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Abstract

We use a variant of the Duration Calculus to design a chemical concentration control system
which has both nontrivial dynamics and control programs. The system is developed by refine-
ment along the lines proposed in formal methods of software construction. Refinement rules for
durational specification formulae are investigated for this purpose. The overall specification is
refined into several lower level specifications. One such lower level specification is implemented
by software and a control program is proposed and shown to be correct.
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Introduction 1

1 Introduction

Hybrid systems are dynamic systems consisting of interacting discrete event components and
continuous components. This topic is actively studied in computer science and control engineer-
ing, due to the increasing importance of embedded and real-time systems. Typically, in a hybrid
system, a computer system is used to supervise the behaviour of the continuous part. The
presence of both discrete and continuous components has made the correctness of the system
much harder to ensure. The difficulty is proportional to the complexity of discrete as well as
continuous components. In this paper, using formal methods we design a chemical concentration
control system which has both nontrivial dynamics and control programs. For a complex system
like this one, formal methods offer a strong tool for achieving high assurance.

A formal development theory has two parts. First is a formal language for expressing require-
ments and design. Second is a set of rules which support the design, in particular, rules that
facilitate the transformation of design from one level to another. Our formal tool is a variant of
the Duration Calculus. Along the lines proposed in formal software construction, the system is
developed by refinement.

Suppose that the system we are to construct is P (here P is merely a name without any structural
contents), and it is expected to satisfy requirement R under assumption A. In a durational
calculus framework, A and R are durational formulae, and the semantics of P is also defined by
a durational formula, say [ P ].

Then the correctness of the design is expressed by

AN[P]=R

This is called a proof obligation, since it is not a fact but a property that has to be satisfied by
the system yet to be designed. The pair (A4, R) is the specification of P. We say that P satisfies
specification (A, R) if the above proof obligation is true. In a hierarchical design, the system
is developed by refinement. The correctness of the refinement is guaranteed by rules specially
designed for this purpose. In this paper, a refinement rule is basically of the form

ALN[P]= Ry, Au N[ P.] = Ry
AN([Pr] @1 @n[Fa]) = R

and it means that if the formulae above the line, namely, A; A [ P;] = R; are valid, then the
formula under the line, namely, AA [P, @1 --- &, P, ] = R is also valid. When n > 1, we can
apply this rule to verify the decomposition of [ P ] into

[A]®1.. @n[Pn]
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Introduction 2

and the original proof obligation AA ([P ] @1 ... @, [ Pn]) = R is discharged into proof
obligations about the components A; A [ P;] = R;. The design process continues with the
new formulae A; A [ P;] = R;. When n = 1, the system structure is not changed, and only
the specification is mapped into another one (the rule says that any implementation which
satisfies the new specification also satisfies the original one). This happens typically when the
new specification either gives more information towards implementation or is more suitable for
further refinement.

In an ideal top-down design, the system is refined repeatedly until the components can be easily
implemented. The advantage of such a constructive approach is that as soon as a design step
is carried out one can check its correctness, so that the design and verification proceed at the
same time. However, it is not always convenient to follow such a top-down paradigm strictly.
For example, when refining P into P, @ P,. In a strict top-down order, one would define the
specifications of P, and P, before moving on to the design of these components. But sometimes
it is difficult to know the exact logical connections of P; and P,. For example, if P; passes a value
to P, it is not always clear what property this value should have before the components are
further developed. In this case, it may be easier to design P5 bottom-up. After the construction
of P, one extracts a specification of it based on which the specification of P, can then be
constructed. Therefore, in practice, top-down and bottom-up designs are often used together.

Illustrative Example: Chemical Concentration Control

Our method is illustrated by the design of a chemical concentration control system:

Chemical

The main components of the system are a tank in which a chemical is dissolved in a liquid and
a computer which controls the process. The principal requirement is that the output solution
of the tank should be within a limited bound of the requested level and the the solution should
be sufficiently uniform.
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A variant of the Duration Calculus 3

2 A variant of the Duration Calculus

2.1 Basics

The Duration Calculi is a family of real-time interval logics [8, 9, 10, 11] and have been used
in a number of examples of hybrid systems [1, 5]. They are extensions of Moszkowski’s Interval
Temporal Logic [3]. We shall use a variant of the Duration Calculus as our formal language. In
this section, we introduce some basic features of the calculus.

The real-time model of the Duration Calculus consists of a collection of state functions which
map from non-negative reals (representing time) to values.

