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Abstract—A case study centred on a fuel supply system for Event-B events serve as the ‘mode events’' that interleave
a small aircraft is presented in Hybrid Event-B, an extensim of  the ‘pliant events’ of Hybrid Event-B. The latter express th
conventional Event-B that allows for the modelling and verfica-  continuously varying behaviour of a hybrid formalism that
tion of hybrid and cyberphysical systems exhibiting nontrial includes both kinds of event. In this manner, a rigorous tiak

continuous behaviour. In contrast to many such case studies  pa made between continuous and discrete update, as needed
which concentrate predominantly on timing issues, the focsl in in contemporary applications.

the present work is on nontrivial physical behaviour, and onthe
effect that this has on various refinement and partition straegies. In this paper, we present a case study based on a fuel
pumping system in a small aircraft. Unlike many case studies
of cyberphysical systems targetted at the verification doma
I. INTRODUCTION where there is an emphasis on timing considerations, there
is a preponderance of focus on physical behabviour in this
se study, which brings the physical modelling capaéditi
Hybrid Event-B to the fore. Besides this, we explore the

In today’s ever-increasing interaction between digitalices
and the physical world, formalisms are needed to express thg%jl

more complex behaviours that this allows. Furthermoresehe ramifications of different partition and refinement straegn

days, it is no longer sufficient to focus on isolated systesss, FE'e given context. As we explain below, there are non-trivia

it is more and more the case that families of such systems A nseauences of different choices revarding these aspects
coupled together using communication networks, and cas thu q 9 9 P

influence each others’ working. Today, the concep€Cgber- when_ we have co_ntinuous_ state update, compared with the
Physical Systemd], [2], [3], [4], [5] has risen to prominence. situation for pure isolated instantaneous state updateséh
These new kinds of system throw up novel challenges in termgon&deratlons form the main contribution of this case wtud

of design technique, and it is proving more and more difficult  The rest of the paper is as follows. Section Il gives the
to ignore the continuous characteristics in their behagiou background on the fuel pumping system we study here. Section
especially if designers want to engineer close to optimies |1 briefly outlines the main elements of Hybrid Event-B.
of system parameters. Section IV gives the top level model of the fuel system in

The B-Method has long been well extablished as a method-YPrid Event-B and covers the first refinement. Section V
ology for modelling and verification of discrete event sysse covers the introduction of non-trivial continuous behawio

The standard reference for the classical B-Method is [B]Section VI considers the impact of different strategies for

The classical method emphasised accumulation of submode{?ﬁ"rt't'on and further refinement of the system model. Sactio
into a reference abstract model, to be followed by relafivel | concludes.

monolithic refinement of this towards implementation, egdi

in machine generated compilable and runnable source code (i Il. A SIMPLIFIED AIRCRAFT FUEL SYSTEM

a language such as C, for example). Fig. 1 outlines some elements of a simplified engine fuel

In the last decade or so, the B-Method evolved into a moralelivery system for a light aircraft. The aircraft enginseif,
flexible modelling and verification framework, Event-B [Tf.  not shown in Fig. 1, receives fuel via a high pressure pump
Event-B, action refinement [8], [9], [10] is the main undémty ~ from the relatively smallCollector tank. This high pressure
mechanism for using refinement to accumulate design detaitystem is beyond the scope of our study. The collector tank in
The Event-B approach, and its supporting tool Rodin [11],turn is fed from the main left and right fuel tanks, contaired
[12] has proved to be popular in the model based developmeiite wings. An arrangement of pipework and valves is in place
world [13]. to enable fuel to move from the main tanks to the collectod, an

H desite this. th v di " t foundati between the two main tanks. In addition to these components,
owever, despite this, the purely diScrete event foundalio g g s often also a reserve tank to provide additional fuel

of Event-B makes it poorly adapted to the needs of continug,, a5 for emergency situations. This too is beyond thpesc

%f this study. Many variations on this scheme are possiloid, a

systems. Therefore, Hybrid Event-B [14], [15] has beerointr found in practice on various types of aircraft.

duced to bring continuous capabilities to the traditionbdsed
discrete Event-B, in order to address some of the challenges Each of the two main tanks has a low pressure pump; these
referred to. Earlier applications of this formalism incbud areP_ andPg in Fig. 1. The pumps have bypass mechanisms
[16], [17], [18], [19]. As described below, traditional diete  so that if the relatively low pump pressure is not sufficient



I Many details of a practical system have been omit-
* ted from the preceding account. For example, there
C Collector )

are usually two pumps per tank, one mechanically
driven from the engine for normal oper-
ation, and the other electrically driven,
for engine startup, and as a fallback in
case the other pump fails.

