that if f isleast upper
bound of a chain of functions fulfilling S, then S.f. Safety predicates are downward closed and
closed with respect to least upper bounds of chains of functions. Note, S specifies more than just a
relation between input and output: it specifies a set of functions. Therefore as shown in section 3
additional information about the causality between input, output and nondeterministic choice is
provided by S, too.

For the specification R the predicate
L: [(MO)N — (MO 5 (MO 5 B
is called the liveness predicate for R, if
L(f, x) = (Sf = R(f, X)) .

The liveness predicate specifies if for a partially correct function and some input history enough
output is provided. Obviously an input choice specification R can be reconstructed from its safety
and its liveness predicates if we assume R(f, x) = SAf.

9. Abstracting from Time (continued)

Similar to the definition of time insensitivity functions we define time insensitivity of agents
described by input choice specifications. Let an agent be specified by the predicate

T: (MO - (MO - B
T is called time insensitive on infinite timed streams if there exists an input choice agent
specification

Q: [(MO)N— (MO x (MON — B
such that

#x =00 = (T;0)x=(9;Q)x.

In atime insensitive nondeterministic agent specified by the predicate T either al functions f with
T.f aretime insensitive or the time sensitivity is not observable due to the nondeterminism in T.
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Technically speaking, asin the case of general time abstractions, whenever we have atimed input
y and some behaviour function f with T.f, then for every timed input y' with M@y = MOy' there
is afunction f* with T.f' such that M©f.y = MOf'.y". So the output M©f.y for f for which we
only know T.f cannot be predicted by thetiming of y.

When considering abstractions from time, the question becomes crucial, whether timed agents
behave essentialy differently on timed partial (finite) input streams s and timed total (infinite) input
streamst with MO©s = M©t. A specia problem arises, in particular, for completely timed streams s
and r (i.e. #s = #r = ) where MO©s & M©r. Without assuming s £ r we cannot assume for timed
stream processing functions f any particular relationship between f.s and f.r and therefore nothing
specific can be said, in general, about the relationship between M©f.s and M©f.r (in particular
M©f.sE MOf.r does not hold, in general).

From M©s & MOr we may only conclude that there exists a finite time transformation t such that
for some finite stream v we have

VE tSAVE rA MOv = MOs.

In general, time abstraction leads to a loss of monotonicity or putting it some other way strong
time abstractions do not always exist. An abstraction from time can be obtained aso for certain
agents that are not time insensitive in the strict sense by input choice specifications as follows.

Let
f: (M) = (MY)@)m

be an arbitrary time dependent function. A prefix continuous function
g: (MO)N — (M®)M

is called safe time abstraction for f, if for every x e (M®@)N there existsy e ((M\/)"")n such that
x=M@y A (¢ 9)lyl) & (F; 0lyl) -

We then write g abs safef.

For x e M® thefunction giscaled livefor f and input y, if in additionfory e ((M*/)‘x’)n we have
X=MOy = (¢;9)lyl) = (f; ®lyL) -

We then write (g, X) abs live (f, y). Let T be a specifying predicate for a timed agent with n
input lines and m output lines. We define the input choice specification R, called the time
abstraction for T, asfollows:

R(9, X) =g 3f: Tf Agabs safefAJye ((M\/)‘x’)n: (9, x) abs_live (f,y) .

For atimed agent specification T an input choice specification R is called atime abstraction if
Tf=Vye ((M\/)“)n: 3 g: R(g, MOy) A (g, MOy) abs live (f, y) .

Time abstractions in the form of input choice specifications by definition always exist. However,

in the time abstraction the choice of a particular behaviour that may be influenced by the timing
using the specification T cannot be influenced any more and is tuned into pure nondeterminism.

Of coursg, for arbitrary time dependent functions f and f* (or similarly for specifications T and T)
this concept of time abstraction is not modular in the following sense: let R and R' be input choice
specifications such that R(g, x) (and R'(g, x)) if g is a safe time abstraction for f (and for f' resp.)
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that is life with respect to to input x. For the safe time abstraction h for the function (f ; f') that is
life with respect to x we might consider

(R; RY(h, x).
However, from (R ; R")(h, X) we cannot conclude that h is a safe time abstraction for (f ; ') that is
life with respect to x. The individual use of time information in the composition of f and f' cannot

be expressed sufficiently well at the level of nondeterminism, if the involved agents are time
sensitive.

