1 2 3

1

2

3

Abstract.

1 In

                                                                                             tro duction

r efinement p ar al lel

de c omp osition

An Action System Approac h to the Steam

Boiler Problem

Dept. of Electroni cs and Computer Science, University of Southampton,

Southampton, United Kingdom, M.J.Butler@ecs.soton.ac.uk.

Dept. of Computer Science,

˚

Ab o Ak ademi University , T urku, Finland ,

Emil.Sekerinsk i@ab o.fi.

Dept. of Computer Science and Applied Mathematics, University of Kuopio,

Kuopio, Finland, Kaisa.Sere@uku.fi.

This pap er presents an approach to the sp ecificatio n of con-

trol programs based on action systems and refinement. The system to

b e sp ecified and its physical environment are first mo delled as one initi al

action system. This allows us to abstract away from the communication

mechanism b etween the two entities. It also allows us to clearly state and

use the assumption s that we make ab out how the environment b ehaves.

In subsequent steps the sp ecificati ons of control program and the envi-

ronment are further elab orated by refinement and are separated. W e use

the refinement calculus to structure and reason ab out the sp ecification .

The op erators in this calculu s allow us to achieve a high degree of mo du-

larity in the development. An imp ortant aim of this pap er is to pro duce

an action system sp ecification of the Steam Boiler problem.

Michael Butler , Emil Sekerinski , Kaisa Sere

The action system formalism, intro duced by Back and Kurki-Suonio [6], is a

state based approach to distributed computing. A set of guarded actions share

some state v ariables and may act on those v ariables. The two main development

techniques we use on action systems in this case study are and

. Refinement allows us to replace abstract state v ariables with more

concrete represe ntations such that the b ehaviour of the refined action system

satisfies the b ehaviour of the abstract action system. Parallel decomp osition

allows us to split an action system into parallel sub-systems by partitioning

state v ariables and actions.

An imp ortant aim of this case study has b een to pro duce an action system

sp ecification of the Steam Boiler problem [2] that is easy to understand, and

thus easier to v alidate, and then derive a controller from this sp ecification that

is close to the desired implementation. W e achieve a simplified sp ecification in

two main ways. Firstly

, we mo del b oth the controller and its physical environ-

ment; this allows us to simplify the description of the interaction b etween the

controller and it’s environment. Secondly

, we use abstraction to describ e a very

general view of the required b ehaviour of the system and then elab orate this view

¬

→ –

–

–

′

′ ′

′

1 2 1

2

, .

,

.

.

2 Action Systems

Overview.

A ctions.

we akest pr e c ondition

enable d

guar d A g A

g A wp A false

A A

always enable d wp A false false g A true

Guar ding: P A P A

P A

Nondeterministic assignment: x x P P

x x x P x

x x x true

Choic e: A A A

A using refinement. A controller sp ecification is then derived using refinement and

decomp osition.

W e start by briefly describing the action system framework and the

refinement calculus to the required extent. Section 3 provides more detail on our

approach to this particular case study

. Section 4 presents the abstract sp ecifica-

tion of the controller and its environment. Section 5 refines the ways in which

the system may fail and (as a bypro duct) refines the mo des as well. Section 6

describ es further refinement steps towards a distributed implementation in an

imp erative language.

The action systems formalism combined with the refinement calculus has proved

to b e very suited for the design of parallel and distributed systems [9, 8, 7]. The

action systems themselves are similar to UNITY programs of Chandy and Misra

[14] that has an asso ciated temp oral logic for reasoning ab out prop erties of

UNITY programs. The design and reasoning ab out action systems is carried out

within the refinement calculus that is based on the use of predicate transformers.

The refinement calculus for sequential programs has b een studied by several

researche rs [4, 16, 17]. The main refinement technique used in our sp ecification

is data refinement [10] that is related to e.g. the refinement mapping technique

of Abadi and Lamp ort [1].

An action is any statement in an extended version of Dijkstra’s guarded

command language [15]. This language includes assignment, sequential comp osi-

tion, conditional choice, and iteration, and is defined using

predicate transformers. W e remove Dijkstra’s law of “Excluded Miracle” which

says that no statement is miraculous (i.e., can establish any p ostcondition), and

take the view that an action is only in those initial states in which it b e-

haves non-miraculously

. The of an action is the condition ( ), defined

by

( ) = ( )

The action is said to b e enabled when the guard is true. The action is said

to b e , if ( ) = (i.e., ( ) = ).

W e also use the following constructs:

The action , where is a predicate and is an action, is

disabled when is false, otherwise it b ehaves as .

The action := , where is a predicate

relating and , assigns a v alue satisfying to state v ariable . The

arbitrary nondeterministic assignment := ? is a shorthand for := .

The action [

] tries to cho ose an enabled action from and

, the choice b eing nondeterministic when b oth are enabled.

m

m

m

n

m n

1 2 1

2 1 2

1

1

1

1

1 1

, , ,

, , .

. . . .

. . .

. . . .

. . . .

. . . . . . . . .

‖

→ ‖ → ∧ →

‖

A | |

A

A A

A

A B

A | |

B | |

∩ ∅ A ‖ B A B

C | | ∪

–

–

v ar do o d

global v ar

v ar do o d

v ar do o d

v ar do o d

Always enable d: A A A

A

Simultane ous exe cution: A A A

A A A

P x E Q y F P Q x y E F

x E y F x y E F

A ction Systems. action system

x I A A z

I

A A

lo c al x glob al

z

state variables

Par al lel Comp osition.

x I A A z

y J B B v

x y p ar al lel c omp osition

x I y J A A B B z v

r e active c omp onents

The action b ehaves as when is enabled, otherwise it

b ehaves as skip, thus is always enabled.

F or actions and that are non-ab orting,

is the simultaneous execution of and , e.g.,

( := ) ( := ) = :=

and when the actions are always enabled we have e.g.,

:= := = :=

An has the form

= [ ; [ ] [ ] ] :

The action system is initialized by action . Then, rep eatedly

, an enabled

action from is nondeterministically selected and executed. The action

system terminates when no action is enabled, and ab orts when some action

ab orts.

The v ariables of are the v ariables and the v ariables of are

the v ariables . The lo cal and global v ariables are assumed to b e distinct. Each

v ariable is asso ciated with an explicit typ e. The of consist of

the lo cal v ariables and the global v ariables. The actions are allowed to refer to

all the state v ariables of an action system. In the sequel, we use the keywords

and to distinguish global and lo cal v ariables.

Consider two action systems and :

= [ ; [ ] [ ] ] :

= [ ; [ ] [ ] ] :

where = . W e define the of and to b e the

action system

= [ ; ; [ ] [ ] [ ] [ ] [ ] ] :

Thus, parallel comp osition will combine the state spaces of the two constituent

action systems, merging the global v ariables and keeping the lo cal v ariables

distinct.

The b ehaviour of a parallel comp osition of action systems is dep endent on

how the individual action systems, the , interact with each

other via the global v ariables that are referenc ed in b oth comp onents. W e have

for instance that a reactive comp onent do es not terminate by itself: termination

is a global prop erty of the comp osed action system. More on these topics can b e

found in [5].

R

R

R

3 Approac

                                                                                                  h v ar do o d

v ar do o d

,

. , , .

, ,

,

, ,

. , , . .

. ,

.

.

, , ,

, ,

′

′ ′

′

′ ′

′ ′ ′

′

′

′

′ ′ ′ ′

′ ′

′ ′

′

R

′

′

′

′

R

′ ′

′

≤

∀ ⇒

≤

∀ ∧ ⇒ ∃ ∧

∃ ∧

A A

A | |

A | |

A A A ≤ A

≤

≤

∧ ⇒

A ≤ A A A

A A

R efinement.

S S

S r efine d S S S

Q wp S Q wp S Q

S x z S x z

S x z S data r efine d

S abstr action r elation R x x z S S

Q R wp S Q wp S x R Q

x R Q x z

Data R efinement of A ction Systems.

x I A z

x I A z

R x x z x x

z I I x x

R

Initialization: I I

Main actions: A A

Exit c ondition: R gA gA

Single-L anguage F r amework.

Action systems are intended to b e develop ed in a stepwise manner

within the refinement calculus. In the steam b oiler example, data refinement is

used as a main to ol. Here we briefly describ e these techniques. Data refinement

of action systems is studied in detail in [5].

