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Abstract. Action systems are a formalism for representing concurrent behav-
iours, based on interleaved atomic actions. We show how this model can be used
to represent time-consuming, pre-emptible actions with real-time constraints.
A development procedure is described which captures the steps programmers
typically undertake in the design of real-time multi-tasking systems.

1. Introduction

Many approaches to modelling real-time systems have been proposed in recent
years. However, for simplicity, most make unrealistic assumptions such as ‘max-
imal parallelism’ and ‘instantaneous’ actions. Such models are inadequate for
representing the practical problems that programmers actually face when devel-
oping real-time systems using priority-driven, pre-emptive task scheduling.
Action systems [Bac92] are an attractive formalism for modelling concur-
rent systems. They extend the familiar notion of sequential state machines into
the realm of concurrent systems by allowing independent atomic actions to be
interleaved. Unfortunately the model has proven difficult to extend. Interleav-
ing semantics makes it difficult to represent time-consuming parallel actions that
may overlap in time. Action atomicity seems to preclude a model of pre-emption.
In this article we present a way of applying actions systems that can model
such concepts. Absolute global time is modelled by a special ‘now’ variable,
accessed by all processes. A global ‘tick’ action is used to effect the passage
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of time. Actions that consume time, and may be pre-empted, are modelled by
deferring the observable effect of each action until it is known to have completed,
in spite of other higher-priority actions that delay its progress. Application of
the model is demonstrated by presenting a multi-layered development procedure
for designing real-time multi-tasking systems.

2. Background: action systems

Action systems are a conservative extension of Back’s refinement calculus [Bac92,
BvW94]. They are intended for development of parallel and reactive programs,
while still using familiar sequential refinement methods.

Syntactically, an action system .4 can be represented as an initialised do
loop [Bac92].

A = begin
varZ e
Ao;
do
lier g4i — sdi
od
end: 7

Here 7 denotes the local variables of A and 7 the global variables it accesses.
Let ¥ = Z U Z. The initialisation predicate Ay defines the initial state of the
variables in § [BvW94]. The system itself consists of one or more actions A;,
where 7 is an indexing set. Each action A; is a guarded command consisting
of a guard gA; and a statement sA;. Each guard is a predicate on variables in
¥, defining the conditions under which the action can occur. Each statement
is a predicate on before and after states, defining a non-deterministic multiple
assignment to a subset of variables in . In this article we use the specification
language Z [PST91] as a convenient, widely-known notation for representing
these predicates. Also let 7; be the set of variables that action A; only reads, ;
be those that it writes, and @; be all those variables that it accesses. That is,
(_ii = Fz' U lT)i and Ei g y [B894]

Such a loop always has a well-defined meaning as a sequential program, of
course. At each iteration one of the actions whose guard is true is nondetermin-
istically chosen and executed, until no enabled action remains. However action
systems may also be interpreted as describing a parallel system. In particular,
in the concurrent system model, actions are logically grouped together to form
processes [Bac92]. Where actions in different processes refer to the same variable
that variable is shared. Actions must access shared variables under mutual ex-
clusion and are thus considered atomic with respect to such variables. Actions
that access disjoint parts of the state space are independent and may be thought
of as occurring in either order or in parallel. Refinements must respect both the
sequential and concurrent interpretations.

(Separate action system descriptions may also be composed using a ‘||’ op-
erator [Bac92]. However, as this is only a syntactic convenience for structuring
specifications, we focus on a single action system specification here, with no loss
of generality.)

Sequential systems can be semantically defined via the outputs they pro-
duce in response to each possible input. However, this is insufficient for parallel
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systems that interact repeatedly with their environment. Action systems are
therefore defined as having behavioural semantics [BvW94]. Each action system
A is defined by the set beh(A) of its behaviours, where a behaviour is a sequence
s of states with components for both local and global variables.

5 = <(f(), Zg), (fl, 21), .. >

Behaviours may be finite or infinite. Finite behaviours may be terminated or
aborted. A terminated behaviour ends in a state where no guard is true. An
aborted behaviour ends in a state in which termination is not guaranteed because
there is an enabled action that itself may never terminate [BvW94].

Refinement 1s performed with respect to observable fraces of the action sys-
tem [BvW94]. Given a behaviour s we obtain its observable trace tr(s) by

1. removing the local state component from each element, and

2. removing repeated elements from finite contiguous subsequences with the
same global state component.

An approzimation relation < is then defined for behaviours. A behaviour s ap-
proximates behaviour ¢, denoted s < ¢, if

e s aborts and tr(s) is a prefix of tr(?), or
e neither s nor ¢ abort and tr(s) = tr(¢).

We can then say that an abstract action system .4 is refined by a concrete action
system C, denoted A C C, if every behaviour of C has an approximating behaviour
in A.

def

ACC =Vtebeh(C) Is e beh(A) st

For defining real-time systems, however, action systems have significant lim-
itations.

e Atomic, indivisible actions make it difficult to represent actions whose imple-
mentation will consume time.

e Interleaving semantics makes it difficult to model independent parallel actions
that may overlap in global time.

e The model does not allow actions to be pre-empted at some arbitrary point
during their execution. (Refinement rules exist that allow actions to be broken
into smaller parts [Bac93], but the rules are complex, and they allow actions
to be interrupted only at pre-determined points.)

3. Definition: timed action systems

This section defines a model for timed action systems that allows time-cons-
uming, overlapping and pre-emptible actions to be specified.

For the purposes of this article we use a discrete time model (so that we
can use Z integer operators for manipulating time, and because discrete time is
assumed by scheduling theory models). Let absolute time A, and durations of
time I, be represented as integers.

A::
D==7
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Syntactically a timed action system is identical to an untimed one, except
that predicates may use a number of implicitly-declared auxiliary specification
variables. Semantically a timed action system can be defined by augmenting
a standard action system with auxiliary declarations and actions. In the most
general case, an action system like A4 in Section 2 is defined in its ‘timed’ inter-
pretation 7 to be extended as follows.

7T = begin
var Z; upz; acg; bsz.,; ail-,o
A() A To;
do
lies (84i AgAT) — (sA; AsAT)
NgT —sT
od

end : {7, up;, ac;, now}

In these generic definitions, declarations that contain subscripted vectors are
assumed to be duplicated for each vector element.

The auxiliary features are as follows. Not all are needed at every level of
abstraction. Section 4 shows how they are added incrementally during system
development.

e Variable now, of type A, is declared. It is used to model the current global
absolute time.

e Variables upy, of type A, are declared for all local and global state variables
§. They are used to record the absolute time at which the corresponding state
variable was most recently updated by an action.

e Variables acg, of type D, are declared for all local and global state variables

y. They are used to indicate that the corresponding state variable is being
accessed by a time-consuming action for the given duration.

e Variables bsp, of type D, are declared for all processes p from which the

action system is constructed. They are used to indicate that the corresponding
process is busy performing an action for the given duration.

e Variables az'p., of type TU{0}, are declared for all processes § from which the

action system is constructed. They are used to identify which action, if any,
the corresponding process is performing.

e An extra initialisation predicate Tg is introduced. This is used to initialise
the above auxiliary time variables.

e A new conjunct gA” is added to the guard for each action A;. This is used
to ensure that the action can occur only when the auxiliary time variables
have appropriate values.

e A new predicate sA] is added to the statement part for each action A;. This
is used to update the auxiliary time variables whenever the action occurs.

e An auxiliary fick action T, with guard g7 and statement part s 7', is added
to the action system. This is used to model the effect of the passage of time
on the auxiliary time variables.
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Fig. 1. Operating environment for the pump controller.

