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Abstract

In this thesis, a new synthesis algorithm for industrialtoalter programs is presented.

Verification and synthesis are the two basic approachesdcagtee that a system is
correct. While verification requires the programmer to pewoth the specification and
the implementation, synthesis automatically transfofmesspecification into an implemen-
tation that is correct by construction.

The presented approach includes a new specification lapghag) is geared towards
usability in an industrial set-up. Specifications consfdinm parts: a generic description
of the machine components that is reused for different amgr and a description of the
production goals that is specific to each program. The bebawf the machine compo-
nents is described by timed automata, while the productoatsgare captured by safety and
bounded liveness properties.

The advantage of this approach is that the description ofjtdads, and thus of the
behaviour of the overall system, is decoupled from the teahmetails of the machine
components. This results in a high degree of re-usabildgpavity, and maintainability.
The specification of the machine components can be reusedifflrent programs, and a
reconfiguration of the machine no longer requires a timesgonng re-implementation.

The synthesis problem is solved by finding a memory-lessesfyain a safety game.
A winning strategy is transformed into an intermediate oai@r program, which controls
the machine such that the production aims are met. The ietdiate program is improved
in several optimisation steps before it is cross-compitecafmachine controller.

The approach is illustrated with a prototype implementatibat includes a cross-
compiler for IEC 1131-3 assembler code. The implementadimsbeen applied in several
case studies using the Siemens S7-300 programmable lagiioler, which is the current
industrial standard.
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Chapter 1

Introduction

1.1 Motivation

When writing a controller program for an industrial machitiee programmer has to be
aware of two things:

1. Safety some machine-operations may lead to undesired behaviawea crashes.

2. Bounded LivenessWithin a certain amount of time, the production goals of the
machine must be reached.

So, the programmer has to implement a program that regaedsafiety properties while
trying to reach the goals quickly enough. The basic motwafor this thesis raised upon
the following consideration: When specifying both safetygerties and bounded liveness
independently from each other, is it possible to generageatitual program completely
automatically?

The following example illustrates this approach: Figlireshows two concurring robot
arms A and B. A loads workpieces to the processing statiénn the middle, whileB
unloads them to an outtake. Both can be controlled indeprlydeom each other.

The production goal is given by the bounded liveness coiteri’At least every 22
seconds, a new workpiece must be processed”. On the otheyihahand B would move
simultaneously to the processing station, they would cr@shthe safety criterion is: "It is
not allowed thatd and B are simultaneously at the processing station”. Or, momaétly:
—(Aprocess N\ Brprocrss). The loading and unloading operation take four seconds
each. The processing operation takes six seconds. Sines gpecified that 22 seconds as
an overall cycle time are enough, a valid program could be:

1. Move A to the processing station in order to load a new workpiecke (4s
2. Process the workpiece (6S)

3. Move A back to its initial position (4s)

4

. Move B to the processing station and grab the processed workplste (



2 CHAPTER 1. INTRODUCTION

Intake
L

rLl Outtake

Figure 1.1: Two concurring robot arms

5. Move B to the outtake in order to unload the workpiece (4s)

6. Goto 1

Obviously, this is not the most time-optimal solution. Thsgsecifying a stricter upper time
bound, say 14 seconds, yields a more compact result:

1. Move A to the processing station in order to load a new workpiecg (4s

2. Do in parallel:
Process the workpiece (6s)
Move A back to its initial position (4s)
Move B to the processing station (4s)

3. Grab the processed workpiece and m@¢o the outtake in order to unload that
workpiece (4s)

4. Goto 1

Now, the synthesis algorithm is forced to exploit paradielj since this is the only chance
of solving the problem within the desired time. However, ragibound that lies below
14 seconds is actually unrealisable. In this case, the sgistlalgorithm indicates this by
returning an empty program.

1.2 Correct Programs

Machine programs are a high sensitive field of software agreent. Small programming
failures may result in a great financial disaster or coulchdse dangerous for human be-
ings. Therefore, machine programs must provide a high degieorrectness under all
circumstances.
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Computer Aided Verification (CAV) has become a widely usezhtéque in order to
proof correctness of complex systems. Especially asyncu® setups lead to state spaces,
which can only be exhaustively verified using automated odghCAV works as follows:
a specification is given and a programmer has to create agmpgvhich inhibits that spec-
ification. Then, a model-checker (e.d6[ 6, 7]) checks if the program satisfies the given
specification. The disadvantage of this method is that arpmgnust be givemanually
The model-checker only gives feedback about the correstokthat program: either the
specification is satisfied or else a counter-example is geali The actual error in the pro-
gram must be found and removed manually.

The approach presented in this thesis in order to get cqoregrams is the so called
Controller Synthesis. Here, the user gives only a spedtficednd the actual program
generation works completelgutomatically From the practical point of view, one can
easily see that the synthesis approach needs significastfyuser interaction than CAV
does, since only the specification must be given manually figerel.2).

Verification

Specification Synthesis
Specification
program
—) Model-checking Synthesis
Program

< Counter-example Program

Correct program Unrealisable Correct program
prog specification prog

Figure 1.2: Verification vs. Synthesis

Remove
errors

The gain in maintainability is also evident. Consider a niaehhat changes its be-
haviour (e.g. due to wear or parts exchange). Then, theatartprogram must be par-
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tially rewritten or at least anew verified. This results ofte a waste of valuable production
time due to the lack of automated methods. Using synthesss,naust only change the
specification, which is, practically seen, a lot easier ttreggmogramming.

Specifying instead of programming means transforming iffecult task of creating
a controller program into the rather easy task of descrilbingachines hardware and its
production goals. Typically, when an industrial machinplanned the requirement speci-
fications are defined. This is done by the customer togethértivé constructing engineer.
The engineer decides which components should be used inaswely that the wishes of
the customer are satisfied. Depending on those wishesagks<an be very difficult; con-
sider running time requirements such as "The overall cyiole imust not be greater than
15 seconds”. Now, the engineer has to choose the (cheapespooents, which allow the
programmer to write a program that inhibits the running tneguirement.

Obviously, the complexer the machine, the better must berigeneer. With the clas-
sical method, the question whether a specification is @gaksor not cannot be answered
until the end of the programming phase, actually. Becausiliien, there exists a verifiable
controller program. However, a fundamental change of tleeiipation at this time due to
planning failures, can have a major financial impact. On tierohand with the synthe-
sis approach, both customer and engineer can easily chestherttheir specification can
be realised. Thus, synthesis can be seen as a verificatidre apecification, where the
concrete controller program is just a by-product of thatysis

1.3 Overview

Essentially with this approach, the specification is a fdrdescription of the system that
has to be controlled, called plant, along with a definitiortte# production goals, called
plans. Typically, a machine (plant) is constructed by canimg multiple asynchronous
hardware components with each other. So, the definitioneptant is given as a set of
components. Becauseal-timeis a major characteristic, one computational model forehos
components are Timed Automata. On the other hand, industaehines are reactive. This
means that the components may receive orders sent by altemaiad respond with plant-
messages by their own. The orders are catlautrollable events, while the plant-messages
are calleduncontrollableevents. The occurrence of the latter are basically unptadale for
the controller. The computational model that copes witlhsugon-deterministic behaviour
are Two Player Games. Combining both models, one gets TinaedeGAutomata, which
form the computational basis for representing the plantmmrents. Also part of the plant
definition are state-assertions represented by first oocdlendias. The conjunction of those
assertions is a safety predicate function. Along with th@ponents, this safety predicate
spans a Safety Game.

The production goals (plans) are timed automata that ruarallel with the plant com-
ponents. They guarantee that within a finite amount of tiregain goals (key events) are
achieved. If not, they enter a fail state. The plans can be asetraightforward programs
that describe a rough skeleton of the program that shouldebergted. Synthesising a
valid program that matches the specification means findinopaimg strategy for the given
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safety game.

Figure 1.3 shows the approach as a flowchart: First of all, based on tfieitian of
the plant and the production goals, the timed game automateoastructed. Because the
standard timed automata semantics implies implicit temlplbehaviour, a preprocessing
step that converts each implicit timed automaton into ai@kpne is applied first. Then,
the spanned safety game is solved by computing the winningalcstate space. This is
done by an on-the-fly algorithm that explores the reachaikes forwardly and removes
the encountered fail states backwardly. The resulting imgnstrategy is non-deterministic,
since in some states there might be multiple controller estpu A heuristic selects the
optimal requests such that in each state there is at mosboelyossible decision for the
controller. Then, that deterministic strategy is compiletb an intermediate controller
program. In order to reduce the code-size, several postigations are applied. Here,
the dependencies that are defined in the specification adetosemove redundant testing
commands. Finally, the concrete assembler program willdmepied from the optimised
intermediate program. The language of the synthesisednétsiecode complies with IEC
1131-3. This gives the opportunity to test the programs ahhardware.

Chapter2 describes the preliminaries of the computational modedsrileed in chapter
3. Those form the basis of the actual synthesis algorithmepites in chapteb. In chap-
ter 4, the specification language is formally defined and illusttawith some examples.
Chapter6 describes the code generation algorithms. Finally in @aftsome real world
examples are shown that illustrate approaches for modetlimmon engineering problem
tasks. Also, the developed tool and the generated code esernged.
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1.4 Related Work

There are two major directions in the broad field of programilsgsis:data-intensive (or
deductive) anatontrokintensive (or automata-theoretic) synthesis. With the-ilatensive
approach, one tries to generate programs based on proafshanefore, user interaction
is necessarily neede@3, 20, 14]. Control-intensive approaches do not contain any form
of data-type. Hence, the field of application is fairly res&d to theoretical problem tasks
[13].

Real-time synthesis, which is the aim of this thesis, is tas® automata to model
the control states of the machine components. On the othet, fam infinite data-type,
continuous real-time, is included. So one can say thatte@&-synthesis is a combination
of data- and control-intensive synthesis.

Seen from the point of view of the controller, machine congrda may show an un-
predictable behaviour. Thus, a non-deterministic contmrtal model must be assumed.
The standard for modelling real-time systems Giraed Automatg4]. Based on that, the
authors of 19, 12] introduced theTimed Controller Synthesis Probleamd formulated a
solution as finding a winning strategy for an infinite gameeyBhowed methods such as
a fixed-point computation on the space of states and clockgtoations.

Similar to them, the synthesis approach in this thesis baisé¢isned safety games. But
in contrast to a pure backward propagation from the failestan, a forward exploration
combined with a backward fail state removal from the inistdte on is used to find a
winning strategy. Hereby, difference bound matricEH fhat represent clock zone3][are
used to symbolise the continuous part of the state spacéenffic The standard model-
checking tool §] has already shown that this technique works very well eeemidustrial
setups.

In [5], based on timed automata extended by real-time tasks,thesia approach for
the Lego Mindstorms system was developed. They generata€4sing the TIMES tool
for checking reachability and schedulability of such auatem In contrast, for the target
systems of this thesis, programmable logic controllergheaduling approach is not suffi-
cient to deal with unpredictable plant behaviour.

C>2

Figure 1.4: Standard simulation graph
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In [1], it was shown why the standard simulation graph of a time@maton cannot
be used in a straightforward manner for solving timed ganiesvas proposed to build
a quotient graph of the dense time transition system as amq@atational step. In this
qguotient graph, some transitions may only change their ledadiate by taking explicit
delay-transitions, while in the simulation graph, thiststean change while staying in a
location and letting time pass. Applying that implicit-¢aplicit conversion to the complete
product transition system would be very expensive. Howesiace in this thesis the plant
is defined in a modular manner, i.e. that each component ielheddas an independent
automaton, the precomputation can be applied to each atdonmalependently. Because
the clocks of the various automata do not overlap, the géoeraf the individual quotient
graphs can be done in a local fashion. Thus, the increasempleaity is negligible,
since the running time of this precomputation depends onithe number of the locations,
edges, and clocks of the components, which are, by the wiigrrainy compared with the
complete product state space.

In figure 1.4, there are two transitions: an uncontrollable transitiofrom ng to nq
and a controllable: from n( to ny. While ¢ is always enabledy becomes firstly enabled
if two time units pass by. Obviously, the controller has tppartunity to avoid a possible
occurrence ofu by executinge within the first two time units. Therefore, in this case,
u must be regarded as controllable. Figard shows the corresponding quotient graph.
Here, the nodes are split up according to their explicit €lentintervals. This yields a
correct controllable/uncontrollable classification dftednsitions.

Figure 1.5: Time abstracted quotient graph

Independently to this thesis, a truly on-the-fly algorithre,, without any precompu-
tation, for solving games based on timed game automata vegeged by §]. It extends
the on-the-fly algorithm suggested big] for linear-time model-checking of finite-state
systems. It is an interleaved combination of forward corapaih of the simulation graph
together with back-propagation of information of winnirtgtes. Hereby, the winning sta-
tus of an individual state can change, which causes a resi@iuf the predecessor states.
However, due to an overlap of regions it is possible that sstates are evaluated several
times, implying the disadvantage that the complexity islm&ar in the region graph. In
contrast, the game solving algorithm in this thesis is linedhe size of the product graph.



Chapter 2

Preliminaries

In this chapter, the theoretical foundations of the two mafmputational models of this
thesis are introduced. On the one hand, the behaviour of &ineats non-deterministic,
i.e. that in a certain state, there can be many uncontrelleddictions that all have to be
considered. 9] has shown that infinite games can be used to tackle the pnobie non-
deterministic environment. On the other hand, it is needettittoduce an infinite time
domain. The concept of Timed Automata l# is introduced to deal with continuous real-
time. Both models are decidable and represent the thealrétiondations of the actual
synthesis algorithm.

2.1 Infinite Games

The essence of each controller program is to handle unpabticbehaviour of the con-
trolled machine components. In contrast to schedule-ggigh it is not appropriate to
create a static rule in which order some requests should ek teethe plant such that a
flawless cycle is always ensured. Handling such a reactivlelgam setup is the main topic
of this section.

2.1.1 Game Arena

Thegame arenaets up the structure in which the controller plays agalreshbn-deterministic
plant. All controllable requests are denoted with a questiark (?) and all uncontrollable
reactions are denoted with an exclamation mark (1)

Formally, a game arena (or game structure) is a tidple (Q, 3, A) whereQ is a finite
set of statesy. is a finite message alphabet, ahdC @ x {?,!} x ¥ x @ is a transition
relation, which defines thgame movefor each side. Note that in contrast to the classical
theory [L9], where there are two types of states, namely controller@ant states, here,
the information whether an action belongs to the contralethe plant is modelled within
the transitions.

1The symbols are chosen that way because the plant is modieltadhe point of view of the components
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Thesuccessor functiod : 22 — 29 is implied by a game arena and returns for a given
set of states all successor states that are reachable by @hk& move. It is defined as

Q) :={t|Is€Q :(s,7,m,t) € A}

The functionreach : Q — 29 returns the set of all reachable states from a given origin
state. It can be described by a least fixed-point formula:

reach(sg) = ,uR({so} U 5(R))

2.1.2 Safety Games

A safety gamés triple S = (G, A, I) whereG is a game aren& : Q — {false, true}is

a safety predicate function, adde @ is an initial state. The safety predicate identifies the
game states as safe or unsafe (allowed or undesired, neghgctThe set offail statesis
implicitly defined as

fail(Q) :={s € Q| A(s) = false}

Playing a safety game means that the plant must reach adgl ahd the controller
must prevent that in order to win the game. As already meetion the introduction, some
goals should be reached while playing the game. Not reachigge goals within a finite
amount of time is an undesired behaviour and is therefossitiad as a fail state. So just
letting the plant do nothing, or remaining in a cycle forewérere no goals are achieved, is
undesired.

An often quoted example for a safety game is a robber, reptiagethe plant, who
wants to escape from a building. A policeman (the contrplieust hold him off. The
building (the game arena) consists of several corridortsattedinked directly or by lockable
doors with each other. The robber runs through the corridareder to find a way that leads
outside. In the approach that is shown here, the policemarepts the robber from fleeing
by locking some doors (removing controllable transitions)

2.1.3 Solving a Safety Game

Of course, it is always desired that the controller will withe main task in solving a
safety game is to find a winning strategy for the controllehisTstrategy is the basis for
any synthesised program. If there is no winning strategyttfercontroller, then there can
not be any valid controller program as well. Anyway, a safgyne is alwaysletermined
such that one side, either the plant or the controller, i<iar winner (i.e. that there is no
draw).

A set of winning state$V’ C @ describes a sub-graph of the original game arena such
that the plant is unable to win withil/. In order to determinéV/, the attractor setZ of
the fail states (i.e., all losing-states) must be computdids can be done by evaluating the
following least fixed-point expression:

uL(faz’l(Q) U {s]3(s,!,m,t) € Azt e L} U {s|¥(s,T,m,0) eA:teL})
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Algorithm 1 shows the explicit computational steps. Note that stategganly uncon-
trollable outgoing edges are regarded as valid. As we calataan chapteb, such states
are interpreted as "wait until any of the uncontrollablerggeoccurs”.

Input : A priori known fail statesfail(Q).
Output: Controller losing states.
L — fail(Q)
repeat
L' — L
L — LU {s|3(s,,mt)yeA:teL} U {s|Y(s,7,m,t) e A:te L}
until L =1/
return L

o 0o b~ W N PP

Algorithm 1: Computing the controller losing states

The set of the winning staté¥’ is the intersection of all reachable states from the initial
statel with the inverse set of the losing states

W :=reach(I) N L

There exists a controller winning strategy ife .

2.2 Timed Automata

One approach to include time in the specification is to assimmeeto bediscrete When
time is modeled in this manner, possible clock values araegative integers and events
can only occur at integer time values. This type of model rapriate forsynchronous
systemswhere all of the components are synchronised by a singleagtdock. The dura-
tion between successive clock ticks is chosen as the bagitoumeasuring time. Since
this thesis is assuming unsynchronised components, thi®agh is inappropriate.

Continuous time, on the other hand, is the natural modebgynchronous systeins
because the separation of events can be arbitrarily snta8.ability is desirable for repre-
senting causally independent events in an asynchronotesnsyMoreover, no assumptions
need to be made about the speed of the plant when this modeleoist assumed.