The refinement calculus is based on the following definition. Let b e

statements. The statement is by statement , denoted , if

( ( ) ( ))

This usual refinement relation is reflexive and transitive. It is also monotonic

with resp ect to most of the statement constructors, see [10].

Let now b e a statement referring to the v ariables , denoted : , and

a statement referring to the v ariables . Then statement is

by statement using ( ), denoted , if

( ( ) ( ))

Note that is a predicate on the v ariables .

Let and b e the two action systems

= [ ; ] :

= [ ; ] :

Let ( ) b e an abstraction relation on the lo cal v ariables , and global

v ariables . Assume do not access but only assign to , resp ec tively

. The

action system is data refined by using , denoted if:

(i) ,

(ii) ,

(iii) .

If , then the b ehaviour of satisfies the b ehaviour of in the sense

that all p ossible state traces of are p ossible state traces of . This is describ ed

in detail in [11].

In this section, we discuss some features of our approach to the Steam Boiler

problem using the action system formalism.

W e use the same formalism (action systems) to

describ e sp ecifications and designs. Thus, the initial formal description of the

b ehaviour we require of the system is given as an abstract action system rather

than as a set of prop erties in some v ariant of temp oral logic. By a series of

data-refinement steps, this abstract action system is transformed into a concrete

action system more closely resembling the eventual implementation. Refinement

is the only form of pro of we use.

Elab or ation by R efinement.

Envir onment and Contr ol ler as One System.

Timing and Discr eteness

Rather than emb o dy all the requirements in the ini-

tial sp ecification, we have chosen instead to intro duce some of the requirements

in successive refinement steps. This is achieved by using data abstraction to

generalise the requirements. F or example, instead of mo delling all the different

equipment failures in the initial sp ecification, we just have one general notion

of failure, which is elab orated into the different forms of failure in subsequent

refinement steps.

Usually

, refinement is used as a way of verifying the correctnes s of an im-

plementation w.r.t. a sp ecification. But here we also use refinement as a way of

structuring the requirements such that they are easier to v alidate. One conse-

quence of this approach is that the abstraction relations used in refinement steps

really form part of the formal description of the requirements; our abstract ac-

tion system mo del is intended to represent the essence of the required b ehaviour

of the system, and the abstraction relations show how this essence relates to the

extra requirements b eing intro duced in a refinement (elab oration) step.

Our initial action system is in-

tended to mo del the b ehaviour of the overall system, that is, the physical envi-

ronment and the controller together. After some refinement steps, we use parallel

decomp osition to separate the controller and the physical environment into two

interacting action systems, thus arriving at a sp ecification of the controller itself.

Mo delling the environment and the controller as a single action system al-

lows us to abstract away from the communication mechanism b etween them. F or

example, all sensors are mo delled as state v ariables which are up dated by the

environment actions and may b e read directly by the controller actions. Only

in later refinement steps do we intro duce an explicit mechanism for passing the

v alues of sensors from the environment to the controller. Similarly

, device actu-

ators are mo delled initially as state v ariables that are up dated by the controller

and read by the environment and these are refined later.

Another reason for mo delling the environment is that it allows us to state

and use assumptions that we make ab out how the environment b ehaves. F or

example, when we intro duce a mechanism in the controller for estimating the

water level in the steam b oiler, we need to mo del the way in which the water

level may change in the environment.

The requirements state that the environment sends

messages to the controller once every five seconds giving up dated sensor v alues,

and that the controller then resp onds to these by sending out new v alues for the

actuator states. W e mo del this as a simple alternation b etween an environment

action and a controller action. W e do not use any explicit mo del of time, rather

we simply assume that the environment action o ccurs once every five seconds,

and that the controller action is fast enough to resp ond within that five seconds.

This discrete mo del of the environment is not a true reflection of the b e-

haviour of the physical environment which is a continuous system. However it is

sufficient for us to b e able to mo del our assumptions ab out the environment.

1 4

1 4

, . . . ,

, ...,

4 Abstract Sp eci�cation

Fig. 1.

global

global

global

Mo dularity.

Normal De gr ade d R escue

Op er ating

V ariables.

q p p v

q

p p

v

Actuators

V ariables V ariables

Controller

Actions

Environment

Actions

Controller Environment

Sensors

Controller Environment

Structure of the system sp ecification

As well as using refinement to structure the sp ecification as men-

tioned ab ove, we also use the refinement calculus comp osition op erators, such

as choice and simultaneous assignment, to structure the descriptions of actions.

An imp ortant feature of these op erators is that they are comp ositional with re-

sp ect to refinement allowing us to achieve a high degree of mo dularity in the

development.

The steam b oiler system is sp ecified by actions which represent the evolution

of the physical environment and the reactions of the controller. V alues that the

control program needs to measure are mo delled as v ariables which are read by

the controller actions and mo dified by the environment actions. Devices that

control the physical environment are mo delled as v ariables which are mo dified

by the controller actions and read by the environment actions (see Fig. 1).

Abstraction in the initial sp ecification is achieved by:

1. unifying the different ways of system failure into one notion of failure,

2. reducing the numb er of mo des by unifying the , , and

mo des to a single mo de,

3. mo delling all actuators, sensors, and controller v ariables as part of a state

space, thus abstracting from their distribution and the message passing pro-

to col.

The abstract view of the system state consists of the following v ari-

ables. The current measures for the water level in the b oiler, water input through

the pumps, and steam output, are given by , , and , resp ect ively:

: Num

: Num

: Num

^

^

^

|

|

| |

| |

⇒ ≤ ≤

, , , < < <

.

, , . . . , ,

1 2

1 2

1 2 1 2 1 1 2 2

1 2

1 4 global

global

global

const where

v ar

global

v ar do o d e

e

pumps on off

valve op en close d

N N

M M

N N M M M N N M

r eliable

true

r eliable

mo de Init Op er ating Emer gency

System Structur e.

System r eliable I Envir onment Contr ol ler

Safety Condition.

safety mo de Op er ating M q M

Initialisation.

q p p v e

I pumps off valve close d mo de Init r eliable true

The current measure for the water output through the ev acuation v alve is given

by :

: Num

The water pumps and ev acuation v alve are controlled by the following v ariables:

:

:

During normal op eration, the water level should b e b etween and , and it

is unsafe for it to go b elow or ab ove :

: Num

The v ariable is an abstraction for whether the information av ailable to

the controller is reliable or not. If it is , then we can rely on the measures,

otherwise we should go to emergency mo de:

: Bo ol

The b oiler control has three basic mo des, the initialisation mo de, the normal

op erating mo de, and the emergency mo de:

:

The steam b oiler system is sp ecified by a rep eated alternation

b etween the physical environment and the controller, with the p ossibility of a

failure making the measures unreliable. This alternation assumes that the actions

of the controller take a negligible amount of time giving the controller the chance

to react to changes of the environment:

= [ : Bo ol ; ; ]

The controller consists of sets of actions, which control the water pumps, the

ev acuation v alve and the mo de, resp ectively

, and are executed in parallel.

The system should remain in op erating mo de, only if the

water level is safe. More precisely

, after reacting to the environment’s messages,

if the controller remains in op erating mo de, then the water level should b e safe:

= =

Initially

, we start in initialisation mo de, and assume that the

pumps are off and the ev acuation v alve is closed. W e further assume that we

are in a reliable state. W e make no assumptions ab out the current measures

( , ).

= := ; := ; := ; :=

^

^

^

^

^

^

^

→

≤

→

→

→

≤ ≤

→

→

, , , , , , , , , , , , , ,

>

<

>

1 2 3 4

1 2 2

2

2

2

1

1

2

2

1 2

1 2

4.1 Physical Environmen t Sp ecification

4.2 Controller Sp ecification

Envir onment q p p p p v e r eliable

Init Mo de.

N N N

V alve mo de Init

r eliable true

q N valve op en

N

V alve mo de Init

r eliable true

q N valve close d

N

Pumps mo de Init

r eliable true

q N pumps on

N

Pumps mo de Init

r eliable true

q N pumps off

N N

Mo de mo de Init

r eliable true

valve close d

N q N mo de Op er ating

Mo de mo de Init

r eliable false mo de Emer gency

In the abstract sp ecification, we allow the environment to make arbitrary as-

signments to the water level, input and output levels, and the reliable flag:

= := ? ? ? ? ? ? ? ?

