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Abstract

This paper presentsa component oriented framework de-
dicated to the specification of embedded systems in the ae-
ronautics domain. A component is an entity with three inter-
nal layers (hardware, operating functions and applicative
functions) together with a collection of models in different
domain-oriented views. A composition operation allows the
expression of composition scenarios, yielding a component
calculus for representing composite systems. An institutio-
nal framework supports this component calculus, allowing
the expression of coherence criteria between heterogeneous
views. This framework can be seen as a formal documenta-
tion of a system development and analysis, supporting he-
terogeneous modeling and compositional verification. The
approachisillustrated on a nontrivial case study.

1 Introduction

in parallel in different views, by different design teams. In-
formation is exchanged between views, each design group
providing its neighbor with the results of its own analysis,
in a globally iterative development cycle. Considerable syn-
thesis efforts have to be made in order to determine whether
the final design, as seen from the multiple heterogeneous
views, meets the global, system-level requirements. This ef-
fort is all the more important when there is no synthetic
view of the system, showing the relationships between the
multiple designs, models and local validation tasks carried
out in the different views.

In this setting, drawn from the current practices, the fol-
lowing questions were raised by industrials of the aeronau-
tics domain, and were the subject of an ONERA study, fi-
nanced by the DPAC[1] :

— how to build a synthetic representation of a system, its

different views and their interactions ?

— how to univocally express a global requirement on a

system ?

— how to formally validate such a requirement ?

Our work tries to bring answers to these questions by pro-

In this paper, we consider the problem of global require- posing a component oriented framework, which allows the

of reactive systems is subject to multiple and drastic safety

requirements, due to the criticality of their mission.

The current and ever growing level of complexity of
these systems forces designers to resort to multiple do-

— the incremental construction of the system from com-
ponents using composition,

— the different views and models used in the analysis of
the system.

main oriented views, such as Fault Tolerance (FT), Real the framework also enables one to formally express cohe-
Time Performance (RTP) and Functional (F) views. Inthese yoce criteria between views, and hence facilitates the ex-

views, f_ormal techniques, by_ imposing a 'Fight and precise pression of meaningful global properties.
semantic frame, enab!e deS|gner_s o d_efme models of t_he Our applicative field and case study involves the three
systems, express required properties using some appropnat%.r, RTP and F views, nevertheless the approach is generic

formal Ianguage, anq event_qally verify the models, using and supports the definition of an arbitrary number of views.
automated or interactive verification tools.

Usually, each view uses atechnique suited to the aspect it
focuses on. Most of the time, several studies are conducted French government's National Civilian Aviation Program Committee.




Paper Outline. In section 2, the case study illustrating our « is then passed on to shaving law, in charge of produ-
approach is described. It deals with an avionics subsystem cing the correctslav command to be sent to the actuator
on which global requirements are expressed. The formali- of the mobile surface, to achieve the desired angular posi-
zation of components and composition is given in section tion «. This computation also involves aircraft environment
3, and we show how it permits the construction of a static parameters. This system is obviously critical, so it is triple-
view of the system, central to our framework. In section 4, redundant, and it is monitored by three distributecbnfi-

the concept ofnstitution [8, 3] is introduced, and its use in  gurationlaws. Their duty is to detect eventual failures of the
the representation of the views and their formal techniques computers executing the command and slaving laws, and to
is explained as well. The resulting approach is generic andtrigger a reconfiguration mechanism whenever needed, to
is instantiated on the RTP and F views of the case studymake sure a mobile surface never stays idle.

in sections 5 and 6. The modeling techniques used in these Each one of the three comput&rsmp; runs the follo-
views are respectively RPAAL [7] and LUSTRE[5]. In sec- wing groups of tasks, grartitions:

tion 7, the generic method used to connect a view to the
central model is described. An example on the case study
is given to illustrate how the F and RTP views are connec-
ted to the central model of the case study. In section 8, the

1. Command Laws Partition (com_t4), which produces
angular set pointgas, as, as), one for each of the
three mobile surfaces.