10. Proper Specifications and Least Fixed Points

As in every powerful specification mechanism it is possible to write inconsistent input choice
specifications. But apart from consistency there are further properties we require for an input
choice specification to make sure that we always get consistent specifications when we combine it
with other proper specifications. We formalize such properties in the following. An input choice
specification R

R: [(MO)N — (MO x (M®)N - B
iscaled consistent, if

Vv x: 3f: R(f, x) .

From the viewpoint of atime abstraction consistency just means that for a nearly time insensitive
agent T from which R isthe time abstraction there is at least atimed stream-processing function f
with T.f. So the definition coincides with the classical notion of consistency.

The consistency of specifications R and R' implies the consistency of R;R' and R||R". But the
consistency of R does not imply the consistency of ukR. Therefore we are especialy interested in
conditions guaranteeing that an input choice specification (with n = m) has aleast fixed point. We
therefore ask the question under which conditions for an input choice specification R we have:

I R(, fix f) .

A stream z is called least fixed point of an input choice specification, if there exists a function f
with z =fix f, i.e. zisleast fixed point of f and R(f, z).

In addition to the straightforward notion of consistency mentioned above add the following
requirement for input choice specifications which is a generalisation of the property of
monotonicity. If we have R(f, x) then for every output finite function g £ f and every input X'
with x E X' we expect that there exists a behaviour function f' such that R(f', x") and g E f".
Accordingly R is called weakly monotonic, if for every output finite prefix continuous function g
we have

Rf,X) AgE fAXE X' =3 R(f", X) AgE f.

With this assumption we may think about computations of agents as follows: let {x.i: i € N} be
chain (i.e. x.i £ x.(i+1) for al i) of input streams. The output of the agent specified by R is
computed for the input stream lub {x.i: i € N} by the following strategy: for every i we choose
functions f.i and output finite approximations g.i for f.i such that f.i is a correct choice for the
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input x.i, the output (g.i).x.i is an approximation (a prefix) for the output generated by f.i on x.i
and the function f(i+1) is approximated by f.i . Formally we have (for al i € N):

R(f.i, x.i),

g.i E f.i,

g.d £ g(i+l) c f(i+1) .
For being able to guarantee that the least upper bound of the chain {g.i: i € N} fulfils required
liveness properties, however, we need one additional assumption. Theideaisto choose the chain
{g.i:ie N} suchthat (for al i € N):

R(lub {g.i: i € N}, lub{x.i: i € N}).
For modelling this choice we require the existence of afunction 6 that indicates for given x.i and
g.i how large we should choose g(i+1) to guarantee both liveness and safety conditions. The

function & therefore allows the construction of such a chain of (g.i).x.i as approximations for the
output.

Operationally one may think about a computation of an agent specified by the input choice
specification R as follows: the agent gets step by step input and produces step by step output. The
input can be modelled by achain{x.i: i € N} of finite elements, the corresponding output is also
modelled by a chain {(g.i).x.i: i € N} of finite elements. Whenever the agent gets additional
input, which can be modelled by increasing input x.i to x(i+1), it may add messages to its output
streams by increasing output (g.i).x.i to (g.i).x(i+1). However, the strategy has to be chosen
carefully so that the stepwise produced output is large enough, and the least upper bound of
{(g.i).x.i: 1 € N} iscorrect in the sense of liveness requirements, but it has to be small enough so
that the output produced so far is still partially correct for any possible additional input.

A function

8: (M) — (M) x [(MO)N — (MO)™] — (M) — (M)
is called computation strategy, if the following formulas hold:
(1 9gef=9gsd@fEf,
(2 90c=fAViig@i+l) =8(g.i,f)=lub{gi:ie N} =f.
An input choice specification R is called weakly continuous, if there exists a computation strategy
o that fulfils the following requirements: it allows for some input X and some safety correct output
y to produce achain {g.i: i ¢ N} of approximations with the least upper bound f such that for
every i, if weincreasetheinput x to x' (i.e. X E x'), then g(i+1) produces safe output for the input
X",
More formally expressed we require for R the following properties: For all chains{x.i:ie N} <
(M®@)Nwe have:

(Vi: 3 f: R(f, x.i) A g(i+1) = 8(g.i, f)) = R(lub {g.i: i € N}, lub {x.i: i e N}).
Intuitively speaking, the function § gives for every input x and every approximation g for a

function f (i.e. g £ f) a better approximation §(g, f) for f such that for every continuation of the
input stream X into a stream X' (where x E x') the approximation is safe with respect to x' and can
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be continued to a live output by using function generated by using functions generated by
successively applying 3.