Aside from the features noted

: above, the fuel system of an aircraft
nght Tank must have a large number of additional
capabilities. It must function properly,
keeping the engine fed with fuel, if
(even a considerable amount of) water
Fig. 1. A schematic of a small aircraft fuel delivery system. gets into the fuel system (which must also be prevented from

to cause the flow of fuel out of the tank then the fuel isfﬁaeeimgtza' n!t g]vﬁ?éhnggﬁl(ljovgaig ee)é%e?r?g/?aﬁ{ﬂg;”;teog rzllgér;t%f
simply returned to the tank without damage to any part oft Y 9 9

the apparatus (for instance if the needed valves are not, ope}ﬂe altitude that the aircraft reaches. Along with the pdétg,

. : , e fuel tanks must be properly vented to the outside air so
or if there is no more room in the fueI_ system downstrean}hat depletion of fuel does not cause negative relativespres
of the pump, or if there is a blockage in the pipe system in

. . . . in the tanks, (which would cause potential starvation of the
ﬁome m;npportune place). This also protects against hjidrau fuel supply to(the engine) Ventingpnotwithstanding thelfu
ammer: . '

system must keep working properly even when the aircraft is
Immediately beyond the pumps are non-return vaN&s  flying upside down (if it is licensed to do so). The fuel system

andNRz. Beyond the non-return valves there are various pipe§ust prevent ignition of fuel vapour when the aircraft isthyt
and valves to allow various flow arrangements as described. lightning. The list goes on. A good idea of the true complexit
andR are the (two way) valves that allow fuel to move into the Of the fuel supply system problem may be gained from Chapter
collector tank from the left and right main tanks respedyive 14 of [20].
There are also further two way valv®s,, V|2, Vri, Vre. TWO
fuel gauges,G_. and Gg, inform the cockpit of the current 1. A BRIEF OUTLINE OF HYBRID EVENT-B
amount of fuel in the tanks.

Left Tank

In this section we briefly outline Hybrid Event-B. The bulk

It is clear that if (say) all the right valves are closed, alid a Of this material refers to a single machine. However, we will
the left valves are open, then at least part of any fuel pumpetieed to consider multiple machines, so we include what we
from the left tank will return to the tank vi&/; and V., need for multiple machines below. For lack of space, we just
depending on the relative hydraulic resistence in the wario indicate the essentials. More detail is included in the exint
pipes, decreasing the flow into the collector tank, evenghou of the machines of our case study.
L is open. So it is important that in order to achieve a desired
movement of fuel, not only must certain valves be open, buA. Single Hybrid Event-B Machines

others must also be closed. Unlike Event-B (and most other discrete event systems),

Two controls are provided within the framework we in Hybrid Event-B, all variables are functions of time (whic
work with in this paper. Thefuel pump control may be is read-only) explicitly or implicitly. So time is specigll
OFF,BOTH, LEFT, RIGHT. Also thefuel rebalance control ~ declared, as are clocks, which behave like time but can be
may beOFF, L2R, R2L. These controls are independent, asidereset. Variables are of two kinds. There anede variables
from the constraint that it is forbidden that when the engine which change their values via discontinuous assignment in
being fed by a single pum@®_ or Pg, that that same pump, Mmode eventsThere are alspliant variableswhich are allowed
P, or P respectively, is simultaneously rebalancing fuel to theto change continuously, such change being specifiegliaat
other tank. events which have a non-zero duration.

In the framework of this paper, we treat the output of the ~Invariants are an important element. These are state prop-
fuel gauges as information for the pilot. This informaticanc ~ erties that must holdt all moments of timeluring a run, and
obviously influence the pilot's decisions on the use of thel fu Proof that the invariants indeed hold in this way constsutes
pump and fuel rebalance controls, but for this paper, thgegu Most important handle on correctness offered by the Hybrid
remain outside the control loop. In a realistic system, ¢her Event-B methodology.

will be various signals in the cockpit when the current stite The remainder of a machine consists of events. Mode
the fuel system enters an undesirable regime, but we do n@ents are analogues of events in discrete Event-B and define
include such considerations in this paper. instantaneous updates to the state. Pliant events are new

: : : to Hybrid Event-B. They specify the continuous evolution
"Hydraulic hammer is the phenomenon of shock waves propagatiind  of the pliant variables over an interval of time, by various

a hydraulic circuit following sudden movements in parts leé tircuit, such : . ; ; ; ;
as when valves are switched on or off in a high pressure tirelyidraulic permltted means. one way IS by direct assignment to a time

hammer can cause severe damage to equipment if not defergiiasta dependent expression; another way is to specify an ordinary
properly. differential equation that the variable has to satisfy; &dth




way is to demand that the continuous evolution satisfies
given predicate on states for as long as it lasts. Any sansibl

/
combination of these is permitted for the family of pliant COFFD@THD\

variables of a machine.