In order to model asynchronous systems using discrete itiisgecessary to discretise
time by choosing some fixed time quantum so that the delaydmsivany two events will
be a multiple of this time quantum. This is difficult to @opriori, and may limit the
accuracy with which systems can be modeled. Also, the cladiaesufficiently small time
quantum to model an asynchronous system accurately mayugdie state space so that
an exhaustive exploration is no longer feasible.

Thetimed automaton modeif Alur, Courcoubetis, and Dill4] has become the stan-
dard. Most on the research on continuous-time model-chgckind synthesis is based on
this model. In this chapter, the properties of timed autensae presented and the major
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technigues how to solve threachabilityproblem for such automata are explained.
The following definitions are taken fron9];

A timed automatornis a finite automaton augmented with a finite set of real-\élue
clocks We assume that transitions are instantaneous. Howewver,dan elapse when the
automaton is in a node. When a transition occurs, some ofltlo&may be resetted. At
any instant, the reading of a clock is equal to the time thatdiapsed since the clock was
resetted. We assume that time passes at the same rate fockd.c

A clock constraint, called guard, is associated with each transition. The transition
can be taken only if the current values of the clocks satiséydiock constraint. A clock
constraint is also associated with each node of the autematus constraint is called the
invariant of the node. Time can elapse in the node as longeamwariant of the node is
true.

Cl>=3 Cl:=0
Cl<=5

b

Cl1>=4ANDC2>=6
C2:=0

qo

Figure 2.1: An example timed automaton

An example of a timed automaton is shown in Fig@r& The automaton consists of
two nodesiy andny, two clocksCy andCs, ana transition fromgg to g1, and ab transition
from ¢, to ¢o. The two clocksC; and (), start with value 0 and advance synchronously in
time. The execution of the automaton starts at ngdehere it can remain as long as the
invariant ofqq is satisfied, i.e. that’; < 5. Meanwhile, ifC; > 3, one can make an
transition to the node, resetting the clock’; back to 0. In g1, the execution can remain
until eitherC; > 10 orCy > 8. If C7 > 4 andCy > 6, ab transition back tg, becomes
enabled that resets,.

The clock constraints are defined as follows: DPétbe a set ofclock variablesand
C(X) := (X — R{) — {false, true}. Then, the functionp C C'(X) describeslock
constraintson X. Letv : X — R/ be aclock assignmentwhich maps each clock in
X to a nonnegative real value, theriv) returnstrue if the clock-values, indicated by,
inhibit the constraints of alse if not. ¢ is the conjunction of a finite number of inequalities

{e1(v), s en(v)}:
pv) = J\ ci(v)
=1
Each inequality; (v) can have one of the following forms:

e ci(v) = true
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o ¢i(v) = ¢ <v(wz;)
o ¢i(v) = v(z;) < ¢

where< is either< or <, z; € X, andc; € Q. Note that if X containsk clocks, then
each clock constraint is a convex subsetalimensional Euclidean space. Thus, if two
points satisfy a clock constraint, then all of the point@dirup in-between do satisfy the
clock constraint.

Formally, a timed automaton is a 6-tuple= (Q, 3, A, qo, X, I) such that

e () is afinite set of nodes (also called locations).

> is a finite input alphabet containing all controllable andamirollable messages.

qo € Q is the initial node.

X is a finite set of continuous clocks.

I:@Q — C(X) is afunction that associates nodes with clock constragatited the
node invariants.

A CQx (X xOX)x2%) x Qis a set of transitions. The 3-tupl@, e, ¢')
corresponds to a transition from nogleo nodeq’ labeled with the event. The triple
(o, p, \) denotes an event with messaggea constrainty that specifies when the
transition is enabled, and a set of clocks X that are resetted when the transition
is executed.

We will require that time be allowed to progress to infinityat is, at each node the
upper bound imposed on the clocks be either infinity, or sndtlan the maximum bound
imposed by the invariant and by the transitions outgoinghftbe node. In other words, it
is possible to stay at a node forever, or the invariant wiltéothe automaton to leave the
node. If in the latter case no transition is enabletin@out-edgdT’) is implicitly generated
that leads the execution to a global timeout node.

2.2.1 Infinite State Transition Graph

A model for a timed automatoA is aninfinite state transition grap (A) = (5, %, R, so).
Each state inS is a pair(¢,v) whereq € @ is a node, and : X — R{{ is a clock
assignment, mapping each clock to a nonnegative real vaheinitial states, is given by
(go,vo) WhereVz € X : vo(x) = 0.

In order to define the state transition relation #fA), we must first introduce some
notation. For\ C X, we will define theclock resettingoperator as follows:

0 : ze€l

U[AHO]:@’H{ v(z) : xEA

Ford € R, thetime addingoperator is defined as: Let = v + d, then
Ve X :d'(z) =v(z)+d



14 CHAPTER 2. PRELIMINARIES

From the brief discussion in the beginning, we know that atmautomaton has two
basic types of transitions:

e Delay transitionscorrespond to the elapsing of time while staying at some ndge

write (¢, v) LN (g¢,v + d), whered € R*, provided that for every < e < d, the
invariant(q) holds forv + e.

e Message transitionsorrespond to the execution of a transition frdm We write
(q,v) - (¢',v"), wherea € X, provided that there is a transitidn, (a, ¢, \), ¢')
such thaw satisfiesp andv’ = v[A «— 0].

The transition relationR? of 7 (A) is obtained by combining the delay and message
transitions. We will write(q, v) R (¢, v') or (q,v) == (¢’,v') if there exists dq, v"”) such

a

that (g, v) <, (q,v") — (¢, ') for somed € R.

Now, our goal is to solve theeachability problenfor 7 (A): Given an initial states,
we show how to compute the set of all states S that are reachable fromy by transitions
in R. This problem is non-trivial becau§e( A) has an infinite number of states. In order to
accomplish this goal, it is necessary to use a finite reptaten for the infinite state space
of 7 (A). Developing such representations is the main topic of theviing sections.

2.2.2 Clock Zones

An efficient way to obtain a finite representation for the itéirstate spac€ (A) is to
defineclock zoneg$3], which also represent sets of clock assignments. A clocieis a
conjunction of inequalities that compare either a clockigadr the difference between two
clock values to an integer. We allow inequalities of thedwiing types:

r<¢, c<z, T —Y=<¢c

where< is < or <.

By introducing a special clock, that is always 0, it is possible to obtain a more uniform
notation for clock zones. Since the value of a clock is alwaysnegative, we will assume
that constraints involving only one clock have the form

—Co,i = Tj < G0,

where—cy; ande; o are both nonnegative. Using the special clagkwe will replace this
constraint by the conjunction of two inequalities

To—T; <Coi N Ty —xo = Co-
Thus, the general form of a clock zone is

rzo=0 A /\ Ty — Tj < Cjj-
0<i#j<n
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The following operations will be used to construct more cboaped clock zones from
simpler ones3]. Let ¢ be a clock zone. 1A C X is a set of clocks, then defing\ — 0]
to be the set of all clock assignments such that

YVoegp: Ve el: v(z)=0.

If d € RT, then we define> + d to be the set of all clock assignments- d wherev € .
The setp — d is defined similarly.

Let ¢ be a clock zone expressed in terms of clocksXin The conjunctiony will
represent a set of assignments to the clockX inlf X containsk elements, therp will
be a convex subset of k-dimensional Euclidean space. Tlevialy lemma shows that the
projection of a clock zone onto a lower dimensional subsjEeaéso a clock zone.

Lemma 2.2.11f ¢ is a clock zone with free clock variable then3z[p] is also a clock
zone.

This lemma turns out to be quite valuable in working with &a@ones. A proof is given in
[9].

Note that the assignment of values to the clocks in an irst@le of timed automaton
A is easily expressed as a clock zone sinte) = 0 for every clockx € X. Moreover,
every clock constraint used in the invariant of an automédoation or in the guard of a
transition is a clock zone. Because of the observationkaooes can be used as the basis
for various state reachability analysis algorithms foredrautomata. These algorithms are
usually expressed in terms of three operations on clocksz3je

Intersection

If © andy are two clock zones, then the intersectiom ¢ is a clock zone. This is easy
to see. Becausg and are clock zones, they can be expressed as conjunctionsaif clo
constraints. Hence; A 1 is also a conjunction of clock constraints and, therefordpek
zone.

Clock Reset

If v is a clock zone and is a set of clocks, thep[\ < 0] is a clock zone. We will show
that this is true when\ contains a single clock. In this casej\ < 0] is equivalent to
J[p Az = 0], and the result follows immediately by Lemr@&.1 The result can easily be
extended to sets with more than one clock by induction.

Elapsing of Time

Geometrically seen, a clock zogeis represented by a (bounded) polyhedron. The (un-
bounded) half-plane that is described by parallel traimsiatf the polyhedron by 45rep-
resents the clock zone that can be reached by time elapsimgan assignment ip. This
region is denoted by,
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Formally, if ¢ is a clock zone, then a clock assignmenwill be an element ofo™, if
v satisfies the formuldt > 0 : (v —t) € ¢ or, equivalently3t > 0 : v € (¢ +t). This
region is a clock zone.

In principle, the three operations on clock zones descrédi®e can be used to con-
struct a finite representation of the transition grapgt) corresponding to a timed automa-
ton. In the next section it is described how this algorithm ba implemented efficiently
by usingdifference bound matricg$, 11]. In this section states are representedzbges
[3]. A zone is a pair(s, ¢) wheres is a location of the timed automaton apds a clock
zone. Consider a timed automatdrwith transitione = (s, (a, ¥, A), s’). Assume that
the current zone iés, ). Thus,s is a location of4, andy is a clock zone. The clock zone
succ(p, e) will denote the set of clock assignmentssuch that for some € ¢, the state
(s’,v") can be reached from the stdte v) by letting time elapse and then executing the
transitione. The pair(s’, succ(yp, e)) will represent the set of successors(efy) under
the transitiore. The clock zoneucc(yp, e) is obtained by the following steps:

1. Intersecty with the invariant of locatiors to find the set of possible clock assign-
ments for the current state.

2. Lettime elapse in locationusing the operatoft described above.

3. Take the intersection with the invariant of locatiomgain to find the set of clock
assignments that still satisfy the invariant.

4. Take the intersection with the guapdbf the transitiore to find the clock assignments
that are permitted by the transition.

5. Set all of the clocks in\ that are reset by the transition to 0.

Combining all of the above steps into one formula, one obtain
succ(p,e) = ((p AI(s))T A I(s) A 9)[A 0]

Because clock zones are closed under the operations adentem, elapsing of time, and
resetting of clocks, the seticc(yp, €) is also a clock zone.

Finally, we describe how to construct a transition systenafomed automatorl. The
transition system is called ttmne graptand is denoted by (A). The states o¥(A) are
the zones ofd. If s is the initial location ofA, then(s, [X « 0]) will be the initial state of
Z(A). There will be a transition from the zore, p) in Z(A) to the zong(s’, succ(p, €))
in Z(A) labeled with the action for each transition of the forra = (s, (a, ¥, \), §') of
the timed automatord. Because each step in the construction of the zone grapledieé,
this gives an algorithm for determining state reachabititthe state transition gragh(A).
In the next section we will show how to make this constructioore efficient.

Note that the standard reachability graph that is shown isaret appropriate for syn-
thesis, which is the aim of this thesis. In sect®f.2 this issue is discussed in detail.
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2.2.3 Difference Bound Matrices

A clock zone can be represented bglitierence bound matrias described by Dill in11].
This matrix is indexed by the clocks i together with a special clock, whose value is
always 0. This clock plays exactly the same role as the cigcin the previous section.
Each entryD; ; in the matrixD has the form(d; ;, <;;) and represents the inequality
xr; —x; < d;;, where=; ; is either< or <, or (oo, <), if no such bound is known.
Because the variable, is always 0, it can be used for expressing constraints thigt on
involve a single variable. ThusD;, = (d;o, <), means that we have the constraint
xj < djo. Likewise,D; o = (d;jo, <), means that we have the constrdint x; < dy ; or
—dp ; < ;. Let® donate the functional prototype of a difference bound matri

D:=NxN-Zx{<,<}

The representation of a clock zone by a difference boundixriatnot unique. In fact,
a single clock zone can be represented by infinite many reatria general, the sum of the
upper bounds on the clock differences— x; andxz; — x, is an upper bound on the clock
differencex; — x;. This observation can be used to progressively tighten ifferehce
bound matrix. Ifz; —x; <; ; d; j andx; —xy <; 1 d;, then itis possible to conclude that
x; — x =5y di ), Where

d;,k = di,j + dj,k
and
r ) <0 Ri=ES AN <je=S
Tk { < @ else

Thus, if(d; ,, <; ;) is a tighter bound thaftl; ,, <), one should replace the latter by
the former so thaD; ;, := (d;,,<; ). This operation is calletighteningthe difference
bound matrix. We can repeafedly apply tightening to a diffiee bound matrix until further
application of this operation does not change the matrixe rélsulting matrix is @anonical
representation for the clock zone under consideration. e Nwat a canonical difference
bound matrix will satisfy the inequality; ,, <; 1 d;; + d; for all possible values of the
indicest, j, andk.

Finding the canonical form of a difference bound matrix carabtomated by using the
Floyd-Warshall algorithmI0], which has cubic complexity. The algorithm guarantees tha
all the possible combinations of indices are systemayiacdiecked to determine if further
tightening is possible. We determine if a tighter bound caolitained foD; ;, by checking
if the inequalityd; . <; d;; + d; holds for all possible values gf If the inequality
does not hold for some value g¢f then we replac®; x, by (d;,, <; ;) as described in the
preceding paragraph. Algorithehgives a description in mathematical pseudocode.

After the difference bound matrix has been converted to mi@abform, we can deter-
mine if the corresponding clock zone is non-empty by exangjrihe entries on the main
diagonal of the matrix. If the clock zone described by therias nonempty, all of the
entries along the main diagonal will have the fofm <). If the clock zone is empty or
unsatisfiable, there will be at least one negative entry emihin diagonal. Note that an
entry on the main diagonal of the for(fi, <) indicates also an infeasible clock zone.
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Input : Non-canonical matriXD havingn clocks plus the zero-clock.
Output: Canonical, tightened matri®’.
D «— D
for j € {0,...,n} do
for i € {0,...,n} do
for k € {0,...,n} do

if d;,k > d@j =+ dj7k: then

dif — dij+djg

/ { S 0 == A <GE=S

o g b~ W N P

<L
i,k < : else

Algorithm 2: Tightening a difference bound matrix

Now, three operations on difference bound matrices arerithesc These operations

correspond to the three operations defined on clock zonéeg iprevious section.

e Intersection We defineD = D' A D2. LetD},j = (e1,<1) andDﬁj = (cg, <2).

ThenD; ; = (min(c1, c2), <), where< is defined as follows:

If ¢; < ¢, then<=<;.

If c5 < 1, then<=<s.
— If ¢; = cg and<1=<5, then<=<.

— If ¢; = cg and<;#<y, then<=<.

e Clock resetDefineD’ = D[\ « 0], whereX C X as follows:

If 2;,2; € A, thenD; ; = (0, <).

If z; € A A Z; ¢ A, theanJ = DO,j-
If z; §é A A T; € A, thenDZ’-J = Dz’,O-
—If T, Tj §é A, thenDZ’-J = Di7j-

e Elapsing of timeDefineD’ = D" as follows:

— D}y = (00, <) for anyi # 0.
- Dé,j:Di,j If’LZOOI’]#O

In each case the resulting matrix may fail to be in canonigahf Thus, as a final step, we
must reduce the matrix to canonical form. All three of therafiens can be implemented
efficiently. Moreover, the implementation of these opexagiis relatively straightforward
to program.
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2.2.4 Complexity Considerations

The construction of a region grap®, P] is exponential in the number of clocks and also in
the magnitude of the clocks, since for each interval betweeo and the maximum integer
constant, a corresponding state must exist. The size ofaie graph, on the other hand,
also depends on the number of clocks but not on the magnituttie @locks. Hereby, the
number of zones only depends on the number of distinguishalbtk differences. When
modelling industrial machines, it is typical that the numbgclocks is proportional to the
number of components. Since complex machines may have ni#i@sedt components,
it is crucial for the whole synthesis process to minimiseuhavoidable temporal blowup.
Of course, one cannot reduce the number of clocks, but onelearse the optimal clock
value discretisation method, which are, in the oppiniorhefauthor, clock zones.

However, the clock zones have one disadvantage: in loopsenimused clocks are not
being resetted, they count to infinity, i.e. that the diffexe to those clocks that are actually
resetted, do gradually increase. The result is that for &amhcycle, a new clock zone is
generated, since this new zone does not lie within the old.o@me way to avoid such a
diverging behaviour is to fix the inequality in the clock zdiee all unused clockg”, in
the corresponding states @< C,, — C' < oo for any other clockC'. Alternatively, as a
suggestion of a possible future work, one could construditiadally a region graph on top
of the zone graph.
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Chapter 3

Computational Models

In order to cope with continuous real time, on the one hand,reom-determinism, on the
other hand, the two basic concepts of timed automata andténiames are combined in
one major computational model, timed game automata.

3.1 Timed Game Automata

While the nodes of an automaton represent local states stamythe transitions symbolise
occurring events. The combination of infinite games wittetihautomata is done by adding
a message-type information to each transition. Formalé/finite input alphabet of a timed
game automatoiis; is a tuple containing a message-label and a message-type:

e CEx{?,,$ D, T}
The five message-types are defined as follows:

e Controllable messages, denoted By represent externakquests to forcehe au-
tomaton to go into a certain state.

e Uncontrollable messages, denoted hyarespontaneous reactior the plant (e.g.
reactions to a prior controller request).

e Transitions havingsynchronisedmessages, denoted By can only be taken if the
same message occurs at thesame timeslsewhere. Synchronised transitions can be
used to model internal communications among several atigoma

e Delay- andtimeout-transitions, denoted byD andT’, are generated automatically
by transforming ammplicit timed automaton to aexplicit one (see sectioh.2.2).

One possibility to synchronise timed automata can eitheobeimplicitly or explicitly.
The classical implicit way is that if automatoh contains an uncontrollable messdge
and automatorB contains a controllable message:, then the combined automaton is
synchronised via &n transition. Later, it will be shown how an explicit synchisation is
used to synchronise the production goals with the eventsegdlant. Also, when modelling

21
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industrial machines, the experience was made that thecéxgjinchronisation method is
more convenient than the implicit one.