Definition 1 For an arbitrary state P and an arbitrary closed interval [c,d] (d > c) the accu-
mulation of P, [ P, is defined by the value of integral of P over the interval [c,d]:

d
/P le,d] = / P(t)dt
c
When P is a function from time to Booleans (represented by {0,1}), [ P gives the duration that
P holds in the interval.

Durational formulae are functions from the set of all the intervals to Booleans. We say that
durational formula B is satisfied over interval [c, d] if

Ble,d] = true

Following [11], we provide a way to refer to the state at the beginning and the end of the interval.
We adopt the common notation in programming and use a unprimed variable to denote the state
at beginning and a primed variable to denote the state at the end of the interval. A state assertion
is thus lifted to a durational formula. For example, for a state function  and a constant m

(x=m)A(z'=m+1)[c,d]) = (z(c) =mAz(d) =m+1)

For a state assertion r, let 7’ be the same assertion with all the state functions primed. By this
convention, the above formula can also be written as (x =m) A (z = m + 1)".

As another example,

$:x0A/j:§m:>a:'§mo+m
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A variant of the Duration Calculus 4

is a valid formula, because for any interval [c, d],

(z=zoN[2<m = z' <z54+m)]c,d]
:x(c):wo/\fcdﬁvgm:>x(d)§$o+m
= true

Definition 2 For a Boolean state P, [P] is the everywhere operator,
[P [e,d] = Ve <t < d.P(t)

Note that this definition differs from the traditional Duration Calculus where [P] means that
state P holds everywhere except possibly at finitely many points.

Definition 3 Let P and Q be two formulae. P;Q is a formula constructed from P and Q by
the chop operator ;. P;Q is satisfied in interval [c,d] iff there exists h (¢ < h < d) such that P
is satisfied in [c,h] and Q is satisfied in [h,d].

Let R be formula. R* is a formula constructed from R by the star operator. R* is a formula
which is satisfied in interval [c, d], iff there exists a partition ho,h1,...,hy, (c=ho < h; <...<
hpn—1 < hy, = d), such that R is satisfied in all [h;, hiy1] where 0 <i<n —1.

There are some other operators in the Duration Calculus, but we do not introducethem here,
since they are not needed for our case study and can be found in the literature. For the same
reason, we do not introduce the full formal proof system of the Duration Calculus. Our design
will be primarily supported at a higher level by a number of refinement rules. The soundness
of these rules can be proved by the following axioms, where p is a state assertion and A, B are
durational formulae.

(AX1) pA(A;B)=(pNA); B
(AX2) (AAp'); B = A;(pAB)
(AX3) [p] = =((—p"); true)

2.2 Refinement rules

In this section, p, ¢ and r are state assertions, and [S], [S1], [ S2] and B are durational
formulae. The main combinator that our example system uses is the chop operator. The
following rule allows us to refine a system into two parts connected by the chop operator.

pA[S1] =71
rA[S2] = ¢

pA[S1];[S2] =4

(1)
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A variant of the Duration Calculus 5

The formulae are of the form p A [ S] = ¢'. Its meaning is that for any interval if [ S] holds
and p holds at the beginning then ¢ holds at the end of the interval. Following the terminology
in program logic, we call p and ¢ the pre- and post-conditions respectively. The above rule
indicates that to prove that g holds at the end of the interval, it is sufficient to find an assertion
r such that it holds after the first phase, and that ¢ holds after the second phase under r as the
pre-condition. Notice that when r serves as the post-condition of the first phase, it is primed,
and when it serves as the pre-condition of the second phase, it is unprimed. One can see the
analogy between this rule and the one for sequential composition in Hoare logic. In a closer
setting, a similar rule appeared in Interval Temporal Logic [4].

pA[S1] = [q] AT’
rA[S2] = [q]

NN R

The second rule is similar in spirit: to prove that [¢] holds, we can prove it holds in the first phase
under the original pre-condition p and holds in the second phase under the new pre-condition
r. By applying this rule repeatedly, we have the following rule about star.

p=r
rA[S] =gl AT

pALS]" = Tq]

(3)

The following rule gives a method for proving p A [ S] = [¢]. The first premise says that if
p A [S] holds over an interval, then B holds over any sub-interval with the same beginning
point. The second premise indicates that if p A B holds over an interval, then ¢ holds at the
end. Therefore, for any interval [c, d] over which p A [ S'] is satisfied, it follows that there exists
a formula B such that B holds over [c, t] for any ¢ < d and consequently ¢ holds at ¢ (end point
of [c, t]).