By the assumptions above we may prove the existence of least fixed points. An input choice
specification is called proper, if it is consistent, weakly monotonic and weakly continuous. Note,
the input specification CS for the sender in the alternating bit example is proper.

Theorem: A proper input choice specification has aleast fixed point.

Proof: Let R be a proper input choice specification. We define chains of tuples of streams{x.i: i
e N} and functions {g.i: i € N} such that

x.0=oM,
(9.0).x = oM, for al x.
0.0 is safe according to consistency of R. Given x.i, g.i we define
x(i+1) =4 (9.i).x.,
g(i+1) =4 8(g.i, f.i), wheref.i is arbitrary, such that R(f.i, x.i) A g.i E f.i .

Such a function f.i always exists since R is consistent and weakly monotonic and § is the
computation strategy that exists according to weak continuity. According to weak continuity we
have:

R(lub {g.i: i € N}, lub {x.i: i € N}).
By the construction of the x.i and f.i we obtain
lub {g.i:i e N}.lub{x.i:ie N} =
lub {(g.i).x.i:ie N} =
lub {x(i+1):i e N} =
lub {x.i:i e N} .
So lub {x.i: i € N} isafixed point of lub{g.i: i € N}. According to the construction we have
lub {g.i:i e N}.x(i+1) 2 (g.i).x.i .
Soitistheleast fixed point. We obtain:
fix lub{Q.i:i e N} =lub{x.i: i e N} 0

The existence of least fixed points is essential for proofs that rely on fixed point arguments. An
example isthe alternating bit protocol again.

What is also important is the invariance of the properties used in the theorem above.
Theorem: The sequential and parallel composition and feedback applied to proper input choice
specifications yields proper input choice specifications.

Proof: For sequential and parallel composition the proof of the theorem is rather straightforward.
Therefore we concentrate only on feedback. Let R be a proper specification. According to the
theory on the existence of least fixed points ukR is consistent. Weak monotonicity and weak
continuity follow from the continuity of the fixed point operator. 0

The notion of proper input choice specifications replaces the classical monotonicity and continuity
requirements for functions.
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11. Correctness Proof of the Alternating Bit Protocol

We return to the alternating bit protocol and give a proof of its correctness. This proof uses just
straightforward reasoning based on fixed point properties and does not use induction. The proof is
due to Birgit Schieder (cf. [Schieder 91]). It has to be shown that the function specified by the
aternating bit agent isthe identity, i.e. that the following equation holds for every input stream x:

(w(fs; f;fr; (id]lg); prl)x=x
where CS(fs, (x, (u (fs; f; fr; (id || g)) ; pr2).x)) A CR.fr A CT.f A CT.g A ID.id A
CP.prl A (V sl, s2: pr2(sl, s2) = s2 A prl(sl, s2) = sl)

We need some properties of the involved functions for our proof:

(0) Vy: #aty > #dt.gy (by CT)
(1) Vy: #atacky > #at.pr2.(id || ).fr.f.y (by (0) and CR)
(2) Vy: #iresy > #at.acky (by res)
(3) Vy: #y =co = #pr2.(id | g)frfy = (by CT and CR)

(4) Vy: (#resy <o A #iresy = #at.ack.y A #alt.ack.y = #at.ack.fy) =
resy = res.fy (by CT)
We abbreviate the second component of the least fixed point by v:
V =def (U (fs; T 1r; (id || g)) ; pr2).x
From this definition it followsimmediately that in particular v is afixed point:
(5) v =pr2.(id|| g).fr.f.fs(x,v)
At first we show that

#x = #alt.v .
We know that
#altv < #alt.ack.fs(x,v) (by (1) and (5))
< #resfs(x,v) (by (2))
< #X (by the 5th axiom of CS)
In the other direction it holds that
#ires.fs(x,v) = min (#x, 1+#alt.v) (by the 5th axiom of CS)
=  #x<1t#adtv v #Hresfs(x,v) = 1+#alt.v
= #X<#HAtv v (#HAtv =0 v #Y <o) (by the 3rd axiom of CS)
= #x<#dtv v #Hatv = v #x < Haty (by the 4th axiom of CS and (3))