4. Development method

This section shows how the above auxiliary features can be systematically intro-
duced and applied during the development of a real-time, multi-tasking system.
A development procedure consisting of six major steps is outlined. Many smaller
refinement steps may be applied at each level, of course, using the standard
refinement rules established for action systems [BS91].

For each step a generic description is given and then illustrated with a con-
crete example based on the well-known mineshaft pump controller case study
[BW90]. Figure 1 shows the environment in which the pump controller is in-
tended to operate. The overall goal is to keep the depth of groundwater seeping
into a mineshaft low enough to permit mining operations to continue unhin-
dered. A sensor detects the depth of water and an electrically-powered pump
is available for removing it. Unfortunately, the pump cannot be operated safely
in atmospheres with high methane levels for fear of causing an explosion. (Nor
can the pump be placed outside the mine due to the high pressures required.
Water is often not pumped out of mines, but into disused shafts.) Therefore, the
pump must be switched off if a methane sensor detects an unacceptably high gas
concentration.

4.1. Timed traces

At the most abstract level, a real-time action system requirement is most suc-
cinctly expressed as the acceptable t2med traces of the proposed system. A timed
trace is, in turn, an abstraction of the tzmed behaviours.

A timed behaviour s is a sequence of states with a distinguished variable now
denoting the absolute time at which this state was observable.

s = ((nowg, o, 2), (now,, &1, 1), .. .)
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This variable allows the programmer to refer to the absolute time at which states
should be observable. A valid timed behaviour is one where, in two successive
states, the value of now is either unchanged or advances by exactly one time
unit. Because the system may perform several independent state changes simul-
taneously, there is no requirement that now advances from one state to the next.
Action system semantics represents parallelism by nondeterministic interleaving,
so two or more simultaneous changes to digjoint parts of the state space appear in
a timed behaviour as successive states with different state variable components
but the same value of now.

Time does always advance, however, when we abstract away to timed traces.
As in Section 2, this involves removing the local state component from each state
(including our auxiliary time variables) and removing repetitive subsequences
(where the value of now is also repeated). A new requirement, however, is to

3. remove all but the last element from finite contiguous subsequences with the
same value of now.

In this way only an entire state change is reflected in a timed #race, even when the
timed behaviour would reveal that the step was composed of several independent
state changes occurring at the same moment.

Refinement of timed traces then follows directly from the untimed definition
in Section 2, with now treated like any other variable.

4.1.1. Timed trace example

Let there be a scale, in millimetres, representing the depth of water in the mi-
neshaft.

mm == N
There 1s a given maximum permissable depth for the water level.
| HoOmaz : mm
Methane pressure can be measured using Pascals as a scale.
Pa==N
There is a given maximum methane limit for safe operation of mining equipment.
| CHymaz : Pa

Our desired system is then specified with respect to the following three ob-
servable variables.

Time = [now : A]
Water = [HQO : mm]
Methane = [ CHy - Pa]

For expressing timed traces over some state 5, first define those traces in
which now appears in S, and advances by one time unit at each step, starting
at time 0.

trace S =={s :N— S |Vi:Nes(i). now=1i}
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Our top-level requirement is then to create a system Shafi that obeys the fol-
lowing property.

tr(Shaft) = {a : trace( Time N Water A Methane) |
Vi:Ae(Vu:0..1e CHQu < CHymaz)
= H,0Qi < HyOmaz}

Here v@1 is a syntactic shorthand for a(?).v, denoting the value of variable v at
time ¢ [SZH93].

In other words, at all absolute times ¢, the water level Ho0 must not exceed
HsOmaz as long as, for all times u in the past, the methane level CHy did not
exceed CHymaz. After the methane level passes this threshold, however, the
system is no longer obliged to maintain low water levels. Of course, this does
not say a methane level exceeding CHymaz must cause the mine to flood. In
particular, methane peaks above CHymaz of very short duration may not even
be detected and, even after mining equipment is forced to shut down, the seepage
of water into the shaft may be so slow that its level remains low for some time.

This specification is quite abstract, merely relating the observable environ-
mental variables to one another. In particular, it does not specify how low water
levels are to be maintained, or any reaction times on equipment required to
guarantee safety. This detail is introduced during the refinement below.

4.2. State machine

In the next major step, a state-machine solution to the traces requirement is
developed. This is expressed as an instantaneous timed action system. This looks
like a standard action system except that it may use auxiliary variables now and
up;.

For each state variable v in ¥, up, denotes the last time v was updated.
This allows the programmer to refer to the time at which the current value of »
became observable, in the state-machine model. (Significantly, we can now see
why trace-based specifications are more succinct than state-machine ones. Where
a state-machine model requires auxiliary variables to keep track of past events, a
trace-based specification has the full history of previous states available, without
the need for additional variables.)

Semantically an instantaneous timed action system A can be defined as an
augmented action system 7 as follows. (For brevity in the following generic Z
definitions we take the liberty of letting operators such as A and = precede
variable names [PST91]. We also omit the types of auxiliary variables as these
have already been given in Section 3. A predicate containing a vectored subscript
denotes the conjunction of individual predicates for each vector element.)

e The auxiliary now and upy variables are declared.
e The timed initialisation predicate asserts that the auxiliary variables are all

initially zero.

_ Ty
now; up

now = 0 A upy = 0




8 C. J. Fidge and A. J. Wellings

e For each action A;, that accesses variables @;, its guard gA; may refer to the
following implicitly-declared auxiliary time variables.

gA]

Fnow; up,

e For each action A;, that writes to variables @; and reads variables 7;, the
statement sA; is augmented so that all updated variables are marked as
having been updated at time now.

__sAT
A(upmz_); E(up;z_, now)

!
up g, = now

At this level of abstraction actions denote instantaneous state-changes of
interest. They start and end at the same moment in time.

e The statement part of the auxiliary tick action increments now and leaves
all other variables unchanged.

_sT
A(now); E(F, upy)

!
now = now +1

e The guard on the auxiliary tick action 7" is defined so that ticking will not
cause any other true guard to become false.

_gT
now; y; upy

Nier (gAi = g4, [nﬁu—fl])

Here gAi[now +1/now] denotes guard gA; with ‘now’ replaced by ‘now +1’.
This guard ensures that a tick occurs only as long it does not disable any
currently enabled guard gA;. (A tick may enable a disabled guard, however.)
If some guard gA; is true, and performing a tick would not cause any guard to
become false, then there is a nondeterministic choice between doing action A;
or performing a tick. In effect, this tick guard allows each action A; to occur
at any of the times specified by gA;, without the danger that the passage of
time will cause an action to miss a deadline [AL94].

For such an augmented action system to be a valid refinement of a timed
trace specification, the set of its traces must be a subset of those defined by
the trace specification. Here we have introduced new auxilary time variables
upy. This is a straightforward application of superposition refinement in action

systems [Bac92], a special case of data refinement in which new variables are

added only.
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4.2.1. State machine example

We now introduce an action system whose traces satisfy the requirement ex-
pressed in Section 4.1.1. In doing so we also introduce aspects of the anticipated
physical environment and the anticipated solution.

Let there be a known maximum possible change in the methane level in one
time unit.

| 6CH, : Pa

Also define a period CHaper within which the methane level must be sampled
at least once, with a small possible variation of no more than CHyerr. (These
safety-critical durations may be laid down by legislation.)

