From abstract time to real time*
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Abstract

In computer science, the term ‘time’ is overloaded. Through a suc-
cession of languages, it is shown that there exist at least three different
notions of time, each of which corresponds to a different semantic concept.
First is the order of occurrence in a single stream, as in Lucid. Second
is the relative order of occurrence of events in different streams, as in
RLvucip. Third is the actual time that values are calculated in a given
implementation; this last concept, ‘real time’, is found in RTLucid. The
three different approaches to time are complementary, allowing RTLucid
to be strictly more expressive than RLucID, RLUCID to be strictly more
expressive than Lucid, and Lucid to be more expressive than ISWIM.

1 Introduction

There has been much research in computer science with respect to reactive sys-
tems and real-time systems. Some of the more successful work has used temporal
logic, either descriptively or prescriptively. Despite much of the success of this
work, there are still many troubling questions about the nature of time. These
are not esotheric, philosophical questions, but grounded, technical problems in
computer science.

In fact, the term ‘time’ can have at least three meanings. The purpose of
this discussion is to show that in fact these meanings correspond to different
semantic concepts, and that they can all be integrated into a single programming
language. In fact, they can be introduced one at a time, thereby giving a
succession of languages.
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id

op(E,...,E)
id(E,...,E)

if E then E else E
E where @

next E :
E fby E Lucid

E precedes F } RLucip
E before E } RTLucip

ISWIM

Q u= W=F
| id(id,...,id)=F

Figure 1: Abstract syntax for RTLuciIp.

The discussion below will only consider functional languages, although many
of the results should be translatable to other programming paradigms, such as
logic or imperative programming.

The outline of this paper is as follows. A brief reminder of functional pro-
gramming is given, using Landin’s ISWIM [3]. Streams are introduced by adding
the Lucid operators next and fby [8]. Reactive systems become programmable
when decisions can be made according to the order of arrival of input, using
RLvuciD’s precedes [5, 6]. Finally, hard real-time constraints can be expressed
using RTLucid’s before [6]. Since each language includes its predecessor, to
simplify the presentation, only the syntax of RTLucid is given, as in Figure 1.

It is assumed that a basic algebra of constants and data operators exists. The
constants are designated by k and the data operators by op. In general, these
basic operators will include the standard arithmetic and boolean operators.

2 Functional programming

The language to which notions of time will be added is Landin’s ISWIM [3]. This
language is normally considered to be the base of any functional programming
language. ISWIM programs are simply expressions where the local variables
and functions are defined using sets of equations. The order of occurrence of
equations is of no importance.

The advantages of functional programming have been vaunted in detail many
times; for example, reference [2] contains a full discussion. However, certain
details that might be remembered are that ‘pure’ functional languages, such
as the one presented here, are referentially transparent. In a given scope, a
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pFk:ik

pEEie; i=150:5D
ptop(Ey,...,Bp): op(ery...,ep)
pFE;:e; i=1,...,p
plid(Ey,...,Ep): p(id)(e,...,ep)
pkHEy:true pk Ej:ey
pkif E; then F, else Ej3:es
pHEy :false plk Ej:es
pFif E; then FE, else FEj:es
prEs:es plid —e]bF Er:e
pbk Ey where id = FEy:e;

p\{id1,...,idp} - Ey i eg plid « Aidy,...,id,).e2] - Byt e
pt Ey where id(idy,...,idy) = Fa:e;

Figure 2: The semantics of ISWIM

variable will have only one meaning, in all contexts, and it can be replaced by
its defining expression wherever it occurs in an expression.

ISWIM’s operational semantics are given in Figure 2. The judgment
pHE:e

means that in environment p, the expression F has value e. The environment
maps identifiers to values,

As an example, the following program generates a list, every element of
which is the double of the corresponding element in the original list:

map double [1,2,3]
where double x = x*2

map £ = m
mx = if x=nil
then nil

else (f(hd x)) :: (m(tl %))
end

Note that the function map is a higher-order function: its first argument must
be a function.
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To avoid using closures in the semantics, liberties have been taken. It is
supposed that if there is no value for identifier id in p, then id(p) just gives id.
Thus, in the function declaration, the evaluation of Ey will not give a value but,
rather, a new expression where the only remaining identifiers are the formal
parameters. This decision was taken because Lucid implementations do not use
closures but, rather, a tagging mechanism which simulates the occurrences in a
calling tree. See reference [7] for more details.

3 Adding streams

Streams are natural programming tools that are found in many areas of com-
puter science. Pipes in UNIX allow one to connect the output of one program to
the input of the next program.

In their simplest form, Lucid streams are simply functions from natural
number contexts to the domain of values. Streams can be manipulated with two
operators. The next operator generates a new stream where the first element
has been removed. The £by operator creates a new stream by putting the first
element of the first stream before the second stream.

The operational semantics of Lucid are given in Figure 3. The judgment

p,CHE:e

means that in environment p and in natural context C, the expression E has
value e. The environment maps identifier—context pairs to values. Other ver-

sions of Lucid (see reference [4]) allow contexts to be arbitrary tuples of integers,
or even arbitrary values.