Briefly, the semantics of a Hybrid Event-B machine con-
sists of a set obystem traceseach of which is a collection
of functions of time, expressing the value of each machine
Variabl-e-c-)ver the duratio-n of a system ru-n' A run stgr}s a'}:ig. 2. The top level fuel delivery system transition diagra’he pump state
s_ome In!tlal mc_)mem of tlmﬁo_, and lasts either _for a finite diagram is on the left and the rebalance control state diagsaon the right.
time, or indefinitely. The duration of the ruf,, an interval of  The heavy crossed lines connect the only forbidden pairsatés Otherwise,
the reals, breaks up into a succession of left-closed gt  every pair of states, and every transition involving one ieo of the pump
subintervals:7 = [to...t1),[t1...t2),[t2...t3),.... Mode  or rebalance controls, is permitted.
events take place at the isolated times corresponding to the

common endpoints of these subintervalsin between, the

mode variables are constant, and the pliant events stq:)ulaEandleS any instantiation issues that may arise (in a coenion
continuous change in the pliant variables. ased approach), and_ most importantly, fswphronlsatmns_
needed to ensure various mode events in different machines
We insist that on every subinterval. . . ti;) the behaviour execute simultaneously.

is governed by a well posed initial value problem [21]. Time On the conceptual side lies the observation that because

tir1 is defined as the earliest time at which a mode event]c the inclusi f i behaviow ¢
becomes enabled, at which point the continuous behaviour {l the inclusion ot continuous behaviowlj components are
lways executingomeevent (always a pliant event, except for

preempted, the mode event executes, and a further pliant eve?We . \ -t
is executed after its completion. A system rurwill formed a discrete set of times). An integrated representatiors fisk

and thus belongs to the semantics of the machine provide'ﬂ1g t_he combinato_rial explosion of ”e‘?d_"ig to_re_presenhea
that at runtime: ' possible combination of concurrent activities within aaepe

event — whereas a properly partitioned decomposition into

(1) Every enabled mode event is feasible, i.e. has an aftemultiple machines can delegate the combinatorial exptosio
state, and on its completion enables a pliant event (buto the concurrent semantics of the overall system, leading t
does not enable any mode eveht). economy in the description. We encounter this in the caglystu

(2) Every enabled pliant event is feasible, i.e. has a timePelow. See [15] for a detailed discussion of all these issues
indexed family of after-states, and EITHER:

(i) During the run of the pliant event a mode event be-
comes enabled. It preempts the pliant event, defining We now embark on the modelling of the fuel system in
its end. ORELSE Hybrid Event-B, and on uncovering the insights this canroffe

(i) During the run of the pliant event it becomes infea-  The state machine view of the fuel supply system is shown
sible: finite termination. ORELSE in Fig. 2. This consists of two state machines, correspandin
(iii) The pliant event continues indefinitely: nontermina- to the pump control and the rebalance control. The overall
tion. state machine is the product of these two, aside from the
Thus, in a well formed run mode events alternate with pliantwo forbidden states indicated by the heavy struck through
events. We refer to [14] for a more detailed presentatiod an lines. For the sake of simplicity, we will assume that these
[15] for the extension to multiple machines). The presémtat State machines are implemented in the cockpit by a set of
just given is quite close to typical modern formulations offour press-and-latch buttons for the pump control, and @ket
hybrid systems, e.g. [22], [23], or [24] for a perspectivethree press-and-latch buttons for the rebalance contitt, w

pump control rebalance control
state machine state machine

IV. ToPLEVEL FUEL SYSTEM MODELS

stretching further back. in addition, a mechanical interlock to prevent the engaggme
of the forbidden states. We assume that pressing-andagtch
B. Multiple Hybrid Event-B Machines any button of either set causes the release of the previously

depressed button from the set.
To model large systems, multi-machine configurations are
certainly desirable. At minimum, they partition the furctt
ality, allowing limited focus and independent working. In a
framework like Hybrid Event-B this throws up two classes if
issues, one structural and the other conceptual.

The state level view merely reflects the changes of con-
figuration of the fuel system that can be effected by the pilot
And although we have described it in purely mechanical terms
there is, of course, no reason that such state control simadld
be implemented digitally in a modern light aircraft.

On the structural side are mundane issues about how to

organise multiple machines syntactically. In Hybrid Evént machineFuelPump0 of Fig. 3. The machine has two vari-

the PROJECT construct does this job. It names the machin ; - ;
constituting the system, also the INTERFACE constructs thaeasoles, pumpctrl and rebalctrl, with the obvious meanings,

: . : . nd the values each can take are described in the first two
hold the shared variables and invariants concerning them. filnes of the INVARIANTS clause. The remaining invariants

2|f a mode event has an input, the semantics assumes thatlies oaly descr!be the fqrbldden Conflguratlons' The rgmamder of the
arrives at a time strictly later than the previous mode evensuring part of ~Machine deSC_”beS the EVENTS that are available. There are
(2) automatically. events to manipulate the fuel contrBlumpOFFE PumpBOTH

