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A short curriculum vitae, my e-mail address andesalof my
publications can be found on my home page. Do asitéte to
contact me if there are questions about this ptaten.
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The purpose of this presentation is to give anoger of my
experiences using VDM++ and VDMTools both in inayst
and academia.
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| was born in the year in which the ASC-Il standeasab
defined (1968). | have worked on several largeescal
engineering projects for commercial clients andegoment
agencies. Currently | hold a PhD position at thdlf®ad
University in Nijmegen where | hope to defend mgsairtation
in 2007. Throughout my career (from1992 until today
VDM++ has played an important role.



) ( +
01223 45546

| will present to large scale industrial projectsnhich VDM
technology has been applied on a rather large.scale
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If we relate the amount of development hours spetiie
number of (generated) lines of C++ code then we get
approximately 12 LOC / hour which is extremely high
COCOMO figures for similar projects for hand-writteode
are usually between 2 and 3 LOC / hour in a CMM2&|

organisation.



78 + 046

Traditional:
900 2000 700

ANALYSIS &

DESIGN CODING TESTING

VDMTools®:
1200 500 600

ANALYSIS &

DESIGN CODING TEST
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The numbers for the “traditional” development a@mto
shown above are based on the assumption thatitie sa
number of lines of code is written by hand.

The hours spent on testing are due to the sizeedfeist suite,
not the complexity of the test problem.

Although analysis and design takes longer usingnébr
techniques, this effort is gained back due to tga-guality
code generation facilities provided by VDMTools.
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The Netherlands is famous for tulips and rosesckvhare
exported all over the world. There are two Floweic#ons in
Holland, one in Aalsmeer (near Schiphol Airportiiaame in
Naaldwijk (near The Hague). Together they servia% &f the
world market.

Flowers are brought to the auction before 6 angnoétrriving
on nightly inbound flights to Amsterdam. From &tam the
auction takes place. Most flowers are in outbouigthts from
Amsterdam to the rest of the world before 6 pmhendame

day.
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The Flower Auction relies on a large number of y§tems.
These systems are build by external suppliers éxXoeghe so-
called “auction clock”-systems. These are develapdtbuse
by a small dedicated development team. The teamb®em
were maintenance engineers that were trained tonbec
system designers.

One of these engineers observed: “since | use VDM++
understand what the UML models mean”.

The system was delivered on-time and within buagetis
still in use every day.
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The following set of slides highlight the reseavabrk |
performed over the last two years to make the VDM++
language more suitable to describe real-time enduabdd
systems. These new language features have beesnapied
in VDMTools and are available in the VDMTools VICE
(VDM In a Constrained Environment) version of tbelkit.
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We believe that the value of formal techniquesastb
demonstrated when the need for abstraction to kandl
complexity is highest. In the design of new produantd

systems, this is typically the system architecplrase at the
beginning of the life-cycle.

10



L $>0

11



046

'S+
G 8 88> $ 0 8 >6
G ++
0 $ 6

+ +

G F F > >
0 F+ 6

G +8 ++
0 8 6

It is not unusual in the current state of practicd a particular
viewpoint dominates the design. Typically, it issbd on
previous (bad) experience or lack of domain knogéed his
becomes the focal point of the design whereby atizstem
properties get less attention. Issues that go agrdss several
views (such as performance, reliability) are eittamsidered
late in the design or not at all. This is also leiredl by the fact
that the notations we use are not well suited sxilee certain
system characteristics.

Our approach is to provide a pragmatic solutiothis
problem; enhance the notation such that it addsess$arger
problem scope and provide simple analysis techsitjuat
gain insight in the design at relative low cost.

12
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In the ESPRIT VICE project, sponsored by the Euanpe
Union, the VDM++ notation was extended with an expl
notion of time. In addition, scheduling could besified as a
parameter of the interpreter that executes the motes
sufficed for the project goal, in which only singieocessor
systems were considered. However, since multi-gssar
systems are ubiquitous nowadays, a language ahdpdate
was deemed necessary.

13
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This case study is based on a real-life situathom commercial
company. The case study has been simplified ansad for
academic research.

14
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00 msec

The “Change Volume” application is surprisinglyfatifilt

since it involves controlling multiple devices. Theman ear is
very sensitive for response delays, therefore we laaight
requirement between changing the volume (turniegkitob)
and hearing the audible change. A typical usahbigétyuirement
is less than 50 msec. The visual feedback (thenvelsetting
on the screen) is much less important and has an2@@
requirement.

15
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TMC message are broadcasted into the normal aighalf
a radio station. These messages are received bgdieeand
send to the navigation computer for analysis. Tloerning
message is checked and decoded. The result is arhum
readable string which is shown on the display.d#gent TMC
messages, such as a ghost driver warning, we hsatety
requirement that states that handling a messadjeakealess
than one second.