3.2 Plan Automata

Plan automata are timed automata, that have an additiodaladed locationfailed. They
are intended to run in parallel to the state space exploratiorder to ensure that as long as
no plan automaton entdiiled the represented plan is still maintained. A plan automaton
has only synchronised transitions, and therefore, it preduno messages by its own. This
means that no messages can be received from the controlgnorto the plant. Every
synchronised transition represents a certain goal. Easkamge that is sent within the plant
is passed to each plan automaton. If the current plan lot&i@s an outgoing transition
containing the passed message from the plant, then thathgsabeen reached. Since
failed must always be a sink, a plan automaton can never exit this.nod

Formally, a timed plan automataR = (Q, X, A, qo, failed, X, I) is a timed automaton
with the following properties:

e failed € () is a dedicated fail location.
o Aw,e,y) € A: x = failed.

o V(z,{a,T,0,\),y) EA: T =3,

Figure 3.1: Part of a plan automaton

Figure3.1shows a part of a plan automaton. It represents the planh examnt "a” first
then "b”; the vice versa case is explicitly forbidden.
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3.3 Parallel Composition

Paralleling two or more automata means combining theiestaf\n interleaving or asyn-
chronous semantics for this operation is assumed.

Let A = (Ql, 1, Al, q(l), X1, Il) and A, = (Qg, Yo, AQ, Q87 Xo, 12) be two timed au-
tomata with the following properties:

e A; and A; have disjoint sets of clocksY; N X5 = ().

e For each controllable/uncontrollable transitionA4n, As must not have a control-
lable/uncontrollable transition with the same message:
Let
5(T) =A{a| (z,(a,7,0,\),y) €EA; N TET}

be the set of all messages of a given set of transition-typesthe relation-set\;,
then

({71 N S({7, 1) =0
. The parallel composition off; and A is the timed automaton
Ar || Az = (Q1 % Q2, Z1 U, A, gj x g3, X1U X2, 1)

wherel(q1,q2) = I1(q1) N I2(g2) and the edge relatioA is computed by algorithr3.

Input : Two timed automatal; and A,.
Output: Combined edge relatioA.
1A — 0
2 forall (p,q) € Q1 x Q2 do
3 fora” (p7 <O[1, T1, P1, )‘1>7 p/) € A1 do
4 if a1 € 22({$}) then
5 forall (q, (a1, $, w2, A2), ¢') € Ay do
6 | A — AU {((p.g), (a1, 71, 1 A2, MU, (0,0))}
7 else
8 L A — A U {((p7Q)7 <Oé17 T1, ¥1, )\l>7 (p/7Q))}
9 fora” (Q7 <O[2, T2, P2, )‘2>7 q/) € AQ do
10 if ag € 21({$}) then
11 forall (p, (ag, $, v1, A1), p') € Ay do
12 | A — AU {((p.g), (a2, T2, 1 Apa, MU N2, (0,0))}
13 else
14 LA = AU {((pg), (a2, 72, 2, Na), (,d))}
15 re_turn A

Algorithm 3: Computing the combined edge relation
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Thus, the nodes of the parallel composition are pairs of sidoem the component
automata, and the invariant of such a node is the conjuncfidime invariants of the com-
ponent nodes. There will be a transition in the parallel cositpn for each pair of syn-
chronised transitions from the individual timed automatthwthe same label. The source
node of the transition will be the composite node obtainednfthe source nodes of the
individual transitions. The target node will be the compmsiode obtained from the target
nodes of the individual transitions. The guard will be thajoaction of the guards for the
individual transitions, and the set of clocks that are tesgewill be the union of the sets
that are resetted by the individual transitions. If theacttf a transition is only an action
of one of the two processes, then there will be a transitiaihénparallel composition for
each node of the other timed automaton. The source and tawdet of these transitions
will be obtained from the source and target nodes of themaigransition and the node of
the other automaton. All of the other components of the ttianswill remain the same.

Figure3.2 shows a simple untimed composition. An untimed composivith a syn-
chronised transition is shown in figuBe3. Looking at this example, one can see that some
states are never reached. Therefore, these states do mbtonbe included in the total
combined state space. So it concludes that when computengatallel composition of
multiple automata, it is smarter to do this in conjunctiorthithe reachability computation
in order to avoid non-reachable states at all.

Figure 3.2: Simple untimed parallel composition

3.4 Combined State Space

A combined configuration (statey a pair(¢*, z) C (Q1 X Q2 X ... X Q) x D. EachQ); is
a finite node set of a corresponding timed automator= (Q;, >;, A;, root;, X;, I;), for
anyn € N. z represents a difference bound matrix that stands for afgpelnck zone.q;
refers to the i-th component of the node-tupte The setd = {A;, A,, ..., A, } is called
the basisof (¢*, z).

A combined state spaéga quadruplé.S, X, A, so) with basisA. LetVA; € A: A; =
(Qi7 i A, root;, X;, IZ), then
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?a ?a
e @ i P @
b 'b

Figure 3.3: Untimed synchronised parallel composition

S C(Q1 xQ2 % ... x Q) x D is afinite set of discrete combined states.

¥ = J, % is the combined set of the messages of the basis.

sg € S'is the initial combined state.

ACSx(BuC(X)x{,? %, D, T} x2X)x Sisasetof transitions. The triple
(s,e,s’) corresponds to a transition from statéo states’ labeled with the event.
The triple(a, 7, \) denotes an event with message or either delay-conditidgpe
7, and a set of clocka that are resetted when the transition is executed.

When computing a state space by combining multiple timedraata, all synchro-
nised transitions are resolved such that the resulting sfce has only uncontrollablg, (

controllable ), or guarded %) transitions. There are two types of "time advancing” tran-
sitions: delay D) and timeout {'). Timeout transitions are delay transitions that lead to

undesired states.
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Chapter 4

Specification Language

In this chapter, the developed specification language lisdaoted. In order to define the
formal semantics, for each abstract syntactical consttbetdenotational functio® de-
fines how the mathematical representation is extracted tinerabstract syntax. Later, these
mathematical objects are used as the input of the state afgaaréhm in chapteb.

The specification is structured into the parts: plant définiand production goals.

specification = plant goals

4.1 Plant Definition

All components that are part of the controllable plant arscdbed in this section.

plant = components assertions dependencies
components = plant’{’ componentlist’}’
componentlist = component’; {component’; }
component = automaton | hardware | operator

The plant can contain multiple components. A component dgherebe an explicitly
defined timed automaton, a hardware component, or an ope@tgonent.

27
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4.1.1 Automaton Component

Declaring a component as an automaton, one can define ayhisar defined timed game
automata that comply with the theoretical definition fromts® 3.1

automaton
automatonbody
clocksdef
nodesdef
nodede f
constraintlist
constraint
interval
transitionsdef
transition

transitionargs

event
eventtype

clocklist

automaton label '{" automatonbody '}’
[ clocksdef | nodesdef transitionsdef
clocks clock {') clock } "

nodes nodedef {', nodedef }';

node | constraintlist |

"I" constraint { and constraint } '}
clock in interval

("("|'[") constant’) constant (') |']")
transition { ;' transition }';

node’ —'

node transitionargs
event | constraintlist |

[ reset clocklist |

[ instant ]

eventtype message

(/?/ | /!/ | /$/)

"elock {') clock } 'Y

According to B], each node may have a list of clock constraints, reprasgiitie invari-
ant of the node. Analogously, the transitions may also hknekaonstraints, representing
the guards of the edges. Since a constraint for a single ¢oakvays convex, it can be
specified as an interval. If no invariant or guard is prestrgn the constraints function
will always returntrue. An interval has a lower- and an upper bound, representedidy t
integers. The bounds can be either declared as ogénr(”)”) or closed ({” or ”]"). Al-
ternatively, the upper bound can also be infinitin(f)”). A transition must have a message
and may reset some clocks. The keywinstantindicates that a transition should be taken
prioritised, before any other. A message can either be aitattte ("?”), uncontrollable
("!"), or synchronised ).

Example Code

The following example code models the automaton from fiQuie

pl ant {

aut omat on A {

cl ocks c1,
nodes q0{cl in [0, 5]},

c2;

ql{cl in [0,10], c2 in [0,8]};
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g0 -> gl ?a {clin [3,inf)} reset{cl};
gl -> g0 !'b {c1 in [4,inf) and c2 in [6,inf)} reset{c2};
}

4.1.2 Hardware Component

A hardware component represents a syntactical frontend to the autmmaimponent.
Which means that each hardware unit can be expressed by @aleqtiautomaton unit. It
is integrated for convenience only, since it representdtan occurring pattern in industrial
component design.

A hardware component can move to certain defined restingsstahis happens when
the controller has sent a corresponding request (e.g. "&ate X", where X is one of the
defined resting states). Then, the component will firstheean intermediate state, rep-
resenting the movement phase from the origin resting statieet destination state. Also,
the corresponding clock is resetted that measures the hiaigasses during that move-
ment. After the clock-value enters the given time-intefeathe movement, the component
reaches the destination state and sends a correspondiogtigii@ble event (e.g. "State X
has been reached”) that the controller can receive.

The grammar is defined as follows:

hardware := hardware label{" hardwarebody '}
hardwarebody ::= statesdef movesdef
statesdef = states state {', state }';
movesdef = move {'; move }'/
move = state’ —' state takes interval

Example code

The component modeled by the following example code is \isein figure4.1 Figure
4.2 shows the resulting automaton.

pl ant {
hardware A {
states X Y, Z
-> Y takes [2,4];
<- X takes [2, 3];

-> Z takes [3,4];
<- Y takes [1, 2];

N < < X
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?(—)(—)

Figure 4.1: A hardware component with three resting states

?moveto_Y

Ireached_Y

?moveto_Z Ireached_zZ

Cmoving:=0 Cmoving:=0

Cmoving:=0 Cmoving:=0

Ireached_X ?moveto_X Ireached_Y ?moveto_Y

Figure 4.2: Figuret.1lrepresented as an automaton

4.1.3 Operator Component

Like the hardware unit, theperator unit is also a syntactical frontend to the timed au-
tomaton unit. It can be used to model components that wad foertain external operator
input and then perform immediately a reaction. The candeixample for such a unit is a
press/release-button. A precise elaboration of this prob$ given in sectioi7.2.1

The definition of the grammar is similar to the hardware unit:

operator ::= operator label '{’ operatorbody '}
operatorbody = statesdef movesdef
statesdef = states state {!, state }';
movesdef = move{’;’ move }'y

/

move = state’ —' state
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Example code

pl ant {

operator button {
states rel eased, pressed,
rel eased <-> pressed;

}

4.1.4 Assertions

The assertions describe the safety predicate, which waslited ir2.1.2 It is represented
as a conjunction of propositions of combined node tuplesyTdan be used to explicitly
define undesired states or to set up global state invariaatsrust always hold.

The grammar is defined as follows:

assertions = assertions '{’ nodeconditionlist'}’

nodeconditionlist

nodeconditionde f { nodeconditiondef }

nodeconditiondef = never | always | onlyif';
never = never nodecondition
always = always nodecondition
onlyif := mnodecondition onlyif nodecondition
nodecondition = or
or == and][oror]
and == literal [and and ]
literal := [not]terminal
terminal = ('("or’)"| state | constant )
state == <unit > ") <node > ['+"]
constant = (true| false)

One can see thaiot has the highest operator priority, thend, and at leasbr. With
the tokenstate, one can refer a single state or a set of states of a certdinwmch was
defined in the plant. Multiple states can be referenced bingdustar ¢) at the end. Doing
S0, a substring match is performed instead of an equalitgkcheor example X.moving+
references all moving states of a uit While X.moving_a_b references only one state.

Example code

In the following example code, two components are modeledtrolling a robot arm. The
componenterti cal represents a valve that moves the robot diomn andup, while
hori zont al moves the arm frorheft tori ght . Now, consider that some obstacle is
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in the physical moving range of the robot arm, such that ittrmes move horizontally as
long as it is not in the upper vertical position. This set-ap be modelled with this plant
definition:

pl ant {
har dware vertical {
states down, up;
down <-> up takes [1,2];
}
har dwar e horizontal {
states left, right;
left, right takes [1, 2];
}
}

and these assertions:

assertions {
hori zontal . noving* onlyif vertical.up;

}

Note that this definition is equivalent to:

assertions {
hori zontal . novi ng* and not vertical . up;

}

This example is visualised in figuke3. Here, the hatched states indicate the fail states in
which the robot arm would crash with the obstacle.

4.1.5 Dependencies

Dependency information about the events that the plantyzexican later be used to opti-
mise the total code size of the intermediate controller oy Using the following gram-
mar, one can define that some uncontrollable (in-) messag@end on one or more con-
trollable (out-) messages.

dependencies ::= dependencies’{’ dependencylist'}
dependencylist = dependency { dependency }
dependency = inmessage depends on outmessagelist’;’
outmessagelist = (time | outmessage)’, outmessage

The terminaltime can be used to define that an in-message depends on lettiag tim
pass. Letm be a message that only depends on timémlis queried once and the result
is false, then every succeeding query will be als@ se as long as no time passes by.
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down,
horizontal.

moving*

Obstacle

Figure 4.3: Two dimensional moving robot arm with obstacle

Example Code

Consider a hardware component that needs atde@sie units to move between two resting
states A and B. Now, whentime units have passed, the controller can start queryininé
messagé r eached_B. A priori, it is clear that the outcome of a querylof eached_B
changes only if time passes by. This can be formulated as/fsll

dependenci es {
reached_B dependson ti ne;

}

4.2 Production Goals

In order to give a complete specification of the program thaukl be synthesised, the
production goals must be also defined. They consists of treaked state guards and a
sequence of plan automata.

goals := guards plans
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4.2.1 State Guards

Guards can be used to ensure that certain plant states grenvated when a corresponding
assertion holds. This assertion is interpreted as an uradiafiie message. Starting from a
certain state A, when an adjacent state B is to be guardediernmiediate state is created
and inserted between A and B. The grammar is defined as follows

guards == guards’{' guardlist'}
guardlist = guard{ guard }
guard = nodecondition guardedby message’;

Note thatnodecondition refers to the token, which was already declared in sedtiti

Example Code

A gripper may grasp a workpiece only when a correspondinga@esignalises that a work-
piece is actually available. This can be modeled as follows:

pl ant {
hardwar e gri pper {
states open, cl osed,;
open <-> closed takes [1, 1];
}
}
guards {
gri pper.novi ng_open_cl osed guar dedby gear _i s_present;

}

This example is visualised in figuke4. Here, a new guard node is inserted between
the two nodegripper.open andgripper.moving_open_closed.

%gear_is_present ?moveto_close

gripper.
open

gripper.
moving_open_closed

Figure 4.4: A gripper that may only close if the guard holds
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4.2.2 Plans

In this part of the input specification, one can specify onmore plans. A plan describes
which goals should be reached within a certain amount of.téngoal can be any message
that was produced by the plant or sent by the controller. Tamgar looks as follows:

plans == plans’{ planlist’}
planlist == plan { plan }
plan = plan’{' [ clockdeflist | plancommandlist'} "}
clockdeflist ::= clocks clockdef {') clockdef }';
clockdef ::= clock constant
plancommandlist = [label '] resetcommand | wait forcommand ';
resetcommand = reset clock
wait forcommand = waitfor waitforlist
wait forlist = message ['— >’ label |

The top level is aplanlist. All plans must be maintained independently from each
other, i.e. that a conjunctive semantics is assumed. Eachqansists of a definition of
timeout-clocks and a list of plan commands. A plan commamdogdionally have a label.
There are two types of plan-commands: teget-commandesets a timeout-clock back to
0 and thewaitfor-commanchalts the execution of the plan until the given message sccur
Unless no target label is specified, the execution will cargiwith the following command.

If the end of the plan is reached, an implicit jump to the begimade. At any time, if a
timeout-clock exceeds its given upper time bound, the pléirenter a fail state.

Example Code

Consider a gear checking machine that consists (amongtbihgs) of aninlet that loads a
new gear into the machine ctassifierthat measure some properties of the loaded gear, and
anoutlet that discharges the gear again. The transporting systelmreahachine is quite
complex and has some perils due to obstacles in the movirggrand limitations of the
used hardware. The machine should reach the following goals

1. gearid oaded,
2. gearixl assified,and
3. gear isunl oaded.

While waiting for a certain goal, the other goals must be @®di(e.g. while waiting
for | oaded, cl assi fi ed orunl oaded must not occur). This can be modeled by the
following code:
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pl ans {

pl an {
cl ocks tineout 15;

reset tineout;

wai tfor | oaded, classified -> failed, unloaded -> fail ed;
waitfor classified, |oaded -> failed, unloaded -> fail ed;
wai t for unl oaded, | oaded -> failed, classified -> fail ed;

With this plan, the synthesis algorithm will generate a paog that controls the ma-
chine components in such a way that all the goals are reachiedtije correct order and

(i) quickly enough.
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4.3 Semantics

4.3.1 Automaton Component

The denotational semantics describes how the abstragbsghtin automaton is translated
into the formal representatiof@, -, A, qo, X, I).

Dlautomatonbody(clocksdef, nodesdef, transitionsdef)] =
let
X := Dxlclocksdef]
(@, qo, I) := Dg[nodesdef]
(2, A) := Daltransitionsdef]
in

(Q7 27 A7 q0, X7 I)
Dx|clocksdef(x1, ..., xp)] = {x1, ..., Tp}
DQ[nOdGSdef((qlv Il)v ety (Qn; In))] = ({Qh ceey Qn}; q1, U?:l {qi = Dc[cl]})

DA[tTCLﬂSitiOTlSd€f((Q1, qi7 T1, 01, ¥1, A1)7 ceey (QTH q;w Tny Ony Pn, )\n))] =
({alv ceey Oén}, {(qi> <ai7 Tiy DC[QOZ'L )‘Z>> q;) | 1<:< TL})

Dcll] = Mv.true
Dclconstraintlist(cy, ..., ¢,)] == M. A\i_; Deles](v)

D¢ constraint(clock, b, ub)] =
Av. D¢ [lowerbound(clock, 1b)](v) A
M. D¢ [upperbound(clock, ub)](v)

Dpllowerbound(clock, type, const)] :=
if type =' [ then \v.const < v(clock) else Av.const < v(clock)

Dplupperbound(clock, type, const)] =
if type =']' then \v.v(clock) < const else Av.v(clock) < const

Dx returns the set of clocky. Dy, returns the set of nodég, the root nodey, which is the

first declared node, and the invariant-functibthat maps each nodgto its corresponding
clock constraints:;. If no clock constraints are presertyg;) returns alwaygrue. The

function D¢ generates for a given clock constraint a correspondingti@ns function.