= #x<#Hdty
So we have shown the above equality.
From this equality we may conclude the following equations on lengths:
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(6) #x = #resfs(x,v)

(7) #resfs(x,v) = #alt.ack.fs(x,v)

(8) #at.ack.fs(x,v) = #alt.ack.f.fs(x,v)
Let #x be finite now. Then we get

prifr.f.fs(x,v) = resf.fs(x,v) (by CR)
= res.fs(x,v) (by #x < 0, (6), (7), (8) and (4))
=X (by (6) and the 1st axiom of CS)

Hence the correctnessis proved for finite input streams. For infinite input it follows by continuity.

12. Full Abstractness

The three combining forms of sequential and parallel composition as well as feedback define a
notion of contexts for agent specifications. Now we are looking for relations = on input choice
specifications such that we may derive relational equivalence from it (remember that ~ denotes
relationa equivaence):

R1=R2=R1~R2

and moreover therelation = forms acongruence with respect to the combining forms of parallel
and sequential compositions as well as feedback:

R1~R2= R||R1=R||R2 A R1|R= R2|R,
R1=R2=>R;R1=R;R2AR1; R =R2; R,
R1=~R2 = pkR1 =~ pkRr2.

A relation = with such propertiesis called compositional.

The concept for the specification of distributed system components as outlined in the previous
sections has been carefully chosen to be compositional. However, our specifications carry too
much information, in general. In this section we answer the question under which circumstances
two logically distinct input choice specifications are relational equivalent in all contexts. Thisleads
to the concept of full abstractness. A compositional relation is called fully abstract, if thereis no
weaker compositional relation (cf. aso [Kok 87], [Jonsson 89]).

For defining a fully abstract relation we introduce the notion of computation. A pair of chains
({x.i:i e N}, {y.i:i e N}) iscaled a computation for an input choice specification R, if there
existsafunction f with

R(f, lub {x.i:i e N}),
Vie N:y.ict fxi,
flub {x.i:i € N} =lub{y.i:i e N}.
We define arelation = on input choice specifications as follows:
R=R iff the sets of computations of R and R’ coincide.
Now we prove that the relation = isfully abstract.
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Theorem: Therelation = isfully abstract.

Proof: We start by proving that the relation cannot be weakened without 1osing compositionality:
R and R' are not relational equivalent for some context, if they have different sets of computations:
Assume thereisafunction

f: (MO — (M®)M
and achain{x.i:i € N} with x.0 = (¢)"and
R(f, lub {x.i: i € N})
and there does not exist afunction f' with
f.lub {x.i:i e N} =f.lub{x.i:i e N}
and f.x.i £ f'x.i foralie N and R'(f', lub {x.i: i € N}). W.l.0.g9. we may assume n = m (add

dummy arguments or dummy results) and that either f.x.i = f.x(i+1) for al i or there exists an
index j with f.x.i = f.x(i+1) for all i <j and f.x.i = f.x(i+1) for al i >j.

We define a specification R" for (m, n)-ary functions g by
R'(g,y) =V z gz=Ilub{x.i:fxiE z}

We consider the least fixed point y of f ; g where R"(g, f.y). This corresponds to an element of
UN(R;R"). We show that y is not totally correct with respect to u"(R';R"). We define the chain
{z.i:ie N} by

z.0=(o)N
Z(i+1) = g.f.zi
We prove that lub {z.i: i € N} =lub {x.i: i € N}. If there exists an index j with f.x.i # f.x(i+1)

for al i <jand f.x.i = f.x(i+1) for al i > j, then thisis obvious; otherwise for al k e N: x.k =
z(k+1):
z(k+1) =
gfxk =
lub {x.i: f.x.i £ f.x.k} =
x.K
Thus the least upper bounds of {z.i: i € N} and of {x.i:i € N} coincide (andy =lub {z.i:i e
N}).
For every function f* with not f.x.k £ f'.x.k for some k we obtain for the chain Z'.i defined by
Z.0 = (o)N
Z'(i+1) = g.f'.zi
the equation
Zi=zkforaliz=min{j: ~(f.x]c f'.x)}
since with k = min {j: =(f.x,j € f'.x.j)} we obtain
Z'k+1 =
gfxk =
lub {x.i; f.x.i e f'xk} =
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z'k
Thus y cannot be a behaviour of u"(R' ; R"). This concludes the first part of the proof. Next we
prove that the relation = is a congruence, i.e. it is invariant under our compositional forms. For
every continuous operator