The mode level view is captured in the Hybrid Event-B




MACHINE FuelPump0
VARIABLES pumpctrl rebalctrl
INVARIANTS

pumpctrle {OFF, BOTH,LEFT, RIGHT}

rebalctrl € {OFF, L2R R2L}
pumpctrl= LEFT =- rebalctrl # L2R

pumpctrl= RIGHT = rebalctrl ## R2L

rebalctrl = L2R = pumpctrl# LEFT

" PUmpLEFT

WHEN rebalctrl # L2R

THEN pumpctrl := LEFT END
PumpRIGHT

WHEN rebalctrl # R2L

THEN pumpctrl := RIGHT END
RebalOFF

rebalctrl = R2L = pumpctrl# RIGHT BEGIN rebalctrl := OFF END
EVENTS Reball2R
INITIALISATION WHEN pumpctrl# LEFT
BEGIN pmpctrl rebalctrl := OFF,OFF END THEN rebalctrl := L2R END
PumpOFF RebalRL
BEGIN pumpctrl := OFF END WHEN pumpctrl# RIGHT
PumpBOTH THEN rebalctrl := R2L END

BEGIN pumpctrl := BOTH END PliTrue
STATUS pliant

COMPLY INVARIANTS END
END

Fig. 3. The top level Hybrid Event-B model of the fuel deliyesystem. The pilot's view.

PumpLEFT PumpRIGHT and events to manipulate the re- with expressing the relationship between tReelPump0
balance controlRebalOFF Reball2R, RebalRL. These are variables and th&uelPumpl variables (in traditional Event-B

all mode eventin Hybrid Event-B parlance, i.e. they specify manner). Our assumptions about how the controls work result
instantaneous changes of state at isolated moments of timia. a relatively simple correspondence between pilot cdsitro
To this extent they are just like (conventional) Event-Brege and settings of the pumps and valves. The joint invariants
and the notation is deliberately kept the same. Howevergsin make clear that the fuel control can be implemented using jus
Event-B describes the behaviouradt moments of time, each the pumps and their valves to the collectbrfor pumpP,),
Event-B machine must have at least gui@nt eventto cover  while the rebalancing control can be implemented using the
continuous behaviour between the isolated mode events. WariousV_ valves. This makes for a particularly clean design.
FuelPumpo this duty is covered by th@liTrue event, which It is easy to imagine that if the pipework depicted in Fig. 1
simply stipulates default compliance with thVARIANTS were controlled in a different way, then the correspondence
any time a mode event is not executing. between the two levels could come out more complicated. The
events ofFuelPump0 can now be translated to corresponding

A certain amount of previous experience [16], [17], [18]’nFueIPump1 events straighforwardly, if a little more verbosely.

[19], has shown that focusing first on a mode descriptio
of a desired design is highly beneficial in organising the It has to be admitted that the clean design is partly a
refinement based development of a complex hybrid system inonsequence of deliberate oversimplification. Thus the onl
a perspicuous manner. In the present case we follow the sanpeactical way of achieving fuel rebalancing is if the pumps a
strategy, but notice first that the mode level descriptiogyase  BOTH on. That way part (but only part) of the flow of one
is not yet at the pumps and valves level of the descriptiorpump is diverted to refilling the other tank. But we might wish
in Section Il, so is not yet good to interface with the moreto rebalance on the ground, without the other pump running.
physical behaviour we wish to capture in this case studyOr we might wish (in the air) to feed the engine using one
Accordingly, we refine the pilot's command level view of the pump and use the other pump exclusively for rebalancingh Bot
fuel supply system ifruelPump0, to a version concerned with scenarios are impossible in our setup since they couplddte s
the pumps and valves in machiRaelPumpl, given in Fig. 4.  of the L and R valves to the state ofebalctrl. Representing
such things would be entirely possible, at the cost of a more
Cdeetailed, longer description. We avoid doing so to save espac
iy this relatively short paper.

FuelPumpl is a formal refinement ofuelPump0, as
stated in the REFINES clause. In this paper we save spa
by not declaring which events are refinements of others whe
name identity suggests it. Likewise we omit events’ STATUS
declarations except for pliant events. STATUS declaration
distinguish mode events from pliant events, and recordrothe In Fig. 5 we find the next level of detail in our development.
pragmatic properties of events. The most important of thes€or the first time we introduce some pliant variables to
omitted from the mode events of this paper is the asyncepresent the continuous behaviour. We focus exclusively o
property, which allows mode events to execute lazily i@ the flow rates in the pipework of the model of Fig. 1. The
as soon as they are enabled, the latter (eager executiorg beifuel flow rate to the engine ire. The flow rate generated by
the default according to the semantics of Hybrid Event-B)[14 the left pump isflr., while the right pump generatéisg. The
flow rates actually delivered to the engine by the two pumps
areflrd_ andflrdgr respectively. The rebalancing flow rates are
fIrLgR and ﬂl’RgL.