pA[S] = =((=B);true )
pAB=q

pA[S]=Tql

(4)

As a special case, we have the following

pA[S]=Tr]
pA[r] =4
pA[S]=[q]

(5)

Lastly, we need a rule concerning what are called freeze variables. In contrast to state variables,
freeze variables do not occur in implementation but only in specifications. They are widely used
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Specification 6

in program logic, and we find them useful in the durational framework too. As a simple example,
we want to specify a component S which does not increase the value of x. We can express this
as

r=xoA[S] = [z <]

where zq is used to ‘freeze’ the initial value of z. From this, we can deduce

z<O0ANz=z0A[S] = [z <0]

Since the conclusion does not involve xj, we expect

z<OA[S] = [z<0]

to hold without the pre-condition z = x. The following rule captures the more general situation

pAX=XoA[S]= B
pA[S]=B

(6)

where X is a list of state functions, and X is a list of same number of freeze variables which
do not occur freely in B.

Having introduced the refinement rules, we now turn to specifying the chemical concentration
control system.

3 Specification

Let the concerned physical state variables be as follows:

e m,.: mass of the chemical in the tank

e mg: mass of the liquid in the tank

e m.1: mass of dissolved chemical in the tank
e «: concentration level,

e «,: concentration level if all chemical was dissolved,
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Specification 7

gc: rate of supply of the chemical

gs: rate of supply of the liquid

Q: rate of outflow

z: solution depth

They are all continuous functions from non-negative reals to non-negative reals. The dynamics
of the system are described by the following equations:

(o=
Qx = msr?l—cmc
() | &= —a)— Ty,
me = gc — Q)
ms:CIs_(l_a)Q
| 2 = k1(mc + 3ms)

The third equation characterises the change of a: 5(a* — «) represents the effect from the
dissolving process while a(:n_sa) gs represents the effect from adding the liquid. The last equation

relates the depth of the solution to the quantities of the chemical and the liquid in the tank.

The execution of the system is divided into three phases. The first one is the waiting phase
[ W]. At the end of it the user requests a desired concentration level a; (o is then a discrete
variable). Upon receiving such a request, the system enters the handling phase [ H Jin which
appropriate amounts of the chemical and the liquid are added to the tank. Afterwards, in phase
[ O], the outlet is opened and some solution is sent to the next workplace. This can be illus-
trated by the following diagram.

init
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Specification 8

Formally, the system is defined by
sys =it A ([W]; [H];[O])*

where init is the initial condition and [W ], [# ] and [ O] are durational formulae character-
ising the corresponding phases. Phases [ W] and [ O ] involve mainly activities of the user. To
achieve the control objectives, we can rely on some assumptions. In practice, the requested con-
centration level is within a limited range. In this case, ay lies between 60% and 75%. The rate
of outflow @ is limited, and in particular, we assume @ < 5(m. + ms). In every opening phase,
the change in the solution depth is limited to between A and %h. In summary, the assumptions
are as follows

ass =[60% < ar < 75% A Q < 5(m¢ + my)]
A([O] = [unchanged(ar) Ags=¢.=0Ah < [£ < %h])
ANIW]=1Q =gs =g =0])

Formula [unchanged(cy)] holds if and only if a7 is not changed in the interval. It can be defined
precisely, but such details are not important for the purpose of this paper.

We next examine the requirements. The main objective is that the concentration level of the
solution flowing out of the tank should be close enough to the requested one. In particular, it is

required that the difference between o and «; should not be more than 0.1%c«;. Formally, this
is expressed as

reqi def Q>0=|a—ar| <0.1%ar

To ensure that the solution is sufficiently uniform, it is stipulated that a, — « should not be
more than 2%. Let

f
7“eq2dé a,—a<2%

There are some other relatively easier to satisfy requirements: The chemical can only be put into
the tank when = > h* = %h, and the solution depth z should be restricted to a range between
H = 3h and h. Also, obviously, in the handling phase the value of ay should not be changed.

To summarise, the requirements are listed below

req =[Q > 0= |a—ar| <0.1%ar]| reqq
ANax — a <2%] Teqy
/\|_qc>0:>:c2%h'|
Ah <z < H]

A([H ] = [unchanged(ar)])
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Design of [ # | 9

Our design task is to refine [ H || into specifications which can be easily implemented and in the
meantime ensure that the system satisfies the overall requirements. Correctness of the design
amounts to proving

Th(DY) F ass A sys = req

Here Th(DY) before the F sign indicates the theory about the dynamics of the system can be
used in the proof.