T [(MO)N — (MO)T] 5 (MO)T — [(MO)T - (MO)M] x (MO)"
we haveif R = R, then Q = Q' where
Q(fx) =3 f, x: R(f', X) A (f, X) = 1(f', X)
(and in analogy Q' is defined based on R'). Since parallel and sequential composition and

feedback operator correspond to such continuous operators, the condition is invariant under the
considered compositional forms. 0

Based on this theorem we may prove equivalences of the form R = R' for given specifications R
and R'. Moreover we may derive afully abstract model.

In terms of input choice specifications R and R' we have
R=R' iff (R=>R AR =>R)
where
R=>R iff V1 x:R(f, x) = 3 g: R(9, X) A fl((r.x)4)= 9l((F.x)L)

This leads to a unique normal form for proper specifications. An input choice specification R is
normal form, if for every function f that is partialy correct with respect to R we have

R(g, X) A fl(£.0d )= A0l )= R(E, X) .
For proper input choice specifications R and R' in this normal form we have
R=R'iff V f, x: R(f, x) & R'(f, x)

So on proper input choice specifications in normal form the logical equivalence is afully abstract
relation.

13. Timed Agents Revisited

Even for timed agents that are not time insensitive we may find ways to abstract away the timing
information and still retain a sufficient representation of their behaviour. For making this more
precise we first introduce the notion of finite time transformation.

A finite time transformation is a continuous function
t [(MY)O)N - (V)@
that causes only finite time-shifts, i.e. we require
() gtx=¢ux,
(i) #(\/©x).i = oo & #(x/@t.x).i = oo fordli,1<i<n.

We write FTT.t, iff afunction t fulfils the requirements (i) and (ii). Finite time transformations
formalize the concept of independent timing (or speed) of system components. Thisis often used
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informally when speaking about time dependent systems and programs when it is stated that
"nothing is assumed about the relative speed of two unitsrunning in parallel”.

An (n,m)-ary timed agent specification T is called timing stable, if for al finite time
transformationst

Tf=T@;f)

Otherwise the agent specification is called time critical. In the specification of atiming stable agent
there are no sharp timing requirements. Either the time information in the input is not relevant for
the output or it is not exploited effectively due to the nondeterminism of the agent.

Having time information available in the input it is rather simple to specify certain behaviours
which are hard to specify without notions of timing. For instance using timed agentsiit is rather
simple to specify timed nondeterministic "strict" fair merge:

TNFM.f =4 V X, y: 31, t FTT.t A f(X, y) = t.scd(X, Y, 1) A #(1Or) = co A #{0OF) = oo
whereV x, y, r: scd(X, y, 1&r) = ft.x & scd(rt.x, y, r) A
scd(X, v, 0&r) = ft.y & scd(x, rt.y, r)

The agent specified by the predicate TNFM in the example above formalizing timed
nondeterministic fair merge is time insensitive. This also means that the associated input choice
specification fulfils the requirements that will be given for input choice specifications below.

The agent specified by TNFM is timing stable. The timing influences the output only in a
nondeterministic way such that finite time shifts do not change the essential behaviour according to
the nondeterminism contained in T.

However, this agent behaves essentially differently on finite timed streams and infinite timed
streams. If the input on both of the input lines is infinite, then all the input on both lines is
guaranteed to appear as output. So for infinite input the merge isfair. Thisis not true for finite
input. This indicates that the specification TFNM is not time insensitive as defined so far.
Otherwise there would exist a nontimed function g such that (for certaini and j):

g(M@(\/iA<l>A\/°°), M©(\/jA<2>A\/°°)) =<2,
and
g(o, M©(\/jA<2>“\/°°)) = <.
This, however, isin conflict with our monotonicity assumptions for g.

Theinclusion of explicit time considerations into the specification of communicating systems leads
to atrade off. Certain properties are easier and more explicitly expressible, however, the detailed
consideration of timing may lead to problems with overspecification. This trade off can be partly
solved by techniques that allow us to specify parts of a system with explicit timing and other parts
without explicit timing. For those techniques, however, we need interfaces between timed and
nontimed parts of system specifications. The interfaces can be again described by appropriately
specified agents. Basically, we may use agents that filter out time informations from streams as
well as agents that (re-)introduce time information in a nondeterministic manner. The first is
simple. The later is considerably more difficult.