V. PHYSICAL BEHAVIOUR OF THE PUMPS

The variables ofFuelPumpl are named by analogy with
the description in Section Il. Pumps are eitl@FF or ON,
while valves are eitheiCLosed or OPen. After declaring
the variables and their allowed values, the remainder of the The new invariants describe some of the properties of
INVARIANTS of FuelPumpl arejoint invariants concerned these flow rates. The engine flow rate is a real number, and



MACHINE FuelPumpl el
REFINES FuelPump0 PumpBOTH
VARIABLES BEGIN
pumpR , pumpk, valvel, valveR pumpR , pumpR, valvel, valveR := ON, ON, OP, OP
valve\(1, valve\(2, valve\k, valve\ke END
INVARIANTS PumpLEFT
pumpR , pumpk € {OFF, ON} WHEN —(valve\{; = CL A valve\k; = OP)
valvel, valveR valve\ 1, valve\ 2, valve\k; , valve\k: THEN
€ {CL,OP} pumpR , pumpk, valvel, valveR := ON, OFF, OP, CL
pumpctrl= OFF < pumpR = OFF A pumpk = OFF A END
valveL= CL A valveR= CL PumpRIGHT
pumpctrl= LEFT < pumpR = ON A pumpR = OFF A WHEN —(valve\(; = OP A valve\k; = CL)
valveL= OP A valveR= CL THEN
pumpctrl= RIGHT < pumpR = OFF A pumpR = ON A pumpR, pumpR, valvel, valveR := OFF, ON, CL, OP
valveL= CL A valveR= OP END
pumpctrl= BOTH < pumpR = ON A pumpR = ON A RebalOFF
valveL= OP A valveR= OP BEGIN
rebalctrl = OFF < valve\(; = CL A valve\k; = CL A valve\ 1, valve\k, valve\( s, valve\k, = CL,CL,CL,CL
valve\(; = CL A valve\k, = CL END
rebalctrl = L2R < valve\(; = CL A valve\k; = OP A Reball2R
valve\(; = OP A valve\k, = CL WHEN —(pumpR = ON A pumpR = OFF)
rebalctrl = R2L <> valve\(; = OP A valve\k; = CL A THEN
valve\(5 = CL A valve\k, = OP valve\(, valve\k, valve\ s, valve\k, = CL,OP,OP,CL
EVENTS END
INITIALISATION RebalRL
BEGIN WHEN —(pumpR = OFF A pumpR = ON)
pumpR , pumpk, valvel, valveR := OFF, OFF,CL,CL THEN
valve\( 1, valve\(2, valve\k , valve\ks, := CL,CL,CL,CL valve\( 1, valve\k, valve\( 2, valve\ke = OP,CL,CL,OP
END END
PumpOFF PliTrue
BEGIN STATUS pliant
pumpR, pumpR, valvel, valveR := OFF, OFF,CL,CL COMPLY INVARIANTS END
END END

Fig. 4. Level 1 Hybrid Event-B model of the fuel delivery syst. Introduction of the valves and pumps.

is 0 if the engine is switched off, but lies betwe&RTy\ which meet at a single place must be constrained. Thus tleey ar
and ERTvax otherwise. All the other flow rates are also real all values in the open intervdl . . . 1) (hence all are nonzero),
and lie betweer) and PRTuax, which is the maximum rate and pairwise, they sum tb(reflecting incompressibility), with
that can be delivered by either pump. All these variables aran additional constraint concerning their relative magat
initialised to 0. Note that we do not write e.dlre(t) — the  Thusc_ andcg describe how the raw outputs of the left and
time dependence is an automatic consequence of the PLIANfight pumps are scaled back when both are feeding the engine
declaration. (N. B. Mode variables are also functions ofetim (with remaining pump output returned to the relevant tank).
albeit piecewise constant ones.) They sum tol, and do not differ by muchc. — cr| < H,
reflecting our expectation that the two pumps are similae Th
The previously introduced mode events remain unchange@uantitiescsr e and corr describe how the output of the
so we turn attention to the pliant eveRtyAircraft, which  left pump is divided between feeding the engiegge) and
refines the earliePliTrue. To understand this pliant event we filling the right tank €.orr), when rebalancing is set 12R
observe that the fuel is @ncompressibldluid. On this basis, and the left pump is working. Here we expect the rebalancing
fuel entering the pipework is instantaneously balanceduey f to outweigh feeding the engine, reflected in the constraint
leaving the pipework. Thus, the semantics of the pipework oge/clorr < H. Similarly for crel g and cror L. The same
system is overwhelmingly one of equality between variousconstantd is used for all these constraints, for simplicity.
guantities. However, the relative dependencies between th
various quantities are less clear. The engine demands ds muc At the present level of modelling, the dynamics of the
fuel as it needs to function at the power the pilot requedte. T fuel system is still very nondeterminstic. The COMPLY claus
pumps, when switched on, wish to pump as hard as they castipulates what is defined. The first line stipulates thafftied
The extent they are able to do so depends also on which flowste to the engindjrg, must be the rate chosen by the pilot,
though the pipework are available. fireH, according to how the aircraft is being flown. The next
line says thaflrg is the sum of the delivered fuel rates from
The ANY clause ofFlyAircraft introduces a number of the two pumpsfird, + flrdg.
quantities. All are implicitly time dependenflrEH is the
chosen fuel rate corresponding to the pilot's request; it is The lines after that treat the case when both pumps are
constrained to the same valuesfhlis in the WHERE clause. switched off. Then, there is no raw output from either pump:
The other quantities, in pairs, describe how pairs of flowdlr, and flrg both 0. Therefore there is no delivered output