‘ CHyper, CHyerr : D
‘ CHyper > CHyerr

Note that if the methane level briefly rises above CHimaz for a time signifi-
cantly less than CHyper then this short peak may not be detected. However if
there is a period as long as CHyper + CHyerr during which the methane level is
continuously high then it must be detected.

Naturally we expect water levels to be managed by some sort of pump. Let
6 HyOin define the maximum possible rate of water seepage into the mine, and
8 HyOout be the maximum possible rate at which water can be pumped out of
the shaft against a worst-case inflow, both expressed as the change of water level
in one time unit.

‘ 6 HQin, § HsQout : mm
| §H:0in < 6 HyOout

To make a solution feasible we require that the pump can remove water at least
as fast as it seeps into the mine.

In practice any implementation will take some to time react to rising water
levels approaching HyOmaz and get the pump operating. If the water level is
never to exceed HaOmaz then we must start work towards switching the pump
on before this level is reached. Let HsOmark denote the water level at which
the system must react to rising water, and relate this to duration react as fol-

lows [MH92].
‘ react :10; HeOmark : mm

HyOmark < HoOmazx

react < [HgOmar—Hgomark-‘

§Ha0in
react < CHyper — CHyerr

We also use react to denote the time required to switch the pump off, so the last
predicate relates it to the sampling period of methane levels in order to place an
upper bound on how quickly the pump will be stopped when dangerous methane
levels are detected [LLB90].

Some local variables are needed to control the action system. These are the
status of the water pump, a signal that the water level exceeds HoOmark, an
indication that a dangerous level of methane has been detected, and a counter
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used to keep track of methane sensing periods.
Pump = [pumping : B]
Depth = [deep : B]
Danger = [shutdown : B]
Counter = [n : N |

The action system specification is then expressed in terms of six distinct
timed actions.

Shaft = begin
var pumping; deep; shutdown; n e
Init,;
do
WaterLevel
[] MethaneLevel
[] CheckWater
[| CheckMethane
[| PumpOff
[] PumpOn
od
end : {H:0, CHs}

Of course many other features, including the tick action and declarations of
auxiliary variables, are assumed to exist implicitly, as per the definitions above.

Initially the pump is off, the period counter for methane monitoring is zero,
no shutdown or deep water conditions have been diagnosed, and we assume the
system is started only when the water and methane levels are low.

— Inat
Pump; Danger; Depth; Counter; Water; Methane

= pumping A = shutdown A = deep An =0

Hs0 < HyOmark
CHy < CHymaz

The first two actions model properties of the physical environment. Action
WaterLevel defines the change in the water depth in each time unit. Its guard
ensures that it is performed once at every unit of time.

—_gWaterLevel
Water

now = up g 5 +1

As soon as now advances past the last update time for variable H30 the guard
is enabled and action WaterLevel must occur before now can advance further.
(The guard thus places an upper bound on the time at which each instance of
WaterLevel must occur. Merely stating now > up; , would be too weak because
it allows now to advance indefinitely before performing the action. The passage
of time would never disable such a guard.) The action itself changes the water
level nondeterministically. If the pump is off the water level may increase by
up to 6 HyOin units. If the pump is on the water level may decrease by up to
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6 HoOout units.

s WaterLevel
EPump; AWater

pumping = H20' € (H20 — § HyOout) .. H20
- pumping = HQOI € H,0 .. (H20 + 5H20in)

Since the action updates H»0, thus implicitly setting up; 5 equal to now, the
action is then disabled until time advances again. (Not all variables are declared
in the above schema. By action system convention variables not mentioned in an
action are left unchanged.)

Similarly, action MethanelLevel occurs once every time unit.

—_gMethanelLevel
Methane

now = up oy, +1

It allows the level of methane in the shaft to vary randomly by up to § CH, units.

__sMethaneLevel
A Methane

CH, € CHy+ 6CH,4

Action CheckWater maintains the deep variable which is true only while the
water level equals or exceeds HyOmark. The guard ensures the action occurs
whenever the value of deep does not agree with the actual depth of the water,
immediately after each update to Hy0.

___gCheckWater
Water; Depth

deep <& H-0 < HoOmark
Up .o = now

The action thus reacts to changes in the water level instantly, and corrects the
value of deep accordingly.

__sCheckWater
= Water; ADepth

deep’ & HyO > HsOmark

Action CheckMethane represents the act of periodically checking the methane
level and updating the shutdown variable. The guard ensures that the action is
performed every C'Hyper time units, within a deadline of C'Hyerr.

—_gCheckMethane
Counter

now € (n * CHaper)..(nx CHyper + CHyerr)

The action body increments the period counter and makes shutdown true only
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if the methane level is too high.

—_sCheckMethane
=EMethane; ADanger; ACounter

n=n+1
shutdown' < CH4 > CHymaz

The last two actions switch the pump off and on according to current condi-
tions in the mine shaft. PumpOff switches the pump off either when the water
level is no longer too deep or when a shutdown has been signalled.

__gPumpOff
Danger; Depth; Pump

pumping
= deep V shutdown
= deep = now < UP geep, +react

shutdown = now < up +react

shutdown

This must be done within react time units of either of these conditions becoming
true, as indicated by the last two conjuncts in the guard. This particular form of
timing requirement ensures that if both conditions = deep and shutdown become
true within a short time of one another then PumpOff will be performed within
react time units of the earlier event. The action itself merely requires the pump
to be switched off.

— sPumpOff
A Pump

- pumping’

(Readers may wonder why we bother to switch the pump off at all. Leaving it
on permanently, as long as the methane levels are not too high, is guaranteed to
satisfy the specification in Section 4.1.1! However, with reference to the complete
example [BW90], we note that the pump should not be allowed to run ‘dry’ for
fear of damaging itself and, more seriously, operation of the pump generates
carbon monoxide, with obvious safety concerns for the miners.)

Action PumpOn can occur if the water is too deep and the methane level is
low.

—_gPumpOn
Danger; Depth; Pump

- pumping
deep A = shutdown
now < maz{updeep, UP purdown | T TEACE

Since we must wait for both of these conditions to be true, the timing requirement
states that the pump must respond within react time units of the later event.
(Our state-machine model thus allows the pump to be switched on again after a
high methane concentration subsides, although this feature was not required by
top-level specification Shaft.) Again the statement part is trivial.
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__sPumpOn
A Pump

pumping’

Proof that this state machine model satisfies the specification given in Sec-
tion 4.1.1 follows by noting the possible sequence of changes to the observ-
able variables. The required trace behaviour is violated if the water level ex-
ceeds HoOmaz when the methane levels have never been above CHymaz. Action
WaterLevel is the only one that can increase the depth of the water, and it
does so only if pumping is false. Assuming that the water level is rising, there
will be a moment when H-0 reaches or exceeds HoOmark. At that time action
CheckWater will occur and raise the deep signal, and within react time units of
this happening PumpOn must occur, which prevents WaterLevel from increasing
the depth any further until either the water level goes below HsOmark or high
methane levels force the pump to be switched off.

4.3. Time-consuming actions

At the next level of abstraction we introduce the notion that those actions to be
implemented as executable code cannot be performed instantaneously.

For each state variable » in ¥, ac, marks the duration for which » is not
usable because it is already being accessed by a time-consuming action. These
periods of inaccessiblilty are used to model the notion that actions take time to
update variables.