synchronization of institutions on models construct [9] is 2. Slaving Laws Partition (slaving_i), which takes
explained. This construct allows expressing semantic cohe- (an,2,a3) as input and produces the triple
rence criteria between views, vigynchronization relation. (slawvy, slavs, slavs), holding a slaving command for
Eventually, in section 9, an example of synchronization re- each one of the three actuators.
Iation between the RTP and F views of the case stud_y_ is (a) in nominal mode, computéfomyp; is in charge
det_a|led, follqwed b_y an example of global_ property ver|f!— of surfaceSurf; only, but can also, in case of
cation. Last, in section 10, we conclude this paper and give failure of both of its neighbors, inherit the charge
the perspectives of our work. of the three surfaces.
(b) theslav; set points are sent to the actuators via

2 CaseStudy an analog bus,

The goal of the study is to validate the reconfiguration (c) each slav; emitted by computerComp; is
mechanism of a command and slaving subsystem, in charge accompanied by a broadcast of a notifica-

tion delivered; ; through the network, meaning

of controlling three aerodynamic surfaces of an aircraft, : h ' T
“computerComp; informs its environment it is

as depicted on figure 1. The subsystem consists of three ) , )
computers, connected to a switch component via digital currently slaving surfacgur f;". The delivery of

buses, and connected to the aerodynamic surfaces via ana- notifications from partitionslaving_i to Comp;
log buses. is achieved directly intaC'omp; without using

the network, and is thus achieved without noti-

ceable latency.
>
S
“’°cOmp 3. Reconfiguration Partition (reconf_i), which re-
Analog lines — ceives and monitqrs théelivered; ; notifications, to
witch  Comp2 detect eventual failures :

(a) each reconfiguration partitieacon f i, running
on Comp;, monitors notification events coming
from the threeslaving_j slaving partitions.

(b) the absence of a notification eveltivered; ;,
confirmed for a certain amount of time, reveals
the failure ofslaving_i to slaveSur f;. This fai-
lure event is detected by both remaining compu-
ters, and a distributed priority scheme determines
which computer backs up the faulty one.

FiG. 1. Informal view of the system.

A slaving command for the actuator of an aerodynamic
surface is elaborated from numerous parameters in multiple
steps. First, @ommand law determines an angular position
set pointa for the surface, taking into account parameters A model of the system is built in each of the following
from theaircraft environment such as : the pilot’s stick posi-  views :
tion, auto pilot orders, current speed and acceleration of the — a safety and fault tolerance view, not detailed in this
aircraft, current angular position of the surface, etc. This paper;



— a real time performance view, in which the timed au-
tomata formalism is used, using the@RhAL [7] envi-
ronment.

— a functional view F, using the synchronous data flow
language WSTRE, and the model checkeESAR[5].

The requirements on the system are :

— req; . the communication medium must satisfy a pro-

bability of 10~ chances of failures per hour. The pro-

perty is verified on the model of the FT view, using
hypotheses on the atomic failure probabilities of the
hardware components, and using the topology and re-
dundancy of the hardware ;

reqs : the data transfers between computers must be

deterministic and robust, and a data must always be

delivered with a latency under a fixed upper bound.

This property is verified on the model of the RTP

view, using hypotheses concerning the robustness of

the hardware communication medium, imported from
the FT view;

the distributed reconfiguration laws must be such that,

in case of failure of up to two of the three computers :

— reqsi . in nominal modeComp; slavesSurf; ;

— reqsz : €eachSurf; is always slaved by at most one
Comp; ;

— reqss : hoSurf; remains idle for more tham mil-
liseconds.

These properties are verified on the model of the F

view, using hypotheses imported from the RTP view.

The requirements on the whole distributed reconfiguration

mechanism are indeed global, as both its functional correct-

ness and its performance are studied.