The simplest derived function is the first operator:
first x = x fby first x

This function generates a constant stream from the first value in a stream.

Streams can be considered to be a first approximation to time. If a system
has one input channel and one output channel, then the order in which occurs
the input can ‘define’ time. For example, the running total of the input can be
written as follows:

out where out = in fby (out + next in)

Clearly, the n + 1-th occurrence of out occurs after the n-th occurrence of out.
However, it is possible to write Lucid programs which are not pipeline
dataflow. For example, the pathological program

f n where f x = if x=0 then 5 else next (f x)

gives, for each index 7, the value 5 should there exist an index j > 4 such that
the j-th value of x is 0. However, an arbitrary amount of computation may
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p,CHE:k

p,CFid:p(id,C)
;OB e i=1,...,5
p,C & op(By,...,BEy) : opler,... ep)
p,CHBire; i=1l,...,p
P,C'— id(El,... 5EP) :p(id,C)(el,... ,ep)
p,CEHE;:true p,Ct E;:e;
p,CHif FE; then F; else FEj3:ej
p, Cr By :false p,CF Ej:e
p,CFHif Ey then FE, else Fs:e3
p,Cl‘Ez:&z p[(id,C)f—eg]l—El:el
p,CF E; vhere id = Fy : e
p\{id}_,...,‘l:dp},c F Ez s €2 p[(zd,C') — A(’Ldl, ,idp).EZ],C F E]_ Vel
p,C & E; where id(idy,...,idy) = Ey:e;
p,C+1F E:e
p,Clhnext E:e
p,0FEq:e
p,0F E; foy Ey e
p,C—1FEy:e€
p,C+HE, fby Es: e

Figure 3: The semantics of Lucid

need to be done before the value 5 is generated. There is therefore no notion
resembling real time.

In addition, should two streams be added together, as in A+B, there is nothing
to prevent A and B from being completely out of sync. At some point, A might
be much faster than B, but at another point, B might be much faster than A.
Lucid is incapable of distinguishing ‘slow’ streams from “fast’ streams.

4 Reactive programming

Reactive programs are programs that interact continually with their environ-
ments. They are found everywhere, and include just about anything from elec-
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tronic gadgets to aircraft control and industrial control. The interaction in
these programs typically involves a feedback process: the output of the reactive
system will affect the environment, which will in turn affect the reactive system.

For example, consider a thermostat. It receives as input the temperature of
the room and, as output, generates a signal to a furnace to turn on or to turn off.
When the input temperature goes above a certain threshhold, the thermostat
will signal the furnace to turn itself off; the room temperature will ultimately
decrease and the thermostat will then signal the furnace to turn itself back on.

This sort of problem can still be handled in the Lucid framework, as there
is but one input, the temperature. However, most reactive systems have several
inputs, which do not all arrive at the same time, or even with the same period-
icity. Consider, for example, a simple wristwatch. Its inputs are the buttons on
the watch and the signal from the quartz; its output is the display. The correct
behavior of this watch requires that the program can determine the order of
arrival of the input events. Pressing button A and then button B is certainly not
the same thing as pressing button B and then button A.

If determining the order of arrival of input events is important, the simplest
thing to do is add a primitive, called precedes, to Lucid. The Boolean stream A
precedes B states which of the corresponding datons of A and B occurred first.

The resulting language is RLucID [5]. Its semantics are presented in Fig-
ure 4. The judgment

pCHE vt

means that in environment p and in natural context C, the expression E has

value v and occurs at time ¢. The possible values for time are all in Rf. To
simplify the presentation, as well as to show the similarities with the other
semantics, e refers to the pair v, t.

The semantics of RLUCID assumes the synchronous hypothesis, i.e. that
computations take no time (see Berry [1] for a fuller discussion). It is therefore
possible to have a counter that counts, ezactly when an event A occurs, the
number of occurrences of A:

#1{count,A} where count = 1 fby count + 1

where the {...} data operator creates tuples and the #1 data operator selects
the first element in a tuple.

An often used derived operator is the wait operator, which is defined as
follows:

wait X1:E1 X2:E2 ... Xn:En end =

if X1 precedes X2 and X1 precedes ... Xn then El

else if X2 precedes X3 and X2 precedes ... ¥Xn then E2
else En
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Streams can also be synchronized with any other stream, through the use of
the last operator. The program

last(0, #i{count,A}, B)
where last(X,Y,Z) =
wait Y : last(Y, next Y, Z)
Z : X fby last(X, Y, next Z)
end

generates, upon every occurrence of B, the number of A’s that have occurred up
to and including that moment.

Using wait, two streams can be merged deterministically, according to the
order of arrival of their input:

MergeLeft(X,Y) =
wait
X: X fby MergeLeft(next X, V)
Y: Y fby MergeLeft(X, next Y)
end

5 Real-time programming

The synchronous hypothesis allows programmers to refer to timed activities in
an implementation-independent manner. However, computations do take time,
and there are clearly situations where if the computations are not done at the
right moment, then grave situations can occur.