MACHINE FuelPump2
REFINES FuelPumpl
PLIANT f|l’E7f|I’L7f|I’R,f|l’|_2R,f|l’R2|_7ﬂl’dL,ﬂl’dR
INVARIANTS
fre e R Aflre € {0} ] [ERTM|N . ERTMA)(]
firr e RAAIr. € [O ... PRTMAx]
frr e R Aflrg € [0 . PRTMAx]
flrlor € R Aflror € [0. .. PRTvax]
flrrer € R A flrpoL € [O A PRTMA)(]
flrd. € R Aflrd, € [0 . PRTMA)(]
flrdr € R A flrdr € [O ... PRTMA)(]
EVENTS
INITIALISATION
BEGIN
fIrE, ﬂl'|_7 fIrR, ﬂr|_2R7 ﬂrRzL, ﬂI'CIL7 fIrdR = O, 0, 0, O, O, 0, 0
END
PumpOFF
PumpBOTH
PumpLEFT ...
PumpRIGHT
RebalOFF
Reball2R
RebalRL
FlyAircraft
REFINES PliTrue
STATUS pliant
ANY fIrgH, CL, CR, CL2RE, CL2R R, CR2L,E, CRaL,L
WHERE
fire" € R AfIrE" € {0} U [ERTwin . .. ERTuax] A
{cL, Cr, CLaRE, CL2RR, CR2LE, CrL,L} C R A
{cL, Cr, CL2RE, CL2RR, CroLE, CroL,L} C (0... 1) A

COMPLY
flre = fIrg™ A
flre = flrd, + flrdg A
[pumpctrl= OFF =
fird. =flr=0Afldr=flrr=0A
flror =0 A flrreL = 0] A
[rebalctrl = OFF =
flrror =0 A flrre. =0 A
[pumpctrl= BOTH =
flrd. = c_flr. A flrdg = chIrR] AN
[pumpctrl= LEFT =
fird, = flr, A flrdg = flrg = 0] AN
[pumpctrl= RIGHT =
fird, =flrp =0 A flrdg = fIrR] ] AN
[rebalctrl = L2R =
[pumpctrl= BOTH =
fird. =L CL2R,E flr, A flrdr = crflrr A
flrlor = €L C|_2R7Rf|r|_ A flrroL = O] A\
[pumpctrl= RIGHT =
fird, = flrp =0 A flrdg = flrr A
flrror = 0 A flrpoL = 0] ] A
[rebalctrl = R2L =
[pumpctrl= BOTH =
fird. = c_flr, A flrdg = CRCRZLyEﬂrR A
flrLer = 0 A flrraL = CrCroLLL ﬂI’R] A
[pumpctrl= LEFT =
fird, =flrg Aflrdgr =flrr =0 A
firror = 0 A flrgoL = O] ]
END
END

cL+CrR=1A |C|_—CR|<H A
CL2RE + CLorR = 1 A CLorEe/CLorR < H A
CreL,E + CroLL = 1 A CroLe/CroL,L < H

Fig. 5. Level 2 Hybrid Event-B model of the fuel delivery syst. Introduction of the fuel flow rates to the engine.

to the engine either. Neither can there be any rebalancingase. Then, whepumpctrl= BOTH, the left and right pumps’
going on:flror and flrre. both 0, regardless of the setting delivered output to the engine are respectively propoaliom
of the rebalance control. WhefirEH is nonzero, this case is ¢ andcg times their raw output (for that engine demand, the
interesting, since then, the collection of constraints fir" = rest going to bypass). Wheaumpctrlis LEFT or RIGHT then
flre = flrd. + flrdr = 0 4 0 is unsatisfiable. The semantics of the relevant pump is solely responsible for its deliveregbou
Hybrid Event-B stipulates that if the specification of a ptia matching the engine demand.
event becomes infeasible (as is the case here), and there is
no mode event enabled at that moment, then the execution We examine the case whegbalctrl = L2R, noting that the
stops. Here, it corresponds to the case of the pilot switchin R2L case is symmetrical. Whepumpctrl= BOTH, not only
the pumps off while the aircraft is flying. This causes engineare the raw outputs scaled loy andcg, but the left pump’s
failure and the aircraft crashes (unless the pilot is abtestart ~ cL-scaled output is further scaled loy:r e, a relatively small
the engine). So this is well represented in our model. number, to reflect the small contribution that the left pump
makes to feeding the engine in this case, since most of its
Equally interesting is the case of the engine catching fireoutput (thec g g proportion) will be refilling the right tank.
Now, the pilot isolates the fuel supply from the engine toln the pumpctrl= RIGHT case no refilling takes place since
allow the fire to go out:firf" = 0. Because the fuel is the left pump is inactive — it is like th®FF/LEFT case
incompressible, the delivered fuel rates beco&o, and above. Finally, theoumpctrl= LEFT case is excluded by the
so any raw pumping outputs drop to zero too (according tanvariants (since it is assumed tt@tc or g flr, is not enough
cases discussed below), with all pumping output returned tto feed the engine).
its tank. The pilot can now switch the pumps off while the fire
is going out. Once the fire is extinguished, the pilot can chwit We comment further on the nondeterminism of this spec-
the pumps on again, and then restart the endfing™(> 0). ification. Consider thegumpctrl= BOTH case without rebal-
This sequence of events does not cause infeasibility, sisds a ancing. At any moment, the demaficE™ = firg is fulfilled by
well represented in our model. c flr + crflrr. This is a combination of four nondeterministic