16
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Several potential architectures were proposed pdament the
system, varying the number of CPUs used, theiragpand
interconnection scheme. Furthermore the deploymiethie
software components over the hardware componentbea
varied. The question now is: which architecture tned
application requirements at minimum cost? It isiobs that
architecture E would be appropriate for performamnaeis
perhaps over-designed and therefore too experGodd
architecture B be a valid alternative? If an aettiire is
selected, how robust will it be against changaspuit load?
Are we close to a bottleneck or not? These aré&itigkof
guestions that our models should be able to addre$solve.

17



class Radio
operations

async public AdjustVolume : nat ==>()
AdjustVolume ( pno) ==
( duration (150) skip ;
RadNavSys ™ mmi. UpdateVolume (pno));

async public HandleTMC: nat ==>()
HandleTMC ( pno) ==
( cycles (10000) skip ;
RadNavSys ™ navigation . DecodeTMQ pno))

end Radio

The Radio class provides the most abstract desuript the
required radio functionality in the system. Notattthe
operations are define to be asynchronous which snéet the
caller can continue right after the call is madeisTcall will
cause a new thread to start which executes the dioithe
asynchronous operation.

The skip operation represents some complex opertiat is
performed by the radio software. Here we are amigrested
in its timing behaviour, which is specified to bg0ltime units.
This value is independent of the resource thatutesadt. It can
be used to describe the management of some physazdss
which always takes the same amount of time.

18



class Radio
operations

async public AdjustVolume : nat ==>()
AdjustVolume ( pno) ==
( duration (150) skip ;
RadNavSys ™ mmi. UpdateVolume (pno));

async public HandleTMC: nat ==>()
HandleTMC ( pno) ==
( cycles (10000) skip ;
RadNavSys " navigation . DecodeTMQ pno))

end Radio

In this case the notion of time is relative to geeformance of
the resource on which this operation is perforntieithe CPU on
which this resource is deployed delivers 1000 /pler time unit
then the execution of this skip statement takestib®® units on
this processor. If the radio class is moved to lagroprocessor
than the timing behaviour may differ because théopemance

of the resource may differ.

19
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system RadNavSys

instance variables

-- create the class instances

static public ~mmi:= new MMK);
static public radio := new Radio ();
static public  navigation := new Navigation ();

A special “system” class is introduced to constthetembedded
architecture on which the software will be deplaylddre we

create normal VDM++ class instances of the MMI, iRachd
Navigation classes.
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create the computation resources
CPUl: CPU:= new CPY <FP>, 22ES6, 0);
CPU2: CPU:= new CPY <FP>, 11ES6, 0);
CPU3: CPU:= new CPUY <FP>, 113ES6, 0);

create the communication resource
BUS1: BUS:= new BUY <FCFS> 72E3, 0,
{ CPU1 CPU2 CPU3)

In the lines shown above we construct the hardaeskitecture
model. In this case we use three CPUs that arecoba to a
single bus. CPU1 uses fixed priority scheduling x<Hfas a
capacity of 22e6 cycles per time unit and a taskcevoverhead
of 0 time units. Similarly for the other CPUs. Tings uses a
simple first-come, first-served scheduling policghna capacity
of 72e3 data elements (e.g. bytes) per time uwitaaprotocol
overhead of 0 time units. The last parameter defihe topology
of the bus, it simply connects all three CPUs.

21
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operations

public  RadNavSys: () ==> RadNavSys
RadNavSys () ==
(  CPU1 deploy ( mmi);

CPU2 deploy (radio );

CPU3 deploy (‘navigation ))

end RadNavSys

And finally, the normal VDM++ classes are deployeda
resource. This also implies that if the radio clea$s some
operation inside the navigation class, then thievgélbe
forwarded over the bus between the CPUs on whieh déne
deployed. Note that the time penalty for this mgesaxchange
is determined by the size of the message of thevithish is
linear to the length and size of the parametetken
parameter list of the operation call.

22
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class TransmitTMC

operations
async createSignal :()==>()
createSignal (0)==
( dcl num: nat := getNum();
e2s ;= e2s munion { num|-> time }
RadNavSys" radio . HandleTMC( num) );

async public handleEvent : nat ==>()

handleEvent ( pev)== s2e := s2e munion { pev |-> time }
post forall idx in set dom s2e &
s2e (idx )—e2s( idx )<=1000

thread
periodic (3000, 4500, 1000, 0) ( createSignal )

end TransmitTMC

The TransmitTMC class represents a so-called “enwent”
class which are not part of the system itself. Theyalways
implicitly deployed to a so-called virtual procesd8y doing
so, the timing behaviour of the system is indepahffem
the environment.