For each action A;, the programmer must supply an expression eA;, of type
PID, which returns the set of acceptable (non-negative) ezecution times for this
action. Expression e A; may refer to any variables accessed by action A;, including
the time variables. In practice, eA; embodies estimates of the best and worst-
case execution times for the ultimate implementation of A;. Typically the initial
values will be pessimistic. Later refinements can tighten the estimates, as more
implementation detail becomes available.

Semantically a time-consuming timed action system is defined as a further
extension to the augmented action system of Section 4.2 as follows.

e Auxiliary acy variables are declared.

e The initialisation predicate is extended to assert that all the acy variables
are initially zero.

— Ty

now; up-; ac.
) py’ g

now:O/\upyZO/\acyZO

e Each guard gA; is extended so that action A; cannot begin execution while
any variable that it wants to use is currently being accessed, i.e., if any ac;
13

is greater than zero.
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_gAT

now; upg.; acy

acy, <0

o FEach statement sA; is extended so that all variables @; it uses are marked as
inaccessible for the duration e in eA; that the atomic action is ‘executing’.
Also the update times for variables i; that are updated by this action are set
to the future absolute time at which the time-consuming action nominally

finishes.
_sAT
A(d;, up g, acaz,); E(now, up;i)
Jde:ed; o
aclaz_ =eA up’ilz_ = now +e

(The accessed state variables a;, and the absolute time now, are declared
here in case they are referred to in eA;.)

e The guard on the tick action is extended so that it takes account of the extra
condition on time variables added to the other guards above.
_gT

-
now; y; upg; acy

Nicr ((gAZ' AgAT) = (gA; A gAT) [%D

e The tick action is extended so as to decrement the duration for which each
variable is inaccessible, whenever time passes.

_sT

A(now, acy); E(¥, up;)

!
now = now +1

!
ac, = ac, —1
7 7

Each time a tick occurs all access counters are decremented, possibly ‘releas-
ing’ inaccessible variables.

Thus each action still occurs ‘instantaneously’ (at absolute time now) but its
effect on a variable v cannot be observed by any other action until ac, becomes
zero (at time now +e). Similarly, although a variable v is updated by an action
as soon as it begins (at time now), the corresponding up, variable is set to
indicate that the update is observable only at the nominal end of the action
(at time now +e). It is this approach that allows us to model time-consuming
actions, that may overlap in time, in an interleaving framework. Since actions
access variables under mutual exclusion, no other action can ‘see’ when a variable
being updated is actually modified, so no anomalies are introduced by this model.

For a time-consuming action to be a valid refinement of an instantaneous one,
it must finish creating its new state in the range of times at which the correspond-
ing instantaneous action occurred. This means that the range of possible starting
times expressed in the guard must be made earlier to allow for the amount of
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time consumed by the action statement. Also, since the time-consuming action
accesses variables at the time it starts, then these initial variable values must
correspond to past values referred to by the equivalent instantaneous action. Fur-
thermore, the periods for which each variable is designated ‘inaccessible’” must
correspond to times at which only one action made use of this variable in the
instantaneous system.

4.8.1. Time-consuming actions example

For each action in the mineshaft design we must supply an expression defining
its possible execution times. In this example we show this by following the name
of an action statement predicate with the expression.

For instance, define durations denoting how much time it takes to perform
action CheckMethane in the best and worst possible cases, respectively.

‘ CMmin, CMmaz : 1D

CMmin < CMmaz
CMmaz < CHyerr

Then ‘sCheckMethane in CMmin .. CMmaz’ denotes the statement part of ac-
tion CheckMethane augmented as described above, i.e., where e CheckMethane =
CMmin .. CMmaz.

Modifying CheckMethane in this way creates a problem, however, because it
shares variable C'H4 with action MethanelLevel. The time-consuming version of
Check Methane may now lock this variable for up to CMmaz time units, thus
making it impossible to perform action MethaneLevel at every tick, as required.
This is not surprising—the instantaneous model gives each action the power to
examine the value of any variable, at any time, without blocking other actions.
When actions consume time this ability is lost. Further implementation detail
must be introduced to overcome this.

We can prevent CheckMethane from blocking the MethaneLevel action by
interposing another action between them so that they no longer share variables.
Rather than assuming that CheckMethane can directly access the C'Hy variable,
which represents the actual methane pressure in the environment, we introduce
a new variable to model the pressure as seen by the methane sensing hardware.

MethaneGauge = | CHygauge : Pa]

We then replace CheckMethane with a time-consuming version that reads from
this variable, rather than directly from CHy. Since CheckMethane now takes up to
CMmaz time units to execute, its range of starting times is made correspondingly
earlier.

—_gCheckMethane
Counter

now € (n * CHyper)..(nx CHyper + CHyerr — CMmaz)

This guarantees that the time-consuming statement still finishes before CHyerr
time units elapse, even in the worst situation. The modified statement can now
refer to CHaygauge instead of CH,.
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__sCheckMethane in CMmin .. CMmaz
EMethaneGauge; ADanger; ACounter

n=n+1
shutdown' < CHygauge > CHymax

We must next ensure that the reading given by CHagauge accurately reflects
the true value of C'H4. This is done by adding a new action SenseMethane to
update CHygauge whenever CHy changes.

__gSenseMethane
Methane; MethaneGauge

now = up oy,

upCHqgauge < upCHq

—_sSenseMethane in {0}
EMethane; AMethaneGauge

CHigauge' = CH,

In effect, this action represents the interface between the methane sensor and our
computer system. Anticipating that this action will be implemented by hardware,
with a negligible delay, we have specified that it occurs in ‘zero’ time (i.e., quicker
than our discrete-time granularity). It is action SenseMethane that may now be
blocked while CheckMethane executes, rather than MethanelLevel.

Since the Methanelevel action itself models a continuous physical process it
is also considered to occur instantaneously in our discrete-time model. Similarly
for the WaterLevel action.

eMethanelLevel = {0}

eWaterLevel = {0}

Accounting for the time required to perform the CheckWater action intro-
duces a problem like that found with CheckMethane above and we adopt a similar

solution. Let there be a new local variable representing the computer system’s
view of the actual water level.

WaterGauge = | HOgauge : mm |

We also introduce a duration denoting the acceptable lag between significant
changes in the water level and the time they are noted by the system. Ideally
this should be quite small, and must be less than the overall reaction time of the
system to such changes.

‘ H5Olag : 1D
‘ H5Olag < react

As with the methane gauge we introduce a new action Sense Water to model
the (effectively instantaneous) hardware connection between the water sensor
attached to the mineshaft wall and the water gauge input variable.
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__gSenseWater
Water; WaterGauge

now = upp o

uszOgauge < upHgO

—_sSenseWater in {0}
= Water; AWaterGauge

HyOgauge' = H0

We then replace action CheckWater with a new version which is still triggered
at the same time, but can take up to H3Olag time units to execute.

___gCheckWater
WaterGauge; Depth

deep < HoOgauge < HaOmark
upHgOgauge = now

__sCheckWater in 0 .. HyOlag
= WaterGauge; ADepth

deep’ < HyOgauge > HoOmark

This execution-time delay means that the actual water level may have risen by up
to Hs0lag x § H,Oin millimetres, or fallen by up to HsQOlag * 6 HyOout millimetres,
before the change is observed by the system! Since this potential delay affects
our ability to respond in a timely fashion to changes in water level, it must be
accounted for in the revision of the pump actions below.

