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Abstra
t. In this paper, we report on an appli
ation of

the validation and veri�
ation tool kit Uppaal in the de-

sign and analysis of a prototype gear 
ontroller, 
arried

out in a joint proje
t between industry and a
ademia.

We give a detailed des
ription of the formal model of the

gear 
ontroller and its surrounding environment, and its


orre
tness formalised a

ording to the informal require-

ments delivered by our industrial partner of the proje
t.

The se
ond 
ontribution of this paper is a solution to the

problem we met in this 
ase study, namely how to use a

tool like Uppaal, whi
h only provides rea
hability anal-

ysis to verify bounded response time properties. The ad-

vantage of our solution is that we need no additional im-

plementation work to extend the existing model-
he
ker,

but simple manual synta
ti
al manipulation on the sys-

tem des
ription.

1 Introdu
tion

Over the past few years, a number of modeling and veri-

�
ation tools for real-time systems [5, 6, 7℄ have been de-

veloped based on the theory of timed automata [3℄. They

have been su

essfully applied in various 
ase-studies [4,

9, 11℄. However, the tools have been mainly used in the

a
ademi
 
ommunity, namely by the tool developers. It

has been a 
hallenge to apply these tools to real-sized

industrial 
ase-studies. In this paper we report on an ap-

pli
ation of the veri�
ation tool-kit Uppaal to a proto-

type gear 
ontroller developed in a joint proje
t between

industry and a
ademia. The proje
t has been 
arried out

in 
ollaboration between Me
el AB and Uppsala Univer-

sity.

The gear 
ontroller is a 
omponent in the real-time

embedded system that operates in a modern vehi
le. The

gear-requests from the driver (or a dedi
ated 
omponent

implementing a gear 
hange algorithm) are delivered over

a 
ommuni
ation network to the gear 
ontroller. The


ontroller implements the a
tual gear 
hange by a
tuat-

ing the lower level 
omponents of the system, su
h as the


lut
h, the engine, and the gear-box. Obviously, the be-

havior of the gear 
ontroller is 
riti
al to the safety of the

vehi
le. Simulation and testing have been the traditional

ways to ensure that the behavior of the 
ontroller satis-

�es 
ertain safety requirements. However these methods

are by no means 
omplete in �nding errors though they

are useful and pra
ti
al. As a 
omplement, formal te
h-

niques have been a promising approa
h to ensuring the


orre
tness of embedded systems. The proje
t is to use

formal modeling te
hniques in the early design stages

to des
ribe design sket
hes, and to use symboli
 simu-

lators and model 
he
kers as debugging and veri�
ation

tools to ensure that the predi
ted behavior of the de-

signed 
ontroller at ea
h design phase, satis�es 
ertain re-

quirements under given assumptions on the environment

where the gear 
ontroller is supposed to operate (i.e. the


lut
h, the engine, the gearbox, et
.). The requirements

on the 
ontroller and assumptions on the environment

have been des
ribed by Me
el AB in an informal do
-

ument, and then formalised in the Uppaal model and

a simple linear-time logi
 based on the Uppaal logi
 to

dedu
e the design of the gear 
ontroller.

We shall give a detailed des
ription of the formal

model of the gear 
ontroller and its surrounding envi-

ronment, and its 
orre
tness a

ording to the informal

requirements delivered by Me
el AB. Another 
ontribu-

tion of this paper is a lesson we learnt in this 
ase study,

namely how to use a tool like Uppaal, whi
h only pro-

vides rea
hability analysis to verify bounded response

time properties e.g. if f

1

(a request) be
omes true at

a 
ertain time point, f

2

(a response) must be guaran-

teed to be true within a time bound. We present a logi


and a method to 
hara
terise and model-
he
k response

time properties. The advantage of this approa
h is that

we need no additional implementation work to extend
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the existing model-
he
ker, but simple manual synta
ti-


al manipulation on the system des
ription.

Uppaal

1

is a tool suite for validation and symboli


model-
he
king of real-time systems. It 
onsists of a num-

ber of tools in
luding a graphi
al editor for system de-

s
riptions, a graphi
al simulator, and a symboli
 model-


he
ker. In the design phase the symboli
 simulator of

Uppaal is applied intensively to validate the dynami


behavior of ea
h design sket
h, in parti
ular for fault

dete
tion, derivation of time 
onstraints (e.g. the time

bounds for whi
h a gear 
hange is guaranteed) and later

also for debugging using diagnosti
 tra
es (i.e. 
ounter

examples) generated by the model-
he
ker. The 
orre
t-

ness of the gear 
ontroller design has been established by

automati
 proofs of 47 logi
al formulas derived from the

informal requirements spe
i�ed by Me
el AB. The ver-

i�
ation was performed in a few se
onds on a Pentium

PC

2

running Uppaal.

Related to the approa
h of 
he
king bounded response

time properties presented in this paper is the work on

rea
hability testing due to A
eto et.al. [9, 1, 2℄. In their

approa
h, a logi
al formula of a safety and bounded-

liveness logi
 is transformed into a testing automaton

whi
h is 
omposed in parallel with the system des
rip-

tion to 
he
k the validity of the formula by rea
hability

analysis

3

. This may seems more attra
tive as no synta
-

ti
al manipulations of the system des
ription seem to be

required. However, in pra
ti
e it is often the 
ase that

the system des
ription indeed must be manipulated to

make all the system a
tions appearing in the logi
al for-

mulae visible to the testing automaton. The rea
hability

testing approa
h also requires some a
tions of the system

des
ription to be urgent (i.e. to be taken as early as possi-

ble) [1, 2℄. This is not the 
ase with our te
hnique. In fa
t,

in the presented 
ase study we verify several bounded

response time properties of the gear 
ontroller involving

non-urgent behaviors.

The paper is organised as follows: In the next se
-

tion we present a simple logi
 to 
hara
terise safety and

response time properties and a method to model-
he
k

su
h properties. In se
tion 5 and 6 the gear 
ontroller

system and its requirements are informally and formally

des
ribed. In se
tion 7 the formal des
ription of the sys-

tem and its requirements are transformed using the te
h-

nique developed in se
tion 3 for veri�
ation by rea
ha-

bility analysis. Se
tion 8 
on
ludes the paper. Finally, as

appendi
es, we en
lose the list of requirements in the q-

format and the formal des
riptions for the whole system

in the atg-format of Uppaal.

1

Further information on installation and do
umentation for

Uppaal is available at http://www.uppaal.
om/.

2

2.99 se
onds on a Pentium 75MHz equipped with 24 MB of

primary memory.

3

The te
hnique of rea
hability testing is related to the use of

\never 
laims" in the veri�
ation tool Spin [8℄.

2 Preliminaries

In this se
tion, we brie
y introdu
e all the ne
essary def-

initions for the basis of the Uppaal modelling language.

For details, we refer to [12, 10℄.

2.1 Timed Transition Systems and Timed Tra
es

A timed transition system is a labeled transition system

with two types of labels: atomi
 a
tions and delay a
tions

(i.e. positive reals), representing dis
rete and 
ontinuous


hanges of real-time systems.

Let A be a �nite set of a
tions and P be a set of

atomi
 propositions. We use IR

+

to stand for the set of

non-negative real numbers, � for the set of delay a
tions

f�(d) j d 2 IR

+

g, and � for the union A [� ranged over

by �; �

1

; �

2

et
.

De�nition 1. A timed transition system over A and P

is a tuple S = hS; s

0

;�!; V i, where S is a set of states,

s

0

is the initial state, �!� S � � � S is a transition

relation, and V : S ! 2

P

is a proposition assignment

fun
tion. ut

A tra
e � of a timed transition system is an in�nite

sequen
e of transitions in the form:

� = s

0

�

0

�! s

1

�

1

�! s

2

�

2

�! : : : s

n

�

n

�! s

n+1

: : :

where �

i

2 �.

A position � of � is a natural number. We use �[�℄

to stand for the �th state of �, and �(�) for the �th

transition of �, i.e. �[�℄ = s

�

and �(�) = s

�

�

�

�! s

�+1

.

We use Æ(s

�

�! s

0

) to denote the duration of the tran-

sition, de�ned by Æ(s

�

�! s

0

) = 0 if � 2 A or d if � =

�(d). Given positions i; k with i � k, we use �(�; i; k)

to stand for the a

umulated delay of � between the po-

sitions i; k, de�ned by �(�; i; k) =

P

i�j<k

Æ(�(j)). We

shall only 
onsider non{zeno tra
es.