The functionDp generates an inequality function for a given interval bound
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4.3.2 Hardware Component

The denotational semantics shows how a hardware-unitsfosamed into a timed automa-
ton:

D[hardwarebody(statesde f, movesdef)] =
let
(Qr, qo) := Dgl[statesdef]
(Qum, Z, A, I) := Dyr[movesdef]
in

(QR U QM7 E, A7 q0, {Omoving}a I)
Dr[statesdef(s1, ..., $n)| = ({s1, -, Sn}, 1)

Dyr[movesdef((s1, sy, b1, ub1), ..., (Sn, Sh,, lbn, uby))] =

let
Q = {moving(s;,s;) |1 <i<n}
Y = {moveto(s]), reached(s;) | 1 <i <n}
Ay = {(s;, (moveto(s), 7, Av.true, {Cpoving}), moving(s;,s;)) |1 <i<n}
Ay = {(moving(si,s;), (reached(s}), !, Dc[lowerbound(Cruoving, '[', 1bi)], 0), si) |1 <i<n}
I = {moving(s;, s;) — Dc|upperbound(Cpoving, "', ub;)] |1 < i <n}

in
(Q, 3, Ar U Ay, 1)

For each declared resting state in the hardware descrj@tioorresponding node in the
target automaton is inserted. The claCk,,.ing IS Used to measure the time that passes
during a movement between two resting states. A declarafiarmovement between two
resting states A and B implies a generation of

1. an intermediate moving stateoving(A, B) (nmovi ng_A_B),

2. a controllable transitiofimoveto(B) (?rmovet o_B) from A to moving(A, B), re-
setting the cloclC),,oving, and

3. an uncontrollable transitiolreached(B) (! r eached_B) from moving(A, B) to
B.

Let7,,;, andT,,,. denote the lower- and upper bound of the time that takes tivement
from A to B. The invariant ofnoving(A, B) is set toAv.v(Crioving) < Tmaz, iMplying
that the execution may remaininoving(A, B) for at mostT,,,,, time units. The guard of
the lreached(B) transition is set to\v.T1,in, < v(Croving), iIMplying that this transition
may only be taken after thak,,;, time units since?’moveto(B) have passed. So, the
destination state B can only be reached if the invarigt,,oying) < Tyna. and the guard
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Trnin < V(Croving) hold true:

U(Cmovmg) < Thaz N Timin < 'U(Cmomng)

U(Omovmg) € [ s Tima ] ( movmg) € [Tmmyoo)
= U(Cmovmg) S [ s Dona ] [ mznaoo)

U(Omovmg) € [T ins maz]

sinceT in < Tinaz, DY definition.

4.3.3 Operator Component

Dloperatorbody(statesde f, movesdef)] =
let

(QRr, qo) = Dglstatesdef]
(QM7 27 A; I) = DM[mO'UESdEf]
in

(QR U QMa E, A, q0, {Cmovmg}a I)
Dr[statesdef(s1, ..., sn)| = ({s1, .., sn}, s1)

Dar[movesdef((s1, s§, lb1, ubr), ..., (8n, S, by, uby))] =
let
Q = {moving(s;,s;) |1 <i<n}
Y = {occurred(s;), reached(s}) |1 <i<n}

si) |1 <i<n}

A =
{(ss, (occurred(s)), !, Av.true, {Cmovmg}> moving(si,s)) |1 <i<n}U
{( oving(s;, s;), <7“eached( D, L A0 < v(Croving) < 1, 0),
= {moving(si, s;) = M.0(Coving) < 1|1 <i <n}
in

(@ %, A1)
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4.3.4 Assertions

A Q" — {false, true} represents the safety predicate function to identify eitpfail
states. The denotational semantics is formally defined as:

Dlnodeconditionlist(cy, ca, ...,cp)] = Aq. /\DA[ci](q)
i=1
Dy[never(xz)] = Aqg.—Dalx](q)
Dalalways(z)] = Ag.Dalz](q)
Dalonlyif(z,y)] = Ag.—Dalz](q) V Dalyl(q)

Dalor(z,y)] = Ag.Dalz](q) vV Daly)(q)

Daland(z,y)] = Ag.Dalz|(q) A Dalyl(q)
Dalnot(z)] = Ag.—Dalz](q)

D[state(unit, node, substr)] = Aq.q ~ (unit,node, (substr = x))
]

Dylconstant(c)] = Ag.c
Where the matching operateris defined as follows:

(1,92, -y qn) ~ (unit,node, substr) :=
true :  substr A dq; : label(A;) C unit A label(q;) C node
{ true : —substr A 3q; : label(A;) = unit A label(g;) = node
false : else

The statement; C sy stands for a test, whether the string is contained ins; as a
substring.

4.3.5 Dependencies

Let D C ¥ x ¥ be a dependency relation, then we say

e; andeg aredependentw.r.t. D < (ey, e2) € D V (eq, 1) € D
e1 ande, areindependentw.r.t. D < e; andey arenot dependentw.r.t. D

The denotational semantics of the dependency grammar reededis:

D[dependencylist(dy, dy, ..., dy)] = U D[d;]
1=0
D[dependency(message, events)] := {(message,e) |e € events}

4.3.6 State Guards

G = {Go, G1,...G, } denotes a finite set of guard functions where gdch G is a function
G : Q" — X U{L} that represents a guard of a combined node tuple. The dematiat
semantics of the guard grammar is defined as:
D[guardliSt(907917 7.971)] = {DG[QOLDG[QlL"'7DG[QTL]}
D¢ lguard(node, message)] = Aq.if Da[node](q) then message else L



4.3. SEMANTICS 41

4.3.7 Plans

The final mathematical representation of the plans is a §eitef vector? = { Py, ..., P, },
where each iten®; represents a single plan automaton.
The denotational semantics is defined as follows:

Diplans(Py, ..., P,)| := ({DplPi], ..., Dp[P,]})

Dp(plan(clocksdef, plancommandlist)] =
De¢clocksdef, plancommandlist)

WhereD¢ [plancommandlist] is computed by algorithrd.

Input : Set of timeout-clockd” = {(X1,7T1), ..., (X,,T,)}. List of plan
commands, represented by a veatoe ((I1,C4), ..., (lm,Crn)). Each
command(;, C;) is a pair consisting of a labé] and the command itself
C;.

Output: Timed plan automato(, 3, A, qo, failed, X, I)that describes the
plan.

1 (2, A) — (0, 0)
2 X — {X;|ied{l,..,n}}
3Q «— {failedyU{l;|ie{1,..,m}}

4 I «— Mv.true

5 fori € {1, ..., m} do
6 if C; = reset(R) then
7 L A — AU {(lu <67 $7 )\v.true, R>7l(i+1) mod m)}

else ifC; = waitfor((e1,d1), ..., (ep, dp)) then

L forall j € {1, ..., p} do

10 L A — AU{(l;, (ej, $, Mv.true, 0),d;)}

11 forall j € {1, ..., n} do
12 | A — AU{(li, (e, $, wo(X;) > Ty, 0), failed)}

13 return (Q, X, A, Iy, failed, X, I)
Algorithm 4: Generation of a plan automaton




42

CHAPTER 4. SPECIFICATION LANGUAGE



Chapter 5

Game Solving

This chapter describes an efficient algorithm that comptliesvinning controller strategy
as described in sectidh1.3 In combination with the discretisation ideas as showa 2
the product state space is explored on-the-fly.

In the input specification, it is described which behaviolthe plant is forbidden. For
example, the assertions describe certain combination®raponent states that must be
avoided. Therefore, theombinedstate space must be considered. This makes it possible
that undesired state combinations can be excluded.

A plant state is the combination of the configurations of theponents, the configu-
rations of the plans, and the current clock assignment.dR#tlan combining the automata
step by step (i.e., firstl; with A, then the resulting automata witlyy and so on...), all
automata are combined at a time.

51 Zenoness

Recall that the basis for finding winning strategies aretgafames, i.e. that within a con-
troller winning strategy, no fail state can be reached. Boatwhappens if there were loops
in the strategy? Hereby, we distinguish between two typésopfs: loops where time grad-
ually elapses and loops where no time elapses. The lattps lae calledeno-loopsand
represent a fundamental issue in synthesis since such éaogse infinitely often executed
without exceeding a time bound.

Of course, since we are using timed automata, time alwapsetan the clocks. How-
ever, this is only technically true. If a clock is not usedhiit some parts of a timed
automaton, no time elapses effectively with respect todlmk. Also, if a transition in a
loop resets a clock, no time elapses for that clock as well.

One way to avoid zenoness is just by not allowing zeno spatiits. A precompu-
tation step could determine if there are zeno-loops andy,ifrgject the input. Another
possibility is to declare zeno-loops in particular as ftatss and only to avoid them in the
winning strategy. This can be done by keeping all visitedestaince the last goal state
in mind. If the plant part of a new discovered state is alsdaiord in the already visited
states, then that new found state becomes a fail state. Hlaggeached, this set of visited

43
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states is cleared again. Even though this causes a blow tyeany; practical experience
has shown that this works with real world case studies. Liateection5.3, this technique
is explained in detail.

la

2in °-° lout

Figure 5.1: The plant can force an infinite loop

Figure5.1 shows a simple zeno example. If the controller issue&iarrequest, the
execution comes to staté. From there, the plant may produce a spontanéaus/ent
that brings the execution to stat& There, either atout event can occur that causes the
execution to leave that zeno part, or elsé)) avent leads back td. Using the zeno-loop
avoiding technique as described above, one would idertigyit transition as erroneous,
since no plan goal has been achieved since the last visit iBecauselb can happen
spontaneously, we must declafeas a fail state, which causes aldoto become a fail
state since there is the uncontrollable transitioieading fromA to B. Thus, sinced is
identified as a fail staté,in is discarded as a decision for the controller.

One may say that this method copes only with zeno-behavibtlreglant, while con-
troller zenoness is not considered. This is true but it ieptd. Consider a machine that
processes workpieces, which are sequentially loaded ovetake transporting belt. After
the processing, the processed workpiece is unloaded améxtgiece is loaded. Now, if
one would specify that problem by modelling the plant in sachay that the processing
consumes no time, and the plan is formulated as "for eachpigck w: process w”, a valid
program could be "load workpiece w, do forever: process wileled, this program satisfies
the specification because processing consumes no time esee,ht can be executed in-
finitely often without exceeding any given upper time bouRdrthermore, this zeno-loop
cannot be detected by the technique that was described almeprocessing is the only
goal of the plan, actually. In order to avoid the generatibsuch senseless programs, the
plan has to be formulated more precisely. For this example@pgpropriate plan could be
"for each workpiece w: load w, process w, and unload w”.

5.2 Precomputation

Prior to the actual state space exploration, two precontipatateps were applied. In order
to reduce the state space explosion, a clock usage analgsiaé. Hereby, it is computed in
which locations of a timed automaton its clocks are beingalst used. For those locations
where a clock: is not used, we do not need to consider any assignment thareprecisely
than0 < ¢ < oo. This reduces the amount of distinct clock zones for thaatioos, and
therefore, the overall amount of states.

The unique choice interval split-up of the input timed ausdenensure that they do
not have any implicit temporal behaviour. 1] it was firstly explained that the usual
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model-checking simulation graph of a timed automaton issondgable for synthesis, since
letting time pass is neither controllable nor uncontrdéabHence, the possibility that an
uncontrollable event occurs that lies in the future becocoesrollable if letting time pass
is controllable as well.

5.2.1 Clock Usage Analysis

The current value of a clockis seldom needed in each location of a timed automaton.
is straightforward to declareaslocally used in a locatior.: namely, if some execution-
decisions, i.e., the invariant or the guards of the outg@dges ofL, depend orc. But
when is it actually possible to declaresglobally unused in a certain location?

Whenever is being resetted, its old value is lost. So, in the preceltingtions before
the clock reset that not locally usgit is irrelevant what value has (since: will be resetted
anyway).

More formally, a clock constrainp : (X — R{) — {false, true} depends on a
clockc € X if Ju(c) € R} : ¢(v) = false. In this case¢ € ¢ denotes this dependence.

The set of used locationB(c) is computed by a backward least fixed-point computation

starting at those locations that usdscally, Ry (c):
Ro(c) :={se€Q|cel(s) V I(s,{a,T,p,\),t) € A : c€ @}

NR(C)(RO(C) U {s€Q]|3(s, (a7, \)t) €A - tER(c) A cd A})

A clock ¢ is unusedin a locationL iff L ¢ R(c).

In figure 5.2, an example clock usage computation is showed. The nodeetkndth
Ry represents the location where the cldcks locally used. The nodes labelled wiih
show the locations whereis (transitively) used.

Figure 5.2: Clock usage example

5.2.2 Unique Choice Intervals

A Timed Automaton may contain implicit temporal behavioGonsider a locatior. with
invariant0 < ¢ < 4, an outgoing edg&aq, and an outgoing eddeé that is guarded by the
constraintc > 2. When the execution is d& andc = 0, then?a can be taken instantly
while !b becomes firstly possible if > 2.
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Now, it might turn out thatb leads to some fail state. If would be treated as one whole
location, it would have to be removed in order to avoid theuo@nce oflb at all. But this
would be inappropriate because the controller can iss'fe aaquest as long as< 2 and
prevent the occurrence &f either. So it gets clear why a precomputation is needed that
splits the locations with implicit decisions into explicihes.

+
Formally speaking, the set of the decision-intervals C 920 of a clocke of a timed
automaton induce a set ohique choice interval&/(c) such that

U u = [0,00)

uelU(c)

This closure-propertynmeans that the unique choice intervals do not overlap argeraver
the complete domain of clock-valuef. is computed by collecting all constraints of the
clock ¢ in the invariants and guards df. The following computational steps describe how
to obtain a valid partition such that the closure propertyaissfied.

First of all, the bounds of the decision intervals are indeaad collected into an ordered
setBy C NU {o0}:

By:= |J (U@} u{u(d)}

deD.
where (d) (d) (d)
4inf(d) : inf(d) = min(d
Hd) := { 4inf(d) +2 : else
and
oo : Psup(d)
u(d) == ¢ 4sup(d) +1 : sup(d) = max(d)

4sup(d) —1 : else

Note that the lower bound-indexes are always even, whileugiger bound-indexes are
always odd. The cas@f(d) = min(d) (or sup(d) = max(d), respectively) stands for a
closed interval bound, i.e. that the bound lies within therval. Based oB), the index-set
B = (bg, b1, ...,b,) Of U(c) is computed as follows:

B:=By U {bz'—i-l -1 | Vbi,biy1 € Bp : by mod2=0 A b;4; mod 2= 0}
U {bz + 1, bi-‘,—l —1 | Vb;, bi—i—l €By:b mod2=1A bi—i—l mod 2 = 0}
U {bz +1 | Vbi,biy1 € Bp : by mod2=1 A b;4; mod 2= 1}

For convenience, itis defined that mod 2 = 1. Itis obvious to see tha® contains only
sequences of bound-indexes of the form

Vb, bair1 € B 1 bg; mod2=0 A 0byy1 mod2=1
Therefore, th€by;, by 11)-pairs represent the unique choice intervalé/é¢):

Ule) == {17 (bg;) N u™ (boir1) | i € {0..n +2—1}}
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where
1710 = {zeR |z>i+4} : i modd=0
0= {zreRy |z>i+4} : else
and
Ry : i=o0
u (@)= {reRf |z <(i+1)=+4} : (i+1) mod4=2

{zeRf |z <(i+1)+4} : else
Note that-+- stands for integer-division.

?a

?a

o2 i P

C>4

Figure 5.3: Unique choice split-up

In the overall synthesis process, the unique choice spliakies place after the clock
usage analysis and prior to the state space exploration.ust ve done for each plant
component, each clock, and for each location. Of coursey, thielse locations where the
clocks are actually used must be considered for split up.urgig.3 shows the split-up
for the example that was described above. For each choee/aht a new sub-location is
added. These new sub-locations are linked by explieliay-edgesFormally speaking, the
sub-location for the interval; is linked with the succeeding sub-location fgr.; with the
event( e, D, M\v.v(c) € ujr1, 0).

Let I be the value-interval of the invariant of a locatidnthat has to be split up. If
sup(l) < oo, i.e. that the invariant has an upper bound, then the clgsugerty would
not be satisfied, sincér > sup(I) : fu € U(c) : = € w. Indeed, if an invariant
has an upper bound for a clockthen this means that it was specified that it is impossible
thatc exceeds this limit. But on the other hand, it is also impdsdihat every exceptional
behaviour is covered by the specifications.

Imagine a location that models a machine process that takae §me. This "being-
in-process” location A would have a guarded outgoing edgeifg to some "process-
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done” location B. While the guard of this edge models the idweind of the process-time
¢ > min, the invariant of A ensures that the execution remains in K antil the upper
bound of the process-time has not yet exceededmaz. Most of the running-time of this
machine, the process actually takes that specified amouimef But in the (seldom) case
that something goes wrong (e.g. due to malfunctioning hardjy thenc would advance
beyond the upper time bound.

Of course, one could model such an exceptional behaviouuatigradditional to each
"being-in-process” location. But this would, on the one dhaimply more complexity for
the programmer (modeller), and on the other hand, modedliray exceptions as uncon-
trollable reactions that lead to a fail state would be inappate because all those "being-
in-process” locations would not be part of the controllenming strategy since it might
happen that this exception holds, sometimes.