Real-time programs can be considered to be reactive programs which are
subject to hard real-time constraints. These constraints can take on several
forms, typically required response times or sampling frequency of input.

What is normally done with synchronous languages is to determine the min-
imum interval between two input events and then to ensure that in any im-
plementation, the maximum response time is less than that minimum interval.
However, none of this reasoning can be done in RLUCID itself.

To be able to verify ‘real’ real-time properties of a program, the actual
physical implementation must be taken into account. A given program may
well run correctly on a fast machine, but not on a slower machine.

The RTLucID language assumes that each event has fwo times: the logical
time, which corresponds to the idealized situation where computers are infinitely
fast, as in RLucID, and a real time, which corresponds to the actual moment
that the value is computed. Clearly, the real time of an event never occurs
before the logical time. To ensure program portability, the real time is not
directly accessible from a program. A timing constraint limits the allowed delay
between the logical time and the real time.
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2 G kuk;0

p,C tid : p(id,C)
oG By vty =100
p,C Fop(En,...,Ep):op(vy,...,vp), maxt;
p,CHE;:e; i=1,...,p
p,C & id(Ey,...,Ep) : p(id,C)(e1,... ep)
0, C & Ey :true,ty p,CF By :vs,ts
p,CFif E; then E, else Ej: vy, max(ti,ts)
p,C & Ey: false,ty p,Ct+ Ej:wa,ts
p,C - if E; then F, else FEj: vz, max(t1,t3)
p,Cl‘Ez:ez p[(id,C)FEZ]FEl €1
p,CF E; where id = Fy : ey
p\idy,...,idp},C+ Ey e p[(id,C) — A(idy,...,id,).e3],C - Ey : e;
p,C + By where id(idy,...,id,) = Eq:e;
p,C+1FE:e
p,Clhnext E:e
p,0FE;:e
p,0F Ey fby Ey:e
p,C—1FE;:e
p,C+E; fby Fy:e
g OB B vty =12
p,Ct E; precedes Ej:ty <ty,min(ty,ts)

Figure 4: The semantics of RLUcID

The semantics of RTLUCID are given in Figure 5. The judgment
p,CF Eivt,r

means that in environment p and natural context C, the expression E evaluates
to value v at logical time ¢ and at physical time r. The physical time will never
be earlier than the logical time.

The new primitive operation is called before. The expression A before B
simply means A, with the constraint that A must physically occur before B logi-
cally occurs.
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5, CFk:%,0,0

p,CFid: p(id,C)
pC F By vug it » > maxy; 4=l.....9
p,C - op(Ey,...,Ep) : op(v1,...,vp), maxt;, T
pCHE;j:e; i=1,...,p
p,C & id(Ey,...,Ep): p(id,C)(e1,. .., ep)
p,CF Ey :true, ty,m11 p,CF By :vg,te, 79 T > max(ry,7s)
p,CFif E; then E, else FEj: vy, max(ty,ta),r
p,C & Ey : false,t; p,C* E3:vg,t3 7 > max(ry,r3)
p,C+ if E; then E; else Fj:ws,max(ly1,t3),7
p,CF Ey:es p[(id,C) «— ez] F Fy i eg
p,CF E; where id = Fy: e;
p\idi,...,idp},CF By ey p[(id,C) «— A(idy,...,id,).es],C - Ey : e
p,C & Ey where id(idq,...,1d,) = Ep : e;
0, C+1FE:e
p,ClFnext F:e
p,0FE;:e
p,0FEy foy Ey:e
pC—-1tFEy:e
p,CHEy fby Es:e

2, CF By iugtyry i=1,2
M =if t; < ty then 1 else 2
p,C = E]_ precedes Ez b S tg,tM.,'f'M

0,0 Byt vy by 1=1,2 1 <t
,O,GI‘ E]_ before Ez i 'U]_,tl,‘]‘l

Figure 5: The semantics of RTLUcID

Suppose that a program has two input: a value I and a second S. The
output is the same as I, but it must be output before two S have appeared. The
result would then be

I before alternate
where alternate = S fby next next S
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It is clear the before operator constrains the code that a compiler can
generate. To ensure that ‘real’ hard-time constraints can be stated, a particular
input event, such as a second, must be singled out so that a link can be made
with the (abstract) program and the (real) implementation. Note that this is
the first time in the entire presentation that a particular event is singled out; in
the rest of the presentation, time is multiform.

6 Conclusions and discussion

Through the succession of languages (ISWIM, Lucid, RLucip, RTLucIp), dif-
ferent concepts of time were shown to correspond to different semantics entities;
all of which can be used in the same programming language.

The discussion in this paper dealt only with time, as we went from abstract
time (Lucid) to logical time (RLucID) to real time (RTLucid). Lucid has been
extended several times to allow intensional operators defining passage from any
context to another, not just integer contexts. In particular, integer-tuple con-
texts can be used to have a notion of abstract time and space. We speculate
that there are probably equivalent notions of ‘logical space’ and ‘real space’,
which would give interesting insight into problems related to parallelism.
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