De�nition 2. A tra
e � is non{zeno if for any natural

number T there exists a position k su
h that �(�; 0; k) >

T . For a timed transition system S, we denote by Tr(S)

all non{zeno tra
es of S starting from the initial state s

0

of S. ut

2.2 Timed Automata with Data Variables

We study the 
lass of timed transition systems that 
an

be synta
ti
ally des
ribed by timed automata extended

with data variables ranging over �nite data domains.

Assume a �nite set of 
lo
k variables C ranged over

by x et
. and a �nite set of data variables D ranged

over by i et
. We use V to denote the union of C and

D, ranged over by v. We use G(V) to stand for the set

of formulas ranged over by g, generated by the following

syntax: g ::= 
 j g^g where 
 is a 
onstraint of the form:
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x � n or i � n for x 2 C, i 2 D, �2 f<;�;=;�; >g

and n being a natural number. We shall 
all elements of

G(V) guards. Similarily, we use I(C) to stand for the set

of 
onjun
tivie guards of the form: x < n or x � n, and


all the elements of I(C) invariant 
onditions.

To manipulate 
lo
k and data variables, we use reset{

operations of the form: v := e where v is a 
lo
k or data

variable and e is an expression. A reset-operation on a


lo
k variable should be in the form x := 0; a reset-

operation on an integer variable is similar to an assign-

ment statement in a high-level programming language in

the form: i := e where e is an arithmethi
 expression

4

.

We 
all a set of su
h reset{operations a reset-set. A reset{

set is proper when the variables are assinged a value at

most on
e. We use R to denote the set of all proper

reset-sets, ranged over by r; r

0

et
.

De�nition 3. A timed automaton A over a
tions A,

atomi
 propositionsP , and V , is a tuple hN; l

0

;�!; I; V i,

where N is a �nite set of nodes (or lo
ations), l

0

is the

initial node, and �!� N�G(V)�A�R�N 
orresponds

to the set of edges. In the 
ase, hl; g; a; r; l

0

i 2�! we shall

write, l

g;a;r

�! l

0

. I : N ! I(C) is a fun
tion whi
h for ea
h

node assigns an invariant 
ondition, and V : N ! 2

P

is

a proposition assignment fun
tion whi
h for ea
h node

gives a subset of atomi
 propositions true in the node.

We shall use P (A) to stand for the union of the subsets

of propositions true in all the nodes N of A, i.e. P (A) =

S

l2N

V (l). ut

Informally, a pro
ess modelled by an automaton starts

at its initial lo
ation l

0

with all its variables initialized to

0. The values of the 
lo
ks in
rease syn
hronously with

time at lo
ation l. At any time, the pro
ess 
an 
hange

lo
ation by following an edge l

g;a;r

�! l

0

provided the 
ur-

rent values of the variables satisfy the enabling 
ondition

g. With this transition, the variables are updated by r.

A variable assignment is a mapping whi
h maps 
lo
k

variables C to the non-negative reals and data variables

D to integers. For a variable assignment u and a de-

lay d, v�d denotes the variable assignment su
h that

(v�d)(x) = v(x) + d for any 
lo
k variable x and (v�

d)(i)=v(i) for any integer variable i. This de�nition of

� re
e
ts that all 
lo
ks operate with the same speed

and that data variables are time-insensitive. For a reset-

operation r (a set of assignment-operations) we use r(u)

to denote the variable assignment u

0

with u

0

(v) = V (e; u)

whenever v := e 2 r and u

0

(v

0

) = u(v

0

) otherwise,

where V (e; u) denotes the value of e in u. Given a guard

g 2 G(V) and a variable assignment u, g(u) is a boolean

value des
ribing whether g is satis�ed by u or not.

4

For BNF de�nition of arithmethi
 expressions, we refer to the

Uppaalhome page.

2.3 Networks of Automata

To model 
on
urren
y and syn
hronization, we introdu
e

a CCS-like parallel 
omposition operator for automata.

Assume automata A

1

:::A

n

. We use A to denote their par-

allel 
omposition A

1

jj : : : jjA

n

. The intuitive meaning of

A is similar to the CCS parallel 
omposition of A

1

:::A

n

with all a
tions being restri
ted, that is, (A

1

jj:::jjA

n

)nA.

Thus only internal syn
hronization between the 
ompo-

nents A

i

is possible. We shall 
all A a network of au-

tomata

5

. We simply view A as a ve
tor and use A

i

to

denote its ith 
omponent.

A 
ontrol ve
tor l of a network A is a ve
tor of lo
a-

tions where l

i

is a lo
ation of A

i

. We shall write l[l

0

i

=l

i

℄ to

denote the ve
tor where the ith element l

i

of l is repla
ed

by l

0

i

.

A state of a network A is a 
on�guration hl; ui where

l is a 
ontrol ve
tor of A and u is a variable assignment.

The initial state of A is hl

0

; u

0

i where l

0

is the initial


ontrol ve
tor whose elements are the initial lo
ations of

A

i

's and u

0

is the initial variable assignment that maps

all variables to 0.

The semanti
s of a network of automata A is de�ned

in terms of a timed transition system S = hS; s

0

;�!; V i

with the set S of states being the set of 
on�gurations, s

0

being the initial state i.e. hl

0

; u

0

i, the proposition assign-

ment fun
tion V is de�ned by V (hl; ui) =

S

l

i

2l

V

i

(l

i

),

and the transition relation de�ned as follows:

{ hl; ui�!hl[l

0

i

=l

i

℄; r

i

(u)i if there exist l

i

2 l; g

i

; r

i

su
h

that l

i

g

i

;�;r

i

�! l

0

i

and g

i

(u)

{ hl; ui�!hl[l

0

i

=l

i

; l

0

j

=l

j

℄; (r

i

[r

j

)(u)i if there exist l

i

; l

j

2

l; g

i

; g

j

; �; r

i

and r

j

su
h that i 6= j; l

i

g

i

;�!;r

i

�! l

0

i

, l

j

g

j

;�?;r

j

�! l

0

j

, g

i

(u), g

j

(u),

and r

i

[ r

j

2 R

{ hl; ui

�(d)

�!hl; u�di if I(l

i

)(u+ d) for all l

i

2 l.

Note that the timed transition system de�ned above


an also be represented �nitely as a timed automaton. In

fa
t, one may e�e
tively 
onstru
t the produ
t automa-

ton of A

1

: : : A

n

su
h that its timed transition system is

bisimilar to S . The nodes of the produ
t automaton is

simply the produ
t of A

i

's nodes, the invariant 
ondi-

tions on the produ
t nodes are the 
onjun
tions of the


onditions on all A

i

's nodes, the set of 
lo
ks is the (dis-

joint) union of A

i

's 
lo
ks, and the edges are based on

syn
hronizable A

i

's edges with enabling 
onditions 
on-

jun
ted and reset-sets unioned.

Thus theoreti
ally, there is no di�eren
e between the

notions of a timed automaton and a network of su
h.

However, for eÆ
ient veri�
ation, it is often not ne
es-

sary to 
onstru
t the produ
t automaton. We shall dis-

tinguish them only in dis
ussing veri�
ation methods,

not when semanti
s aspe
ts are 
on
erned.

5

We shall require that P (A

i

) \ P (A

j

) = ; for all i 6= j, that

is, no atomi
 proposition 
an be true in more than one 
omponent

automaton.
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(l; u) j= g i� g(u)

(l; u) j= p i� p 2 V (l)

(l; u) j= :f i� (l; u) 6j= f

(l; u) j= f

1

^ f

2

i� (l; u) j= f

1

and (l; u) j= f

2

� j= INV(f) i� 8i : �[i℄ j= f

� j= f

1

;

�T

f

2

i� 8i : (�[i℄ j= f

1

) 9k � i : (�[k℄ j= f

2

and �(�; i; k) � T ))

Table 1. De�nition of Satis�ability.

Finally, we denote by Tr(A) all non{zeno tra
es of

the timed transition system S i.e. Tr(A) = Tr(S).

3 A Logi
 for Safety and Bounded Response

Time Properties

At the start of the proje
t, we found that it was not so ob-

vious how to formalize (in the Uppaal logi
) the pages

of informal requirements delivered by the design engi-

neers. One of the reasons was that our logi
 is too simple,

whi
h 
an express essentially only invariant properties.