Initialisation of the b oiler involves bringing the water level to b etween

and , as long as no failure is detecte d. If the water level is ab ove , then

the following action op ens the ev acuation v alve:

1 =

=

= :=

Once the water level is b elow , the ev acuation v alve is closed:

2 =

=

= :=

If the water level is b elow , then the following action switches on the pumps:

1 =

=

= :=

The pumps are switched off if the water level is ab ove .

2 =

=

= :=

Once the level is b etween and , the system enters op erating mo de, provided

no failure of the gauges is detected:

1 =

=

=

=

:=

Observe that the requirement of the v alve b eing closed is not explicitly mentioned

in the informal requirements sp ecification. It is though a reasonable restriction

and hence, included here.

In case of failure of the gauges, the system go es to emergency mo de.

2 =

=

=

:= ab ort

1 2

2

2

1

1 2

<

>

< >

,

...

^

^

^

^

^

^

^

^

→

→

∨

∨

→

→

‖ ‖ ‖

5 Re�ning F
ailures

Op er ating Mo de.

N N

Pumps mo de Op er ating

r eliable true

q N pumps on

N

Pumps mo de Op er ating

r eliable true

q N pumps off

Mo de mo de Op er ating

r eliable false

q M q M mo de Emer gency

Emer gency Mo de.

F ail mo de Emer gency

Contr ol ler A ction.

Pumps V alve Mo de

Pumps Pumps Pumps

V alve V alve V alve

Mo de Mo de Mo de Mo de

F ail

Contr ol ler Pumps V alve Mo de F ail

Op erating mo de simply involves switching the pumps on and

off as appropriate, in order to maintain the prop er water level. If the water level

is b elow , the pumps are switched on. If the water level is ab ove , the pumps

are switched off. If the water level is in b etween, we leave it op en whether the

pumps are on or off:

3 =

=

= :=

If the water level is ab ove , the pumps are switched off:

4 =

=

= :=

If a failure is detected or the water level is unsafe, the system go es into emergency

mo de:

3 =

=

( =

)

:=

W e make no assumptions ab out what happ ens during emer-

gency mo de, so the system may ab ort:

= =

The control of the water pumps, the ev acuation v alve and

the mo de is given by the actions , and , resp ectively:

= 1 [ ] [ ] 4

= 1 [ ] 2

= 1 [

] 2 [ ] 3

The controller executes all these actions, as well as the action, in parallel,

if they are enabled:

=

In this step, we distinguish p ossible failures and sp ecify more precisely the re-

quired b ehaviour for failures. W e also make the b ehaviour of the environment

more deterministic.

^

^

^

^

^ v ar

v ar

v ar

|

⇒ ∧

⇒ ∧

∧

⇒ ∧

⇒

∧

∧

∧

∨ ∨ ∨

∧

∧

∧

∨ ∨ ∨

1 4

1 4

1 4

1 4

1 2

1 2

1 1 1

4 4 4

1 4

1 4

1 4

1 4

. . .

, , ..., ,

, , ...,

, , ..., ,

,

...

. . .

. . .

. . .

...

V ariables.

q gauge p gauge p gauge v gauge

q gauge p gauge p gauge v gauge ok faile d

tr ans q tr ans p tr ans p tr ans v

tr ans q tr ans p tr ans p tr ans v

qa qa

qa qa

Abstr action R elation. r eliable

R tr ans q gauge ok tr ans q q

p gauge ok tr ans p p

p gauge ok tr ans p p

v gauge ok tr ans v v

NormalCond, De gr ad-

e dCond, R escueCond Emer gencyCond

NormalCond q gauge ok

p gauge ok p gauge ok

v gauge ok

De gr ade dCond q gauge ok

p gauge faile d p gauge faile d

v gauge faile d

R escueCond q gauge faile d

p gauge ok p gauge ok v gauge ok

Emer gencyCond q gauge faile d

p gauge faile d p gauge faile d

v gauge faile d

F ollowing v ariables are intro duced. The status of the water level

gauge, the four water pump gauges and the steam output gauge are given by

, , , and , resp ect ively:

:

If a gauge fails, then the v alue transmitted from the gauge to the controller do es

not necessarily corresp ond to the real measure. The transmitted v alues of the

water level gauge, the four water pump gauges and the steam output gauge are

given by and , resp ectively:

: Num

In case the water level gauge fails, an estimate of the minimal and maximal

water level is maintained by the controller. These adjusted v alues are given by

and , resp ect ively:

: Num

The v ariable is refined by the ab ove v ariables

under the following abstraction relation. F or each gauge, if it is ok, then the

transmitted v alue corresp onds to the real measure:

=

( = = )

( = = )

( = = )

( = = )

W e distinguish four conditions of the gauges, denoted by

and , resp ectively:

=

=

= =

=

=

=

( = =

= )

=

=

= = =

=

=

( = =

= )

If the pump gauges are ok and the steam output gauge is ok, then the real water

level is b etween its lower and upp er estimate:

R

R

R

R

^

^

^

^

^ v ar

do o d

′

′ ′ ′

′

′

′ ′

′ ′

′

, ,

, , ..., , ,

, , ..., , , , .

1 2

1 2

1 4

1 1 2 2 1 1 2 2

1 4

1 4 1 2

⇒

∨ ⇒ ∧

⇒ ≤ ≤

⇒

⇔ ∧

⇒

⇔

∨ ∨ ∧

≤ ∧ ≤ ∧ ≤ ∨ ≤

⇒

∧ ∧ ∧

|

|

≤

≤

≤

∧ ⇒

≤

R est mo de Op er ating

NormalCond De gr ade dCond qa q qa

R escueCond qa q qa

r eliable q gauge

p gauge p gauge v gauge

R r eliable mo de Init

r eliable true q gauge ok

mo de Op er ating

r eliable true

NormalCond De gr ade dCond R escueCond

M qa qa M N qa qa N

R valve mo de Op er ating e

R tr ans R est R gauges

R valve

R R tr ans R est R r eliable R valve

System Structur e.

System q gauge p gauge p gauge v gauge

tr ans q tr ans p tr ans p tr ans v qa qa

I Envir onment Estimate Contr ol ler

System System

I I

Envir onment Contr ol ler Envir onment Estimate Contr ol ler

R g Envir onment Contr ol ler

g Envir onment Estimate Contr ol ler

Estimate

Envir onment Envir onment Estimate

=

=

( = = )

( )

F or the relation of the abstract v ariable to the concrete v ariables ,

, ..., , we note that not every failure of a gauge of

the refined sp ecification corresp onds to a failure in the abstract sp ecification. In

initialisation mo de, only the water level gauge has to work prop erly

. In op erating

mo de, the water level gauge has to work prop erly or otherwise all other gauges

have to work prop erly and the water level must b e save based on the estimated

v alues:

=

( =

( = = ))

( =

( =

( )

( ) ( )))

In the refinement, we assume that the ev acuation v alve is closed in op erating

mo de:

= = = 0

The complete abstraction relation is the conjunction of ,

and :

=

The steam b oiler system is refined by a rep eated sequen-

tial comp osition of the environment (changing the “real” measures), an action

keeping track of the estimated water level, and the controller:

=

[

; ; ; ]

F or verifying the refinement , we have to establish following

conditions:

(1)

; ; ; (2)

( ; )

( ; ; )

(3)

F or the purp ose of implementation, we will consider to b e part of the

controller. F or the purp ose of verifying the refinement, we will consider it to

b e part of the environment; this is allowed by the asso ciativity of sequential

comp osition. Hence (2) is established by (see the app endix for the rule):

; (4)

R

R

^

^

^

^

′

′

′

′

′

′ ′ ′ ′

′ ′

′ ′

′

′

′

1 4

1 2

1 4

1 4

1 4

1

1 1

4

4 4

1 2 3 4

2

2

≤

≤

⇒

∈ { ∗ } ∈ { ∗ }

∗

≤ ≤ ∧

≤ ≤

− ∗ − ∗ ∗ −

5.1 Physical Environmen t Refinement

, , ..., , , . . . , ,

, , ..., , , . . . , ,

, , , ..., ,

, , , . . . , ,

. .. ... . ..