So it gets clear why another type of exceptional delay-edgeeded; a delay-edge that
leads to a fail state (explicit or timeout) becomest@eout-edgeA location can be part of
the winning strategy despite the fact that it has (uncolatotd) timeout-edges. Automati-
cally, timeout-edges can be generated by invertirg):

LetT C R be the timeout interval of a set of unique choice interéa(s), then

T=Ri\ [J u

uelU(c)

If T # (), then a timeout-edge is generated from the sub-locati@msesenting the last
unique choice interval to a dedicated timeout-locatiorhwiite event{ ¢, T, Av.v(c) €
T,0).

Later, in the final synthesised program, these timeout®dge treated as exceptions.
Comparing with the "fleeing-robber”-analogon, timeouges can be seen as trapdoors in
the corridors: after some time, they open spontaneouslyedtide robber fall through such
that he gets into the floor that lies right under the currer @ihe sub-location with the
succeeding choice interval). So falling downwards comess to advancing in time. The
robber can take a lift (that can move only upwards) to retaithé higher-level floors again.
This corresponds to the resetting of some clocks.

5.3 Winning Controller State Space

The winning controller state space is the basis for any ggntled program. It contains all
winning strategies of the controller such that no decisi@y tead to a state, in which the
plant can produce an uncontrollable event that brings thehma into an undesired state.
As already mentioned iB.1.2 the computational model is a two-player safety game. Com-
puting all reachable good states in a first pass and themseyeremoving all fail states
from that set in a second pass would be, because of the g&etsiace, inappropriate.
That is why instead of that, a combined forward/backwardrgm is used to find the
winning controller state space. Since each distinct statsited at most twice (discovery
and removal), the complexity of the algorithm is linear te gize of the combined state
space.
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5.3.1 Basic Functions and Operators

In the following, letq = (q1, ¢2, ---, ¢ ) be a tuple ofn locations such that eacf belongs

to an timed automatod; = (Q;, X;, A;, root;, X;, I;).

The functionM : Q* — 2>*{"!} returns the set of all controllable and uncontrollable
messages af:

n

M(Q) = U{(avT) | ($><O‘777907)‘>7y) EANz=q NTE {'77}}
=1

The functionD : Q* — 2¢(X)>*{D.T} returns the set of all delay and timeout-eventg:of
D(q) = | J{(e.7) | (. (.70, A)y) €Aj A =g A T€{D,T}}
=1

The operator returnstrue if two messages are synchronised.

true @ a1 € TAag & ¥ A com(ag,az) # 0
(a1, 7m1) ~ (ag,m2):i=4¢ true : (M=% A7)V (H#SAR=9) A (o1 =a9)
false : else

Recall that if ano is not in XS, then thisa is a clock-zone, representing the condition for
an explicit delay or timeout-edgeom (a1, o) yields the set of commonly used clocks in
both clock-zonesy; andas. Note that~ is commutative:

(a1,m1) ~ (a2, 72) = (2, 72) ~ (a1,71)

The functionA returns the set of all clocks that are being simultaneouss$gtted among
the locations iy when a given event is executed.

A(Q7 (Oé,T)) = U A (377 <O/77J7907 )‘>>y) € Az N x= qi A (Oé,T) ~ (alvT/)
i=1

The functionsink returnstrue if the given states has only outgoing timeout or no edges
at all in the givenA.

false : 3z, (a,7,A\),y) €A x=5 ANT#T

sink(s, A) ::{ true : else

The set of all applicable events gas computed by

®(q) := {{a, 7, Mg, (a, 7)) | (o, 7) € M(q) U D(q)}

The functionapply applies a given event to a given discrete combined state thatthe
components of the state are updated accordingly.

o (¢, 2[A<=0]) : aeX
apply((q, 2), (o, 7, A)) := { (q, (Zﬂ Na)A—0]) : else
whereq’ = (q}, ¢5, ..., ¢},) such that

I y 3($7<a>7—790>)‘>7y)€Ai: rT=q; N\ (Oé,T)EM(q)
% q; : else
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5.3.2 Forward Exploration

The forward exploration algorithmb) explores the product state space of the plant and
the plan automata by computing the least fixed-point of wigritombined configurations
(states) that are reachable from the root nodes of the plehpkn automata. Whenever
this exploration reaches a fail state, the reverse statevanalgorithm is called and all
configurations that lead to this found fail state are remdr@u the state space, which was
explored so far.

The traversal order of the exploration algorithmBeeadth-First Searc{BFS). This
means that, starting at the root state, all neighbouringsthat are not yet explored are
pushed in a FIFO-queue. In the next loop cycle, the explmmatontinues at those new
found states. The loop ends when there are no new statessedhneh queue.

ql
1

Figure 5.4: Breadth-First Search

Figure 5.4 shows the BFS traversal order with a simple example graphe ufiper
label of the nodes are the actual node names, while the l@betd denote the number of
iterations when the nodes are (firstly) discovered. Tiigighe root nodey, is explored
after O iterations. After 1 iteration; andg. are found. Then, after 2 iterationg,, ¢4, and
g5 are found. And finally, after 3 iterationgg is found.

Letqg = (e1,...,en, p1,...,Pm), Where eacle; is a node of a plant automaton and each
pjis anode of a plan automaton. Then, the two functions: (Q¥ x ... x Q¥ x QF x ... x

QF) — (QF x...xQF)yandplan : (QF x..xQEx QT x..xQF) — (QF x..xQF)
are defined as follows:

env((€e1y .oy ny PlyeeesDm)) = (€1,..y€n)

plan((el,...,en, p17°”7pm)) = (p17'”7pm)

env(q, z) = env(q)

plan(q, z) = plan(q)
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1 root « (rootf, roots, ..., root? rootf’ rootl’ ..., rootl)
2 (S, %, A, s0) — ({(root, Zp)}, Ui, SFE UL, S UXY, 0, (root, Zy))
3 fail — ()
4 L «— {(so,{env(root)})}
5 while L # () do
6 L — 0
7 forall (q,z),vis) € {((¢,7),vis") € L|(¢,7) ¢ fail} do
8 forall e = (a, 7,\) € ®(q) do
9 (new = (g™, 2"")) « apply((q, 2),e)
10 if new is validthen
11 if new € S then
12 L A — AU{((¢g,2),e,new)}
13 else
14 S — SU{new}
15 if 3G € G : G(env(¢"")) = g then
16 ¢9 — createNewState()
17 S — Su{(¢?2)}
18 A — Au{((g,2),(g,%,0),(¢%,2))}
19 A — AU{((¢%, z2),e,new)}
20 else
21 | A — AU{((g,2). e, new)}
vis' . 4 visUienv(@™)} : plan(q) = plan(g")
22 {env(¢"™*™)} : else
23 | L'« L'U{(new,vis)}
24 else ifr =! then
25 (S, A, fail) < removeReversé( A, fail, (g, 2))
26 B continue with next item irl
27 else ifr = D then
28 LA — AU{((g;2), (T, N), (¢ 2))}
29 if isSink(gq, z), A) then
30 | (S,A, fail) — removeReversé( A, fail, (g, z))
31 | L« L
32 return (S,%, A, sp)

Input

Output: Controller winning state spadé, >, A, sg)

: Basis containing plant automaf#’;, E», ..., E,, } and plan automata
{Py, P,, ..., P,,}. EachE; is a timed automaton with
E; = (QF, ©F, AE, root?, XF, IF) and eachP; is a timed plan
automaton withP, = (QF, B AP rootl, failed”, X', IF). Safety
predicateAd : Q* — {false, true}. Set of state guards = {G1, G, ...},
where each; is a functionG; : Q* — X¢ that associates combined state

with a guard, namely an uncontrollable event.

S

Algorithm 5: State space exploration main algorithm
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The root node of the combined state space is the combinatiafi plant root nodes
root?, all plan root nodegootf, and the zero clock zong, (lines 1-2). The message
alphabet™ of the state space is the union of the message alphabets méallautomata
»F, all plan automat&f, and the set of the guard messag¥és(line 2). The set of found
fail statesfail is initialised as the empty set (line 3). The getepresents the BFS search-
gueue. The search-items that are stored are tuples, consisting of a new explored state
and a set of already visited combined plant nodeis initialised with the root state; and
the plant part of the root node as the only item of the alreasiyed set (line 4).

The main loop runs until no new states were added anymorehatL is empty (line
5). For each new found state in line 7, all neighbouring statev = (¢"¢*, z"¢") are con-
sidered that are reachable by applying all possible agpéoavents (line 9). The functions
®, as described in sectidn3.], return the set of all applicable message- and delay-events
The functionapply returns the new combined state that evolves from the origiie svhen
applying an event. In line 10, the new found combined state is valid if all of the
following conditions hold true:

1. new ¢ fail

2. A(env(new)) = true

3. plan(q) # plan(q"") V env(q"*") ¢ vis

The first condition just means that the new state must not i@pihe set of the already
known fail states. Condition 2 ensures that the new foung staust be a safe one (i.e., no
explicit specified fail state). Condition 3 is a bit more sigfibated; it says that redundant
movements of the plant are not allowed without any progrésiseoplans. It gets clearer if
one negates condition 3: a staténgalid if

~(plan(q) # plan(q"“’) V env(q"*") ¢ vis)
= plan(q) = plan(q™") A env(q"") € vis

So a state is actually invalid if we reach an already visitethisined plant state without
that any plan state has changed meanwhile. This is the aBafisof the zeno-avoidance
technique as sketched tnl

Figure 5.5 shows a simple combined state space, consisting of some qi&as ¢,
e1,...), plan statesp(, p1), and clock zonesz(, z1). The initial state igeg, pg, zo). From
there, the controller can make amtransition to get tde;, po, 20). Then, time can elapse
via the®D transition, which leads t¢e;, py, z1). A spontaneous reactidh may follow
that brings the plant te; and the current combined state (i@, po, z1). Because the
current goal of the plan does not care aboubr b, the plan component of the combined
state remains aty. Thus, the controller must not issue anotherequest fromes back to
e1, since this action would not bring a progress w.r.t. the plastead, it turns out that the
controller has to wait untile occurs, which is the current goal. Now framy, p1, z1), the
controller can executés and return tey, since a goal was reached.
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Goal p0
accomplished

Figure 5.5: Forward exploration of reachable states

If new is actually valid, then it is checked if it was already explbin the past (line
11). Is this also true, only a new transition is added (ling Otherwise, if it is a new state,
then it is added to the set of stat€gline 14) and a new search-itefnew, vis’) is added to
L’ (line 23). If a plan has reached its next gaals is being resetted (line 22). Otherwise,
if no goal is reached, the plant partgf® is added to the set of already visited plant states
of the search item. If there exists a guard associated gffitti, an intermediate statg, is
additionally generated that ensures thatv is entered only if the guard-condition allows
that (lines 16-19).

If new is not valid ance is controllable, then we can avoittw just by discarding:.

But if e is uncontrollable, then the origin state, z) is also invalid since we can get from
there tonew spontaneously. In order to remove every other state, whiy aiso lead to

(¢, z), the reverse state removal algorithm is called with origirz) (line 25). After that,
since(q, z) is no longer part of the state space, no other events apfditaby, z) have to

be considered yet and we may continue with the next seanchiiité, (line 26). In the case
thatnew is not valid anck is a delay-edge, then we add a timeout-edge with the samle cloc
constraint instead aof (line 28).

In case thatq, z) is a sink, i.e. that there are no or only timeout-edges gourtgrom
(¢,2), then(q, z) becomes invalid as well since no goals can be reached anyroarehat
state (line 29). Consequently, the reverse state remayaiditdm must be called again (line
30).

5.3.3 Reverse Fail State Removal

Once an invalid state has been discovered in the forwardetn, all states that may
lead to this invalid state must be removed from the so farcerpl state space. In order to
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avoid all invalid states in the future, they are also addethéoset of already known fail
states.

Algorithm 6 represents the functioremoveReverse(S, A, fail, origin). It back-
tracks on all transitions in the transition syst¢f) A) that lead toorigin and removes
them.

Input : So far explored state spadewith transitionsA. Nodeorigin, identifying
the origin of the removal process. Set of fail stafes!.

Output: Triple (S’, A’, fail’) containing the adjusted state space with transitions
and the supplemented set of fail states.

(S, A, fail') — (S, A, fail U{origin})

=

2 L « {origin}

3 while L # () do

4 L' —

5 forall s € L do

6 fail' — fail' U{s}

7 forall 6 = (z, (o, 7,A),y) € {(2/,€,y) € A| 2" ¢ fail Ny = s} do
8 switch 7 do

9 case!

10 | L' — L'u{x}

11 case? or %

12 A — AT\ §

13 if sink(xz,A’) then

14 | L' — L'u{z}

15 case’

16 A" — A UA{(x,{a, ,\), timeout}
17 if sink(xz, A’) then

18 L L' — L'U{x}

19 A — A\{(, e, y) e A2 = s}

20 S — S\ {s}

21 L « L

22 return (S, A/, fail’)
Algorithm 6: Reverse fail state removal

In line 3, the iteration runs until the least fixed-point ofatid states leading torigin
is found. Our interest lies only in the transitions betwearoa fail statex and a fail state
y (line 7). We call thosdall transitions If such a fail transitiony is uncontrollable (lines
9-10), then the origin state is identified as a further fail state. This is caused by thé fac
that a plant in state may spontaneously execufeand the controller cannot do anything
to prevent that. S@ must be already avoided. dfis controllable or a guarded transition
(lines 11-14), therx is not necessarily also a fail state. Initially, it is sufiot to remove
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only ¢ from the state space (line 12). Doing so, the controller mall be able to execute
that transition. If there were no further transitions (otti@n timeout-edges) starting from
x, thenz has now become a sink and must also be removed since no godie caached
from z anymore (lines 13-14).

reverse
removal

Figure 5.6: Reverse state removal

Figure 5.6 shows an example reverse fail state removal. Startingaf, either 7a
before 7b or, vice versa, firstb then?a can be executed. Both alternatives lead to the
states,. Now, the controller can executeto get to statess. In s3, only the spontaneous
reaction!d can occur, that lead to statg. It turns out thatss is a fail state. So, the
reverse state removal is called with origin Since the exploration got fromy to s5 by the
uncontrollable transitioft, s3 must also be removed. Furthermosgwas reached frorm,
by executing the controllable transitiGn. Therefore, the option of executifg in so must
be removed. Since, has yet another outgoing transitibdito s4, we can stop removing
here.

5.3.4 Special "Guarded State” Transition Type

In line 18 of algorithmb, it would be inappropriate to declare the new guard-trarsitom
(g,2) to (¢?, z) as uncontrollable. Doing so, wrong fail states would betified. Consider
the following problem: One can get from a statdo a stateC' by executing a requesy.

In the specification, a guard is declared that matctiel says thatC' can only be entered

if it is ensured that a conditiom holds true. Then, in the final state space, a transition from
A'to B having!z and a transition fronB to C' having?y are added. If it turns out later that
C'is a fail state, the following objects will be removed:

1. the state”,
2. the?y transition fromB to C,
3. the guard stat& (sinceB is how a sink), and finally

4. the stated (since the uncontrollable: transition leads fromd to B)
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Without protectingC' by the guarde, only a transition fromA to C' carrying 7y would be
added. Now, ifC is identified as a fail state, only the stateand the?y transition are
removed but not the staté (unlessA becomes a sink, of course). So it is obvious that a
special transition type for guards is needed. Fiduishows an illustration.

A A

’
.
.
Q Q
° - e 5 ° ‘: - .: 5 '

Figure 5.7: !- vs. %-state-guards



Chapter 6

Code Generation

In this chapter, it will be shown how a generation of a cotergbrogram can be done from
a winning controller state space.

6.1 Intermediate Controller Language

Before any precise controller code of a real-world PLC sysgecompiled, an intermediate
controller program is generated first. Later in secon it is shown how this code can be
compiled into concrete assembler code.

program = command
command = label " instruction [ resetclocks |’y
instruction = (do| goto|if | waituntil )
do == do’(' outmessage')
goto = goto label
if == if’(’ condition’) then goto label
waituntil = waituntil’(’ condition ')’
condition = inmessage | delay
delay ::= clocklist wait constant
resetclocks = and reset clocks clocklist
clocklist == "{"clock {, clock }'}

A controller program consists of a sequence of commandsh Eammand must have
a label (line number) and an instruction. Optionally, comdsmay also have a sequence
of reset clocks. There are four instructions:

1. DO (x) Execute the actior / send a reque$ix to the plant.

2. GOTO | Unconditional jump td / continue program execution at the command
with labell .

57
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3. 1F (x) THEN GOTO | Conditional jump td /if x is true, continue program
execution at or else continue at the succeeding line.

4. WAl TUNTI L ( x) Halt program execution untd becomesrue. Then continue at
the succeeding line.

Indeed, practical experience has shown that the four basiictionsDO, GOTO, IF,
andW AITUNTIL are sufficient to model a wide range of controller programsoAdi-
tion that is queried in the instructiodd” andW AITU NTI L may either be an uncontrol-
lable message, sent by the plant or a clock-constraint.

Semantics

A controller program is defined as a vector of controller candsP = (C1,Cy, ..., Cy,).
Each command is a triple C L x S x 2¥ containing a label (line number), an instruction,
and a set of clocks that should be resetted when executihgah@amand. The set must
provide a partial ordering and support the following operat

Viiloe L:li <3 eL:l; <l <l

In other words,L has to bedense The symbolL, denotes the label of the first command
in a program. There are four instructions:

S :={DO(action), I F(cond,then), GOTO(dest), WAITUNTIL(cond)}
The semantics is defined by the function

E: (X — {false, true}) x (X —L)x (2¥ L) x L xIxL—L

E(in,out,reset, ly, s,1l2, A) returns the label of the command that should be executed
next by the controller whergé, s) is the current command ariglis the label of the subse-
qguent command. The functiom corresponds to the input-layer of a controller. It returns
true if the given event was sent by the plant and can be receivetidogdntroller. The
functionout is purely imperative, which means that it returns nothingofresponds to the
output-layer of a controller that takes an event and sertdgfiie plant. The functioneset
represents an abstraction of the timer contreket(\) resets the clocks/timers ik
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The precise denotational semantics is defined as follows:

E(in,out,reset,ly, DO(action),la, \) let out(action); reset(A) in ly
E(in,out,reset, 1, I F(cond, dest),la, \) := if in(cond) then
let reset(\) in dest
else
ly
E(in,out,reset,ly, GOTO(dest),la, ) := let reset(\) in dest
E(in,out,reset,ly, WAITUNTIL(cond),la,\) := ifin(cond) then
let reset(\) in Iy
else

Iy

A real controller works as shown in algorithr

Input : Controller programP = (C4, Cs, ..., Cy,). Input/Output functionsn / out.
Timer control functionreset.
Output: Nothing, since this algorithm never ends.