Obviously the pump cannot be switched on and off instantaneously, and again
we are faced with the problem that making PumpOff and PumpOn consume time
will block the WaterLevel action due to the shared variable pumping. Again the
solution is to add further implementation detail. Whereas the pumping variable
used in WaterlLevel represents the actual state of the physical pump, we introduce
a new variable to denote the status of the pump as seen by our system.

PumpStatus = [ pumpon : B]

Let the following constants be the minimum and maximum times required to
decide to switch the pump on or off.

‘ POmin, POmaz : 1D

POmin < POmaz
POmaz < react — HaOlag

Notice that the available reaction time has been reduced by the worst-case lag
in sensing water level changes. Action PumpOff is then replaced as follows.
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__gPumpOff
Danger; Depth; PumpStaius

pumpon
= deep V shutdown
= deep = now < upg,,, +react — HyOlag — POmaz

shutdown = now < up p.td0wn +re2ct — POmaz

—_sPumpOff in POmin .. POMaz
EDanger; ZDepth; A PumpStatus

= pumpon'

Again the guard has been changed to account for the execution time of the
action. Further, the potential lag in reading water levels reduces the available
reaction time when a change to deep triggers the action. A corresponding change
for shutdown is unnecessary because a potential delay in reading methane levels
is accounted for by CHyerr.

A similar modification is made to PumpOn.

__gPumpOn
Danger; Depth; PumpStatus

= pumpon A deep A — shutdown
now < maz{(updeep —Hy0lag), up 4 idown s + r€act — POmaz

s PumpOn in POmin .. POmaz
EDanger; ZDepth; APumpStatus

pumpon’

Another new ‘blockable’ action SignalPump is introduced to keep pumpon up
to date with pumping, in effect modelling the physical wiring between the pump
and the computer.

__gSignalPump
PumpStatus; Pump

nouw —= uppumpon

u’ppumping < u’ppumpon

__sSignalPump in {0}
= PumpStatus; A Pump

pumping’ = pumpon

In refinement terms this revised system design still represents a valid de-
velopment of its predecessor in Section 4.2.1. The new state variables are local
only and hence not externally observable. The observable CH, variable is still
updated only by action MethaneLevel which is unchanged. The observable H0O
variable is influenced by changes to local variable pumping and, in turn, actions



Action-based model for concurrent real-time systems 19

PumpOff and PumpOn. The changes to their guards ensure that these actions
still complete within react time units of significant events in the environment, as
required. The new actions SenseMethane, Sense Water and SignalPump all serve
to copy local variables only.

This system can generate fewer traces than the instantaneous version, how-
ever, because action MethaneGauge can now never complete in less than CMmin
time units from the start of each CHaper period. Similarly, the pump actions will
never react more quickly than POmin time units to changes in the environment.
The time-consuming system is thus more deterministic than the instantaneous
one in Section 4.2.1.

4.4. Processes

In the shared variable approach for action systems the programmer defines
named, disjoint sets of actions to represent processes [Bac92]. For example, we
state that process ¢ is formed from actions A; to A,, as follows.

g=1{4;,..., Ay}
Let p denote the set of such processes defined for the action system of interest.

For each process ¢ in J, bsq denotes those times at which ¢ is busy perform-
ing a time-consuming action and therefore cannot start another action. These
variables are used to ensure that each process can perform only one action at a
time.

Semantically a process-based timed action system is defined through further
extensions to the model presented in Section 4.3.

e Auxiliary bs}3 variables are declared.
e The initialisation predicate is extended to assert that all the busy variables

are initially zero.

__ Ty
now; upy; acy; bsy

now =0Aupy; =0Aac; =0A bsz =0

e Fach guard gA;, for some action belonging to process ¢, is extended so that
action A; cannot start while some preceding action in process ¢ is still busy.

—gA]
now; upg i acs ; bsq
ac; <OAbs, <0

e Statement sA;, for some action belonging to process ¢, is extended so that
the process is marked as busy for the execution time e in eA; of the action.

__sAT
A(d,, upg,, acs bs,); E(now, upFi)

de:eA; e

! ! !
acz = e Nupg = now+e A bs, = e
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e The statement part of the tick action is redefined so that each time a tick
occurs all busy counters bs}3 are decremented, modelling the uniform passage

of global time across all processes.

_sT
A(now, acy, bsp); =(Y, upy)

Thus actions in the same process are made atomic with respect to one another. In
other words, each process must perform the actions from which it is composed
one at a time. True parallelism (modelled using interleaving!) is still assumed
between processes, however.

For a process-based action system to be a valid refinement of a time-cons-
uming one it must be shown that the reduction in available concurrency, due to
actions grouped into the same process being mutually exclusive, still allows valid
behaviours.

4.4.1. Processes example

We now formalise the allocation of mineshaft actions to logical processes. In
general the entire system can be partitioned into the physical environment, and
the computer system to be implemented.

Shaft = Fnvironment U System

The physical environment model consists of two actions, modelling the external
properties of interest.

FEnvironment = { WaterLevel, MethaneLevel}

The computer system can be divided into its hardware and software compo-
nents.

System = Hardware U Software

The hardware actions consist of sensing the water and methane levels and
sending actuator signals to the pump.

Hardware = {SenseMethane, Sense Water, SignalPump}

Finally, the software component has three distinct repetitive behaviours to
perform.

Software = MonitorWater U MonitorMethane U ControlPump
MonitorWater = {CheckWater}

MonitorMethane = { CheckMethane}
ControlPump = { PumpOff, PumpOn}

There is no need to alter the actions themselves further in this example. The
only actions that may be in contention due to this partitioning are instantaneous
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ones, such as WaterLevel and MethanelLevel, which cannot inhibit one another’s
progress, and PumpOff and PumpOn, which are already mutually exclusive.

This partitioning determines which variables are shared between processes. In
particular note that the guards on actions PumpOff and PumpOn involve vari-
ables that are shared with both Hardware and the software processes Monitor-
Water and MonitorMethane.

4.5, Execution environment

The next level of abstraction introduces physical processors and their operating
systems to the model. The programmer allocates each process to a processor. For
instance, we state that processes ¢ to r are allocated to processor C' as follows.

C={g...r}

We give definitions below for a group of processes p all allocated to the same
processor.

Features of the target operating system environment are captured at this
level. Below we assume that a static-priority pre-emptive scheduling policy is
anticipated [ABR193]. The programmer specifies a priority ordering P between
the actions. This is represented as a partial, transitive ordering. This may be
defined as follows, where action A; has a higher priority than action A, and so

on.
P = {A A, ..}

Ideally this ordering should obey scheduling theory principles [ABRT93]. All ac-
tions belonging to the same process, that access variables local to that process
only, should have the same base priority. We also expect that base priorities
are unique to each process. To avoid the danger of priority inversion, priority
inheritance principles should be respected [SRL90], using a shared variable ac-
cess protocol like the ceiling locking protocol [1194]. Any action that accesses
a variable shared with another process must be allocated a ceiling priority at
least as high as the base priority of any process which may access that variable.
Actions belonging to processes that reside on different processors should be left
unordered—it is not meaningful to define a priority ordering across processor
boundaries [Pil91].

For each process ¢ in jp, there is a variable ar, identifying which action
from I that process is currently performing, or 0 if the process is currently idle.
This allows the scheduling model to determine the current active priority of
the process. Also we can use action identifier ai_to determine which variables
process ¢ has locked, i.e., ('im'q. (The acy variables tell us which variables in §

are locked, but not by whom.)