. ,

. , , , ,

, , , ,

, , , , , ,

, , , /

Contr ol ler Contr ol ler

Envir onment Estimate Contr ol ler

g Envir onment true

g Estimate true

g Contr ol ler true

Initialisation.

tr ans q tr ans p tr ans p

tr ans v qa qa

I pumps off valve close d mo de Init

q gauge p gauge p gauge v gauge ok ok ok ok

r eliable true

q gauge p gauge p gauge v gauge ok ok ok ok

R R r eliable q gauge p gauge p gauge v gauge

true ok ok ok ok

T se c

Env p p p P T p p p P T

e if valve op en then E T else

v v v variation v v

q q q variation q v p p p p e q

q variation q v p e q q min q v p e q q max q v p e

q C

q min q v p e q v T U T p e

(5)

F urthermore, we will design , and such that

they are always enabled. Hence (3) is established by (see the app endix for the

rules):

( ) = (6)

( ) = (7)

( ) = (8)

In summary

, this leads to the pro of obligations (1), (4) - (8).

Initially

, we assume that the gauges are working prop erly but

make no assumptions ab out the transmitted v alues ( , , ..., ,

), and the water level estimates ( , ):

=

:= ; := ; := ;

:=

In order to prove (1), using the rule for partwise data refinement (see app endix),

it is sufficient to establish

:=

:=

This amounts to proving

[ :=

]

which holds by the laws of predicate calculus.

The refined environment is sp ecified by the (physically) p ossible changes of the

measures during the interv al = 5 . This is expressed by the following

assignments, explained b elow:

1 =

:= ( 0 ); ; := ( 0 );

:= = 0;

:= ( );

:= ( + + + )

where

( ) =

( ) ( )

0

( ) = (1 2) +

R

R

^

^

^

^

^

′

′

′

′ ′

′ ′

′ ′

′ ′

′

′ ′ ′ ′

− ∗ ∗ ∗ −

− ∗ ≤ ≤ ∗ ∧

≤ ≤

∗

∗

∗ −

∗ ∗ ∗ ∗ ∗

⇒

⇒

⇒

⇒

≤

≤

∈ { ∗ } ∈ { ∗ }

2

2

2 1

2

1

1

2

2

2

1 4

1

1

1

1

1

4

4

4

4

4

1

1 1 4

2

2 1 4

1 2 3 4

1 2 3 4

1

1 1

4

4 4

, , , /

,

/ /

. . .

.

.

...

.

.

, , . . . ,

, , . . . ,

, , , , , , , , , , , , , ,

, , , , , ,

. .. . . . . ..

q max q v p e q v T U T p e

v variation v v v U T v v U T

v W

E

P

pumps

U T T

U T W

p

e

T v T

U T v T U T

C

Env q gauge p gauge p gauge v gauge

tr ans q tr ans q q gauge ok tr ans q q

tr ans p tr ans p p gauge ok tr ans p p

tr ans p tr ans p p gauge ok tr ans p p

tr ans v tr ans v v gauge ok tr ans v v

Envir onment Env Env

Estimate qa if q gauge ok then tr ans q else

q min qa tr ans v tr ans p tr ans p

qa if q gauge ok then tr ans q else

q max qa tr ans v tr ans p tr ans p

q p p p p v e r eliable Env Env Estimate

p p p p

p p p P T p p p P T

( ) = + (1 2) +

( ) =

+

0

If the ev acuation v alve is op ened, the water output through the v alve is liters

p er second, otherwise 0; it is assumed that the ev acuation v alve never fails.

Each of the four water pumps might b e switched on or off or not b e working

prop erly

. Hence the throughput of each individual pump is b etween 0 and p er

second, not necessarily dep ending on the v alue of .

The steam output might decrease by at most within seconds and

increase by at most. In any case, the steam output is b etween 0 and .

The water level increases by the amount of water flowing through the

pumps and decreases by the amount of water flowing through the ev acuation

v alve. F urthermore, within seconds, the water level may decrease by

(1 2) at most and increase by + (1 2) at most. The

water level is always b etween 0 and the maximal capacity of the steam b oiler.

All of the gauges may fail indep endently at any time. In case they are ok,

the transmitted v alues corresp ond to the real measures.

2 =

:= ?; := ?; ; := ?; := ?;

:= ( = = );

:= ( = = );

;

:= ( = = );

:= ( = = )

The refined environment action is given by:

= 1; 2

The controller needs to adjust the water level estimates. The minim al and maxi-

mal estimates of the water level corresp ond to the real measure in case the water

level gauge is ok. Otherwise the estimate is based on the transmitted v alues of

the pump input and the steam output. In case one of the pump gauges or the

steam output gauge fails, no estimates can b e made, i. e. the estimates will b e

assigned arbitrary v alues.

=

:= =

( + + 0);

:= =

( + + 0)

The pro of obligation (4) amounts to:

:= ? ? ? ? ? ? ? ? 1; 2;

Using the rules for the partwise data refinement and for merging assignments,

this is implied by:

:= ? ? ? ?

:= ( 0 ); ; := ( 0 )

(9)

R

^

^

^

^

5.2 Controller Refinemen t

≤

⇒ ∗ ∧ ⇒ ∧

∧ ∧

⇒ ∧

∧

⇒ ∧

⇒ ∧ ∧

⇒

∧

∧ ⇒ ∃

∧ ∧ ∧

→

≤

→

1 1 1 2

1

1 1 2

1 2 3 4

1

1 1

1 1

1

1

1 4

2

2

1 4

1 4

1 1

1 2

2

2

2

′ ′ ′ ′ ′ ′ ′ ′ ′

′ ′

′ ′ ′

′ ′ ′

′ ′ ′

′ ′ ′ ′ ′

′

′ ′ ′ ′

′ ′ ′ ′

′ ′

′

′ ′ ′

′

′

, , , , , ,

, , , , . . . , , , . . . , , ,

, , , , . . . , , , . . . , , , .

, , , , ,

. . .

, , . . . ,

, , . . . ,

, . . . ,

.

, , , , , . . . , , , . . . , ,

, , , . . . ,

> e q v r eliable

e q v p gauge v gauge tr ans p tr ans v qa qa

e q v p gauge v gauge tr ans p tr ans v qa qa Q

Q valve op en e E T valve close d e

q variation q v p p p p e q v variation v v

p gauge ok tr ans p p

v gauge ok tr ans v v

q gauge ok qa tr ans q qa tr ans q

q gauge faile d

qa q min qa tr ans v tr ans p tr ans p

qa q max qa tr ans v tr ans p tr ans p

p p R

Q R r eliable R

R

R r eliable e q v p gauge v gauge tr ans p tr ans v

qa qa r eliable e qa

R R tr ans R est R r eliable R valve

Init Mo de.

tr ans q

q

V alve mo de Init

q gauge ok

tr ans q N valve op en

V alve mo de Init

q gauge ok

tr ans q N valve close d

:= ? ? ? ?

:= (10)

where

=

( = = ) ( = = 0)

( + + + ) ( )

( = = )

( = = )

( = = = )

( =

= ( + + 0)

= ( + + 0))

Data refinement (9) reduces to a simple refinement of a nondeterministic assign-

ment, as v ariables are not refined by . Data refinement (10) holds

according to the data refinement rule for nondeterministic assignments if:

( )

where

=

[

:= ]

As = , the pro of can b e carried out

considering four cases separately

. The full pro of is omitted for brevity .

Pro of obligations (6) and (7) imm ediately follow from the rules for calculating

guards in the app endix.

In initialisation mo de, only prop er function of the water level gauge

is required. If the water level gauge is ok, the transmitted water level

corresp onds to the real measure , and the appropriate decisions to op en or close

the ev acuation v alve can b e made:

1 =

=

= :=

2 =

=

= :=

Similarly

, if the water level gauge is ok, appropriate decisions to op en or close

the water pumps can b e made:

<

>

<

>

< >

′

′

′

′

′

′

′

′

^

^

^

^

^

^

^

^

→

→

≤ ≤

→

→

∨ →

∨ →

∨

∨

→

≤ ∧ ≤

→

1

2

1 2

1 2

1

2

1 2

1 2

1 2

1 2

1 1 2 2

Pumps mo de Init

q gauge ok

tr ans q N pumps on

Pumps mo de Init

q gauge ok

tr ans q N pumps off

N N

Mo de mo de Init

q gauge ok

valve close d

N tr ans q N mo de Op er ating

Mo de mo de Init

q gauge faile d mo de Emer gency

Op er ating Mo de.