3 TheCentral Mode€

The vision of components and composition defined the-
reafter is directly inspired from the observation of common
industrial practices[1, 2]. The informal intuition and catego-
rical formalization of these concepts are given in this sec-
tion.
3.1 Intuition
Components (fig.2(a)). A component, consists of three
layers (A, E, F). Eachlayer defines and holds the values
of a number ofttributes :

— the A layer holds attributes describing the hardware
execution and communication resources of the com-
ponent : performance attributes, fault probabilities,
etc.

— the E layers holds attributes describing the execu-
tive functions of the component : scheduling policy,
context switching jitter, communication ports and pro-
tocols, etc.

— the F' layer holds attributes describing the avionics
functions of the component : name of the function,
number, type and range of input-output parameters,
period or triggering condition, best case execution
time bcet, worst case execution tinvecet, etc.

Static mappings of attributes between layers can be defi-
ned usingnteraction hypotheses H 4y andH g i, represen-
ting for instance :

— at theA — E interface : allocation of hardware com-

munication ports to &-layer port;

— attheFE — F interface : allocation oFE-layer ports to
function parameters;

— attheFE — F interface : mapping of function names to
entries of the scheduler process table.

Composition (fig.2(b)). On these components, a compo-
sition operation is defined. It produces a compoidéfrom
two componentg’; andCs, in two steps :

c
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Fic. 2. Components and composition, intui-
tive view.

1. definition of the interaction hypothesé&l between
C1 andCs. HI usually consists of port mappings (both
hardware and software), unions of sets of functions,
function synchronizations, etc. performed during com-
position.

. fusion of the
o(HI,Cy, (o).

two components intoC

3.2 Formalization

Components (fig.3(a)). The layers of a component are
formally represented using a triple sifjnatures, each one
defining a set oforts and sorted attributes.

A signaturemorphismh : sign, — signs represents the
embedding of a signatukggn, in a bigger signatureign.
The morphism maps a sors = h(s1) € signs to each sort
s1 € signi, and maps an attributet, = h(att1) € signo
of sorth(sy) to each attributett; € sign, of sorts;.

These signature morphisms allow representing the inter-
layer mappings using pushout construct. The interaction
hypothesesdd 4, and Hgr are defined using two signa-
tures and two pairs of morphisms, defining the sharing of
sorts and attributes by the signaturésand £, and by the
signaturesy’ andF' as shown on figure 3(a)..



The uniquecomponent signature of the component’ is
given by the colimit of the diagram formed by the signatures
A, E, F, Hsg andHgr and the two pairs of morphisms.

Composition (fig.3(b)). The notion of signature mor-
phismis extended to the notiocomponent signature mor-
phisms, defined as 5-tuples of signature morphisms map-
ping A layers toA layers,Eto E, F t0 F, H o t0 H 7R,
Hgr to Hgr and satisfying additional coherence proper-
ties.

Component composition is again represented using a
shout of component signatures construct. The interaction
hypothesedi I are represented using a component signa-
tureCy, which inner signatures hold the attributes and sorts

that are going to be shared by the component signatures of

C1 andCs>. Two component signature morphisms are defi-
ned betweerCy andC;, and betweery andC>. The si-
gnature of”' is obtained by pushout on those morphisms, as
shown on figure 3(b).
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FiG. 3. Components and composition, forma-
lization.

Thecomponent signatures and theimor phisms form the
co-complete categoiyign ., ,-

3.3 CaseStudy : The Central Model

The component signatures and the composition opera-

tion allow to represent a system as a diagrarconfponents
signatures pushout constructs. Figure 4 illustrates a possible

composition scenario for the system of the case study. The

components of the syster®@'¢mp;, Bus; andSwitch) are

defined by component signatures and then composed incre-
mentally. Different scenarios can yield the same system;

the constraints associated with component signature mor-
phisms guarantee the coherence of the results. This compo-

sition diagram is called theentral model of the system, or
its static view.