guantities, so may supply the needed value in many ways.
The remaining cases are easiest to understand accordihg reality, what governs the actual flows of fuel in those
to the setting ofrebalctrl, starting with therebalctrl = OFF  parts of the system made accessible by the valve settings, is



a combination of: the power of the pumps, the hydrostatiche system into a collector machine (focusing on engine
resistances needed to activate the bypass mechanismshin eagiantities), and left and right tank machines (focusing on
pump, the relative hydrostatic resistances of the conmgcti the respective pumps and valves). An INTERFACE construct
pipework, the hydrostatic resistances in the collect@ifem would hold the variables shared by more than one machine.
assembly, and the requirement of maintaining a single vaflue
hydrostatic pressure throughout the considered systemgowi
to the incompressible nature of the fuel. Since we do not mod
these things explicitly, our approach is but an approxiorato
the reality of such a system, and the nondeterministic (amel t
dependent) nature of the contributing values makes up for o
ignorance of the details. Still, the proportionality fastave

use give a reasonable indication of the portion of the pumps’ Regarding the pliant event of Fig. 5, this would have a
outputs being used in the various cases. portion in each tank machine. Each of these portions would

If rebalctrl = L2R this aspect is exacerbated. The fuelNave & case analysis, but it would be simpler than that of
demand‘IrEH — firg is now fulfilled byc, cLore fir +Crflrg, a FlyAircraft in Fig. 5 since each pump can only output one

more complicated combination of five nondeterministic guan ©f f0l}|1r ca:Tes:O7fIrx7cx ﬂ]['-’cx CY,Z;"X' ijh%n th? ma((j:hlnes
tities, with a further expression, cLor fir. describing the ~an. the relevant cases from each would be selected, moment

flow to the right tank. Whether this is, in reality, credible a 2Y moment,haccording]]( to the external ;jemand. anld control
given, with a multiplicative rescaling taking account oétiow  S€ttings. In the case of Fig. 5, théyAircraft event is always

distribution, depends again on the factors mentioned. ktewe enabled, and is restarted according to the correct cas, aft

the remainder of the paper is not critically affected by teis €€y mode event occurrence at runtime. In the partitioned
we retain this style of description for the sake of simpyicit case, the same thing happens, but the mode event occurrences
are synchronised across the component machines, and the

selection of the correct cases in the pliant events takeepla

independently in each component machine.

getAl\JSig;ggrdeWVgI?:ﬁ?uerm/grz(z(e:gSsso?rrlgg(r)?st?]iess’l;;einrglz((jjierlfg c(;;:@ted The observant reader will ask at this point how the con-
: o . A straints likec, +cr = 1 from the WHERE clause dflyAircraft

the new material introduced in each step in Figs. 3-5. Even:

tually thouah. the detail gets too much for a sinale syntacti &€ handled in this distributed framework, since they ingol
y gn, 9 gle sy a coupling between values that are now held in” separate
construct. In [15] a number of approaches are described fi

combining a number of Hybrid Event-B machines and their achines. For SUCh- _s_ituations, multi-machin_e Hybrid Bnt
provides 1/O capabilities between synchronised eventhvhi

supporting INTERFACE constructs into a single system withy, ,u0 "0 “samantics of local bound values. So the left tank
well defined semantics. Some of these are concerned wi

decomposing a large machine into a number of smaller one achine can ch_oosg a suna_hﬂ,e value that it outputs, The

We can call thispartition in space ﬁ'ght tank machine inputs this value a&s? and it can then

choose a value dfg that ensures thaj 7 + cg = 1 as needed.

As well as the preceding though, in this section, we wanfThe semantics of this is instantaneous, so it is identicéh¢o
also to discusgartition in time This is a phenomenon akin single machine Fig. 5 case.

to decomposing a sequential program into its individughste

but for pliant events. The possibility arises rather ndlyra

In such an arrangement, the mode events of Fig. 4 would
éJe split into synchronisedpairs of events, one for each tank
machine, and each holding the assignments from the parent
event that updated the variables relevant to that tank. The
LFpecification of the synchronisation would be held in the tex
of the interface mentioned.