Pumps mo de Op er ating

NormalCond De gr ade dCond

tr ans q N pumps on

Pumps mo de Op er ating

NormalCond De gr ade dCond

tr ans q N pumps off

N N

Mo de mo de Op er ating

NormalCond De gr ade dCond

tr ans q M tr ans q M mo de Emer gency

qa qa

M N

Pumps mo de Op er ating

R escueCond

M qa qa N pumps on

1 =

=

= :=

2 =

=

= :=

Once the water level is b etween and , the system enters op erating mo de,

otherwise it remains in initialisation mo de, provided no failure of the water level

gauge is detected:

1 =

=

=

=

:=

In case the water level gauge fails, the system go es to emergency mo de:

2 =

=

=

:=

The actions of the op erating mo de are refined in two ways,

dep ending on the status of the water level gauge: If the water level gauge is

working prop erly

, safe decisions can b e made for switching the pumps on and

off. This holds in normal and degraded op erating mo de:

3 =

=

:=

4 =

=

:=

If the water level is b etween and , we decide to leave the pumps as they

are, either on or off, in order to minim ize the numb er of on/off switches.

If the water level is unsafe, the system go es into emergency mo de:

3 =

=

( )

( )

:=

If the water level gauge has failed, decisions whether to switch pumps on and

off have to based on the minimal estimate and maxim al estimate . If the

water level is b etween and , the pumps are switched on (cases 1,2):

5 =

=

:=

R

R

R

^

^

^

^

^

^

> >

< >

...

...

≤ ∧ ≤

→

∧

∨ ∨

∧ ∨

→

‖ ‖ ‖

≤

≤

≤

1 2

1 1 2 2

1 2

1

2

1 1 2 2

1 1 2 2

′

′

′ ′ ′

′ ′ ′

′ ′ ′

′

′ ′ ′

′

′

′

N M

Pumps mo de Op er ating

R escueCond

N qa qa M pumps off

N N

N

N

Mo de mo de Op er ating

R escueCond

M qa qa M

qa N N qa

Emer gencyCond mo de Emer gency

Contr ol ler A ctions.

Pumps V alve Mo de

Pumps Pumps Pumps

V alve V alve V alve

Mo de Mo de Mo de

Contr ol ler Pumps V alve Mo de F ail

Pumps Pumps

V alve V alve

Mo de Mo de

If the water level is b etween and , the pumps are switched off (cases 5,6):

6 =

=

:=

If the water level is b etween and , we decide to leave the pumps as they

are, either on or off (case 4). If the lower estimate is b elow and the upp er

estimate is ab ove , this is considered a failure, and the pumps remain as they

were (case 3).

If the water level is considered unsafe based on the estimates or if the estimate

is so v ague that is do es not allow sensible op eration (case 3), or if additionally

one of the other gauges fails, the system go es into emergency mo de.

4 =

=

(

(

( ))

)

:=

The control of the water pumps, the ev acuation v alve and

the mo de is given by the actions , , and , resp ect ively:

= 1 [ ] [ ] 4

= 1 [ ] 2

= 1 [ ] [ ] 4

The refined controller consists of different parts, which corresp ond to those of

the previous sp ecification:

= ( )

The verification of the refinement (5) can b e carried out for the pumps, v alve,

mo de actions separately

, leading to:

(11)

(12)

(13)

F or the pump actions we note that the four abstract actions are replaced by six

concrete actions. The only requirement is that each concrete action refines some

–

–

–

v ar

R

R

R

R

R

R

. . .

. . .

. . .

′

′

′

′

′

′

′ ′

′

′

′

6 Message passing

≤

≤

≤

≤

≤

≤

∧ ∨ ∨ ⇒

∨ ∨

∧ ⇒

∧ ⇒

Pumps Pumps

Pumps Pumps

Pumps Pumps

Pumps Pumps

Pumps Pumps

Pumps Pumps

R g Pumps g Pumps

g Pumps g Pumps

R g Pumps g Pumps

R g Pumps g Pumps

V alve Mo de

Contr ol ler

Envir onment

Estimate Contr ol ler

Message Buffer

sen abstract action; hence (11) is implied by:

1 1

2 2

3 3

4 4

3 5

4 6

( ( 1 ) ( 6 ))

( 1) ( 4)

Because all actions ab ove assign only to v ariables which are not refined, there is

only a pro of obligation for the guards, i.e. the ab ove is equiv alent to:

( 1) ( 1)

( 4) ( 6)

The refinement of and leads to similar pro of obligations. They can

b e discharged with the rules of predicate calculus.

Finally

, pro of obligation (6) follows immediately from the enabledness of the

constituents of . This completes the pro of of this refinement step.

The environment and the controller comm unicate by sending and receiving v ari-

ous messages. The controller follows a cycle that consists of the following actions:

Reception of messages coming from the physical units.

Analysis of information which have b een received.

T ransmission of messages to the physical units.

All messages coming from or going to the physical units are supp osed to b e

received/emitted simultaneously by the controller at each cycle.

Let us first lo ok at the messages coming to the controller from the physical

environment. Here we rearrange things slightly

, and assume that the environ-

ment consists of the actions in and the controller consists of the

actions ; . Hence, the estimations will b e carried out within

the controller.

The physical environment sends messages, sensor v alues, to the

controller by placing them into the buffer

: Array

1 4

1 4

1 4

^

^

^

^

^

^

^

′ ′

′ ′

′ ′

′ ′

. . .

. . .

. . .

, ,

.

.

.

..

, ..

i

i i i i

i i i

i i i

R

i i

i i

i i

R

R

R

∧ ∧ ∧ ∧

̸⇒ ∧

⇒ ∧

̸∧ ⇒

̸⇒ ∧

⇒ ∧

̸∧ ⇒

̸⇒ ∧

⇒ ∧

̸∧ ⇒

≤

≤ ‖ ‖ · · · ‖ ‖

⇒

⇒

⇒

≤

≤

≤ g gauge p gauge p gauge

v gauge tr ans q tr ans p tr ans p

tr ans v R

R R q R p R p R v

R q R p R v

R q sen qg NIL sen qg q gauge

q gauge ok sen tq q

sen qg NIL q gauge faile d sen tq NIL

R p sen p g NIL sen p g p gauge

p gauge ok sen tp p

sen p g NIL p gauge faile d sen tp NIL

R v sen vg NIL sen vg v gauge

v gauge ok sen tv v

sen vg NIL v gauge faile d sen tv NIL

I I sen NIL

Sending fr om the Envir onment.

Env

Env EWL EP EP ESO

EWL q gauge tr ans q tr ans q q gauge ok tr ans q q

EPi p gauge tr ans p tr ans p p gauge ok tr ans p p

ESO v gauge tr ans v tr ans v v gauge ok tr ans v v

EWL EWL SWL

EPi EPi SPi i

ESO ESO SSO where there is one place for each of the v ariables , , , ,

as well as for the transmitted v alues , , , ,

used ab ove. The abstraction relation for this refinement step is

=

where are defined as follows:

=

[ ] = ( [ ] = )

( = [ ] = )

( [ ] = = ) [ ] =

=

[ ] = ( [ ] = )

( = [ ] = )

( [ ] = = ) [ ] =

=

[ ] = ( [ ] = )

( = [ ] = )

( [ ] = = ) [ ] =

At initialisation, the buffer is empty:

; :=

W e next add a send action into the environment.

W e want to mo del the fact that the transmission is simultaneous. Hence, we first

refine the environment sp ecification 2 to reflect the parallel activity by the

different devices:

2 1 4

where

= := ?; := ( = = )

= := ?; := ( = = )

= := ?; := ( = = )

for 1 = 1 4.

Next we refine each device sp ecification to contain also a sending comp onent.

W e get that

;

; = 1 4

;

where

′ ′

v ar

^

^

^

^

^

^

^

^

^

^ i i i i

R

R

i i i i i

i i

, ,

, ,

, ,

, ,

, ,

, ,

, ,

, ,

, ,

≤

‖ ‖ · · · ‖ ‖

≤

‖ ‖ · · · ‖ ‖

̸→

̸→

̸→

‖ ‖ · · · ‖

SWL sen qg sen tq q gauge tr ans q

SPi sen p g sen tp p gauge tr ans p

SSO sen vg sen tv v gauge tr ans v

Env SSen

SSen EWL SWL EP SP EP SP ESO SSO

R e c eiving in Contr ol ler.