To avoid getting into too many details, we concentrate on req; and rege. In a strictly top-down
development, one would derive the specification of [W ];[H ];[ O] in the next step. As it
turns out, the specification of [W ];[H ]; [ O] is quite simple and the correctness of the overall
system can be easily proved with the help of Rule 3. However at this stage it is difficult to
postulate the specification. Therefore, we switch to the bottom-up approach and proceed with
the design of [ H ] instead.

4 Design of [H]

As a particular design decision, the handling phase is decomposed into four sub-phases: sam-
pling, calculating, adding and resolving.

init

[(HI=[SHICLTALIR]

Report No. 41, January 27, 1997 UNU/IIST, P.O. Box 3058, Macau



Design of [H | 10

In the calculating phase, the control program computes the appropriate chemical and liquid
increments to be added into the tank in the next phase. Clearly, the increments depend on
the quantities of the chemical and the liquid in the tank. Therefore, the calculating phase is
preceded by a sampling phase in which the related data are collected.

Theorem 1 At any time point,

_ a(l-aw)

Ms = E(3—2a.)
= ___TOx

Me = ¥ 3B2a.)

The depth z can be measured, but a, cannot. However, a, and « are reasonably close when regs
is satisfied. Therefore, concentration level « is sampled instead and its value is used together
with the sampled value of z to calculate the approximated values of m, and m,. Let z° and o°
be freeze variables denoting the sampled values. The approximated values are

@ def  2%(1-a%)
s k1(3—2a9)

@ def z%a0
Me = % (3-2a0)

Let the chemical increment and the liquid increment be denoted by program variables Am,. and
Amg. Recall that oy denotes the next desired concentration. We shall choose Am,. and Amg
that satisfy

B me + Am,
I_mg@+Amc+m9—l—Ams

9) «

Obviously, there exist many pairs of such Am, and Amg. A control program which chooses
the exact values of Am. and Amg will be constructed. But at this level, we do not consider
the details of the control program. Instead, now we only postulate the specifications of the
sub-phases and prove that if these specifications are satisfied by future implementations then
the overall system will satisfy req; and regs.

Recall the requirement that the chemical can only be added when the depth is above %h.
Therefore, if the depth is lower than %h, only the liquid can be added, and in order for the
chemical to be added, the depth after all the liquid is poured in must be at least %h. Let
formula F2 be

(10) ki(m. + 3(ms+ Amy)) > =h

=21
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Design of [H | 11

To ensure reqs,
(11) ax—a<2%

must be satisfied at the beginning. To this end, we postulate the proof obligation for the first
two sub-phases

z=1"ANa=a’ Am.=moAm;=mAF3A[S];[C]
= (AmE, mE.FOA F1)' A F2' Am!, = m% Am!, = mQ Aregy A [unchanged(a)]

Proof Obligation 1
where m? and m? are freeze variables. Define formulae F4, F5 and F6 by

(12) ms <m2 <mg +ms Amg <mS < m,

(13) m& +m? < m. +m;

mec

z=1"ANa=a’ Am;=ml Am; :mg/\ajl—:a < 0.0002246
Theorem 2 A(EmE, m2.FO A F1) Am, =ml Amy =ml)
= (IME, m@.F1AFANF5 A F6)

In the adding phase, the chemical and the liquid are added into the tank according to the values
calculated in the last phase, and in such a way that reqo is satisfied if '3 holds at the beginning.
The outlet is closed in this period.

(Al ¥F2=
Jqs =Amg A [g.= Am; A [Q = 0 Aunchanged(ar) A (ge > 0=z > %hﬂ A (F3 = rego)

Condition F2 is assumed, for without it [ .4 ] may not be possible to implement. The chemical
is then left to dissolve for one time unit or more.

[R] =1Q =¢s =q. =0 Aunchanged(as)| Al >1

The following theorem says that after the chemical is added, the value of «, is greater than that
of ajg.
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Design of [ # | 12

Theorem 3 @AmE, mE FINFAN[A] = o > o

It follows from the range of aj, the value of o, at the end of the adding phase is no less than
0.6. This fact is then used as the pre-condition of the next phase.