It later be
ame obvious that these requirements 
ould be

des
ribed in a simple logi
, whi
h 
an be model-
he
ked

by rea
hability analysis in 
ombination with a 
ertain

synta
ti
al manipulation on the model of the system to

be veri�ed. We also noti
ed that though the logi
 is so

simple, it 
hara
terizes the 
lass of logi
al properties ver-

i�ed in all previous 
ase studies where Uppaal is applied

(see e.g. [4, 9℄).

3.1 Syntax and Semanti
s

The logi
 may be seen as a timed variant of a fragment

of the linear temporal logi
 LTL, whi
h does not allow

nested appli
ations of modal operators. It is designed to

express invariant and bounded response time properties.

De�nition 4 (State-Formulas). Assume that C is a

set of 
lo
ks and P is a �nite set of propositions. Let

F

s

denote the set of state-formulas over C and P ranged

over by f; f

1

; f

2

et
. de�ned as follows:

f ::= g j p j :f j f

1

^ f

2

where p 2 P is an atomi
 proposition and g is an atomi



lo
k 
onstraint in the form x � n or x � y � n for

x; y 2 C, � 2 f<;�;=;�; >g and n being a natural

number. ut

As usual, we use f

1

_ f

2

to stand for :(:f

1

^:f

2

), and

tt and � for :f _ f and :f ^ f respe
tively. Further, we

use f

1

) f

2

to denote :f

1

_ f

2

.

De�nition 5 (Tra
e-Formulas). The set F

t

ranged

over by ';  of tra
e-formulas over F

s

is de�ned as fol-

lows:

' ::= INV(f) j f

1

;

�T

f

2

where T is a natural number. If f

1

and f

2

are boolean


ombinations of atomi
 propositions, we 
all f

1

;

�T

f

2

a bounded response time formula. ut

INV(f) states that f is an invariant property. A system

satis�es INV(f) if all its rea
hable states satisfy f . It is

useful to express safety properties, that is, bad things

(e.g. deadlo
ks) should never happen, in other words,

the system should always behave safely. f

1

;

�T

f

2

is

similar to the strong Until-operator in LTL, but with

an expli
it time bound. In addition to the time bound,

it is also an invariant formula. It means that as soon

as f

1

is true of a state, f

2

must be true within T time

units. However it is not ne
essary that f

1

must be true


ontinuously before f

2

be
omes true as required by the

traditional Until-operator.

We shall 
all a formula of the form f

1

;

�T

f

2

a

bounded response time formula. Intuitively, f

1

may be


onsidered as a request and f

2

as a response; thus f

1

;

�T

f

2

spe
i�es the bound for the response time to be T .

We interpret F

s

and F

t

in terms of states and (in�-

nite and non-zeno) tra
es of timed automata. We write

(l; u) j= f to denote that the state (l; u) satis�es the

state-formula f and � j= ' to denote that the tra
e �

satis�es the tra
e-formula '. The interpretation is de-

�ned on the stru
ture of f and ', given in Table 1. Nat-

urally, if all the tra
es of a timed automaton satisfy a

tra
e-formula, we say that the automaton satis�es the

formula.

De�nition 6. Assume a network of automata A and

a tra
e-formula '. We write A j= ' i� � j= ' for all

� 2 Tr(A). ut

4 Verifying Bounded Response Time Properties

by Rea
hability Analysis

The 
urrent version of Uppaal 
an only model-
he
k in-

variant properties by rea
hability analysis. The question

is how to use a tool like Uppaal to 
he
k for bounded

response time properties i.e. how to transform the model-


he
king problem A j= f

1

;

�T

f

2

to a rea
hability

problem. A standard solution is to translate the formula

to a testing automaton t (see e.g. [9℄) and then 
he
k

whether the parallel system Ajjt 
an rea
h a designated

state of t.
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Fig. 1. Illustration of a timed automaton A.
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r [ f
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1
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Fig. 2. Illustration of a modi�ed timed automaton M(A) of A.

We take a di�erent approa
h. We modify (or rather

de
orate) the automatonA a

ording to the state-formulas

f

1

and f

2

, and the time bound T and then 
onstru
t a

state-formula f su
h that

M(A) j= INV(f) i� A j= f

1

;

�T

f

2

where M(A) is the modi�ed version of A.

We study an example. As usual, assume that ea
h

node of an automaton is assigned impli
itly a proposi-

tion at(l) meaning that the 
urrent 
ontrol node is l.

Consider an automaton A illustrated in Figure 1 and a

formula at(l

1

) ;

�3

at(l

2

) (i.e. it should always rea
h l

2

from l

1

within 3 time units). To 
he
k whether A satis-

�es the formula, we introdu
e an extra 
lo
k 
 2 C and a

boolean variable

6

v

1

into the automaton A, that should

be initiated with � . Assume that the node l

1

has no lo-


al loops, i.e. 
ontaining no edges leaving and entering

l

1

. We modify the automaton A as follows:

1. Dupli
ate all edges entering node l

1

.

2. Add :v

1

as a guard to the original edges entering l

1

.

3. Add v

1

:= tt and 
 := 0 as reset-operations to the

original edges entering l

1

.

4. Add v

1

as a guard to the auxiliary 
opies of the edges

entering l

1

.

5. Add v

1

:= � as a reset-operation to all the edges

entering l

2

.

6

Note that a boolean variable may be represented by an integer

variable in Uppaal.

The modi�ed (de
orated) automatonM(A) is illustrated

in Figure 2. Now, we 
laim that

M(A) j= INV(v

1

) 
 � 3) i� A j= at(l

1

);

�3

at(l

2

)

The invariant property v

1

) 
 � 3 states that either

:v

1

or if v

1

then 
 � 3. There is only one situation that

violates the invariant: v

1

and 
 > 3. Due to the progress

property of time (or non-zenoness), the value of 
 should

always in
rease. It will sooner or later pass 3. But if l

2

is

rea
hed before 
 rea
hes 3, v

1

will be
ome �. Therefore,

the only way to keep the invariant property true is that

l

2

is rea
hed within 3 time units whenever l

1

is rea
hed.

The above method may be generalized to eÆ
iently

model-
he
k response time formulas for networks of au-

tomata. Let P(f) denote the set of atomi
 propositions

o

urring in a state-formula f . Assume a network A and

a response time formula f

1

;

�T

f

2

. For simpli
ity, we


onsider the 
ase when only atomi
 propositions o

ur in

f

1

and f

2

. Note that this is not a restri
tion, the result


an be easily extended to the general 
ase whi
h also al-

lows 
lo
k 
onstraints in f

1

and f

2

. We introdu
e to A

the following auxiliary variables:

1. an auxiliary 
lo
k 
 2 C and an boolean variable v

1

(to denote the truth value of f

1

), and

2. an auxiliary boolean variable v

p

for all p 2 P(f

1

) [

P(f

2

).

Assume that all the booleans of P(f

1

);P(f

2

) and v

1

are

initiated to �.
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1
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ag ^ v
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Fig. 3. Illustration of the de
orated version M(A

i

) of A

i

.

Let E(f ) denote the boolean expression by repla
-

ing all p 2 P(f) with their 
orresponding boolean vari-

able v

p

. As usual, E(f)[tt=v

p

℄ denotes a substitution that

repla
es v

p

with tt in E(f ). This 
an be extended in

the usual way to set of substitutions. For instan
e, the

truth value of f at a given state s may be 
al
ulated by

E(f)[tt=v

p

jp 2 V (s)℄[�=v

p

jp 62 V (s)℄.

Now we are ready to 
onstru
t a de
orated version

M(A) for the network A. We modify all the 
omponents

A

i

of A as follows:

1. For all edges of A

i

, entering a node l

1

su
h that

V (l

1

) \ P(f

1

) 6= ;:

(a) Make two 
opies of ea
h su
h edge.

(b) To the original edge, add v

1

as a guard.

(
) To the �rst 
opy, add :v

1

^E(f

1

)[tt=v

p

jp 2 V (l

1

)℄

as a guard and 
 := 0; v

1

:= tt and v

p

:= tt for all

p 2 V (l

1

) as reset-operations.