Estimate Contr ol ler RSen Estimate Contr ol ler

RSen R

WL RP RP RSO

R WL sen qg NIL q gauge tr ans q sen qg sen tq

sen qg sen tq NIL NIL

RPi sen p g NIL p gauge tr ans p sen p g sen tp

sen p g sen tp NIL NIL

RSO sen vg NIL v gauge tr ans v sen vg sen tv

sen vg sen tv NIL NIL

Sending and R e c eiving A ctuator V alues.

pumps on pumps off

valve

act

act

act NIL

SA ct CV CP CP

CV act v valve

= [ ] [ ] :=

= [ ] [ ] :=

= [ ] [ ] :=

W e now have that

2

where

= ( ; ) ( 1; 1) ( 4; 4) ( ; )

The controller is refined as follows:

; ; ;

where

= 1 4

and

= [ ] =

:= [ ] [ ];

[ ] [ ] :=

= [ ] =

:= [ ] [ ];

[ ] [ ] :=

= [ ] =

:= [ ] [ ];

[ ] [ ] :=

The sending of commands to the phys-

ical units from the controller program can b e done in a similar manner. W e have

that every command := and := controls simultaneously all

the pumps. Also the v alve, , must b e controlled using messages. W e now

refine these as ab ove so that the commands are sent along a buffer, here called

: Array

and initialised as follows:

:=

The actuator v alues are sent to the physical environment simultaneously

= 1 4

and

= [ ] := i

i i i

1 4

1 4

1

4 1 4

^

^

^

^

^

^

^

^

^

^

′′ ′′ ′′ ′′

′′

′′

′′ ′

|

‖ ‖ · · · ‖

̸→

̸→

| ‖ |

| |

| | global

v ar

v ar do o d

v ar do o d

..

, . . . ,

, . . . , , . . . ,

..

,

. . . .

, . . . , , . . . ,

, , . . . , , , , . . . ,

. . . .

, , . . . , , , , . . . ,

. . . . . .

. . .

CPi act p pumps

i

pumps

pump pump on off

pump pump pumps pumps

RA ct A

V AP AP

A V act v NIL valve act v act v NIL

APi act p NIL pumpi act p act p NIL

i

System Structur e

System sen act I Envir onment Contr ol ler

I sen NIL act NIL

Envir onment IE Env SSen RA ct

IE pump pump off off valve close d

q gauge p gauge p gauge v gauge ok ok ok ok

Contr ol ler IC RSen Estimate Contr ol ler SA ct

IC pumps off valve close d mo de Init

q gauge p gauge p gauge v gauge ok ok ok ok

g gauge p gauge

p gauge v gauge tr ans q tr ans p tr ans p

tr ans v

buf

pumps

pump pump

= [ ] :=

for = 1 4.

The abstract global v ariable sp ecifies all the pumps. Let us now take

a more concrete approach and sp ecify the actuator v alues separately for each of

the four pumps:

1 4 :

and initialised as follows

1 4 :=

F urthermore, their v alues are received by the physical devices in parallel:

= 1 4

and

= [ ] = := [ ]; [ ] :=

= [ ] = := [ ]; [ ] :=

for = 1 4.

Our sp ecification can now b e considered to b e a parallel com-

p osition of the environment actions and the controller actions where we still

require that the controller actions are fast enough to pro cess the messages b e-

fore the environment considers new measurements, i.e., the p erio d of 5 seconds:

= [ : Array ; ; ]

where

= := ; :=

= [ ; 1; ; ]

=

1 4 := ; := ;

:=

= [ ; ; ; ; ]

=

:= ; := ; := ;

:=

The reactive comp onents are assumed to have the v ariables , ,

, , as well as the v ariables , , , ,

lo cal in b oth of them. These could now,naturally

, b e eliminated by re-

placing references to these by an appropriate lo okup into . Similar approach

leads to the elimination of the abstract v ariable that can b e replaced by

its more concrete counterparts 1, , 4. (W e have ab ove omitted the

v ariable declarations of the reactive comp onents.)

The strictly sequential mo del of the environment-controller cycle has b een

removed. The synchronization b etween these two comp onents in the parallel

comp osition is taken care of by the guards of the receiving actions in b oth the

environment and the controller program.

‖

1 2

7 Ev

                                                                                           aluation

W e have taken a rather abstract view of the actual messages here. The

abstract messages could of course b e replaced by the concrete ones as describ ed

in the informal requirements sp ecification.

In this section, we answer the ev aluation questions p osed by the editors.

1. Do es the solution comprise a requirements sp ecification?

1’. Is the requirements sp ecification of the solution formal, rigorous, verbal?

2. Do es the solution comprise a functional design?

3. Do es the solution comprise an architectural design?

2’. Has the functional design of the solution b een verified against the require-

ments sp ecification? formally? rigorously? verbally?

3’. Has the architectural design of the solution b een verified against the re-

quirements sp ecification? formally? rigorously? verbally?

4.a. Do es the solution comprise an implementation of a control program?

Messages.

The initial sp e cific ation of Se ction 4 c omprises the r e quir ements sp e c-

ific ation. It includes imp ortant system c omp onents such as the water

level, the pumps, the valve, and input and output r ates. It describ es

the safety of the system and the liveness of the system, by the implicit

liveness of actions. It do es not de al with system p erformanc e.

F ormal.

With the r efinement appr o ach ther e may b e sever al interme diate stages

b etwe en r e quir ements sp e cific ation and functional design and b etwe en

functional design and ar chite ctur al design. The cut-off p oint is not al-

ways cle ar. However, we c ould r efer to the sp e cific ation of Se ction 5 as

a functional design and the sp e cific ation of Se ction 6 as an ar chite c-

tur al design and then answer questions 2 and 3 affirmatively. Both of

these do include sp e cific ations of the water level, the ste am sensor, the

pump actuator, the pumps, the dr ain, and the op er ator input/output,

but only to the extent r e quir e d for the development of the c ontr ol pr o-

gr am.

Rigor ously: pr o ofs wer e p erforme d by hand but not me chanic al ly che cke d.

Rigor ously: pr o ofs wer e p erforme d by hand but not me chanic al ly che cke d.

Y es, a Pasc al implementation has b e en derive d fr om the final r efine-

ment step. It is very similar to the action system sp e cific ations but

implements the simultane ous c omp osition A A of actions by an

appr opriate se quential c omp osition and guar de d choic e by an if state-

ment. The implementation is ar ound 170 lines long and written in

4.b. Has the control program b een linked to the FZI simulator?

4.c. Has some exp erimentation b een done with the control program?

5. What are the comparable other solutions?

6. What other solutions complement the given solution?

7.a. How much time has b een sp ent on pro ducing the solution? Give the num-

b er of p erson months, if p ossible for the v arious parts of the solution.

7.b. How much preparation is needed to b ecome sufficiently exp ert of the used

sp ecification framework in order to b e able to pro duce a solution to such

a problem in that framework? Indicate the numb er of weeks of train-

ing which you b elieve is needed for an average programmer to learn the

metho d.

8.a. What are the premises for a go o d understanding of the prop osed solution?

Is a detailed knowledge of the used formalism needed?

8.b. Can an average programmer understand the solution?

SunOS Pasc al.

Y es, the I/O c onventions and the system c onstants have b e en adapte d

to the FZI simulator

Y es, after solving the te chnic al pr oblems with linking, exp erimentation

did not r eve al any err ors. However, as the simulation tr ansmits wr ong

values in c ase of gauge failur e (in fact it tr ansmits the old values), this

is not dete cte d by the c ontr ol pr o gr am (se e c onclusions b elow).

Abrial’s solution [3] using B AMN is closely r elate d in that the r e-

finement c alculus notation and B AMN have a similar semantic b asis.

Also, Abrial uses r efinement as a way of structuring r e quir ements as

in our appr o ach. However, Abrial do esn ’t mo del the envir onment only

the c ontr ol ler.

The Z sp e cific ations of the c ontr ol ler pr o duc e d by other gr oups [12, 13 ]

r esemble our most detaile d r efinement of the c ontr ol ler. While they c on-

c entr ate d on ac cur ately r epr esenting al l the details of the c ontr ol ler, we

plac e d mor e emphasis on using abstr action to make validation e asier.

4 p erson months.

F amiliarity with the sp e cific ation notation and a pr actic al understand-

ing of data-r efinement ar e r e quir e d. It is also ne c essary to understand

pr o of te chniques use d. This would take ab out 2 we eks tr aining.