Theorem 4 F3Na. 206N [R] = (%5 <0.0002246)" A rege
Theorem 5 (3mg, md F1AF5 ANF6) A[A] = (272L <0.00068)"
4
Theorem 6 / P
Me + Mg 3

2L < 0.00068 A *=—% < 0.0002246 A [
(|a —ay| <0. 1%a1)

Theorem 7 +m <3 2 A [gs = gc = 0 A unchanged(ay)]

Theorem 8 &2 < 0.00068 A *2~* < 0.0002246 A [ O] = reqi

a,—a<cA[gs=¢.=0]= (e —a<c)

Theorem 9 _ —
L= < eN[gs =g =0] = (22 <o)

The above theorems are primarily about each sub-phases. Using the refinement rules, we obtain
the following theorem about the composition of the whole handling phase with the opening
phase.

z=12"ANa=a Am.=m Amg =md A F3A (22 <0.0002246) A[H];[ O]

Theorem 10 = req Aregs A (222 < 0.0002246)'
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Proof:

z=2"Na=a’ Am.=mdAmz;=mdAF3A (%% <0.0002246) A[H];[O]
= {definition of [ # ]}
z=2"Na=a’ Ame=mdAms =mIAF3A[ST;[CL;[AL[R];[0O]
= {Proof Obligation 1}
(z=2"Na=a® Ame=m) Ams; =md AF3A (252 <0.0002246)
AEME,mE.FOAFIAF2) Aml=ml Aml =m0 Areqi Areg);[A];[R];[O]
= {Theorem 2}
(reqi Arega A (FmG,mg FLAFANF5 AF6)); [ A];[R];[O]
= {Theorem 3, Theorem 5, Rule 1, Rule 2}
(reqi Arega A (o > ap A 220 < 0.00068)); [R];[ O]
= {Theorem 4, Rule 1, Rule 2}
(reqr Arega A (%572 < 0.0002246 A =2 < 0.00068)"); [ O]
= {Theorem 8, Theorem 9, Rule 1, Rule 2}
reqr Arega A (5% < 0.0002246)’

Theorem 11 F3 A (22 <0.0002246) A[H]; [ O] = reqr Arega A (252 < 0.0002246)’

Qlx

Proof: it follows from Theorem 10 and Rule 6 (the freeze variable rule).

Let init % F3 A (222 < (.0002246).

Ol
Theorem 12 init AW [H[O] = reqi Arega A (257 < 0.0002246)'
Proof:

it A[W] [H];[O]
= {assumption about [W ]}
regy Aregs A (%= < 0.0002246)'s [ H]:[ O]

= {Theorem 11, rule 1, rule 2}
reqi Arega A (5% < 0.0002246)’

Applying refinement rule 3, we finally conclude that

Theorem 13 it A([WTH]TO])* = reqi Arege
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Refinement of [ A] 14

5 Refinement of [ A]

In the specification of [ A], it is stipulated that if F'3 holds at the beginning then regy holds.
However, being an appropriate specification statement at a high level, it does not give any
information about how to achieve this. Clearly, adding the chemical increases the difference
between «a, and «a, and therefore the chemical should be added in a sufficiently gentle way. The
addition of the liquid has a somewhat more complex impact: it follows from DY that a, — «
increases if memer > m? and decreases if me.meq < mf The following theorem gives a sufficient
condition to refine the specification of | A ] taking into account of the combined effect of adding
the chemical and the liquid.

Theorem 14 F3A[Q =0/ ke, hyke > iy ANis > (rresy — 57) A iege + Kisgs < 0.1]

= reqs
The specification of [ A] can be refined into

F2=[q;=AmsA [g.=Am;A[Q =0 A unchanged(a;) A (g. > 0=z > %hﬂ
ANEF3 = [Tk, ks-ke 2 Gt Nks > (58 A kege + ksgs < 0.17)

— Me
- (mcl+ms)2 (mc+ms)2 )

As a typical lower level specification, it contains a lot of details. Based on it, it is easy to design
a control algorithm which ultimately decides the values of g. and ¢s.

6 Development of [S];[C]

Proof Obligation 1 specifies the behaviours of the composition of the sampling and the calculating
phases. We now decompose the specification further. Let z and & be two program variables for
storing the sampled values of z and a. At the end of the sampling phase, T and @ are given the
initial values of z and «. Hence, let

[S]1%5 =29 Aa=a® Ame =m0 Am, =md A F3
= (=2 Na=a® Amc=md Am; =mi)’ Arega A [unchanged(ay)]

The calculating process then computes the amount of increments based on the sampled values.