Semantically a scheduled timed action system is defined as a further extension
of the model from Section 4.4.

e Auxiliary aig variables are declared.

e The initialisation predicate is extended to assert that all ais variables are
initially the null action.
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_ Ty
now; upg; acg; bsz.); aig

now =0Aup; =0Aac; =0Absz=0Aa13=0

e FEach guard gA,, for some action in process ¢ residing on processor C| is

extended so that A; cannot start if there is any higher-priority action Ay on
processor C' that is also ready to begin.

now; Upg; acy; bsp; aiz.)

bs <0
let H=={h:1|(Ap— A;))EPt} e
= Vien (gAn A gAT)

Index set H identifies all actions Ay on processor C that have a higher priority
than A;.

e Statement sA;, for some action in process ¢ residing on processor C| is ex-

tended so that the action identifier is recorded in aiq.

__sAT
A(d;, upg, @iy, acy bs,); E(now, UPFZ-)

Jde:eA; e

/ ! 7 4 .
ac. —eAup, —ocoAbs —eAat =1
a; Py, q q

The up g, variables are here set to the ‘yet-to-be-defined’ value co because
potential pre-emption makes it impossible to predict exactly when action A;
will finish in absolute time at the moment when the action begins. These
variables are set to the actual finish time by the tick action below, when the
action is known to have completed.

e The guard on the tick action is changed so that a tick cannot occur if there

is any other action A; that is ready. Thus each action A; will begin at the
earliest possible time.

_gT
now; ¥ upy; acy; bsg; aig

= Vi (840 A gAl)

Whereas our previous specifications have allowed each action to start at any
of its specified release times, modelling the actual behaviour of a scheduler
requires us to capture the fact that the processor will never idle while there
is an action that can be performed.

e The tick action is redefined so that it maintains the auxiliary time variables

in a way that models a real-time scheduler’s behaviour.
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_sT
A(now, acy, bs;, upy, aiz); Z(¥)
now' = now +1
bt = | sl bsy >0 A hpp =0
P bsl3 , otherwise
— ! — -
el — acy —1, Elq:p.o(bsq<bsq/\‘y’€am-q)
Y acy, otherwise
ai’. = 0’_ bs% < 0
P aig, otherwise
now’, upy = 00 A
uply = Jq:Fe(bs,>0Absy =0A G €y )
upy, otherwise

As before we assume that each conjunct containing a subscripted vector is
duplicated with each vector element replacing all appearances of the vector.
The tests ‘y’ € Eaiq denote a check to see if the name of the particular

variable v in 7 is in the set of accessed variables.

As usual the tick action advances now. The other conjuncts control changes
to the auxiliary variables in a pre-emptive execution environment.

The first says that the busy indicator bsq for each process ¢ in J is decre-
mented, i.e., the process makes progress, only if there is no higher priority
process currently active. For some process ¢, expression hp, is the set of pro-
cesses r from j currently performing an action A, with a priority higher
than the action Aaiq being performed by g¢.

hpg ={r:p|ai, #0 A (Aair = Aaiq) ePt}

The second conjunct says that the accessed indicator ac,, for a variable »
in §, is decremented only if that variable is being accessed by the particular
process ¢ that is currently executing. The ‘executing’ process ¢ is identified
as the one that decremented its busy counter in this tick.

The third conjunct says that when any bsq reaches zero, i.e., process ¢ com-
pletes an action, then action identifier i, is reset to the null action.

The last conjunct sets up, for any variable v in %, that is being updated by
some action, to the current absolute time whenever that action is completed.
An action belonging to process ¢ is known to have completed at the moment
when bsq becomes zero.

Multi-tasking makes it possible for more than one action to be ready on
a given processor C at any one time. Thus the tick action takes the priority
of actions into account when decrementing bs. variables, and ensures that the
highest priority ready process is the only one allowed to make progress. Also
the ail7 identifiers are used so that the tick action knows whether to decrement
the ac, for a state variable v, because it is possible for time to pass without
the process locking v making any progress. It is this technique that allows us
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to avoid the maximal parallelism assumption so common in timed formalisms in
the literature [KS93].
While an action A; is executing, the value of each up ; variable is equal to the
(3

yet-to-be-defined value oo, because potential pre-emption may mean that more
than e time units of absolute time elapse between the time action A; starts and
finishes. This does not cause any anomalies, however, because no other action
can access any w; variable until A; finishes, at which time the particular value
of each up g, is fixed by the tick action. Thus no other action can ‘see’ the co

value.

Although quite complicated, such a detailed model allows us to capture in-
tricacies of task scheduling not normally expressible in real-time formalisms.
Context switching overheads, for instance, can be included by incorporating
their duration in the eA; expressions. Similarly, the overheads associated with
a timer-driven scheduler, which uses regular clock interrupts to manipulate the
task delay queue, can be added to the tick action.

For a scheduled action system to be a valid refinement of a process-based
one the acceptable release times of low-priority actions may need to be further
restricted to account for the fact that they may be pre-empted by higher-priority
actions. (High-priority actions may also be blocked by lower-priority ones having
locks on shared variables, but the atomicity of actions means that this form of
interference should have already been considered in the design.) Importantly,
the model developed above adheres to well-understood scheduling theory prin-
ciples. The ability of each action to finish before its deadline can therefore be
predicted using those schedulabilty tests applicable to static-priority pre-emptive
scheduling [ABR193].

4.5.1. Ezecution environment example

The physical mineshaft environment, and the hardware sensors and actuator,
exist in true parallelism with our software system, so can be thought of as residing
on their own imaginary processor.

RealWorld = { Environment, Hardware }

For the software we assume only one processor is available, which must be time-
shared by the remaining processes.

Processor = { Monitor Water, MonitorMethane, ControlPump}

Priorities must be assigned to the actions that will execute on Processor. We
make the reasonable assumptions that it takes longer to start or stop the pump
than the allowable error in methane readings, and the lag in checking water levels
is very small.

react > CHyerr

CHaserr > Hs0Olag
Adopting deadline monotonic scheduling [ABR193], where actions with shorter
deadlines receive higher priority, then yields the following priority ordering.

P = {CheckWater — CheckMethane,

CheckMethane — PumpOff,
CheckMethane — PumpOn}
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The programmer is now obliged to prove that the system still has correct
timing behaviour in the proposed scheduling regime. Since low-priority actions
may be pre-empted, it may be necessary to reduce their available execution time
by the duration of such pre-emptions. Actions PumpQOff and PumpOn may be
pre-empted by CheckMethane, but only if the methane pressure must be checked
while one of them is responding to a change in water level. This can happen at
most once, however, because of the timing property react < CHyper — CHyerr,
so the value of POmaz need be reduced by only CMmaz. This tells us that
for feasibility of the design we require the time constants to obey the following

property.

| POmazx — POmin > CMmaz

Similarly, action CheckMethane itself can be pre-empted by CheckWater.
Since the direction in which the water level is moving can change only due to
the pump being switched on or off, as shown by action WaterLevel, the number
of these pre-emptions is again limited to one, because PumpOff and PumpOn
cannot occur while CheckMethane is executing. Thus constant CMmaz must be
reduced by HsOlag, which again dictates that our values of these constants must
obey the following property for the design to be feasible.

| CMmaz — CMmin > HyOlag

At this level of detail the guard on the implicit tick action is changed so
that processors do not idle unnecessarily. Whereas all action guards have re-
quired upper timing bounds so far, these may now be removed because actions
now occur as early as possible. Indeed almost all references to time variables
in guards should now be verifiably removable because program code cannot be
generated for them. In formal development of real-time systems it is typical for
abstract specifications to be expressed in terms of absolute time, and detailed
implementable designs to be expressed in terms of times relative to significant
events. The formal development procedure, and use of schedulability tests, must
prove that the latter design will satisfy the former specification.