F amiliarity with the sp e cific ation notation and a pr actic al understand-

ing of data-r efinement ar e r e quir e d. It is not ne c essary to understand

pr o of te chniques or the semantics of actions and action systems.

1 2

1 2

Acknowledgements

8 Conclusions

References

Y es.

1 hour.

and

M M

M M mor e

pr ob ability

Pr o c. of the

3r d Annual IEEE Symp. on L o gic In Computer Scienc e

1. M. Abadi and L. Lamp ort. The existence of refinement mappings. In

, Edinburgh, pp. 165–175,

1988.

8.c. How much time do you b elieve is necessary for the average program-

mer without knowledge of the used sp ecification metho d to learn what is

needed to b e able to understand the solution?

The development presented describ es b oth the controller the physical envi-

ronment. Sp ecifying the environment was used for deriving the up dates of the

water level estimates of the controller in case of water level gauge failure.

The environment is sp ecified by an action which describ es the p ossible evolu-

tion during a p erio d of 5 seconds. It do es not completely determine the b ehaviour

of a concrete environment, but only its view by the controller every 5 seconds.

In particular, there might b e p eaks of the water level b elow and ab ove in

b etween. Hence the safety requirement should b e interpreted such that it holds

only every 5 seconds. (This is all what is required by the informal sp ecification:

the system is in danger if the water level is b elow or ab ove for than

5 seconds.)

The refined controller guarantees safe function despite gauge failure as long

as the information ab out gauge failure is reliable. If this is unreliable, e. g., the

water level gauge pretends to function prop erly but do es not, no safe decisions

are p ossible at all (except going to emergency mo de). The informal sp ecification

suggests that to cop e with this, the controller should check whether the measure

are “compatible with the dynamics of the system”. However, this is problematic.

Besides intro ducing nondeterminism (which gauge is to blame ?) neither do es

it guarantee reliable op eration (we could blame the wrong gauge or not detect

a gauge failure for a long time). This strategy can only b e used for making the

op eration more reliable with a certain . Although this would b e in ac-

cordance with engineering practices, probabilistic sp ecification of gauge failures

and reasoning ab out the probabilistic reliability of a controller is outside our

approach. It is suggested for further research.

The work rep orted here is carried out within the pro jects Irene and F ormet.

These pro jects are supp orted by the Academy of Finland and the T echnology

Development Centre of Finland (T ekes).

Metho ds for

Semantics and Sp e cific ation

On the Corr e ctness of R efinement Steps in Pr o gr am Development

Stepwise R efinement of

Distribute d Systems: Mo dels, F ormalisms, Corr e ctness. Pr o c e e dings. 1989

L e ctur e Notes in Computer Scienc e

Pr o c. of the 2nd ACM SIGACT–SIGOPS Symp. on Principles of

Distribute d Computing

Scienc e of Computer Pr o gr amming

Structur e d Pr o-

gr amming

F or-

mal Metho ds Eur op e’94 L e ctur e Notes in Computer Scienc e

Stepwise R efinement of Distribute d Systems: Mo dels, F ormalisms, Corr e ct-

ness. Pr o c e e dings. 1989 L e ctur e Notes in Computer Scienc e

CONCUR ’94: Concurr ency The ory. Pr o c e e dings. 1994

L e ctur e Notes in Computer Scienc e

Metho ds for

Semantics and Sp e cific ation

Metho ds for Semantics and Sp e cific a-

tion

Par al lel Pr o gr am Design: A F oundation

A Discipline of Pr o gr amming

ACM T r ansactions on Pr o gr amming

L anguages and Systems

Scienc e of Computer Pr o gr amming

2. J.-R. Abrial Steam-b oil er Control Problem. T echnical Rep ort, August, 1994.

3. J.-R. Abrial Steam-b oiler Control Problem. Presented at seminar on

, Schloss Dagstuhl, June 1995.

4. R. J. R. Back. .

PhD thesis, Department of Computer Science, University of Helsinki, Helsinki ,

Finland , 1978. Rep ort A–1978–4.

5. R. J. R. Back. Refinement calculus, part I I: Parallel and reactive programs. In J.

W. de Bakker, W.–P

. de Ro ever, and G. Rozenb erg, editors,

, volume

430 of . Springer– V erlag, 1990.

6. R. J. R. Back and R. Kurki-Suoni o. Decentralizati on of pro cess nets with central-

ized control. In

, pages 131–142, 1983.

7. R. J. R. Back, A. J. Martin, and K. Sere. Sp ecifying the Caltech asynchronous

micropro cessor. , North-Holland. Accepted for

publi catio n.

8. R.J.R. Back and K. Sere. Stepwise refinement of action systems.

, 12:17-30, 1991.

9. R. J. R. Back and K. Sere. F rom mo dular systems to action systems. Pro c. of

, Spain, Octob er 1994. .

Springer–V erl ag, 1994.

10. R. J. R. Back and J. von W right. Refinement calculus, part I: Sequential nonde-

terministi c programs. In J. W. de Bakker, W.–P

. de Ro ever, and G. Rozenb erg,

editors,

, volume 430 of , pages

42–66. Springer–V erlag , 1990.

11. R. J. R. Back and J. von W right. T race Refinement of Action Systems In B. Jon-

sson, J. Parrow, editors, ,

volume 836 of , pages 367–384. Springer–V erlag ,

1994.

12. P

. Bernard A Z sp ecification of the b oiler. Presented at seminar on

, Schloss Dagstuhl, June 1995.

13. R. B ¨ ussow and M. Heisel and M.W eb er A steam-b oile r control sp ecificati on with

statecharts and Z. Presented at seminar on

, Schloss Dagstuhl, June 1995.

14. K. Chandy and J. Misra. . Addison–

W esley

, 1988.

15. E. W. Dijkstra. . Prentice–Hall International , 1976.

16. C. C. Morgan. The sp ecificati on statement.

, 10(3):403–419, July 1988.

17. J. M. Morris. A theoretical basis for stepwise refinement and the programming

calculu s. , 9:287–306, 1987.

R

R

R

R

R

R

R R

R R

R R R

R R R

1 2 1 2 1 2

1 2 1 2 1 1 2 2

1 2 1 2 1 1 2 2 1

1

App endix A: Re�nemen

                                                                            t Rules

′ ′

′ ′ ′ ′

′ ′ ′ ′ ′′ ′′

′

′ ′

′ ′

′ ′

′ ′ ′ ′

′ ′ ′ ′ ′

′ ′ ′ ′

′ ′

.

, , . , , .

, , , , .

.

. .

. .

, ,

. , ,

. . , ,

. . . , ,

, , . , , .

. , ,

∧

≤

≤ ⇒

∃

→ ∧

‖ ∧

≤ ⇒

≤ ∧ ⇒

≤ ∧ ⇒ ∃

≤ ∧ ⇒ ∃ ∧

≤

≤

∧ ⇒ ∃ ∧

→ ≤ → ∧ ⇒ ≤

≤ ∧ ⇒ ≤

≤ ≤ ≤

‖ ≤ ‖ ≤ ≤

T r ansforming A ctions.

v E v v v E

u v u v P v w v w Q

u v w u v w P v v Q v v

v v v Q

v v P v v Q Q P

Calculating Guar ds.

g v E true

g v v P v P

g P A P g A

g A true

g A B g A g B true

g A A g A g A A A

V erifying Data R efinement of A ctions.

v w x

v E w F R R v w E F

v E w w Q Q R R v w E w

v w w Q Q R v R v w v w

v v P w w Q Q R v P R v w v w

x E x E

v x v x P w x w x Q

Q R v P R v w v w

P A Q B P R Q A B

A B R g B g A A B

A A B B A B A B

A A B B A B A B A

v B w

The following two rules allow a sequence of assignments

to b e reduced to a single nondeterministic assignment and vice versa:

:= = := =

:= ; := =

:= ( [ := ] [ := ])

Rules for refinement of nondeterministic assignments are:

:= ? :=

:= := if

The subsequent rules allow simplification of expressions

involving guards:

( := ) =

( := ) =

( ) = ( )

( ) =

( ; ) = ( ) if ( ) =

( ) = ( ) ( ) if and assign disjoint v ariables

The following rules allow the verification

of data refinements of actions, if the abstract action, the concrete action and the

abstraction relation are given. Let b e the abstract, the concrete, and the

global v ariables. Assignments to abstract v ariables are refined as follows:

:= := if [ := ]

:= := if [ := ]

:= ? := if ( [ := ])

:= := if ( [ := ])

An assignment to global v ariables can b e refined by itself or in combination with

assigning lo cal v ariables:

:= :=

:= := if

( [ := ])

Comp osed actions can b e refined partwise under following conditions:

if and

if ( ) ( ) and

; ; if and

if and and do es not

up date and do es not up date

–

–

App endix B: Implemen

                                                                           tation

The implementation makes use of input/output of enumeration typ es as av ail-

able in SunOS Pascal. The differences b etween the implementation and the FZI

simulation are:

The absence of a gauge reading is treated as a failure of the gauge, not as

a transmission error; hence op eration continues as long as enough readings

are transmitted to allow safe op eration.