VI. FURTHERREFINEMENT AND PARTITIONING

If we now follow the partition in space by a partition in

since the behaviour of physical equipment is usually gosgrn time, all that happens IS that_the smgle pliant event in each
component machine gets split into its four cases, each now

by local laws, which act largely independently of the contex becoming an event in its own right, this time with a nonttivia
For example the behaviour of a resistor is given by Ohm’s 9 gnt,

Law, which can be stated independently of the circuit inentr%/I cdon(f:htlon that gnsures that only the correct event is
which the resistor is located. Such a ‘global’ descripti@m c enabled after any mode event occurrence.

be contrasted with a description of behaviour in particular We can compare the space-then-time approach to its con-
episodes of time, when the current has some particular valugerse: time-then-space. For this approach, the plianttesien
etc. The latter can be seen as a refinement of the former.  Fig. 5 would first be split into all its cases for the partition

In this section we discuss the tradeoffs between partitiofy '€ Phase. This would create a considerable proliferation
in space and patrtition in time in the context of our case stud)).:ases that would not be needed later. Then, in the partiion
We do not have the space to write out our models in full,n_space phase, the mode events would be decomposed as
but the preceding figures do contain enough detail to mak%()ascrlbed earlier. For the_pllant events, the splitting @lso
the discussion clear. In one respect this is because we had (<C Place as before, but it would generate redundant evemts
define the behaviour of the fuel flow in the pipework via anSc€ this consider a given machine, say the left tank machine

‘o ; ; : ; for the sake of argument. Then, the pliant events from two
Sﬁggﬂtaﬁz:v?/ analysis rather than a single universallyiepple parent cases that differed in their right tank provisionsvzere

identical regarding their left tank assignments could gatee

Regarding partition in space, at the opposite extreme oéssentially the same event for the left tank. Clearly this is
combining everything into a single machine, is to have everysymptomatic of a combinatorial explosion that is wastefud a
single physical component (which approximately amounts tshould be avoided. A first recommendation to emerge from
each individual variable in our description) in a machine ofthis discussion would thus be to do partitioning in spaceieef
its own. However, a more reasonable partition would splitpartitioning in time.



However, we can learn more from this discussion. Examin-
ing FlyAircraft in Fig. 5 we see that it is not a simple statement (1]
like Ohm’s Law. Rather, it contains a fairly complex case
analysis. In the case of a suite of equipment with nontrivial
functionality this characteristic is likely to be found eft. Thus
an improvement on the strategy recommended so far would be
to only introduce the pliant behaviours when the system has?]
been decomposed to the extent that each self-contained piec
of physical equipment can reside in its own machine. So the
recommended Hybrid Event-B development strategy we end
up with reads as follows. [3]

e Start by developing the mode view of the system. Use
a default pliant event suchRliTrue to ensure correct  [4]
semantics. Restrict refinements to mode events only,
until it becomes appropriate to introduce nontrivial [5]
pliant behaviour.

e Introduce additional decomposition and synchroni- [6]
sation into the system model as needed, to permit
each self-contained piece of physical apparatus to bel’]
contained in a machine of its own. -

e Introduce the required nontrivial pliant behaviours into
the various machines of the system, profiting from [9]
the decomposition to avoid the risk of combinatorial

explosion in the pliant events. [10]

e Continue to refine until the desired level of detail has|;;
been achieved.

The above represents the culmination of the considerationgy

of this section.
VII. 23]

In this paper we started by outlining a simplified fuel
supply system for a small aircraft. This is a system which[14]
contains a preponderance of physical apparatus — which
was useful in that it provided a good vehicle for the issueﬁw]
that we wanted discuss. After a very brief overview of the
essential elements of Hybrid Event-B, we started to develo 6]
the system according to the strategy of attending to the mode
event structure first, a strategy that has already provefiiluse
previously. We developed the system to the point where th@7)
pliant behaviour of the pump system needed to be brought into
the models. We did this in a manner that allowed for fairly
straightforward modelling, albeit that the corresponaewith  [18]
physical reality was simplified to an extent, a point we fiesti
on the basis of the extent to which it, in turn, simplified the
work we needed to do.

CONCLUSIONS

[19]

After that, a number of different directions for further [20]
development presented themselves. We referred to these-as p
tition in space and partition in time. The detail presentatilu
that stage enabled us to point out the main characteristics g
how subsequent development would go along these directiongo
After some discussion of the alternatives, we came up with a
standardised strategy for doing such complex developnients [23]
Hybrid Event-B, which we described in the preceding section
This offers concrete recommendations for making best use @£4]
the technical devices made available in the Hybrid Event-B
formalism, particularly in the multi-machine case.
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