(d) To the se
ond 
opy, add :v

1

^ :E(f

1

)[tt=v

p

jp 2

V (l

1

)℄ as a guard and v

p

:= tt for all p 2 V (l

1

) as

reset-operations.

2. For all edges of A

i

leaving a node l

1

su
h that V (l

1

)\

P(f

1

) 6= ;: add v

p

:= � for all p 2 V (l

1

) as reset-

operations.

3. For all edges of A

i

entering a node l

2

su
h that V (l

2

)\

P(f

2

) 6= ;: add :E(f

2

) ^ E(f

2

)[tt=v

q

jq 2 V (l

2

)℄ as a

guard and v

1

:= � as a reset-operation.

4. Finally, remove v

p

:= tt and v

p

:= � whenever they

o

ur at the same edge

7

.

Thus, we have a de
orated versionM(A

i

) for ea
h A

i

of

A. Assume that a 
omponent automaton A

i

is as illus-

trated in Figure 1; its de
orated versionM(A

i

) is shown

in Figure 3. We takeM(A

1

) jj : : : jjM(A

n

) to be the de
-

orated version of A, i.e.M(A) �M(A

1

) jj : : : jj M(A

n

).

For a bounded response time formula f

1

;

�T

f

2

, we

now have the following fa
t:

M(A) j= INV(v

1

) 
 � T ) i� A j= f

1

;

�T

f

2

Note that we 
ould have 
onstru
ted the produ
t au-

tomaton of A �rst. Then the 
onstru
tion ofM(A) from

7

This means that a proposition p is assigned to both the sour
e

and the target nodes of the edge; v

p

must have been assigned tt on

all the edges entering the sour
e node.

the produ
t automaton would be mu
h simpler. But the

size of M(A) will be mu
h larger; it will be exponential

in the size of the 
omponent automata. Our 
onstru
tion

here is purely synta
ti
al based on the synta
ti
al stru
-

ture of ea
h 
omponent automaton. The size ofM(A) is

in fa
t linear in the size of the 
omponent automata. It

is parti
ularly appropriate for a tool like Uppaal, that

is based on on-the-
y generation of the state-spa
e of

a network. For ea
h 
omponent automaton A, the size

of M(A) 
an be 
al
ulated pre
isely as follows: In addi-

tion to one auxiliary 
lo
k 
 and jP (f

1

)[P (f

2

)j boolean

variables in M(A), the number of edges of M(A) is

3 � j �!

A

j where j �!

A

j is the number of edges of

A (note that no extra nodes are introdu
ed in M(A)).

Note also that in the above 
onstru
tion, we have the

restri
tion that f

1

and f

2


ontain no 
onstraints, but

only atomi
 propositions. The 
onstru
tion 
an be eas-

ily generalized to allow 
onstraints by 
onsidering ea
h


onstraint as a proposition and de
orating ea
h lo
ation

(that is, the in
oming edges) where the 
onstraint 
ould

be
ome true when the lo
ation is rea
hed. In fa
t, this

is what we did above on the boolean expressions (
on-

straints) E(f

1

) and E(f

2

).

5 The Gear Controller

In this se
tion we informally des
ribe the fun
tionality

and the requirements of the gear 
ontroller proposed by

Me
el AB, as well as the abstra
t behavior of the envi-

ronment where the 
ontroller is supposed to operate.

5.1 Fun
tionality

The gear 
ontroller 
hanges gears by requesting servi
es

provided by the 
omponents in its environment. The in-

tera
tion with these 
omponents is over the vehi
les 
om-

muni
ation network. A des
ription of the gear 
ontroller

and its interfa
e is as follows.

Interfa
e: The interfa
e re
eives servi
e requests and keeps

information about the 
urrent status of the gear 
on-

troller, whi
h is either 
hanging gear or idling. The
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user of this servi
e is either the driver using the gear

sti
k or a dedi
ated 
omponent implementing a gear


hange algorithm. The interfa
e is assumed to re-

spond when the servi
e is 
ompleted.

Gear Controller: The only user of the gear 
ontroller is

its interfa
e. The 
ontroller performs a gear 
hange

in �ve steps beginning when a gear 
hange request is

re
eived from the interfa
e. The �rst step is to a

om-

plish a zero torque transmission, making it possible

to release the 
urrently set gear. Se
ondly the gear

is released. The 
ontroller then a
hieves syn
hronous

speed over the transmission and sets the new gear.

On
e the gear is set the engine torque is in
reased so

that the same wheel torque level as before the gear


hange is a
hieved.

Under diÆ
ult driving 
onditions the engine may not

be able to a

omplish zero torque or syn
hronous

speed over the transmission. It is then possible to


hange gear using the 
lut
h. By opening the 
lut
h

(i.e. disengaging the 
lut
h), and 
onsequently the

transmission, the 
onne
tion between the engine and

the wheels is broken. The gearbox is at this state able

to release and set the new gear, as zero torque and

syn
hronous speed is no longer required. When the


lut
h 
loses (i.e. engages) it safely bridges the speed

and torque di�eren
es between the engine and the

wheels. We refer to these ex
eptional 
ases as re
ov-

erable errors.

The environment of the gear 
ontroller 
onsists of the

following three 
omponents:

Gearbox: It is an ele
tri
ally 
ontrolled gearbox with


ontrol ele
troni
s. It provides servi
es to set a gear

in 100 to 300 ms and to release a gear in 100 to 200

ms. If a setting or releasing-operation of a gear takes

more than 300 ms or 200 ms respe
tively, the gearbox

will indi
ate this and stop in a spe
i�
 error state.

Clut
h: It is an ele
tri
ally 
ontrolled 
lut
h that has the

same sort of basi
 servi
es as the gearbox. The 
lut
h


an open or 
lose within 100 to 150 ms. If a opening

or 
losing is not a

omplish within the time bounds,

the 
lut
h will indi
ate this and rea
h a spe
i�
 error

state.

Engine: The engine o�ers three modes of operation: nor-

mal torque, zero torque, and syn
hronous speed. The

normal mode is normal torque where the engine gives

the requested engine torque. In zero torque mode the

engine will try to �nd a zero torque di�eren
e over the

transmission. Similarly, in syn
hronous speed mode

the engine sear
hes zero speed di�eren
e between the

engine and the wheels

8

. The maximum time bound

sear
hing for zero torque is limited to 400 ms within

whi
h a safe state is entered. Furthermore, the max-

imum time bound for syn
hronous speed 
ontrol is

8

Syn
hronous speed mode is used only when the 
lut
h is open

or no gear is set.

limited to 500 ms. If 500 ms elapse the engine enters

an error state.

We will refer to the error states in the environment as

unre
overable errors sin
e it is impossible for the gear


ontroller alone to re
over from these errors.

5.2 Requirements

In this se
tion we list the informal requirements and de-

sired fun
tionality on the gear 
ontroller, provided by

Me
el AB. The requirements are to ensure the 
orre
t-

ness of the gear 
ontroller. A few operations, su
h as gear


hanges and error dete
tions, are 
ru
ial to the 
orre
t-

ness and must be guaranteed within 
ertain time bounds.

In addition, there are also requirements on the 
ontroller

to ensure desired qualities of the vehi
le, su
h as: good


omfort, low fuel 
onsumption, and low emission.

1. Performan
e. These requirements limit the maxi-

mum time to perform a gear 
hange when no unre-


overable errors o

ur.

(a) A gear 
hange should be 
ompleted within 1.5 se
-

onds unless an unre
overable error o

urs.

(b) A gear 
hange, under normal operation 
onditions,

should be performed within 1 se
ond.

2. Predi
tability. The predi
tability requirements are

to ensure stri
t syn
hronization and 
ontrol between


omponents.

(a) There should be no deadlo
ks in the system.

(b) When the engine is regulating torque, the 
lut
h

should be 
losed.

(
) When a gear is set, the engine should be regulat-

ing torque.

3. Fun
tionality. The following requirements are to en-

sure the desired fun
tionality of the gear 
ontroller.

(a) It is able to use all gears.

(b) It uses the engine to enhan
e zero torque and syn-


hronous speed over the transmission.

(
) It uses the gearbox to set and release gears.

(d) It is allowed to use the 
lut
h in diÆ
ult 
ondi-

tions.

(e) It does not request zero torque when 
hanging

from neutral gear.

(f) The gear 
ontroller does not request syn
hronous

speed when 
hanging to neutral gear.