The simulation transmits wrong v alues in case gauge failure. However, this

is not detecte d, as discussed previously .

(*$b0*)

program controller (input, output);

const (* steam boiler system constants *)

                                                                                                  C = 1000; (* maximal capacity [litre] *)

                                                                                                  M1 = 100; (* minimal limit [litre] *)

                                                                                                  M2 = 850; (* maximal limit [litre] *)

                                                                                                  N1 = 400; (* minimal normal [litre] *)

                                                                                                  N2 = 600; (* maximal normal [litre] *)

                                                                                                  W = 15; (* maximal steam outcome [litre/sec] *)

                                                                                                  U1 = 1; (* maximal increase of outcome [litre/sec/sec] *)

                                                                                                  P = 10; (* pump capacity [litre/sec] *)

                                                                                                  E = 10; (* valve throughput [litre/sec]*)

                                                                                                  T = 5; (* sampling interval [sec] *)

type

                                                                                                  PUMP = (off, on);

                                                                                                  VALVE = (closed, open);

                                                                                                  GAUGE = (failed, ok);

                                                                                                  MODE = (Init, Operating, Emergency);

                                                                                                  MESSAGE = (STEAM_BOILER_WAITING, PHYSICAL_UNITS_READY, PUMP_STATE,

PUMP_CONTROL_STATE, LEVEL, STEAM, LEVEL_REPAIRED, PUMP_REPAIRED,

PUMP_CONTROL_REPAIRED, STEAM_REPAIRED, STOP, END_OF_TRANSMISSION);

var (* actuators *)

                                                                                                  pumps: PUMP;

                                                                                                  valve: VALVE;

var (* sensors *)

                                                                                                  q: real; (* transmitted water level *)

                                                                                                  p1,p2,p3,p4: real; (* transmitted pump throughput *)

                                                                                                  v: real; (* transmitted steam output *)

                                                                                                  e: real; (* valve throughput *)

                                                                                                  q_gauge: GAUGE; (* water level gauge status *)

                                                                                                  p1_gauge, p2_gauge, p3_gauge, p4_gauge: GAUGE; (* pump gauge status *)

                                                                                                  v_gauge: GAUGE; (* steam output gauge status *)

var (* controller variables *)

                                                                                                 mode: MODE;

                                                                                                 qa1, qa2: real; (* estimates of minimal and maximal water level *)

var (* auxiliary controller variables *)

                                                                                                 NormalCond, DegradedCond, RescueCond, EmergencyCond: Boolean;

                                                                                                 prevValve: VALVE; (* previous value of valve *)

label 999;

procedure RSen;

                                                                                                 var msg: MESSAGE;

n: integer; p: integer;

ch: char; (* for reading separators ’(’ and ’,’ *)

                                                                                                 begin

q_gauge := failed ; p1_gauge := failed ; p2_gauge := failed ;

p3_gauge := failed ; p4_gauge := failed ; v_gauge := failed ;

read (msg) ;

while msg <> END_OF_TRANSMISSION do

begin

if msg = PUMP_CONTROL_STATE then

begin read(ch) ; read(n) ; read (ch) ; read (p) ;

case n of

1: begin p1 := p * P ; p1_gauge := ok end ;

2: begin p2 := p * P ; p2_gauge := ok end ;

3: begin p3 := p * P ; p3_gauge := ok end ;

4: begin p4 := p * P ; p4_gauge := ok end

end

end

else if msg = LEVEL then

begin read (ch) ; read (q) ; q_gauge := ok end

else if msg = STEAM then

begin read (ch) ; read (v) ; v_gauge := ok end ;

(* else ignore message *)

readln ; read (msg)

end ;

readln

                                                                                                 end;

procedure SAct;

                                                                                                 begin

if pumps = on then

begin writeln (’OPEN_PUMP 1’) ; writeln (’OPEN_PUMP 2’) ;

writeln (’OPEN_PUMP 3’) ; writeln (’OPEN_PUMP 4’) end

else

begin writeln (’CLOSE_PUMP 1’) ; writeln (’CLOSE_PUMP 2’) ;

writeln (’CLOSE_PUMP 3’) ; writeln (’CLOSE_PUMP 4’) end ;

if valve <> prevValve then

begin write (’VALVE’); prevValve := valve end

                                                                                                 end;

procedure Estimate;

                                                                                                  begin

if q_gauge = ok then begin qa1 := q ; qa2 := q end

else

begin

qa1 := qa1 - v * T - (U1 * T * T) / 2 + p1 + p2 + p3 + p4 ;

qa2 := qa2 - v * T + (U1 * T * T) / 2 + p1 + p2 + p3 + p4

end

                                                                                                  end;

procedure Pumps; (* implements "Pumps’ overline" *)

                                                                                                  begin

if (mode = Init) and (q_gauge = ok) and (q < N1) then

pumps := on

else if (mode = Init) and (q_gauge = ok) and (q > N2) then

pumps := off

else if (mode = Operating) and (NormalCond or DegradedCond) and

(q < N1) then

pumps := on

else if (mode = Operating) and (NormalCond or DegradedCond) and

(q > N2) then

pumps := off

else if (mode = Operating) and RescueCond and (M1 <= qa1) and

(M2 <= qa2) then

pumps := on

else if (mode = Operating) and RescueCond and (N1 <= qa1) and

(qa2 <= M2) then

pumps := off

                                                                                                  end;

procedure Valve; (* implements "Valve’ overline" *)

                                                                                                  begin

if (mode = Init) and (q_gauge = ok) and (q > N2) then

valve := open

else if (mode = Init) and (q_gauge = ok) and (q <= N2) then

valve := closed

                                                                                                  end;

procedure Mode; (* implements "Mode’ overline" *)

                                                                                                  begin

if (mode = Init) and (q_gauge = ok) and (valve = closed) and

(N1 <= q) and (q <= N2) then

mode := Operating

else if (mode = Init) and (q_gauge = failed) then

mode := Emergency

else if (mode = Operating) and (NormalCond or DegradedCond) and

((q < M1) or (q > M2)) then

mode := Emergency

else if (mode = Operating) and (RescueCond and

((M1 > qa1) or (qa2 > M2) or (qa1 < N1) and (N2 > qa2)) or

EmergencyCond) then

mode := Emergency

                                                                                                 end;

procedure Fail;

begin if mode = Emergency then goto 999 end ;

procedure Controller; (* implements "Controller’" sequentially *)

begin

NormalCond := (q_gauge = ok) and (p1_gauge = ok) and

(p2_gauge = ok) and (p3_gauge = ok) and (p4_gauge = ok) and

(v_gauge = ok) ;

DegradedCond := (q_gauge = ok) and ((p1_gauge = failed) or

(p2_gauge = failed) or (p3_gauge = failed) or

(p4_gauge = failed) or (v_gauge = failed)) ;

RescueCond := (q_gauge = failed) and (p1_gauge = ok) and

(p2_gauge = ok) and (p3_gauge = ok) and (p4_gauge = ok) and

(v_gauge = ok) ;

EmergencyCond := (q_gauge = failed) and ((p1_gauge = failed) or

(p2_gauge = failed) or (p3_gauge = failed) or

(p4_gauge = failed) or (v_gauge = failed)) ;

Pumps ; Valve ; Mode ; Fail

end;

begin

mode := Init ; prevValve := closed ;

writeln(’PROGRAM_READY’) ;

while true do (* implements "Controller’’" *)

begin RSen ; Estimate ; Controller ; SAct end ;

999:writeln (’system_quit’)

end.