Note that “createSignal” inserts messages int@eyiséem by
calling the “handleTMC” operation asynchronousheT
“HandleEvent” operation is called from within thgsgem to
notify that some response is observed. The postiton of

this operation is used to specify a system lewaini conditions

The periodic keyword states that the period is 300@ units
with a jitter of 4500 time units, whereby two inaions will
never be closer than 1000 time units.
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The picture above visualises the model we havecpestted.

It is fairly easy to explore another architectuyechanging
only the system class. The rest of the model can remain
unchanged. Note that the virtual bus connectsRUE This
resource is used to model so-called signals (ernapts). The
virtual bus is infinitely fast, therefore instanéus delivery
after send. CPUs inside the system can only contatasmbver
explicitly declares local BUSes.

24



VDMTools created a log file that contains a condistory of
all simulated actions. These log files can be \lisad using the
ShowTrace tool which has been build as a piecgpehaource
software as an Eclipse plug-in. The diagram abbwsvs the
system level activity at some time interval. We &esks being
created (in green), swapped in (down arrow), nogRacution
(in blue), swapped out (upward arrow) and killedr@d). If a
remote call is made, a message is send over th& hissvisual
representation of log data is very useful to deteenpossible
performance bottleneck.
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The same tool and the same log file can be used/éstigate
the behaviour of a single resource in detail. Heeetrace is
shown at the operation level. Call depth and obphattity are
shown here more explicitly.

26
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The work described in the following slides is ras@avork
performed in the last year and is not yet available
VDMTools. Only a dedicated prototype implementati®n
available as a proof of concept. Of course, theéopype is
specified in VDM++ and the experimental tools isltou
using the VDMTools Java code generator.
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The engineering disciplines are divided in two majmups.
Those that believe that time passes in discreteiatamr those
that believe that time passes continuously. Theéorare
well-suited to describe

computerised systems since they are using a disclatk.
Physical processes are usually best captured bg som
continuous time description model.

29
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The name BODERC is inspired from the film actress B
Derek. When the project plan was written, the pebes
involved were arguing the what the term “model” mgal hey
could not agree, since all disciplines use anatleénition.
One of the professors observed that the movie scisealso “a
model” and hence the project name was born sina@neo
could disagree to this argument.

30
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Model driven design and in particular OMGs modeVein
architecture has gained a lot of influence in te@af system
design. The BODERC project builds on top of thaiidbut
addresses the problem from a different viewpoint.

mechanics

electronics
software
WEAK TENSION

PROJECT ELAPSE TIME
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MoC = model of computation
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* [ Gawthrop, Bevan, IEEE Control Systems
Magazine, April 2007, pp 24 - 45]

The bond graph technique is based on the prinoipémergy
flows. A bond graph is a directed graph where thetices (or
bonds) are the places where energy is transforme dhe
edges define the routes this energy can followhHend
consists of two implicit input ports: effort anadw. The
multiplication of these variable corresponds toah®unt of
energy exchanged. For each physical domain suelr &an
be defined, e.g. electrical current and resistanbe.transfer
of energy in a bond can be expressed by meanseif @t
equations. Automatic causal analysis ensureshleag is
always a deterministic order in which these equatishall be
evaluated, which guarantees consistent analystseafietwork
as a whole. Note that bond graphs are hierarchAchbnd can
contain a complete bond graph.
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level

A flow of water enters the top of the water tankeTvalve can
be opened and closed to lower or raise the watet.l&he
objective is to keep the water level in betweenltheand

high water mark. Furthermore we are able to meaheravater
level by barometric pressure at the bottom of &mdt

Two styles of control are possible: classical fesicontrol
or event based control. The example shown herbearsed to
study both styles of control.

39



“ACTUATOR”

“INTERRUPTS”

“SENSOR”

A classic feedback controller can be used to mimrtkee water
level in the tank. The water level is measured @rdpared to
the set-point value. Based on this comparison smon&ol
action is taken (the valve is either opened oredpsThis
process is repeated at a certain interval.

In order to simulate such a system, we need teegharstate
between the discrete event controller model andoméinuous
time physical behaviour model.

40



var = p(t)

REE (var, p) FEE (var, p)

t—
TE (1)

lwm = FEE (level, 2.0) hwm = REE (level, 3.0)

FEE = Falling Edge Event
REE = Rising Edge Event
TE = Time Event

41



This diagram shows the bond-graph of the contintiooes
plant model. The equations are located inside dpadtor
“C”. The switching mode bond “XO” is used to moded
valve. The state of the valve control determinegiwviket of
equations is used inside the bond. For a normathkimg bond
this is the identify function. Either the outputeigual to the
input or they are not connected. This enables d#éut the
flow of energy.
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The controller class represents a possible disenstat
implementation. The instance variables “level” &nalve” are
shared with the continuous time model.