4. Error Dete
tion. The gear 
ontroller dete
ts and

indi
ates error only when:

(a) the 
lut
h is not opened in time,

(b) the 
lut
h is not 
losed in time,

(
) the gearbox is not able to set a gear in time,

(d) the gearbox is not able to release a gear in time.

6 Formal Des
ription of the System

To design and analyze the gear 
ontroller we model the


ontroller and its environment in theUppaalmodel [10℄.
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h
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ReqNewGear
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Fig. 4. A Flow-Graph of the Gearbox Model.

The modeling phase has been separated in two steps.

First a model of the environment is 
reated, as its be-

havior is spe
i�ed in advan
e as assumptions (see Se
-

tion 5.1). Se
ondly, the 
ontroller itself and its interfa
e

are designed to be fun
tionally 
orre
t in the given en-

vironment. Figure 4 shows a 
ow-graph of the result-

ing model where nodes represent automata and edges

represent syn
hronization 
hannels or shared variables

(en
losed within parenthesis). The gear 
ontroller and

its interfa
e are modeled by the automata GearControl

(GC) and Interfa
e (I). The environment is modeled by

the three automata: Clut
h (C), Engine (E), and GearBox

(GB).

The system uses eight variables. Four are timers that

measure 1=1000 of se
onds (ms): GCTimer, GBTimer, CTi-

mer and ETimer. The two data variables, named From-

Gear and ToGear, are used as gear 
hange requests

9

and

the variables UseCase and ErrStat are assigned when er-

rors o

ur in the system (see Se
tion 7). In the following

we des
ribe the �ve automata of the system.

The three automata of the environment model the

basi
 fun
tionality and time behavior of the 
omponents

in the environment. The 
omponents have two 
hannels

asso
iated with ea
h servi
e: one for requests and one to

respond when servi
e has been performed.

Gearbox: In automaton GearBox, shown in Figure B3,

inputs on 
hannel ReqSet request a gear set and the


orresponding response on GearSet is output if the

gear is su

essfully set. Similarly, the 
hannel ReqNeu

requests the neutral gear and the response GearNeu

signals if the gear is su

essfully released. If the gear-

box fails to set or release a gear the lo
ations named

ErrorSet and ErrorNeu are entered respe
tively.

Clut
h: The automaton Clut
h is shown in Figure B1.

Inputs on 
hannels OpenClut
h and CloseClut
h in-

9

The domains of FromGear and ToGear are bounded to f0; :::;6g,

where 1 to 5 represent gear 1 to gear 5, 0 represents gear N, and 6

is the reverse gear.

stru
t the 
lut
h to open and 
lose respe
tively. The


orresponding response 
hannels are Clut
hIsOpen

and Clut
hIsClosed. If the 
lut
h fails to open or


lose it enters the lo
ation ErrorOpen and ErrorClose

respe
tively.

Engine: The automaton Engine, shown in Figure B4, a
-


epts in
oming requests for syn
hronous speed, a spe
-

i�ed torque level or zero torque on the 
hannels Req-

Speed, ReqTorque and ReqZeroTorque respe
tively.

The a
tual torque level or requested speed is not

modeled sin
e it does not a�e
t the design of the

gear 
ontroller

10

. The engine responds on the 
han-

nels TorqueZero and SpeedSet when the servi
es

have been 
ompleted. Requests for spe
i�
 torque

levels (i.e. signal ReqTorque) are not answered, in-

stead torque is assumed to in
rease immediately af-

ter the request. If the engine fails to deliver zero

torque or syn
hronous speed in time, it enters lo-


ation CluthOpen without responding to the request.

Similarly, the lo
ation ErrorSpeed is entered if the en-

gine regulates on syn
hronous speed in too long time.

Given the formal model of the environment, the gear 
on-

troller has been designed to satisfy both the fun
tionality

requirements given in Se
tion 5.1, and the 
orre
tness re-

quirements in Se
tion 5.2

Gear Controller: The GearControl automaton is shown

in Figure B5. Ea
h main loop implements a gear


hange by intera
ting with the 
omponents of the

environment. The designed 
ontroller measures re-

sponse times from the 
omponents to dete
t errors

(as failures are not signaled). The rea
tion of the 
on-

troller depends on how serious the o

urred error is.

It either re
overs the system from the error, or ter-

minates in a pre-spe
i�ed lo
ation that points out

the (unre
overable) error: COpenError, CCloseError,

10

Hen
e, the time bound for �nding zero torque (i.e. 400 ms)

should hold when de
reasing from an arbitrary torque level.
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GNeuError or GSetError. Re
overable errors are de-

te
ted in the lo
ations Che
kTorque and Che
kSyn
-

Speed.

Interfa
e: The automaton Interfa
e shown in Figure B2,

requests gears R, N, 1, ..., 5 from the gear 
ontroller.

Requests and responses are sent through 
hannel Req-

NewGear and 
hannel NewGear respe
tively. When a

request is sent, the shared variables FromGear and

ToGear are assigned values 
orresponding to the 
ur-

rent and the requested new gear respe
tively.

7 Formal Validation and Veri�
ation

In this se
tion we formalise the informal requirements

given in Se
tion 5.2 and prove their 
orre
tness using

the symboli
 model-
he
ker of Uppaal.

To enable formalisation (and veri�
ation) of require-

ments, we de
orate the system des
ription with two inte-

ger variables, ErrStat and UseCase. The variable ErrStat

is assigned values at unre
overable errors: 1 if Clut
h fails

to 
lose, 2 if Clut
h fails to open, 3 if GearBox fails to set a

gear, and 4 if GearBox fails to release a gear. The variable

UseCase is assigned values whenever a re
overable error

o

urs in Engine: 1 if it fail to deliver zero torque, and 2

if it is not able to �nd syn
hronous speed. The system

model is also de
orated to enable veri�
ation of bounded

response time properties, as des
ribed in Se
tion 4.

Before formalising the requirement spe
i�
ation of

the gear 
ontroller we de�ne negation and 
onjun
tion

for the bounded response time operator and the invari-

ant operator de�ned in Se
tion 4,

A j= '

1

^ '

2

if and only if A j= '

1

and A j= '

2

A j= :' if and only if A 6j= '

We also extend the (impli
it) proposition at(l) to at(A; l),

meaning that the 
ontrol lo
ation of automaton A is 
ur-

rently l. Finally, we introdu
e Poss(f) to denote :INV(:f),

f

1

6;

�T

f

2

to denote :(f

1

;

�T

f

2

), and A:l to denote

at(A; l). We are now ready to formalise the requirements.

7.1 Requirement Spe
i�
ation

The �rst performan
e requirement 1a, i.e. that a gear


hange must be 
ompleted within 1.5 se
onds given that

no unre
overable errors o

ur, is spe
i�ed in property 1

(see Table 2). It requires the lo
ation GearChanged in

automaton GearControl to be rea
hed within 1.5 se
onds

after lo
ation Initiate has been entered. Only s
enarios

without unre
overable errors are 
onsidered as the value

of the variable ErrStat is spe
i�ed to be zero

11

. To 
on-

sider s
enarios with normal operation we restri
t also

the value of variable UseCase to zero (i.e. no re
overable

11

Re
all that the variable ErrStat is assigned a positive value

(i.e. greater than zero) whenever an unre
overable error o

urs.

errors o

urs). Property 2 requires gear 
hanges to be


ompleted within one se
ond given that the system is

operating normally.

The properties 3 to 6 require the system to terminate

in known error-lo
ations that point out the spe
i�
 error

when errors o

ur in the 
lut
h or the gear (requirements

4a to 4d). Up to 350 ms is allowed to elapse between the

o

urren
e of an error and that the error is indi
ated

in the gear 
ontroller. The properties 7 to 10 restri
t

the 
ontroller design to indi
ate an error only when the


orresponding error has arised in the 
omponents. Ob-

serve that no spe
i�
 lo
ation in the gear 
ontroller is

dedi
ated to indi
ate the unre
overable error that may

o

ur when the engines speed-regulation is interrupted

(i.e. when lo
ation Engine.ErrorSpeed is rea
hed). Prop-

erty 11 ensures that no su
h lo
ation is needed sin
e this

error is always a 
onsequen
e of a pre
eding unre
over-

able error in the 
lut
h or in the gear.