1] « LO

2 while true do

3 (11,81,)\1) — P[l]

4 (I3, 82,A2) «— succ(P[l])

5 I «— &(in,out,reset,ly, s1,la,\1)

Algorithm 7. Principle of a real controller

Note that a singléV AITU NTL instruction can also be expressed by/dn and a
GOTO-instruction. More precisely, this:

L1: WAITUNTIL (x);
L2: (succeedi ng command);

is semantically equivalent to that:

L1: IF (x) THEN GOTO L3;
L2: GOTO L1,
L3: (succeedi ng command);

However, thédV AITU NTI L instruction is useful for post-optimisations, as we seer lat
section6.6. Furthermore, many industrial controllers have an analegostruction, which
makes the final compilation easier.
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Example code

Consider two hardware componeri§ and H,. H; can move between the two resting
states A and B, whildi, can move between X and Y. It is possible that both components
can move at the same time. Bringing the machine in a stateewligers at B andH- is at

Y, it is more efficient to move{; and H, simultaneously than moving them sequentially.
The following controller code will do this movement:

WAI TUNTI L (reached_B)

0: DO (novet o_B)

1: DO (noveto_Y)

2. |F (reached_B) THEN GOTO 5
3: |IF (reached_Y) THEN GOTO 7
4: GOTO 2

5: WAITUNTIL (reached_Y)

6: GOTO 8

7.

8:

In the lines 0 and 1, the controller sends the two requestset o_Bandnovet o_Y.
Now, the two components/; and Hs will start moving. The lines 2-4 represent a wait-
block, that is, a sequence b instructions with a succeedingO7'O instruction jumping
to the beginning of that block. ifeached_B occurs before eached_Y, then the con-
troller will jump to line 5, where it waits for eached_Y. If reached_Y is received
first, then the controller will jump to line 7, waiting foreached_B. Figure6.1 shows a
flow-chart of this controller program.

6.2 Basic Functions and Operators

Firstly, in this section, some basic functions and opesatwe defined that makes the suc-
ceeding code generation and -optimisation algorithms rnomepact and easier to under-
stand.

The following access operations on controller programsiefmed:

Let P = (.o, (lim1y Si—1, Ni—1), (Liy Siy Ni)y (Lisk1y Sit1, Aig1), -..) be a controller program,
represented by a vector over triples consisting of a labstruction, and reset-clocks. Fur-
thermore, let;_; < I; < l;11, then

P[lz] = (li, Siy )\z)
Pl ++] = (lit1,Si+1, Ni+1)
Pll; — =] = (li—1,8i-1,Xi-1)

The inserting operator on controller programs is define®beAs:
LetP = (, (l’i—].7 Si—1, )\i—l)a (l’i-‘r].7 Sit1, )‘i-i-l)a ) andl;_1 <[; < li-l—l- then

Pll;] < (si,A) = (oo, (lic1, 8i—15 Mi—1), (L, sy Ai)y (Lig1s Sick1, Aig1)s ---)
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DO (moveto_B)

DO (moveto_Y)

Figure 6.1: Controller program as a flow-chart

The replace operator on controller programs is defined &sifsi
Let P = (..., (li—1, 8i—1, Ai—1), (i 86y Ai)s (L1, Sie1, Aige1), -..) @ndli—y < 1; < liyq, then

P[ll] — (327)\;) = ("'7(li—lasi—lv)‘i—l)y(livs;h)\;)a(li—i-lysi-i-ly)\i-i-l)v"')

The remove operator on controller programs is defined asvisl|
LetP = (, (lz‘—h Si—1, )\1_1), (li, Si, )\i), (li+1, Sitl, )\2'4_1), ) andli_l <l < lz'_;_l, then

Plli] —L = (., (lic1s8i—1, Ni—1)s (lit1s Sit1s Aig1)s )

The functionR, : P x L — N returns thebasicreference-count of a given label. It returns
1 if the label is the root entry-point or if the preceding coamd was no GOTO command.

1 : 1I=1Lg
Ro(Pl):=< 1 : 3F(,s,\)=P[l——]: s#GOTO(.)
0 : else

Remember that, denotes the label of the first command in the program.
The functionR;,,,, : P x L — Nreturns the number of commands that refer a given label.

Rjump(P,1) :== {(l,s,\) € P|s=1F(,l) V s=GOTO(l)}
The functionR : P x L — N returns theotal reference count of a given label.

R(P,1) :== Ro(P,1) + Rjump(P,1)
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6.3 From Strategies to Controller Programs

A state space represents a description of the behaviour afitaotiable timed system. In
each state, the plant listens for some external requesteragxkcutes some spontaneous
reaction by its own. Switching the point of view to the collgoside, the requests are now
possibilities to influence the behaviour and the reactisasan-deterministic alternatives
that must be observed all the time, in order to be up-to-détethe state of the plant.

An execution cycle of a modern programmable logic contrallerks as follows: First,
all states of the sensors are read and stored in an interhaiffer. Subsequent read in-
structions will access this in-buffer instead of directlyeqying the sensors. Then, some
instructions are executed until some wait condition is Inedc Here, all write requests are
buffered in arout-buffer The duration of executing an instruction is negligible Brpa 1
msec). Finally, the out-buffer is flushed (i.e. that the attits are controlled at a time).

In the definition of timed automata (secti@12), it was defined that transitions are
instantaneous, meaning that no time can elapse when takiog-delay transition. Only
staying at some node makes it is possible that time can pasisdmking at the working
principle of a real logic controller, indeed, it can be assdrthat when executing a non-
delay transition, no time elapses.

The basic idea of constructing a program that controls adeserministic plant, repre-
sented as a state space, looks as follows:

e Each state in the state space corresponds to a state in tinelleorprogram.

e Each transition in the state space corresponds to a comnmahd jmp to another
state in the program.

Uncontrollable transitions correspond to querying sensor

Controllable transitions correspond to activating acitsat

Resetting clocks in the state space is interpreted asirgggther-objects in the pro-
gram.

e Querying clock constraints corresponds to querying timers

Querying timers means testing if they have passed a ceitain In a controller state, when
there is only one uncontrollable edge, this state shoulliai&to "wait until some time has
passed”, which is actually controllable again. Before aiest] from the controller can be
sent to the plant, it must be tested firstly if a spontaneocasti@ has occurred. Therefore,
being at a certain program state, the input-signals mushéeked first and only after that,
a request can be sent.

6.4 Selection of Controllable Transitions

In the previous section, it was established that sendingj@est corresponds to activating
an actuator and jumping to some other program state. Simcéotind winning strategy
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is non-deterministic, i.e., in some states there might versé controller decisions, the
controller could pick any arbitrary request. Indeed, a baléciion could not bring the
machine into some undesired state, but time could be unserdlgsvasted, anyway.

Therefore, a selection-heuristic is introduced that waks$ollows: Having the choice
between some requests to execute in a certain state, thesgnest, which leads as fastest
to the next state where the plan advances, is to be taken, iTtasssumed that the machine
responds in an optimal way. Note that it is not possible tohdd $election already during
the exploration phase. Because it might turn out that sontleeofequests are invalid and
must be removed. So we must keep the other valid requests sidte space as long as we
are not finished.

Figure 6.2: Controller request selection heuristic

Figure6.2 shows an example state space. The current stdtg,igo). Now, one has
to choose one of the three requesis?h, or 7c. Selecting?a or 7¢, the nearest state where
the plan changesgz, p1) is four transitions away. When selectifigy one gets tdqz, p1)
with only three transitions. Thereforgp is selected and can stay in the state space while
?a and?c are removed.

Algorithm 8 traverses a given state space in a BFS manner and removesltilen
request transitions from the states such that the new gtate has at most one request
transition per state. It works as follows: The new root stgteorresponds to the original
root statesy (line 1). L represents the BFS search set, which is initialised yt/} (line
2). The main loop runs as long as new states were added (lih&k &or each statein L,

s is also added t@®’ (line 6) and the two setd), and A’ are computed (lines 7-8). These
two sets contain the outgoing uncontrollable, (Quarded- %), delay- ¢), and controllable

(?) edges starting froms. If A7 has more than one element, the (optimal) request is chosen
w.r.t. the above mentioned heuristic (line 10). Then, dlleotrequest edges are removed
from A’ (line 11). In line 12, the (possible modified)’ and A, are added ta\’. In the

lines 13-14, the neighbouring states are addef’ texcept those which are already in the
new state space.

The functionnexztGoal() is computed by the BFS based algoritfn It works as
follows: Here, the search sétcontains 2-tuples consisting of the current search state an
the distance to the origin statg. It is initialised with the first neighbouring statg and the
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Input : Control state spaces, X, A, sg).
Output: State space with at most one outgoing request transitioatate
(87,3, A, sp).
(8", X, A sp) — (0, 2,0, so)
L — {s0}
while L # () do
L' — 0§
forall s € L do
S — S"U{s}
AL — {(x, (o, \),y) €EA|z=s A (T=!VT=DV 7=T)}
A? — {(xz,{a, T, \),y) EA |z =5 A T="}
if |JA?] > 1 then
Pick a(z,e,y) € A’ such that
V(' e y') € AL : nextGoal(A, (z,e,y)) < nextGoal(A, (2,¢,y'))
11 Al — (x,e,y)

© 00 N o 0o b~ W N PP

=
o

12 A — ANUALUA?

13 forall (x,e,y) € ALUAY:y ¢ S do
14 | L' — L'u{y}

15 | L_<— r

16 return (S', X', A, s)
Algorithm 8: Request transition selection

distancel (line 1). The sebis contains all states that were already visited. It is inged
with the empty set (line 2). Again, the main loop iterates@agylas no new states were
found anymore (lines 3-12). For each search item), it is checked if the plan part of
differs from the plan part of, (line 7). If it is so, the algorithm is done antlis returned
(line 11). But if the both plan parts are equal, then the BFE @ continued on the
neighbours ofs (line 9). If no state can be found whose plan part differs fiie origin
state, then the exceptiah is returned (line 13). Note that when callingztGoal() with

a A from a winning control state space, the function will alwagsirn a valid result since
there can be no dead ends.

6.5 Intermediate Code Generation

The actual code generation phase is quite straightforwaog she produced code does not
have to be compact or optimal. The subsequent optimisirffiniques that are applied to
that code yield finally a more satisfying representatione $at of the rational numbers is
chosen as the label domaih:= Q with Ly = 0.

Algorithm 10 works as follows: At first, for each state in the input constate space,
an integer label is generated (lines 1-5). These staté¢/feies are stored in a hash-map.
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Input : Set of transitiong\ and origin transitiord € A with 6 = (s, e, s()).
Output: Shortest distancé € Ny U {_L} to the next changing plan state.

1 L — {(sp, 1)}

2 vis «— ()

3 while L # () do

4 L' —

5 forall (s, d) € L do

6 vis «— visU{s}

7 if plan(s) has advanced w.r.plan(s) then
8 | return d

9 else

10 forall (z,e,y) e A:xz=s A y ¢ visdo
11 | L' — L'U{(y, d+1)}

12 | L« LU

13 return L

Algorithm 9: Search for the nearest state that shows a progress initgata

The integer labels represent taatry-pointsof the states in the code. The root state has
always the entry-point 0.

In the following, for each transition starting from a statec S, a corresponding
command is generated. All commands that are produced undentains are called the
command-bloclof s. Taking a transitior(s, e, y) in the input state space corresponds to
executinge and then jumping t&ash[y] in the output program.

The main loop iterates over all statesSn(lines 7-23). For each state, the uncontrol-
lable transitions are synthesised first (lines 11-13). Ehisiportant because the controller
must react on certain plant behaviolrsforeit can execute any action by its own. For
all uncontrollable transitions, an IF-instruction is geated that queries the message of the
event. The state may have at most one controllable transition, which is sysided as
a DO-instruction and inserted after the IF-instructionsed 14-23). If there are were no
controllable transition starting from, then the controller must remain in the command-
block of s until any uncontrollable event becomesa.e. This is achieved by inserting a
GOTO-instruction at the end of the command-block. The dastn of that command is
the entry-point of the current command-block again (ling 23

Assuming that "first uncontrollable, then controllablens#ions”-semantics, it is im-
portant that the command-blocks do not overlap. Which méaatseach command-block
must have only one entry-point at its first command. The ctietrmay only enter another
command-block via jumping to other entry-points.represents the entry-point of the cur-
rent states. [y = [y + 1 represents the entry-point the subsequent command-bBwxkhe
labels of the command-block gfmust lie in[ly, ;). This is done by inserting every new
command at labell; + 7)/2 and reassigning this value backitavhere initially/ is set to
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Input : Winning control state space, given by, 3, A, sq).
Output: Intermediate controller prograii = (C1, Cs, ..., C,).

n «— 1
forall s

has
n <+ n+1

hash[sg] < 0
P ()

forall s

L

A?

23 return P

lo < hash][s]
ll — l0+].
[l — lp—1

forall (z,{a,7,A\),y) €A :z=s A (r=!V7T=%V r=°)do

if A? = {(z, (o, 7,)\),y)} then

| P[l] < (GOTO(hash[y]),0,0)
else

_ P[l] — (GOTO(ly),0,0)

€ 5\ {50} do

hls] < n

€ Sdo

| — (ll+l)/2
P[l] « (IF(«,hashly]),\)

— {(z,{a, T, \),y) EA |z =5sNT ="}
L+ D)2

P[l] <« (DO(«),\)
| «— (ll+l)/2

I — (1 +10)/2

lop— 1.

Algorithm 10: Intermediate code generation

6.6 Post Optimisations

When talking about code optimality, code size optimalitagsually meant. Running time
optimality is implicitly assumed due to the bounded livenesnstraints, as specified in the
plan. The produced intermediate code holds a lot of optitoisgotential w.r.t. the code
size.

The main reason why optimisation takes place after (and mang) the construction

of the state space is that the control state space as a whoéeded. For example, it is
necessary to know all reachable states in order to compatéentiegree of a state. This
indegree corresponds to the reference-count, which is partant part of the precondition
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1: |F (A) THEN GOTO 2

1.5: | F (B) THEN GOTO 3
— 1.75: 1F (C) THEN GOTO 4

1.875: DO (X)

1.9375: GOTO 5

1: |F (A) THEN GOTO 2
1.5: | F (B) THEN GOTO 3

— 1.75:. |F (C) THEN GOTO 4
1.875: |F (X>4) THEN TI MEOUT
1.9375: GOTO 1

Figure 6.4: Code extraction example 2

for many optimisations.

In this section, some basic simplification rules are intaadly which are applied step-
by-step by a fixed-point algorithm to the initial non-optincantroller program. We have
reached code optimality when no simplification rule is aggidie anymore. This multi-pass
approach is necessary because some optimisations thaeréabucode size may lead again
to new optimisation potential. Algorithrhl shows the main post-optimisation algorithm.

Input : Non-optimal intermediate controller prograbh= (C1, Co, ..., Cy).
Dependency relatiol.
Output: Optimal intermediate controller program.

1 repeat
2 P — P
3 P — simplify(P',D)
4 until P =P’
5 return P
Algorithm 11: Controller program post-optimisation algorithm

The functionsimpli fy in line 3 applies the following simplification rules.
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6.6.1 WAITUNTIL-replacement

Whenever a command-block only consists of an IF- and a GOWBBtiction, then it can be
substituted to a command-block containing a WAITUNTILtmstion and another GOTO-
instruction with the same destination as the IF-instrurcti®uch command-blocks are gen-
erated when a state in the state space has only one traribiéibis uncontrollable.

(oo (lo, I F(cond, dest), \), (l1, GOTO(ly), D), ...)

—

(ce; (lo, WAITUNTIL(cond), \), (I, GOTO(dest), D), ...)

This replacement seems quite senseless, since we do naerdticode-size in the first
place. But looking at the next simplification rules, it geterenclearly that in the further
optimisation passes standalone WAITUNTIL-instructioas be much better handled than
IF- with GOTO-instructions.

Example:

1: IF (A THEN 10 o 1: WAITUNTIL (A)
2. GOIo1 2. GOTo 10
6.6.2 Inlining

The idea is quite simple: GOTO-instructions that refer toyepoints of command-blocks
that only contain one WAITUNTIL- or DO-instruction and a GOdinstruction, can be
replaced by the referenced command-block.

Let s be an arbitrary non IF-instruction ari{ P, ls) = 1, then

("'7 (l07 GOTO(Z2)> (Da ®)7 (llv )7 ey (l27 S, )‘)7 (l37 GOTO(dESt)v @> ®)7 )

—

(coey (lo, 8, N), ((Io + 11) /2, GOTO(dest), 0,0), (I, ...), ...)

Example: . DO (A)
Lo GOTO 10 1.5: GOTO 20
2. DO (B) 2 oo (8
CEC) '_>
10: DO (A) o0 00 (A
11: GOTO 20 '

11: GOTO 20

6.6.3 Reference-inlining

When an IF- or GOTO-instruction refer to another GOTO-stion, then the destina-
tion of the actual instruction can be replaced by the detdtinaf the referenced GOTO-
instruction.

(... (1o, GOTO(11), \), ..., (I, GOTO(dest), 1), ...)

—

(..., (lo, GOTO(dest), \), ..., (I, GOTO(dest), 1), ...)
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respectively:

(..., (lo, [ F(cond, 1), \), ..., (I1, GOTO(dest), D), ...)

(..., (lo, [ F(cond, dest), \), ..., (I, GOTO(dest), 1), ...)