The asynchronous “open” and “close” operationscargled
to the low and high watermark events and they these
implement event-based control.

The “loop” operation, together with the “perioditiread
specification represent the second style of conteeldback
control.

Note that the operations “open”, “close” and “loaré
defined to be mutual exclusive. Only one can bvactt any
time.
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This diagram shows the results of the co-simulatibthe two
models. The top diagram shows the water levelenamk. The
second diagram shows the status of the valve anthitd
diagram shows when the processor has performecbtiteol
application. Up to 6 seconds, the periodic cheakiecuted
but at 6.3 seconds we see that the event-basedlcomde
causes the valve to close in stead.
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A larger case study was also considered in the BROE
project, for which a special test set-up was ckatdhe
University of Twente in the Netherlands. At the top see
(from left to right) the paper input tray, four salled pinches
to transport the paper and the paper output tralovidthe
paper path is the distributed controller that isduto control
the paper path. Several control strategies cardied on this
highly configurable machine.

45
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First step is to build VDM++ and bond graph modelsch
can be simulated using the new co-simulation iatexf
described before.

The next step is to generate the C++ code fronvibigl++
model and compile this into a DLL. This DLL can teed to
perform a so-called Software In the Loop (SIL) slation.
The real software is executed in a completely sitaal
environment. The SIL result can be checked agé#esto-
simulation results and they should be identical.

The final step is to compile the generated C++ doala the
VDM++ mode and compile it for the target platforExecute
it on the experimental set-up and measure. The ung@ents
should be identical to the simulation results.
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FeedSheet ‘l ﬁt PaperDetectors

Driving Coupling Driven

Electricalinductance InertiaMotorAxis

electricity —>MSe ——A1+——> GY ——1+—— rotation
[ MotorConstant ‘[
R R
Coul
Rotz2Trans_Paper
w m p_trans
p_rot a iy J

ViscousHiction CoulonbFiction  Pichinertia

These are some of the hierarchical bond graph mddat
were developed to model the continuous time behlhawbthe
paper path experimental set-up. Parts of the nmualed been
validated by performing measurements on smalldasdrthe
system (“system identification™).
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-gjectSeqCtd 0.1

Supenisor .
-alignSeqCtrl 0..1 PidController
init() -fuseSeqCtrl 0.1 SequenceController
pimUpEvent() —corSeqCtrl 0.1 | _ getEnc() SetpointProfile
fuseUpEvent() imSeqCtrl initidle() limit()
Supenisor() -pimSeqCul 0.1 initPeak() _loopctrl CtrlLoop() -profile .
. . N P getSetpoint()
pimDownEvent() initNominal 10 calcPID()
. addElement()
corrDownEvent() setStopProfile() 0.1 getSetpoint() .
" " getintegratedSetpoint()
alignDownEvent() setBeginAtProfile() setPwm() .

" calcSetpoint()
setPimSeqCtrl() makeAccProfile() setUpPID() calcintegratedSetpoint()
setCorrSeqCtrl() makeDistanceProfile() PidController() 9 P
setFuseSeqCtrl() setLoopController() getintegratedSetpoint()
setAlignSeqCtrl() addProfileElement()
setEjectSeqCtrl()

This diagram provides a top-level overview of tloatcol
application specified in VDM++. It contains a thieger
control architecture, consisting of supervisoryteol set-
point profile generation and closed loop PID cohtfbere
exist a VDM++ specification for each operation meméd in
the UML diagram. These VDM++ specifications candsed
using structured testing techniques, such as VdmUbeifore
an attempt is made to perform a co-simulation Although
control applications are inherently complex, theyally only
cover a small portion of the total code base. Thkedihood of
errors in other parts of the system is thereforgfaater and
these can be prevented using “traditional” VDM++daling
and analysis.
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A 3-D graphical front-end is provided by the contis time
simulator, which can be used to validate the moeetn
before the hardware is available. Many of the subtl
application problems were identified, removed asmdiested
using this approach. These virtual models are itapdduring
validation because not all stakeholders are abtead and
understand VDM++ or bond graphs. This visualisatitay
help non-experts to provide feedback during systahaation.
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Many properties of the system can be observed aalysed
during the co-simulation and SIL simulation.
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The bottom four diagrams show the paper path sensboe
edges of these square waves indicate when thentpadge of
the paper passes the sensor and vice versa.
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Here we see a measurement performed on the expealine
set-up. Again we see the (measured) behavioureopaiper
path sensors. As can be seen, the sensors dohatdeleal, it
takes some time before the optical sensor is fidlyered by
the moving sheet of paper. This aspect was notders in
the simulation models. Nevertheless, the last diagshows
the difference between the measured value andrthdated
results and they are well within allowed the margjfirror.
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