Property 12 holds if the system is able to use all gears

(requirement 3a). Furthermore, for full fun
tionality and

predi
tability, the system is required to be deadlo
k-free

(requirement 2a). This has been 
he
ked with an internal

version of the Uppaal tool

12

.

The properties 13 and 14 spe
ify the informal pre-

di
tability requirements 2b and 2
.

A number of fun
tionality requirements spe
ify how

the gear 
ontroller should intera
t with the environment

(e.g. 3a to 3f). These requirements have been used to de-

sign the gear 
ontroller. They have later been validated

using the simulator in Uppaal and have not been for-

mally spe
i�ed and veri�ed.

Time Bound Derivation

Property 1 requires that a gear 
hange should be per-

formed within one se
ond. Even though this is an inter-

esting property in itself one may ask for the lowest time

bound for whi
h a gear 
hange is guaranteed. We show

that the time bound is 900 ms for error-free s
enarios by

proving that the 
hange is guaranteed at 900 ms (prop-

erty 15), and that the 
hange is possibly not 
ompleted

at 899 ms (property 16). Similarly, for s
enarios when the

engine fails to deliver zero torque we derive the bound

1055 ms, and if syn
hronous speed is not delivered in the

engine the time bound is 1205 ms.

We have shown the shortest time for whi
h a gear


hange is possible in the three s
enarios to be: 150 ms,

550 ms, and 450 ms. However, gear 
hanges involving

neutral gear may be faster as the gear does not have

to be released (when 
hanging from gear neutral) or set

(when 
hanging to gear neutral). Finally, we 
onsider the

same three s
enarios but without involving neutral gear

by 
onstraining the values of the variables FromGear and

12

The deadlo
k 
he
ker will be distributed with the next release

of the Uppaal tool, whi
h will have version number 3.2.
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GearControl:Initiate ;

�1500

(( ErrStat = 0 ) ) GearControl:GearChanged) (1)

GearControl:Initiate;

�1000

(( ErrStat = 0 ^ UseCase = 0 ) ) GearControl:GearChanged) (2)

Clut
h:ErrorClose ;

�200

GearControl:CCloseError (3)

Clut
h:ErrorOpen ;

�200

GearControl:COpenError (4)

GearBox:ErrorIdle ;

�350

GearControl:GSetError (5)

GearBox:ErrorNeu ;

�300

GearControl:GNeuError (6)

INV ( GearControl:CCloseError ) Clut
h:ErrorClose ) (7)

INV ( GearControl:COpenError ) Clut
h:ErrorOpen ) (8)

INV ( GearControl:GSetError ) GearBox:ErrorIdle ) (9)

INV ( GearControl:GNeuError ) GearBox:ErrorNeu ) (10)

INV ( Engine:ErrorSpeed ) ErrStat 6= 0 ) (11)

^

i2fR;N;1;:::;5g

Poss ( Gear:Gear

i

) (12)

INV ( Engine:Torque ) Clut
h:Closed ) (13)

^

i2fR;1;:::;5g

INV(( GearControl:Gear ^ Gear:Gear

i

) ) Engine:Torque) (14)

Table 2. Requirement Spe
i�
ation

GearControl:Initiate ;

<900

(( ErrStat = 0 ^ UseCase = 0 ) ) GearControl:GearChanged) (15)

GearControl:Initiate 6;

�899

(( ErrStat = 0 ^ UseCase = 0 ) ) GearControl:GearChanged) (16)

Table 3. Time Bounds

ToGear. The derived time bounds are: 400 ms, 700 ms

and 750.

Veri�
ation Results

We have veri�ed totally 47 logi
al formulas (listed in Ap-

pendix A) of the system using Uppaal installed on a 75

MHz Pentium PC equipped with 24 MB of primary mem-

ory. The veri�
ation of all the formulas 
onsumed 2.99

se
ond.

8 Con
lusion

In this paper, we have reported an industrial 
ase study

in applying formal te
hniques for the design and analysis

of 
ontrol systems for vehi
les. The main output of the


ase-study is a formally des
ribed gear 
ontroller and a

set of formal requirements. The designed 
ontroller has

been validated and veri�ed using the tool Uppaal to

satisfy the safety and fun
tionality requirements on the


ontroller, provided by Me
el AB. It may be 
onsidered

as one pie
e of eviden
e that the validation and veri�
a-

tion tools of today are mature enough to be applied in

industrial proje
ts.

We have given a detailed des
ription of the formal

model of the gear 
ontroller and its surrounding environ-

ment, and its 
orre
tness formalised in 47 logi
al formu-

las a

ording to the informal requirements delivered by

industry. The veri�
ation was performed in a few se
onds

on a Pentium PC runningUppaal. Another 
ontribution

of this paper is a solution to a problem we got in this


ase study, namely how to use a tool like Uppaal, whi
h

only provides rea
hability analysis to verify bounded re-

sponse time properties. We have presented a logi
 and

a method to 
hara
terise and model{
he
k su
h proper-

ties by rea
hability analysis in 
ombination with simple

synta
ti
al manipulation on the system des
ription.

This work 
on
erns only one 
omponent, namely gear


ontroller of a 
ontrol system for vehi
les. Future work,

naturally in
ludes modelling and veri�
ation of the whole


ontrol system. The proje
t is still in progress. We hope

to report more in the near future on the proje
t.
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Appendix A: The Requirement Spe
i�
ation

//////////////////////////////////////////////////////////////////

// 1996-11-20, 1997-02-20--27, and 1997-07-31 � Uppsala University

// Paul Pettersson and Wang Yi, DoCS and Magnus Lindahl, Me
el AB.

//////////////////////////////////////////////////////////////////

//

// OVERVIEW

//

// This do
ument is the spe
ifi
ation file (engine.q) in UPPAALs

// q-format. It is the a
tual input file used to 
he
k properties

// of the gearbox 
ontroller. The system is modelled in the file

// engine.atg. To generate the ta-format of the system, run:

// 'atg2ta engine.atg engine.ta' and to verify the system, run:

// 'verifyta -sT engine.ta engine.q'.

//

// E1 to E11 are requirements on the environment of the gearbox

// 
ontroller, that should be respe
ted by the formal model of

// the environment. R1 to R9 are requirements on the gearbox

// 
ontroller design given by Me
el AB in natural language. P1 to

// P17 formalize R1 to R9, that should be satisfied by the formal

// model of the gearbox 
ontroller.

//

// INFORMAL REQUIREMENTS ON THE ENVIRONMENT OF GEARBOX CONTROLLER

//

// E1 to E11 are requirements that the environment of the gearbox

// 
ontroller design should satisfy to guarantee the behavior of

// the whole system works properly. That is, if any of the

// requirements E1 to E11 are not satisfied by the environment

// then P1 to P17 are *not* guaranteed to hold:

//

// E1. Initially the 
lut
h is 
losed.

//

// E2. To open the 
lut
h, it takes at least 100 ms and at most

// 150 ms.

//

// E3. To 
lose the 
lut
h, it takes at least 100 ms and at most

// 150 ms.

//

// E4. Initially the gearbox is neutral.

//

// E5. To release the gear, it takes at least 100 ms and at most

// 200 ms.

//

// E6. To set a gear, it takes at least 100 ms and at most 300 ms.

//

// E7. The engine is always in a predefined state 
alled "Initial"

// when no gear is set.

//

// E8. To find zero torque in the engine, it takes at least 150 ms

// and at most 400 ms. But at 400 ms, the engine may enter

// an error state or find zero torque.

//

// E9. To find syn
hronous speed, it takes at least 50 ms and at

// most 200 ms. But at 200 ms the engine may enter an error

// state or find syn
hronous speed.

//

// E10. The engine may regulate on syn
hronous speed in at most

// 500 ms.

//

// E11. When in an error state, the engine will regulate on

// syn
hronous speed in at least 50 ms and at most 500 ms.

//

//

// INFORMAL REQUIREMENTS ON THE GEARBOX CONTROLLER DESIGN

//

// The Gearbox 
ontroller should satisfy the following informal

// requirements. The properties given in parentheses are the

// formal des
ription of the listed requirement.

//

// R1. A gear 
hange should be performed within 1 se
ond (P6 - P8,

// P3).

//

// R2. When an error arises, the system will rea
h a predefined

// error state marking the error (P9 - P11).

//

// R3. The system should be able to use all gears (P2 - P3).