The PumpOff action must be shown to complete within its deadline. We have
already done this above by observing that e PumpOff units of processor time will
be made available to the action before its deadline, despite possible pre-emption
by action CheckMethane. The guard for PumpOff can thus be simplified to
remove direct references to time.

g PumpOff
Danger; Depth; PumpStatus

pumpon
= deep V shutdown

This guard now refers only to state variables and can thus be easily implemented
in a programming language. A similar simplification applies to g PumpOn.

However, gCheckMethane is left unchanged. Tt retains its references to time
because, as shown in Section 4.6.1, time-dependent target language statements
are used to achieve its periodic timing goal.
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4.6. Mapping to target language

By following established real-time software engineering principles, the above
methodology can result in designs directly expressible in a modern real-time pro-
gramming language. In particular, the Real-Time Annex of the Ada 95 standard
includes features that support scheduling theory concepts [1194]. Tt has a default
static-priority pre-emptive scheduling policy, supports mutually-exclusive access
to shared variables through its protected object construct, allows the program-
mer to directly express the allocation of priorities to tasks and shared variables,
and supports priority inheritance.

Typically each application process in our final action system design will be
either periodic or sporadic. A periodic process P; is invoked regularly, every T;
time units. Each invocation must complete a number of distinct actions A; to
A before some relative deadline D; passes [ABRT93]. Each such action must
therefore have a guard expressible in the following form.

_gA,;

dn :Nenowen*xT;..(n+1)*T;
B;

An application-specific boolean condition B; further restricts the circumstances
under which the action may occur. (In most applications this would be used to
ensure that each action is enabled only once in each period.) Notice that the
deadline D; is not directly mentioned. It must already have been proven, via the
schedulability analysis of the overall design, that this time-consuming action will
always begin and end within D; time units of n * T}, despite interference from
other actions of equal or higher priority.

Invocations of sporadic processes S; are released by the occurrence of some
significant event, rather than the passage of time. Such events are defined by
changes to the value of a shared variable (or group of variables) s. Typically
there will be a barrier action A; awaiting some boolean condition B; on the
shared variable.

— g4y

B,

(Statement s A; would normally change the value of s in such a way that action
Ay disables itself.) Once such an action occurs, an invocation of the sporadic
process will perform a number of further actions A, to A,, on local variables
before some deadline D; passes [ABR*93]. The timing constraints on these ac-
tions need not be explicitly stated because, again, it should already have been
proven via schedulability analysis that actions A1 to A, always complete within
D; time units of By, becoming true, in spite of any blocking or pre-emption by
other actions.

We now outline the structure of the generic Ada 95 code. Naturally processes
map to Ada 95 tasks. However where actions in different processes share vari-
ables, mutual exclusion must be enforced. Actions that access shared variables
must be separated into groups R, one for each such shared ‘resource’ s, i.e., con-
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venient grouping of shared variables. These groups then map to Ada 95 protected
objects. Some action A;, belonging to a process that accesses a shared variable,
is replaced in the corresponding task with a call to a subroutine defined in the
protected object.

Some global declarations import the standard Ada 95 real-time package and
direct the compiler to use the static-priority scheduling policy.

with Ada.Real_Time; use Ada.Real_Time;
pragma Task Dispatching Policy(FIFO_Within Priorities);

A periodic process P;, consisting of actions Ay to A,, which are all released
in each period, i1s then implemented as a task with a delay statement to control
the frequency of execution [BW95].

task P, 1is
pragma Priority(...); —-- chosen to respect P ordering
end P;;

task body P; is
-- Local variables declared here

Next: Time := Clock; -- specification time ‘0’
begin
loop
delay until(Next); -- wait for start of period

while gA; or --- or gA, loop
if gA; then sA;

elseif gA,, then sA,,
end if;
end loop;
Next := Next + T;; -- starting time of next period

end loop;
end P;;

The outer loop and delay until statement allow the task to proceed every T;
time units. The inner while loop and nested if statements implement a (deter-
ministic) choice of those actions A; to A,, enabled at each task invocation. (This
code is unnecessary if the same sequence of actions is always performed in each
period.) The executable code corresponding to each sA; is either included in-line
or, if the action accesses variables shared between tasks, appears as a call to a
protected subroutine.

Information about the required execution times of each action must be re-
tained to guide later refinement of the individual actions. The timing require-
ments have not been fully discharged until satisfactory execution times for
each action have been proven. Refinement of each sA; to executable sequential
code can proceed using timed extensions to conventional, sequential refinement
rules [Fid94a, Fid94b, HU96].

At this level of detail we can account for the run-time overheads associated
with the “outer” loop and selecting an action. So far it has been assumed that the
overhead of evaluating gA,, and selecting the corresponding sA; for execution,
was incorporated in execution time eA;. This overhead can now be calculated
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from the code fragments shown above [CBW94, Fid94b], and the available re-
maining execution time for the individual actions correspondingly reduced.
Each resource R, requires a protected object to encapsulate the shared vari-

able(s) s.

protected R; is
pragma Locking Policy(Ceiling Locking);

pragma Priority(...); —- chosen to respect P ordering
procedure Aypiare(...); —- action that writes to s
function A,..q return ...; -- action that reads value of s
entry Agwaeit(...); —-- action that waits for a condition on s
private
s : ...; == declare shared variable(s)
end R;;

protected body R; is

procedure A,,44.(...) is
begin

SAupdate
end Aupdate;

function A,.;q return ... is
begin

return ...;
end Aread;

entry Agwait(...) when gAguq is
begin

SAawait
end Aawait;

end R;;

Subroutines declared within the protected object implement actions that access
the shared variables. Some action Aypgase that modifies the shared variables
is implemented as a procedure, called by the task that implements the process
owning the action. Similarly, an action A,..4 that examines, but does not modify,
the shared variables is implemented as a protected function. Sporadic tasks that
await some condition on a shared variable to become true are implemented using
entry calls. An action Agyq from a sporadic task is implemented as an entry
which can occur only when gA g4 18 true. As usual, it is good programming
practice to make the actions performed by any of these subroutines as brief as
possible to avoid unnecessarily blocking other tasks requiring access to shared
variables. Ada 95 protected objects may also include interrupt handlers as a way
of directly interfacing with hardware [IT94].

Each sporadic process Sj, consisting of a barrier action A; that accesses a
shared variable, and a number of subsequent actions A; to A, on local vari-
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ables, is then implemented by waiting for the condition on the shared variable
to become true.

task S; is
pragma Priority(...); —- chosen to respect P ordering

end 5;;

task body S; is
-- Local variables declared here
begin
loop
A1(...); == entry call
while gA; or -+ or gA,, loop
if gA; then sA,

elseif gA,, then sA,,
end if;
end loop;
end loop;

end S5;;

4.6.1. Mapping example

The specification of Processor from Section 4.5.1 can now be mapped to Ada 95
code. In doing so timing analysis techniques can be applied to the code segments
generated for each action A;, in order to discharge the timing obligations re-
lating to execution times eA;. Elsewhere we have discussed suitably analysable
sequential Ada code subsets [CBW94].