A function
t (MO)N > (MVo)n
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is called complete timing function, if
(i) 9.tx=x,
(i) #(t.x).i =0 forali,1<i<n.

Of course, acomplete timing function t is not prefix monotonic as can be seen by the fact that all
images of t are infinite. The monotonicity is demonstrated by the following equations

to=vV= and t<a = VK @ .
Nevertheless, we may give an input choice specification t for complete timing functions
T(t, X) =g (V z€ (MO): @.t.zE Z) A #t.X =00 A @.LX = X.

The input choice specification T fulfils all the requirements necessary for guaranteeing the existence
of least fixed points. This shows that by the technique of input choice specification we may
combine timed and nontimed models of communicating systems.

Lemma: The input choice specification
T;0
represents the identity.
Proof: For f.x =y with (1 ; @).(f, X) we have
Jtf=t;ontlt,X) Afx=y
which isby definition of T equivaent to
Jtf=t; oA (Vze MO @tzE ) A#tX=c0c A QIX=XAfX=Y
From this we obtain:
Jtetx=xAotx=y
whichyields
X=y. 0
Note, the behaviours specified by 1 correspond to system components sometimes called arbiters.

Based on the input choice specification T we may easily program fair nonstrict merge by timed
merge:

T; TNFM ; @.
We may furthermore specify the sender by the predicate CS by the timed sender specification:
CS=1,;TCS; 0.

where we include complete time information in the stream of acknowledgements and later filter out
the time information again.

A specification
T:[((MV)ON - (M)@)M] - B

T iscalled timing stable if there exists an agent specification
Q [(MO)N — (MO —

such that
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Q=1;T;0.
Lemma: Every timeinsensitive agent istiming stable.
Proof: For atime insensitive agent T we have by definition

T.:0=0:0Q
Thisalows usto derive

;T 0=150;Q
and since is the identity we have

T;T;0=Q 0
If a stream processing function is not time insensitive, then abstracting away time can be seen as
introducing some kind of nondeterminism or underspecification. Certain more sophisticated
rel ationships between the timing and the message flow are no longer visible in the abstraction. In
particular, if parts of a system are time sensitive, such that the correct behaviour of one part

strongly depends on the particular timing of the other parts time abstraction does not work for
proving certain properties.

14. Conclusion

Functional techniques comprising fixed point theory with concepts like monotonicity and
continuity together with logical techniques can be seen as the backbone of formal methods for
program construction. When considering communicating systems a straightforward application of
such techniques seems difficult. This is due to the very particular abstractions by information
hiding (such as hiding time information) and the nondeterminism and underspecification
introduced thereby. Fortunately these difficulties can be mastered by a careful choice of the
specification formalism. This way a ssmple and powerful formal framework for the functional
treatment of communicating systems is obtained. For the functional formalism a verification
calculus at hand isthe functional calculus that can be used in a straightforward way.

For many applications time aspects are important. According to the principle of abstraction
computing scientists are interested in techniques that allow one to talk about behaviours in terms of
timing wherever this seems appropriate and to avoid time consideration wherever possible. A
rigorous formal foundation for time sensitive communicating systems therefore is of high
methodol ogical importance in system design.

After all we have identified the following classifications of timed functions and specifications of
time functions. These classifications has to do with the following two questions relevant in
connection with timed behaviour:

- Doesthetiming of the input streams influence the output streams only with respect to their
timing?
- Isit possible to capture the timed behaviour by nontimed behaviour using the concept of

nondeterminism, i.e. can every time abstract output be seen as an output for a particular
timing of theinput?

Regarding the first aspect atimed function or atimed specification T iscalled
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- timeinsensitive, if the time information of the input streams does not influence the produced
message streams, i.e. if there exists a nontimed specification Q such that

T;0=¢;Q
where ¢ is the time abstraction function on timed streams. In particular, T istime insensitive
if

T=¢9;Q;1

- timing stable, if the timing does influence the output, but this influence gets unobservable by
the nondeterminism in Q and so is an abstraction. Thisis expressed by

Q=1T;¢
Note, these two formal characterisations just represent notions of refinements for communicating

agents astreated in [Broy 91]. Thisway introducing explicit timing and time abstraction can just
be seen as particular concepts of refinement.
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