//

// R4. There will be no deadlo
ked state in the system (P17).

//

// R5. When the system indi
ates gear neutral, the engine should

// be in initial state (P12).

//

// R6. When the system indi
ates a gear, the engine should be in

// a state performing torque regulation (P13).

//

// R7. The gearbox 
ontroller will never indi
ate open or 
losed

// 
lut
h when the 
lut
h is 
losed or open respe
tively

// (P14).

//

// R8. The gearbox 
ontroller will never indi
ate gear set or

// gear neutral when the gear is not set or not idle,

// respe
tively (P15).

//
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// R9. When the engine is regulating on torque, the 
lut
h is

// 
losed (P16).

//

//

// FORMALIZING THE REQUIREMENTS

//

// The requirements above have been formalised using variables

// and lo
ations of automata. The system variables listed below

// are variables used by the 
omponents of the system; the

// auxiliary variables are de
orations to the system used to

// formalize the requirements only. In the system des
ription, the

// auxiliary variables appear only in assignments (not in guards).

// This ensures that the system behavior is not 
hanged when the

// auxiliary variables are introdu
ed (or removed).

//

// The variables ErrStat and UseCase are used to tra
e errors.

// ErrStat is set when unre
overable errors o

ur; UseCase is

// set when re
overable errors o

ur, that will be re
overed by

// the gearbox 
ontroller.

//

// The systems 
omponent lo
ations that appear in the formulae

// below 
an be found in the system des
ription file

// engine.{atg|ta}.

//

// System Variables:

//

// o GCTimer - gearbox 
ontroller timer,

// o ETimer - engine timer,

// o GBTimer - gearbox timer,

// o CTimer - 
lut
h timer,

// o FromGear - sele
ted gear before gear 
hange (0=N, 1=1, ...,

// 6=R),

// o ToGear - sele
ted gear after gear 
hange (0=N, 1=1, ...,

// 6=R).

//

// Auxiliary Variables:

//

// o SysTimer - system timer, reset at ea
h request for new gear

// (in the gearbox 
ontroller),

// o ErrStat - 0 = no errors,

// 1 = 
lose 
lut
h error,

// 2 = open 
lut
h error,

// 3 = set gear failure,

// 4 = error releasing gear.

// o UseCase - 0 = ideal s
enario, no problems o

urred,

// 1 = engine was not able to deliver zero torque,

// 2 = engine was not able to find syn
hronous speed.

//////////////////////////////////////////////////////////////////

//

// ---------------------------------------------------------------

// P1. It is possible to 
hange gear.

// ---------------------------------------------------------------

E<> GearControl.GearChanged

// ---------------------------------------------------------------

// P2. It is possible to swit
h to gear nr 5 and to reverse gear

// (i.e. R).

// ---------------------------------------------------------------

// a)

E<> Interfa
e.Gear5

// b)

E<> Interfa
e.GearR

// ---------------------------------------------------------------

// P3. It is possible to swit
h gear in 1000 ms (not very interest

// ing).

// ---------------------------------------------------------------

E<> ( GearControl.GearChanged and ( SysTimer<=1000 ) )

// ---------------------------------------------------------------

// P4. When the gearbox is in position N, the gear is not in

// position 1-5 or R.

// ---------------------------------------------------------------

A[℄ not ( GearBox.Neutral and \

( Interfa
e.Gear1 or Interfa
e.Gear2 or \

Interfa
e.Gear3 or Interfa
e.Gear4 or \

Interfa
e.Gear5 or Interfa
e.GearR ) )

// ---------------------------------------------------------------

// P5. The gear is never N, when the gearbox is idle (expe
ted to

// be neutral).

// ---------------------------------------------------------------

// a)

A[℄ not ( GearBox.Idle and Interfa
e.GearN )

// b)

A[℄ ( Interfa
e.GearN imply GearBox.Neutral )

// ---------------------------------------------------------------

// P6. In the 
ase of no errors (in gear and 
lut
h) and ideal

// (engine) s
enario,

// a) a gear swit
h is guaranteed in 900 ms (in
luding 900 ms),

// a') a gear swit
h is not guaranteed in stri
tly less than 900

// ms,

// b) it is impossible to swit
h gear in less than 150 ms,

// b') it is possible to swit
h gear at 150 ms,

// 
) it is impossible to swit
h gear in less than 400 ms if the

// swit
h is not from/to gear N.

// 
') it is possible to swit
h gear at 400 ms if the swit
h is

// not from/to gear N.

// ---------------------------------------------------------------

// a)

A[℄ ( ( ErrStat==0 and UseCase==0 and SysTimer>=900 ) imply \

( GearControl.GearChanged or GearControl.Gear ) )

// a')

E<> ( ErrStat==0 and UseCase==0 and \

SysTimer>899 and SysTimer<900 and \

not ( GearControl.GearChanged or GearControl.Gear ) )

// b)

A[℄ ( ( ErrStat==0 and UseCase==0 and ( SysTimer<150 ) ) imply \

not ( GearControl.GearChanged ) )

// (In (b) GearControl.Gear is not implied sin
e the property is

// then satisfied by the systems initial state.)

// b')

E<> ( ErrStat==0 and UseCase==0 and GearControl.GearChanged and \

( SysTimer==150 ) )

// 
)

A[℄ ( ( ErrStat==0 and UseCase==0 and FromGear>0 and \

ToGear>0 and ( SysTimer<400 ) ) imply \

not ( GearControl.GearChanged ) )

// 
')

E<> ( ErrStat==0 and UseCase==0 and FromGear>0 and ToGear>0 and \

GearControl.GearChanged and ( SysTimer==400 ) )

// ---------------------------------------------------------------

// P7. When no errors (in gear and 
lut
h) o

ur, but engine fails

// to deliver zero torque:

// a) a gear swit
h is guaranteed after 1055 ms (not in
luding

// 1055),

// a') it is impossible to swit
h gear in 1055 ms,

// b) it is impossible to swit
h gear in less than 550 ms,

// b') it is possible to swit
h gear at 550 ms,

// 
) it is impossible to swit
h gear in less than 700 ms if the

// swit
h is not from/to gear N.

// 
') it is possible to swit
h gear at 700 ms if the swit
h is

// not from/to gear N.

// ---------------------------------------------------------------

// a)

A[℄ ( ( ErrStat==0 and UseCase==1 and SysTimer>1055 ) imply \

( GearControl.GearChanged or GearControl.Gear ) )

// a')

E<> ( ErrStat==0 and UseCase==1 and SysTimer==1055 and \

not ( GearControl.GearChanged or GearControl.Gear ) )

// b)

A[℄ ( ( ErrStat==0 and UseCase==1 and SysTimer<550 ) imply \

not ( GearControl.GearChanged or GearControl.Gear ) )

// b')

E<> ( ErrStat==0 and UseCase==1 and GearControl.GearChanged and \

( SysTimer==550 ) )

// 
)

A[℄ ( ( ErrStat==0 and UseCase==1 and FromGear>0 and \

ToGear>0 and SysTimer<700 ) imply \

not ( GearControl.GearChanged and GearControl.Gear ) )

// 
')

E<> ( ErrStat==0 and UseCase==1 and FromGear>0 and ToGear>0 and \

GearControl.GearChanged and \

( SysTimer==700 ) )

// ---------------------------------------------------------------

// P8. When no errors o

ur, but engine fails to find syn
hronous

// speed:

// a) a gear swit
h is guaranteed in 1205 ms (in
luding 1205),

// a') a gear swit
h is not guaranteed at less than 1205 ms,

// b) it is impossible to swit
h gear in less than 450 ms,

// b') it is possible to swit
h gear at 450 ms,

// 
) it is impossible to swit
h gear in less than 750 ms if the

// swit
h is not from/to gear N.