Protected objects need to be constructed for the shared variables. As shown
by the partitioning in Section 4.4.1, the ControlPump process shares variables
deep and shutdown with both MonitorWater and MonitorMethane. We therefore
group these two variables into an object Warnings with suitable subroutines for
accessing them as required.

protected Warnings is
pragma Locking Policy(Ceiling Locking);
pragma Priority(Interrupt Priority’First); -— high
procedure CH4High;
procedure CH4Low;
entry Start;
entry Stop;
private
procedure CheckWater;
pragma Attach Handler(CheckWater,...);
deep : Boolean := False;
shutdown : Boolean := False;
end Warnings;

protected body Warnings is
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procedure CH4High is -- part of sCheckMethane
begin

shutdown := True;
end CH4High;

procedure CH4Low is -- part of sCheckMethane
begin

shutdown := False;
end CH4Low;

procedure CheckWater is —-- implements s Check Water
begin

deep := not deep;
end CheckWater;

entry Stop when not deep or shutdown is -- from gPumpOff
begin

null;
end Stop;

entry Start when deep and not shutdown is -- from gPumpOn
begin

null;
end Start;

end Warnings;

The boolean shutdown variable is modified by procedures CH4High and CH4Low
which set it to True and False respectively.

We give no separate code for the simple Monitor Water process, assuming
it is implemented by a hardware device attached to the mineshaft wall which
generates an interrupt whenever the rising or falling water level passes a certain
point. All that is then required is for interrupt handler CheckWater to toggle deep
whenever such an interrupt occurs. This interrupt occurs at the highest priority,
so it is easy to determine whether CheckWater is completed within HyOlag time
units, as required.

Entries Stop and Start act as the interface between the shared variables and
the PumpOff and PumpOn actions. They allow these actions to test the values
of the shared variables, and implement part of the guards for these two actions.

The MonitorMethane process is implemented as the following Ada 95 task.

task MonitorMethane is
pragma Priority(Priority’First+1); -- medium
end MonitorMethane;

task body MonitorMethane is
CH4gauge : Integer; —— must be initially less than CHymaz
for CH4gauge use ...;
CH4Per : Time Span := CHyper;
Next : Time := Clock;
begin
loop
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delay until Next; -- as per gCheckMethane
if CH4gauge > CHymaz then -- as per sCheckMethane
Warnings.CH4High;

else
Warnings.CH4Low;
end if;
Next := Next + CHaper;
end loop;

end MonitorMethane;

Variable CH4gauge is assumed to be a memory-mapped i/o location directly
linked to an analogue-to-digital converter attached to the methane sensing hard-
ware.

Notice that there is no mention of durations CHyerr, CMmin or CMmaz
in this code. We are therefore obliged to prove that this code executes within
these limits before this development step can be considered valid. This could
be done experimentally but, in a safety-critical context, more formal ap-
proaches [CBW94, Fid94b] are preferable. We must prove that the code within
the loop takes between CMmin and CMmaz time units of relative processor
time to execute. (Proof that the actions occur correctly in absolute time has
already been outlined in Section 4.5.1. After schedulability analysis, the only
timing obligations left should be on execution times.)

Finally the ControlPump process is implemented as the following task.

task ControlPump is
pragma Priority(Priority’First); -- low
end ControlPump;

task body ControlPump is

pumpon : Boolean := False;
begin
loop
if pumpon then -- half of gPumpOff and gPumpOn
Warnings.Stop; -- half of gPumpOff
pumpon := False; -- implements s PumpOff
—— Turn the physical pump off
else
Warnings.Start; —- half of gPumpOn
pumpon := True; -- implements s PumpOn
—- Turn the physical pump on
end if;
end loop;

end ControlPump;

Here the two actions PumpOff and PumpOn have been implemented in one
segment of sequential code. The if statement chooses between them. Since actions
PumpOff and PumpOn use variables that are local to both task ControlPump
and resource Warnings, the guards are evaluated in two parts. As they rely on
complementary values of pumpon, it i1s possible to check this variable first and
then await changes to either deep or shutdown. Timing analysis for this task, to
prove that it executes in POMin to POmaz time units, must include not only
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the executable statements in task ControlPump but also the time required for
entries Stop and Start in protected object Warnings.

5. Related work

A previous attempt to add time to action systems [KS93] was limited to ap-
plications where the functional behaviour of the system could not be time-
dependent. Our model allows both time-dependent functional behaviour, and
state-dependent timing behaviour, to be expressed. Nor did the previous ap-
proach address the issues of pre-emptive, overlapping actions.

The concept of a ‘tick’ action has been proposed many times in the literature.
In particular our use of this method was inspired by Abadi and Lamport’s work
in the area [AL94].

Our use of Z together with action systems is similar to the work of Evans,
who embeds the action-system-like Unity model for concurrency in Z [Eva94].
The most striking difference is that Evans assumes the implicit pre-condition of
an operation is the same as its guard. This has a dramatic syntactic benefit. The
outer do loop and guards are unnecessary and the specification looks exactly like
a standard Z specification; the difference lies only in the operational interpreta-
tion applied to the specification. A disadvantage, however, is that much greater
care is required in refining operations. Since guards are implicit, it is easy to
accidently change the overall system behaviour when weakening a pre-condition.

Other work has sought to extend 7 for real-time system development by
adding Real-Time Logic features [Fid92, Lan95]. In particular Lano’s object-
oriented Z*T+ extensions [Lan95] have much in common with the approach in this
paper, including trace-based top-level specifications and a well-defined develop-
ment procedure. The method does not introduce scheduling concepts, however.

The complexity of a multi-tasking model has meant that, to date, we have
concentrated on development ‘in the small’. Therefore our formal model could
be gainfully complemented by established large-scale real-time development pro-
cedures. For instance, an influence on the mineshaft case study presented above
was the design methodology advocated by Lewerentz and Lindner for embedded
real-time systems [L194]. They recommend clearly distinguishing the system
under development from its environment, and introducing extra environmental
detail only when, and if, it is needed.

Furthermore, although we uses processes to define the concurrent components
of a design, they are not intended as a general modularisation mechanism for
managing large-scale developments. Therefore a broadly-based real-time devel-
opment approach such as DARTS/DA [Gom88], which defines subsystems and
their interfaces, and allows graphical representations of the system structure,
would also form a useful framework for our formalism.

6. Conclusion

We have described and demonstrated a way of using action systems to formally
develop concurrent systems with hard real-time constraints. We have shown how
overlapping time-consuming behaviours, and the practicalities of pre-emptive
scheduling, can be modelled in a formalism founded in interleaved, atomic ac-
tions.
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The model is complex. This is partly due to the inherit complexity of the
pre-emptive scheduling application, but can also be attributed to limitations of
the action system specification notation. Elsewhere we have demonstrated that
the same modelling and development exercise can be performed much more suc-
cinctly by using a trace-based notation throughout the refinement [FUKH96].
The numerous auxiliary action-system variables introduced above, used to keep
track of the times at which certain events occur, are unnecessary in a trace-based
model because the total history of activities is always readily available. Never-
theless, trace-based specifications are unfamiliar to most programmers, whereas
the action system approach has the significant pragmatic advantage of building
on existing, widely-understood intuitions about state machines.
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