‘[C]' d:efj::],‘o/\@:ao/\mc:mg/\ms:mg/\F3
= (BmE,mE.FOAF1) A F2)' Am!. = md Am!, = m A rega A [unchanged(ay)]

Report No. 41, January 27, 1997 UNU/IIST, P.O. Box 3058, Macau



Development of [S];[C ] 15

Given the above definitions of [ S | and [C ], it is trivial to show that Proof Obligation 1 indeed
holds.

We do not develop the sampling program any further whereas propose an algorithm for the
calculating phase. The input-output behaviours of the algorithm will be proved using the tra-
ditional program logic and the results are incorporated into the durational framework based on
the following rule. Suppose P is a program and [ P ] is its durational semantics, then

p {P} q
pA[P]={

(15)

Although the formal verification is centered around req; and reqq in this paper, the algorithm
also guarantees that the solution depth will stay between h and H by deciding the increments
appropriately. Recall the assumption that in any opening phase the solution depth can only be
lowered by %h, therefore the depth will not fall below A if after each adding phase, the depth
is at least %h. Moreover, to limit the depth below H and leave more room for adjustment
in the next round, clearly the new depth should be as low as possible. The algorithm works
as follows. First, calculate the amount of the chemical and the liquid if the solution depth is
%h with concentration level aj. If the amount of the chemical (or the liquid) is less than the
estimated amount of the chemical (or the liquid) already in the tank, then Am, (or Amy) is
taken to be 0. If the amount of the liquid is more than that estimated in the tank, but the
difference is not enough to raise the depth over 7h (recall that the chemical can only be added
after that), then Amg will be chosen so that after the liquid is added, the depth is gh Once
one increment is decided, the other increment can be calculated from F1.

The algorithm is simple, but the reason why it works depends on some facts about the dynamics
of the system and therefore its verification is not entirely trivial. The algorithm is presented
below together with some assertions outlining its verification.

{z=2"Na=0a Azl =ki(ml+3md)}
procedure C

var: m@,m’, m&, m.;
' 7h(1 a;) ! Thar .
Ms *= 3%(3=2a;) " *= 3k1(3—2a7)°
@._ _x(l-a . @ — Ta .
Mg = 5= 2a1)’m F1(3—20a7)’

Amg :=m! —m@; Am, := m!, — m2;
{FO/\x—kl(mc—I—i’)ms)}

if Amy <0 — {20 > ITh}Am, := 0; Am,, := or(matmd)=ms

l—ay
[] Amc <0 — {xo > Zh}Amc — 0, Ams = ﬂ:@_()‘—fgns%
I
Th—7% metm@
00<Am,y < S5— 3k %Ams-—ﬁwlw;Amc::a(l ot —mg
[] else — skip
fi

{(@mE, m2.FO A F1) A ki (mQ + 3(md + Amy)) > Ih}
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Discussion 16

We can use 20 = k1 (m? + 3m?) as part of the pre-condition, because it is a theorem following
from the dynamics of the system. This program only achieves the input-output behaviour of the
[C]. Having constructed the control algorithm, the implementation of phase [ C | is easy: just
run the program while keeping all the valves closed. Formally, we have the following theorem.

Theorem 15 [ procedure C] A [Q =¢s=¢.=0] = [C]

Proof: it follows from the verification of procedure C and Rule 7.

7 Discussion

A chemical concentration control system is designed in this paper using a variant of the Duration
Calculus. The Duration Calculus is a promising tool for real-time and hybrid systems. It is
particularly suitable for this case study because some properties are directly associated with
intervals and can therefore be naturally expressed.

We find the case study worthwhile. Firstly, the system has non-trivial dynamics and control
structures, and consequently the reasoning needed in the design is involved. One of the authors
of this paper is from control engineering and the system was first designed without using formal
methods. There were serious questions about the correctness of the system. Without a formal
notation, the informal arguments were unclear at many places and, without proper structures,
many details cannot be covered at reasonable length. The formal design has greatly improved
our confidence in the system, and has clarified many points. Secondly, this case study has helped
us to identify a number of rules which are useful in the design. We believe these design rules are
of general uses and more rules should be studied in order to facilitate the practical applications
of the Duration Calculus.

In this case study, we proposed a design and showed that it is correct with respect to the re-
quirements. There are many other interesting properties in control engineering such as stability'

and robustness which we have not touched. As topics for future study, we shall examine which
of these control engineering concepts can be formalised.
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