// 
') it is possible to swit
h gear at 750 ms if the swit
h is

// not from/to gear N.
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// ---------------------------------------------------------------

// a)

A[℄ ( ( ErrStat==0 and UseCase==2 and SysTimer>=1205 ) imply \

( GearControl.GearChanged or GearControl.Gear ) )

// a')

E<> ( ErrStat==0 and UseCase==2 and SysTimer>1204 and \

SysTimer<1205 and \

not ( GearControl.GearChanged or GearControl.Gear ) )

// b)

A[℄ ( ( UseCase==2 and ( SysTimer<450 ) ) imply \

not ( GearControl.GearChanged or GearControl.Gear ) )

// b')

E<> ( UseCase==2 and GearControl.GearChanged and \

( SysTimer==450 ) )

// 
)

A[℄ ( ( ErrStat==0 and UseCase==2 and FromGear>0 and \

ToGear>0 and SysTimer<750 ) imply \

not ( GearControl.GearChanged and GearControl.Gear ) )

// 
')

E<> ( ErrStat==0 and UseCase==2 and FromGear>0 and ToGear>0 and \

GearControl.GearChanged and \

( SysTimer==750 ) )

// ---------------------------------------------------------------

// P9. Clut
h Errors.

// a) If the 
lut
h is not 
losed properly (i.e. a timeout

// o

urs) the gearbox 
ontroller will enter the lo
ation

// CCloseError within 200 ms.

// b) When the gearbox 
ontroller enters lo
ation CCloseError,

// there is always a problem in the 
lut
h with 
losing the

// 
lut
h.

// ---------------------------------------------------------------

// a)

A[℄ ( ( Clut
h.ErrorClose and ( GCTimer>200 ) ) imply \

GearControl.CCloseError )

// b)

A[℄ ( GearControl.CCloseError imply Clut
h.ErrorClose )

// ---------------------------------------------------------------

// P9. Clut
h Errors (
ont.)

// 
) If the 
lut
h is not opened properly (i.e. a timeout o

urs)

// the gearbox 
ontroller will enter the lo
ation COpenError

// within 200 ms.

// d) When the gearbox 
ontroller enters lo
ation COpenError,

// there is always a problem in the 
lut
h with opening the

// 
lut
h.

// ---------------------------------------------------------------

// 
)

A[℄ ( ( Clut
h.ErrorOpen and ( GCTimer>200 ) ) imply \

GearControl.COpenError )

// d)

A[℄ ( ( GearControl.COpenError ) imply Clut
h.ErrorOpen )

// ---------------------------------------------------------------

// P10. Gearbox Errors.

// a) If the gearbox 
an not set a requested gear (i.e a timeout

// o

urs) the gearbox 
ontroller will enter the lo
ation

// GSetError within 350 ms.

// b) When the gearbox 
ontroller enters lo
ation GSetError, there

// is always a problem in the gearbox with setting the gear.

// ---------------------------------------------------------------

// a)

A[℄ ( ( GearBox.ErrorIdle and ( GCTimer>350 ) ) imply \

GearControl.GSetError )

// b)

A[℄ ( ( GearControl.GSetError ) imply GearBox.ErrorIdle )

// ---------------------------------------------------------------

// P10. Gearbox Errors (
ont).

// 
) If the gearbox 
an not swit
h to neutral gear (i.e. a

// timeout o

urs) the gearbox 
ontroller will enter the

// lo
ation GNeuError within 300 ms.

// d) When the gearbox 
ontroller enters lo
ation GNeuError there

// is always a problem in the gearbox with swit
hing to neutral

// gear.

// ---------------------------------------------------------------

// 
)

A[℄ ( ( GearBox.ErrorNeu and ( GCTimer>300 ) ) imply \

GearControl.GNeuError )

// d)

A[℄ ( ( GearControl.GNeuError ) imply GearBox.ErrorNeu )

// ---------------------------------------------------------------

// P11. If no errors o

ur in the engine, it is guaranteed to find

// syn
hronous speed.

// ---------------------------------------------------------------

A[℄ not ( ErrStat==0 and Engine.ErrorSpeed )

// ---------------------------------------------------------------

// P12. When the gear is N, the engine is in initial or on its way

// to initial (i.e. ToGear==0 and engine in zero).

// ---------------------------------------------------------------

A[℄ ( Interfa
e.GearN imply \

( ( ToGear==0 and Engine.Zero ) or Engine.Initial ) )

// ---------------------------------------------------------------

// P13. When the gear 
ontroller has a gear set, torque regulation

// is always indi
ated in the engine.

// ---------------------------------------------------------------

// a)

A[℄ ( ( GearControl.Gear and Interfa
e.GearR ) imply \

Engine.Torque )

// b)

A[℄ ( ( GearControl.Gear and Interfa
e.Gear1 ) imply \

Engine.Torque )

// 
)

A[℄ ( ( GearControl.Gear and Interfa
e.Gear2 ) imply \

Engine.Torque )

// d)

A[℄ ( ( GearControl.Gear and Interfa
e.Gear3 ) imply \

Engine.Torque )

// e)

A[℄ ( ( GearControl.Gear and Interfa
e.Gear4 ) imply \

Engine.Torque )

// f)

A[℄ ( ( GearControl.Gear and Interfa
e.Gear5 ) imply \

Engine.Torque )

// ---------------------------------------------------------------

// P14. a) If 
lut
h is open, the gearbox 
ontroller is in one of

// the predefined lo
ations.

// b) If 
lut
h is 
losed, the gearbox 
ontroller is in one

// of the predefined lo
ations.

// ---------------------------------------------------------------

// a)

A[℄ ( Clut
h.Open imply \

( GearControl.Clut
hOpen or GearControl.Clut
hOpen2 or \

GearControl.Che
kGearSet2 or GearControl.ReqSetGear2 or \

GearControl.GNeuError or \

GearControl.Clut
hClose or \

GearControl.Che
kClut
hClosed or \

GearControl.Che
kClut
hClosed2 or \

GearControl.CCloseError or \

GearControl.GSetError or GearControl.Che
kGearNeu2 ) )

// b)

A[℄ ( Clut
h.Closed imply \

( GearControl.ReqTorqueC or GearControl.GearChanged or \

GearControl.Gear or GearControl.Initiate or \

GearControl.Che
kTorque or GearControl.ReqNeuGear or \

GearControl.Che
kGearNeu or GearControl.GNeuError or \

GearControl.ReqSyn
Speed or \

GearControl.Che
kSyn
Speed or GearControl.ReqSetGear or \

GearControl.Che
kGearSet1 or GearControl.GSetError ) )

// ---------------------------------------------------------------

// P15. a) If gear is set, the gearbox 
ontroller is in

// one of the predefined lo
ations.

// b) If gear is neutral, the gearbox 
ontroller is in

// one of the predefined lo
ations.

// ---------------------------------------------------------------

// a)

A[℄ ( GearBox.Idle imply \

( GearControl.Clut
hClose or \

GearControl.Che
kClut
hClosed or \

GearControl.CCloseError or \

GearControl.ReqTorqueC or GearControl.GearChanged or \

GearControl.Gear or GearControl.Initiate or \

GearControl.Che
kTorque or GearControl.ReqNeuGear or \

GearControl.Che
kClut
h2 or GearControl.COpenError or \

GearControl.Clut
hOpen2 ) )

// b)

A[℄ ( GearBox.Neutral imply \

( GearControl.ReqSetGear or \

GearControl.Che
kClut
hClosed2 or \

GearControl.CCloseError or GearControl.ReqTorqueC or \

GearControl.GearChanged or GearControl.Gear or \

GearControl.Initiate or GearControl.ReqSyn
Speed or \

GearControl.Che
kSyn
Speed or GearControl.ReqSetGear or \

GearControl.Che
kClut
h or GearControl.COpenError or \

GearControl.Clut
hOpen or GearControl.ReqSetGear2 ) )
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// ---------------------------------------------------------------

// P16. If engine regulates on torque, then the 
lut
h is 
losed.

// ---------------------------------------------------------------

A[℄ ( Engine.Torque imply Clut
h.Closed )

// ---------------------------------------------------------------

// P17. As all states will satisfy "1 > 0", model-
he
king this

// formula will generate the whole state-spa
e of the system,

// and the answer will be that the property is satisfied.

// UPPAAL is designed to report all the deadlo
ked states

// during state-spa
e exploration. So if no deadlo
k is

// reported before the final answer is given, the system is

// deadlo
k-free.

// ---------------------------------------------------------------

A[℄ ( 1 > 0 )

/////////////////////////// - end - //////////////////////////////
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Appendix B: The System Des
ription
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Fig. B1. The Clut
h Automaton.
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Fig. B2. The Interfa
e Automaton.
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Fig. B3. The Gear-Box Automaton.
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Fig. B4. The Engine Automaton.
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Fig. B5. The Gear Box Controller Automaton.