Example:

1. IF (A THEN 10 1. IF (A THEN 20
10: GOTO 20 10: GOTO 20

6.6.4 Unreachable command-block removal

Entry-points of command-blocks, whose total referenagatds zero can never be reached
during execution. Therefore, they can be removed withoostiution. Let/; be a label of
P andR(P,l;) =0, then

("'7 (107 50, )‘0)7 (lh 51, )‘1)7 (l27 52, )‘2)7 )

—

("'7 (l07 50, )\0)7 (l27 52, )‘2)7 )

Example:

12: DO OA13 10: GOTO 13
: DO (A = 12: DO (B)

12: DO (B) 13: DO ()

13: DO (O '

6.6.5 Redundant GOTO removal

A GOTO-instruction is redundant if it refers to the very negimmand. Therefore, a re-
dundant GOTO can be removed because this would not changelation order of the
commands in the controller program. Lete a label ofP? andR(P,[;) < 1, then

("'7 (107 50, )‘0)7 (llv GOTO(ZQ)v ®)7 (127 52, )‘2)7 )

—

("'? (l07 50, )\0)7 (l27 52, )‘2)7 )

E())(gm Ie:(A)

11: GOTO 12 _ gf % %g
12: DO (B) 13j DO (Q)
13: DO (O '

6.6.6 Redundant IF removal

Some events are in relationship with each other. This méesitspecific event may only
occur if another related event occurred before. Hence, $bnarestructions in the program
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can be removed because we can surely assume that the conditioever becomeérue.
Also, when a condition of an IF-instruction is onteue, it will remain ¢rue until some
other event occurs, which influences that condition. No# lgtting time pass is also an
event, i.e., one can model that the result of a test is inflegfnast by waiting.

These dependencies are a matter of the problem definitiorcamubt be found au-
tomatically. Thus, they must be provided a priori. See seck? for a formal language
description of the dependency relation. We define the "rexvibdependent” operator
6:2" x D x ¥ — 2%

Mo (D,a):=M\{p € M| «aandg are dependent w.r.D}

Algorithm 12 shows a recursive approach for finding and removing redunBanstructions
in a given controller progran® with a dependency relatiob.

Input : Controller programP = (C4, Cs, ..., C,,) containing redundant
IF-instructions. Dependency relatidn.
Output: Adjusted controller progran®’ = (C1, C%, ..., C},) containing no
redundant IF-instructions.
1 (P vis) < removel F(P,D,0,0,0,0)
2 return P’
Algorithm 12: Removal of redundant IF-instructions

Before looking at the functionemovel F', we define two auxiliary functions: the func-
tion B : P x L — 2¢ returns all commands within a given command-block, refezdrby
its entry-point:

B(P,1) =
{ {l,;s, VYUB(P,I") : (I,8,A\) =P[lJAs#GOTO(z) NIP[l++]=(',s',\)
{P]l]} : else

The functionW : 2¢ — {true, false} returnstrue if the given command-block contains
only IF-instructions (except the last GOTO-instructiofjien we say that the given block
is await-block

W({(llv 51, )‘1)7 ) (ln7 Sn;s )\n)}) =
true : s, =GOTO(l1) ANBs € {s1,....,8n-1}: s # IF(x,9)
false : else

Example wait-block:

|F (A) THEN 10
|F (B) THEN 15
|F (C) THEN 20
GOTO 1

RonNRE
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The recursive functionemovel F(P, D, ly,vis, T, F') works as follows: Redundant
IF-instructions should be removed out of the given corgrgtirogramP. WhereD is a
dependency-relatiory, the entry-label of the command-block to examinés the set of
already visited labels] is a set of conditions, which must eue, and F' is a set of
conditions, which must béalse due to prior jumping decisions.

At the beginning, it is checked i, was already visited (lines 1-2). If it is so, the
unchanged program is returned. If the command-block refem byl is a wait-block (i.e.
that it waits for some events to occur) and the referencevcoll, is greater than 2, then
the two setd” and F" are resetted to the empty set (line 5). Because then, we Kraivthis
command-block is referenced by at least three other comsndieb of them do we know:
the basic reference @ and (since this is a wait-block) the loop GOTO-instructidrihe
end of the block.

If [p has only two references, then we can be sure that this comiyiaokl is not ref-
erenced elsewhere. We do not need to résahd F' completely, but we must remove all
conditions that are related 6/ M E (line 7). This is because we are in a wait-block and
time can pass as long the controller is waiting for any ev@nttur. If this is no wait-block
and the reference-count &f is greater then 1, we must completely réfednd F, since it
is very likely that the other referencing command does net llae samé&” and F' sets (line
9).

The main loop iterates over all commands of the given comnidock (lines 11-33).
Here, the label of each passed command is addedsto Then, in dependence on the
instruction s, the following steps are performed: dfis a GOTO-instructionremovel F
is called recursively on the destination label (line 15).s i a DO-instruction, all con-
ditions that depend on the action of this command are remtreed 7" and F'. If s is a
WAITUNTIL-instruction, all conditions that depend dh/ M E are removed fronT" and
F (line 22). If the condition of this instruction is ", then we can remove the current
command fromP, since the instruction (WAITUNTIL{-ue)) would not have any effect
(line 24).

If sis an IF-instruction with conditiorond andcond is in F', then we can also remove
the command (line 27), since the controller would never jumfhe destination label (IF
(false) THEN GOTO dest). Otherwise, ifond is in T, we can replace the IF-instruction
by a GOTO-instruction (line 30), since the succeeding comisan that block are never
reached (IF#rue) THEN GOTO dest). licond is neither inF’ nor in7', we must recurse
again on the destination label and extdnhdith cond for that function call (line 32). After
that, we addrond to F', since in this branch we did not take the IF-instruction aad, c
therefore, assume thednd is false (line 33).



72

CHAPTER 6. CODE GENERATION

N

g b~ W

~N o

©

10
11
12
13
14
15

16
17

18
19
20
21

22
23
24

25
26
27

28
29
30

31

if Iy € vis then
| return (P, vis)
if W(B(P,lp)) then
if R(P,lp) > 2then
| (T, F) < (0,0)

else if R(P,ly) > 1 then
| (T, F) — (0,0)

else

| (T,F) — (T & (D, TIME), F & (D, TIME))

P — P

foreach (,s,\) € B(P,lp) do
vis «— wvisU{l}

switch s do
caseGOTO(dest)

return (P’ vis)

L

caseDO (action)

L

caseW AITUNTIL(cond)

O

asel F(cond, dest)

return removel F(P’, D, dest,vis, T, F)
(T, F) «— (T ©(D,action), F & (D, action))

(T,F) « (T'e (D, TIME), F o (D, TIME))
if cond € T then
L Pl « L

if cond € F then

| Pl — L

else

if cond € T then

L P'[l] < (GOTO(dest),\)

else
(P',vis) < removel F(P', D,dest,vis, T U{cond}, F)
F — FU{cond}

Function renovel F( P, D, ly, vis, T, F)
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6.7 Assembler Code Generation

The final step in the synthesis algorithm is the compilatioiEC 1131-3 conforming
assembler code2l] from the optimised intermediate code. Such an assembtis can be
uploaded without any modifications into a real Siemens S@rmaramable logic controller
(PLC), which is the current industrial standard.

6.7.1 Target System

As we have seen, prior to the assembler code generationtexmidiate program is gener-
ated. Because of this abstraction, we are able to implemerderange of target systems.
In order to give a proof of concept of the developed synthespsoach, a compiler was im-
plemented that translates the intermediate programs tallE32-3 conforming assembler
code P1].

The current standard PLC is a Siemens S7. Using the speoigtgmnming software
Siemens Step7, one is able to upload IEC 1131-3 assemblerictmdsuch a controller.
The machine-sensory is attached as HIGH/LOW input-sigoalthe controller. The con-
troller executes the synthesised assembler program thds$ tbese input-signals and con-
trols some output-signals. These output-signals aredimkiéh machine-actuators that per-
form some movements. Reading and writing of input and otgmrials works as follows:

e Before the controller program (also called as the main ¢yislexecuted, all input-
signals are cached in an input-buffer. The main cycle doées=aa any input-signals
directly from the sensors but from the input-buffer. Durioge cycle, the input-
signals do not change.

e All writing requests are cached in an output-buffer. Aftez termination of the main
cycle, this buffer is flushed such that all actuators arerotiat at the same time.

In the memory of an S7 controller, there are so called datd-famction-blocks that rep-
resent the data- and code-segments. The synthesised mpragpdaced into such a code-
segment.

6.7.2 |IEC 1131-3 Code Compilation

Because of the input/output-caching functionality of ang@@as S7 controller, as described
in the last section, it is necessary that the main cycle neustihate if it waits for a specific
event from the sensors. Since only then, state-change® afiplt-signals can be noticed
by the controller. Thus, the assembler program must notaoitops. For example, it is
not allowed to compile the following "wait-for” intermed&code

10: I F (<sensor X>) THEN GOTO 20
11: GOro 10

20:
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just by syntactical replacement of equivalent assemblestions:

aaaa. A <sensor X>

JC bbbb
JuU aaaa
bbbb:

This would result in a hang-up of the controller because tleygcommand <sensor X>
will never return a distinct result since the input-buffexed not get refreshed. Note that
the assembler commardd stands for a conditional, whil@U stands for an unconditional
jump.

Unfortunately, an S7-controller has no built-in functitrat allows to terminate the cur-
rent cycle and resume later on the same position. Also, ngrano counter, containing the
current position in the code-segment, is accessible by ssgnabler command. Therefore,
as a matter of fact, the synthesised assembler program B&®éathe current position in a
helper variable, a so called marker-byte. Now, on a re-eo&adepending on that position-
variable, the program can jump to the command where the @gacuas terminated during
the last cycle.

The compilation of an intermediate GOTO-command dependisatestination; if the
destination address lidehindthe current position, then this GOTO-command is compiled
as an unconditional jumpl(J). If the destination address ligeforethe current position,
in order to avoid possible loops, an assembler code is gexketiaat loads the destination
address into the position-variable and then terminatesybke. The compilation of IF-
commands works analogously. The conditions of the IF-contwa@and the actions of the
DO-commands are compiled with respect to a given assendm&rdp table in which all
symbolic events are mapped to some concrete assembler catama

The labels of an assembler program may only contain lettetgjigits, and can have at
most a length of four. Because it is not possible to storeahels as dynamical references
in a marker byte, a so called "Jump to LabeldL} code-sequence must be generated at
the beginning. There, the contents of the position-vagiablqueried from the dedicated
marker byte, and then, depending on the (numerical) valjemna to the corresponding
label is made.

The following example intermediate program:

0 : WAI TUNTI L (occurred_pressed);
1: DO (turn_on_I ed);

2 . WAI TUNTI L (occurred_rel eased);
3 DO (turn_off_Ied);

4 : GOTO 0;

with the following symbolic look-up table:

A1124.0
AN 1124.0

occurred_pressed
occurred_rel eased
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SET: S QL25. 6
SET; R QL25. 6

turn_on_led
turn_off _Ied

is compiled to this assembler program:

L VBO
JL ud
JU aaaa
JU aaac
JuU end

ud: JuU end

aaaa: L 0
T VBO
A 1124.0
JCN end
SET
S Q125. 6
aaac: L 1
T VBO
AN 1124.0
JCN end
SET
R QL25. 6
L 0
T VBO
JuU end

end: NOP 0

| 124. 0 is an input-signalQ125. 6 is an output-signal, and in the marker byB0, the
current program position is stored.
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Chapter 7

Practical Experience

7.1 Tool Implementation

Within the scope of this diploma thesis, the synthesis élgorhas been also implemented
in C++. The back-end synthesis functions were efficientlygpammed using STL func-
tions and classes. For the parser routines, the standdedflemoandyacc[17] were used.
As a front-end APIwxWidgetg22] was used such that a platform independent GUI im-
plementation was possible. The tool graphviz from AT&5|[was used as a rendering
back-end for the plant components.

7.2 Real World Examples

The following sections describe three real world exampgiasdould be successfully solved
with the developed synthesis tool. At first, the lamp exanmphown, which has, on the
one hand, a quite simple plant but, on the other hand, showsaon problem when one
tries to model instantaneous reactions. The second exashplegs a modelling approach
for a gear checking machine, which is a standard examplenfandustrial machine. The
last example shows how a program for a round table can beaeder

7.2.1 Lamp

A simple example that shows a fundamental issue in modeléagtive components is the
Lamp Example. There are two components: a lamp and a buttoa.L&mp has the two
states ON and OFF while the button can be in a RELEASED or PREBESSate. It is
required that the lamp should be turned ON when the buttoRESSED and, vice versa,
it should be turned OFF when the button is RELEASED again.

So the conjunctive assertions are formulated as follows:

e never. lamp is turned OFR&Nd button is PRESSED
e never. lamp is turned ONand button is RELEASED

The plan is defined as:

77
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b, 518 g

Ele Edit Synthesis Help
E = @] = <f B e P (7]
New Open Save as Print Cut Copy Paste Synthesise Help

environment { =
operator button {

states released, pressed;

released <-> pressed; button.moving_pressed_released

h

automaton led { Ireached_released 0 <cl < |
nodes loff, lon;

loff -> lon ?turn_on_led;

-

Reportl Intermediate Code PLC Code files/dots/button, dot. gif |»

lon -> loff ?turn_off_led; button.released-1

b5

H
loccured pressed / CL:=0 loccured_released / C1:=0

assertions { l

never led.lon and button.released; :

never led.loff and button.pressed; | || buttonmoving released pressed
i
dependencies { Ireached_pressed 0 <cl <1

occured_pressed dependson TIME;

occured_released dependson TIME;
} button.pressed-1

plans {

plan {
waitfor occured_pressed;
waitfor occured_released;
¥
} £

Figure 7.1: Screenshot of the synthesis tool

e wait for button becomes PRESSED
e wait for button becomes RELEASED

Modelling the plant, a first straightforward approach wohé&lto model both compo-
nents, lamp and button, as two-states automata as showmiia Tig.

One observers that turning the lamp ON and OFF is contrelafiile changing the
state of the button is uncontrollable since this dependsxtarreal user interaction that is,
in fact, unpredictable. The combined state space looksasrshn figure7.3.

It is obvious that, starting at OFF, RELEASED) , there is no strategy that leads to
the next target stat¢,ON, PRESSED) , without entering a fail state. So this first straight-
forward specification is actually unrealisable, which c#so@de demonstrated using the
developed synthesis tool. Recall that our target-comtralan onlyreact on certain plant
events. Therefore, it is necessary to give the controllenamce of reacting tbpr ess.
Since we can make use of timed automata, we can introducelaCl give the controller
the time to react ohpr ess: if ! pr ess occurs at locatiofREL EASED, before the execu-
tion enters the target staRRESSED, an intermediate staRELEASED is entered having
the invariant”' < 1. FromRELEASED |, the intermediaté pr ess’ -transition, having the
guardC > 0, leads tdPRESSED. The same is done for tHtRESSED — RELEASED case.
This new (reactive) button is shown in figured.
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Lamp Button

?turn_on ?turn_off

Figure 7.2: Lamp Example: naive approach

Ipress Irelease

Ipress

OFF , RELE ASED OFF , PRESSED

Irelease

?turn_on ?turn_off ?turn_on

?turn_off

Ipress

ON, RELE ASED ON, PRESSED

Irelease

Figure 7.3: Lamp Example: naive approach combined statespa

As one can see, there exists a winning strategy, now. SinéengsasC' = 0, the
controller has enough time to send?aur n_on-request after & pr ess-event was no-
ticed. After that, it can let time pass untl > 0, i.e., it waits an arbitrary small time
e > 0. Then, the intermediatepr ess’ -event happens immediately that brings the plant
to ( ON, PRESSED) .

The final intermediate controller program is generated bowWs:

WAI TUNTI L (press);
DO (turn_on);

WAI TUNTI L (rel ease);
DO (turn_off);

GOTO 0;

A WDNPFEFO

Note that all clock, delay, and intermediate events areadiksx.

7.2.2 Gear Checking Machine

The objective of a gear checking machine is to load worki€gears) that come over an
intake transporting-belt and to classify them. After thesssification, the gears are unloaded
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Button

Lamp

?turn_on ?turn_off

Figure 7.4: Lamp Example: reactive approach

Irelease’

Ipress’ Irelease

in a dedicated outtake. A gripper arm transports the geahsnithe machine to the various
locations. It can be controlled independently in two diiets: vertically (up or down) and
horizontally (intake, classification, or outtake). There also some other components as
well: a mandril that fixes the loaded gear during classificgta PC-software that performs
the actual classification, a loader that loads the gear m@@tipper at the intake, and an
unloader that unloads the gear from the gripper into an keitta

The mechanical setup of the machine induces some constrirthe components:

The gripper can move horizontalbnly if it is in the upper position
The software can classifynly if the mandril is strained

The gripper can move verticallgnly if the mandril is relaxed (since only then, the
workpiece is released and can be transported away)

The loader can loadnly if the horizontal position of the gripper is at the intakel
the vertical position is down

The software can classifynly if the horizontal position of the gripper is at the pro-
cessing statiomnd the vertical position is down

The mandril can change its staisly if the horizontal position of the gripper is at the
processing statioand the vertical position is down

The unloader can unloamhly if the horizontal position of the gripper is at the outtake
and the vertical position is down

Note that the last four constraints define, which componemniabled when the gripper
(and so the workpiece) is at a certain position.
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The plant can be modelled in a straightforward manner. Thiedrtal movement of the
gripper is given by a hardware unit (as introduced in secti®rthat has four resting states
(i nt ake, process, andout t ake) plus the implicitly generated intermediate states (e.g.
novi ng_i nt ake_process). The vertical movement is also modelled by a hardware
unit. But this one consists only of the two resting staipsanddown. The mandril is
the third hardware unit that contains the resting statelsaxed andstr ai ned. The
software, loader, and unloader are defined by explicit timethmata that are shown in
figure7.5.

Software
Loader Unloader
?classify
C:=0 ?reset
?load lload_end 2unload lunload_end
C:=0 c=1 C:=0 c=1
loading unloading

Iclassify_end
c=1

Figure 7.5: Components of the Gear Checking Machine

The actions of the components are modelled such that tinpsedawhen they are ex-
ecuted. For the sake of simplicity, the plant is modelledhstinat each action will take
exactly one time unit. Because it is not allowed that a preiogscycle of the machine
takes arbitrarily much time, a global timeout-clock is pafrthe goal-definitions that lets
the plan fail as soon as this clock exceeds 15 time units. Teeige plan-definition is
defined as:

pl ans {

pl an {
cl ocks tineout 15;

reset tineout;
wai t for | oaded;
wai t for classify_end;
wai t f or unl oaded,;
b
}

Based on that, the synthesis tool generates:

0 : DO (| oad);
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WAI TUNTI L (| oaded);

DO (noveto_up);

WAI TUNTI L (reached_up);

DO (nmovet o_process);

WAI TUNTI L (reached_process);
DO (novet o_down);

WAl TUNTI L (reached_down);

: DO (novet o_strained);

9 : WAI TUNTI L (reached_strained);
10 : DO (classify);

11 : VAITUNTIL (classify_end);

12 : DO (noveto_rel axed);

13 : DO (reset_software);

14 : WAITUNTIL (reached_rel axed);
15 : DO (noveto_up);

16 : WAITUNTIL (reached_up);

17 : DO (noveto_outtake);

18 : VWAITUNTIL (reached_outtake);
19 : DO (noveto_down);

20 : WAITUNTIL (reached_down);

21 : DO (unl oad);

22 : WAITUNTIL (unl oaded);

23 : DO (noveto_up);

24 : WAITUNTIL (reached_up);

25 : DO (noveto_intake);

26 : WAITUNTIL (reached_intake);
27 : DO (rnovet o_down);

28 : WAITUNTIL (reached_down);

29 : GOIO 0;

O~NO O, WN P

7.2.3 Round Table

A round table is an often occurring design-pattern in meid@engineering. It consists of
n bins that are located on the rim of a cycling disc. The binsuarrmly distributed such
that the angle between two binsyis= % If the table gets &cycl e-request, it rotates
by ~ in clockwise direction such that the bin that was at positipis now at(i + 1)~. At
each position, a certain action can be applied to the binh Baccan hold a workpiece that
is, by cycling the table, processed through the variousgssing stations of the machine.
In this example, we have a round table with eight bins€ 8 / v = 45°). The
workpieces are marbles having the colors red, green, arel Bltne positions have the

following functionality:
e At position 0, a new marble is loaded into the bin.

e At position 2, the color of the loaded marble is determineclsgnsor.
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At position 4, the marble is unloaded into the "red”-outtake

At position 5, the marble is unloaded into the "green’-oketa

At position 6, the marble is unloaded into the "blue”-ougak

At position 7, the marble is unloaded into the "undef’-okéa

At the positions 1 and 3, nothing happens.

l loading

<« () )

sensor
‘ unloading if green

unloading if blue

l unloading if red

Figure 7.6: Round table with eight bins

The formal specification can be given in a straightforwarehneg; the round table itself
is represented by an automaton having the two locati®sE andCYCLI NG. At | DLE, it
waits for a?cycl e request that brings the table-automaton i@YCLI NG, At CYCLI NG,
a! cycl i ng_end-event back td DLE can occur spontaneously, indicating that the next
position is reached.

All the bins are modelled by automata that have the sametsteucOnly the initial
locations vary. They have eight position-locatid?@S0 to POS7 and aRESTART location.
The position-locations are linked sequentially wittf@ycl e_end-transition such that



84 CHAPTER 7. PRACTICAL EXPERIENCE

every time the table rotates for one position, the bin-aatanadvance in the next position-
location as well POS7 is not linked directly withPQOSO0. In order to notice whenever a bin
returns to positiorPOS0, after POS7 an intermediate locatioRESTART is added. From
there, via d r est ar t -transition, the bin-automata reaPS0 again.

The sensor and the classification information is repredebjea marble-automaton.
Starting at locatiorUNDEF, it waits for ar est ar t -event to get into the locatioBMVPTY.
There, it waits for d oad_end-event to get into the locatiodNCLASSI FI ED. Being
in that location, the controller can send?al assi f y-request, and after some time, a
Iclassi fy_end is sent by the plant back to the controller, signalising that classi-
fication of the color is done. Then, the automaton will be ia ibcationVALI DATI NG
and the controller can reques®at or e_cl ass that safes the measured color informa-
tion into the controllers’ memory. After that, at locati@L.ASSI FI ED, the controller
can send eithePunl oad_a, ?unl oad_b, ?unl oad_c, or ?unl oad_d to go into
UNLQADI NG_AT_A, UNLOADI NG_AT_B,UNLOADI NG_AT_C, orUNLOADI NG_AT_D,
respectively. The unloading process ends with the feedivedsagée unl oadi ng_end.
Then, the automaton is in the locatitiNL OADED where a prioritised unl oaded event
occurs that signalises the plan that the marble was unloakplant automata are shown
in sectionA.

Let0 < ¢ < 7, then the conjunctive assertions are formulated as follows

e never. table is CYCLINGand any marble is CLASSIFYING, VALIDATING, or
UNLOADING

e marblei can CLASSIFYINGonly if bini is in POS2

e marblei can UNLOADINGAT _A only if bind isin POS4
e marblei can UNLOADINGAT _B only if bin 7 is in POS5
e marblei can UNLOADINGAT _C only if bini is in POS6
e marblei can UNLOADINGAT_D only if bini isin POS7

The four last assertions associate the four outtakes A, Bn@,D to the corresponding
positions.

For each bini, the state guards specify whenever a marble should be wwdoaida
certain position:

e marblei in UNLOADING _AT _A along with bin ¢ in POSd4is guarded bycO_is_blue
e marble; in UNLOADING AT B along with bin in POSS5s guarded byc0.is_green
e marblei in UNLOADING AT _C along with bin i in POS6is guarded bycO0.is_red

e marble; in UNLOADING AT _D along with bin i in POS7is guarded bycO_is_undef
For each bin, the plan says:

e wait for bin: sends restart
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e wait for any unloader sends unloaded if bin ¢ sends restart prior to any unloaded
event, then the plan has failed

The precise specification code is giverAinThe intermediate code for controlling one
bin in this round table of eight positions is givenAn

7.3 Benchmarks

The following benchmarks have been measured on an Intelupemtl Mobile 1.2 GHz
with 512 MB RAM, running Linux 2.6.12, compiled with GCC 3.&nd -O3 optimisations
enabled.

Example| Visited Winning Code size Time [seg]
Lamp 11 10 5 0
GCM 1660 483 30 6.0

RT 1/8 60 51 53 0

RT 2/8 206 138 141 0.4

RT 3/8 656 330 312 1.1

RT 4/8 2118 841 773 55

RT 5/8 Out of memory

In this table, for each example from the sections beforentimaber of totally visited
states, the winning states, the number of lines of the irgdiate program, and the actual
generation time are shown. R¥/8 stands for round table with eight positions but only
n bins considered. GCM means gear checking machine. The riadhel examples are
untimed, while the lamp and the gear checking examples raeiti

The round table results with one to four bins illustrate howmyg controller decisions at
the beginning are firstly detected at the very end of a comoatle; Recall that, hereby, the
controller has to decide whether a bin at a certain positiahe cycle should be unloaded
or not. The plan was formulated quite vaguely: "Each bin nibesunloaded within one
complete cycle”. As a result of this specification, some gdssnloading requests can only
be detected very deeply in the decision tree by the gamengpalgorithm. Thus, the round
table example with five bins exceeds the memory limit.

All actions of the components in the gear checking examphsame time. Therefore,
clock zone operations are needed that lead to an increake of/erall time. The discrep-
ancy between code size and winning states is due to theie#fieess of the applied post
optimisations.
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Chapter 8

Conclusions and Outlook

8.1 Conclusions

This diploma thesis presents an innovative synthesis apprthat uses optimal model-
checking techniques that have already been successfufieinented in standard model-
checking tools. With a new developed specification langu#igee user can easily specify
component based industrial problem setups. Along withrasas and goal-definitions, a
controller program is automatically generated, or elsthdfe exists no valid program, it is
reported that the specification is unrealisable.

The two basic computational models are timed automata detlysgames that were
adapted from related work and appropriate extended in doderatch the purpose of this
thesis, synthesising industrial controller programs. Atee forward/backward fixed-point
algorithm finds a non-deterministic winning strategy fa tontroller in the spanned safety
game. It runs on-the-fly on the locations of the plant autanaaitd the clock assignments,
symbolised by clock zones, encoded by difference boundiceatr

Because the standard simulation graph of a timed automsitoo iabstract for a linear
game solving algorithm, a precomputation transforms thmlicit representation to an
explicit one. A local, component based, approach for ddnigis firstly introduced in this
thesis. Hereby, instead of transforming the whole prodtatesspace, the various plant
components are transformed independently from each dthes, the overall running time
is linear to the size of the product state space.

Instead of directly generating concrete assembler codeneri intermediate code is
synthesised first. Thus, it is possible to reduce the cadelsr applying generic optimisa-
tion steps. Because of this abstraction, the synthesi®appiis applicable to a wide range
of platforms since porting means just implementing an gmpate compiler.

In order to get a proof of concept, a prototype was implenteimeC++. At the end of
the synthesis process, a compilation step compiles thametdiate code in concrete IEC
1131-3 assembler that can be uploaded into a real SiemeB8®Gprogrammable logic
controller, which is the current industrial standard. lmperation with the Laboratory of
Process Automation at Saarland University, real world lgmobtasks could be solved and
implemented on a training S7-300.

87
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A typical life-cycle of an industrial machine looks rougHilge this:
1. Create specification.

2. Do manual programming.
3. If verification reports an error, goto 2.

4. Put machine into production (until customer changesipation, then goto 1).

With the synthesis approach no manual programming is negessiymore. Similarly to
the classical development approach, a formal specificatiost be created that describes
the actual problem task. But after that, in contrast to tlssital approach, the program
generation works completely automatically. This brings ey a boost with the initial
development, but also with later customisations. Furtleeenthe question, whether or not
a certain component-setup is sufficient to solve an indalgiroblem task, can be answered
at the very beginning, since it can be automatically chedki@ specification is realisable
or not.

8.2 Outlook

Indeed, for the various parts of the synthesis algoritheretlexists some improving poten-
tial. In this section, some ideas are sketched that outlirssiple future work. Independent
to each extension, the primary requirement that the syistpescess should run completely
automatically, must be always maintained.

8.2.1 Language

A major task in the future will be the improvement of the sfieation language such that
modelling of industrial program tasks will become as iniiigy as possible. In order to do
S0, a preprocessing step prior to the actual parsing of thafggation could be applied. By
using macros and preprocessor directives, the languade lbeteasily extended by loops
and conditionals.

In order to increase expressivity, the specification lagguaould be extended by further
data types other than time, which is the only data type at tbmemt, actually. Possible
new data-sensitive elements range from simple scalarblasidike integers or floats up to
complex objects like sets, lists, or vectors.

8.2.2 Computational Models

In this thesis, an extension to the classical theory of thedi automata is introduced. By
distinguishing between controllable, uncontrollabled aynchronisation events, one ob-
tains timed game automata that form the basis for the syistlaggorithm. Indeed, with
these modelling techniques, one can model a wide range o$indl problem tasks. How-
ever, practical experience with the implemented synthesishas shown that some further
extensions might be useful to the user. For example, iniaddib synchronising two com-
ponents via events one could also include a state-basetrsyigation.
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8.2.3 State Space Exploration

The core part of the synthesis algorithm is the state spgaeration. The overall running
time is dominated by that process. Thus, speeding up th@mn phase results in a
major speed up of the whole synthesis algorithm.

With the synthesis approach that is shown in this thesisi@spnous components that
interleave each other form the basis of the state spaceithlgorThis means, if, for exam-
ple, two events A and B may occur concurrently, then on thehamel, the “first A, then
B"-case must be considered as well as the "first B, then A&cakhus, both paths must
be part of the combined state space, in order to have an @xlgaosmbined model. How-
ever, in practice, it is often not necessary to consideratilginations of parallel occurring
events. Using such an a priori knowledge, which events thatim parallel do not need
to be considered in every possible combination, can be usddastically reduce the size
of the combined state space, and thus, the size of the gedgreigram and particularly
the overall running time of the synthesis algorithm. Thisht@que is callegartial order
reduction[9] that is already quite well known for model-checking. A pbds future work
could be integrating such technigues in synthesis.

As shown in sectiorb.3, all controller decisions that lead to a valid state are kept
the state space. After the exploration, the deterministiing strategy is obtained by
removing all non-optimal controller decisions out of thelexed state space. A further
future work could be bringing the selection heuristic irtte actual exploration phase. This
could be done by extending the pumeadth-first-searcho aninformed depth-first-search
algorithm. Hereby, when there are several controllable@astin a discovered state, only
one of them is traversed, the others are only marked as posdibrnatives for that state,
in case that the picked decision becomes invalid.

8.2.4 Code Generation

Looking at the generated intermediate programs, one odséhat there exists still min-
imisation potential. For example, one could introduce threcept of subprograms by iden-
tifying identical code-parts and replacing them with a fime call to a corresponding sub-
program. Also, in correspondence to the ideas of includiey data-sensitive elements as
mentioned above, the size of the intermediate programsi@sb be reduced by making
use of a variable environment.

In order to get a more canonical assembler code, one coudheéxhe assembler-
compilation at the end of the synthesis algorithm such #festract syntaxs generated
instead ofconcrete syntgyas it is done right now. Based on that abstract syntax, anseco
assembler-code based, optimisation could be applied.
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Appendix A

Round Table

Components

Marble

S$restart lload_end

unloading_at_b
lunloading_end_b
lunloading_end_c
unloading_at_c
unloading_at_d
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?classify

unclassified

lunloaded

lunloading_end_a ?unload_a

2unload_b

unloaded

?unload_d
lunloading_end_d
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Table

?cycle
Icycle_end

Bin

$cycle_end

Irestart

Specification

pl ant {
aut omat on tabl e {
nodes idle, cycling;
idle -> cycling ?cycle;
cycling -> idle !cycle_end,;

b

aut onat on pos_0 {
nodes restart, pO, pl, p2, p3, p4, p5 p6, p7;
pO -> pl $cycl e_end;
pl -> p2 $cycl e_end;
p2 -> p3 $cycl e_end;
p3 -> p4 $cycl e_end;
p4 -> p5 $cycl e_end,
p5 -> p6 $cycl e_end;
p6 -> p7 $cycl e_end;
p7 -> restart $cycl e_end;
restart -> p0 !restart instant;

}s

autonmat on marble_0 {
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nodes
undef, enpty, unclassified,
classifying, validating, classified,
unl oadi ng_at _a, unl oadi ng_at b,
unl oadi ng_at _c, unl oadi ng_at _d,
unl oaded;

undef -> enpty $restart;

empty -> unclassified !l oad_end instant;
uncl assified -> classifying ?classify;
classifying -> validating !classify_end;
validating -> classified ?store_cl ass;

classified -> unl oadi ng_at _a ?unl oad_a;
classified -> unl oadi ng_at_b ?unl oad_b;
classified -> unl oadi ng_at_c¢ ?unl oad_c;
classified -> unl oadi ng_at_d ?unl oad_d;

unl oadi ng_at _a -> unl oaded ! unl oadi ng_end_a;
unl oadi ng_at _b -> unl oaded ! unl oadi ng_end_b;
unl oadi ng_at _c¢ -> unl oaded ! unl oadi ng_end_c;
unl oadi ng_at _d -> unl oaded !unl oadi ng_end_d;

unl oaded -> undef !unl oaded i nstant;
s
}

assertions {
never table.cycling and
(mar bl e_0. cl assifying or
mar bl e_0. val i dating or
mar bl e_0. unl oadi ng*) ;
mar bl e_0.classifying onlyif pos_0.p2;
mar bl e_0. unl cadi ng_at _a onlyif pos_0. p4;
mar bl e_0. unl oadi ng_at _b onlyif pos_0. p5;
mar bl e_0. unl cadi ng_at_c onlyif pos_0. p6;
mar bl e_0. unl oadi ng_at _d onlyif pos_0. p7;
}

guards {
mar bl e_0. unl oadi ng_at _a and pos_0. p4 guardedby cO_i s_bl ue;
mar bl e_0. unl oadi ng_at b and pos_0. p5 guardedby cO_i s_green;
mar bl e_0. unl oadi ng_at _c and pos_0. p6 guardedby cO_is_red;
mar bl e_0. unl oadi ng_at _d and pos_0. p7 guardedby cO_i s_undef;
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}

dependenci es {
c0_is_blue dependson store_cl ass_0;
cO0_i s_green dependson store_cl ass_0;
cO0_is_red dependson store_cl ass_0;
c0_is_undef dependson store_cl ass_0;

}

pl ans {
pl an {
wai tfor restart;
wai t f or unl oaded, restart -> fail ed;
b
}

Intermediate Code

DO (cycle);

VWAI TUNTI L (cycl e_end);

DO (cycle);

VWAI TUNTI L (cycl e_end);

DO (cl assify);

VWAI TUNTI L (classify_end);

DO (store_class);

DO (cycl e);

X WAI TUNTI L (cycl e_end);

9 : DO (cycle);

10 : WVAITUNTIL (cycl e_end);

11 : |IF (cO_is_blue) THEN GOTO 26;
12 : DO (cycle);

13 : VWAITUNTIL (cycle_end);

14 : |IF (cO_is_green) THEN GOTO 35;
15 : DO (cycle);

16 : WAITUNTIL (cycl e_end);

17 : IF (cO_is_red) THEN GOTO 38;
18 : DO (cycle);

19 : VWAITUNTIL (cycle_end);

20 : WAITUNTIL (cO_is_undef);

21 : DO (unload_d);

22 : WAITUNTIL (unl oadi ng_end_d);
23 : DO (cycle);

24 : WAITUNTIL (cycle_end);
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25 :
26
27
28 :
29 :
30 :
31
32
33
34
35
36 :
37
38 :
39
40

GOr0 0;

DO (unl oad_a);

WAI TUNTI L (unl oadi ng_end_a);
DO (cycle);

WAI TUNTI L (cycl e_end);

DO (cycl e);

WAl TUNTI L (cycl e_end);

DO (cycl e);

WAl TUNTI L (cycl e_end);

G010 23;

DO (unl oad_b);

WAI TUNTI L (unl oadi ng_end_b);
GOTO 30;

DO (unl oad_c);

WAI TUNTI L (unl oadi ng_end_c);
GOT0 32;
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