4 Formalizing Views
4.1 Intuition

Thecentral model holds thestructural information of the
system. Theemantics of the components are defined in the

Sys

C’1=o(HI1,Compl, Busl); <
C’2=0(HI2,Comp2, Bus2); c"l Switch

e Ul
C’3=0(HI3,Comp3, Bus3); o %
C’’1=0(HII’,C’1, C’2); A H //C'\

C' _~C2  Comp3 Bus3
C’1=o(HI2’, C1, C’3); AN R s
C 1Busl C 2 Bus2

Syst=o(HI",C™"1, Switch); | gy ”

FIG. 4. Acomposition scenario for the system.

differentviews which, although using heterogeneous formal
techniques, are built on the common basis of ¢hetral
model (cf. sect.7).

In this section, we define the approach used to define a
view in the framework together with the formal technique
associated with it. Sections 7 and 8 show how to connect a
view to thecentral model, and how to synchronize several
views to achieve semantic coherence. From now on we call
these viewgdynamic, as their models define and hold the
multiple behaviors, interactions and properties of the sys-
tem.

4.2 Formalization

The variety of formal techniques used in the different
views can be dealt with in a uniform way through the
concept of annstitution [8, 3], which formalizes the notion
of logical system. For each formal techniqug we wish to
represent in the framework, anstitution must be identi-
fied :

It = (Signy, Seny, Modr, =1 x)

with :

— Sign, : a category whose objects agignatures and
whose arrows araignature morphisms, representing
the vocabulary of the property language of the formal
techniquel”;

Senr : Sign, — Set : a functor which associates
to eachY € Sign, the setSenr(X) of well formed
sentences over the vocabulary of, thus representing
the property language of the technidlie

Modr Sign; — Cat®P : a covariant func-
tor which associates to each € Sign, a cate-
gory whose objects arE-structures and whose ar-
rows areX>-structure morphisms, representing all the
possible semantic structures on which the sentences of
Seny(X) are interpreted ;

ErsC |Modr(X)| x Senr(X) for each® €
Sign, a relation called-satisfaction, such that/¢ :

¥ — ¥’ € Signy, the satisfaction condition holds
for eachm’ € Modr(¥') and for allp € Senr(X) :

m’ s Senr(¢)(¢) & Modr(d)(m') Ers ¢



A pair (p, m) belongs tol=rx if and only if the mo- — A : aset ofactions. There is two types of actionag-

delm satisfies the formul@. The satisfaction condition ex- tions{a, b, ¢, ...}, anddelay actionsor c-actionse(d),
presses the fact th#te truth isinvariant under vocabulary whered € R represents the value of the delay;
change. If a formulaSenr(¢)(y) is satisfied by a model actions consume time, whereactions do not;
m/, theny is satisfied byn = Modr(¢)(m'), reduction — N :asetofnodes;
of m’ to the symbols of. — ng € N :theinitial node;
— C :asetof clocks;
4.3 Our Approach - ECNxN x Ax2%x B(C):asetofedges;
e € E = (n,n,a,rb) is an edge between nodes
The main steps involved when introducing a view toge- andn’, labeled with actior, r is the set of clocks to
ther with a formal techniqué in the framework are sum- be reset when the transition is fired, anis a condi-
marized : tion on clocks ofC' guarding the transition.

— a valuationv : C' — R associates a real value with
each clock ofC'. The valuatiorfv + d], d € R is such
thatVe € C,[v + d](z) = v(z) + d, the valuation
v' = [r — OJvis such that'(c) = 0if c € r, or else

1. Step 1: for each new techniqug, identify an institu-
tion able to represent it, and establish a formal connec-
tion between the technique semantics and the institu-
tion semantics (defined in sect.4, illustrated in sect.5 V(¢) = v(c). The set of valuations is not& ;

and sect.6); . ) ) .
) ) ) ) A states is defined as a paifn, v), withn € N andv a
2. Step 2: model the components in the view using the 5juation. The set of states is notéd

techniquer (illustrated in sect.5.2 and sect.6.2)

3. Step 3: define the signature-level constraints to be sa-
tisfied when embedding a component from ¢estral Signatures Sign; ,xg; and Sentences Senp,,xsr.
model into the view (defined and illustrated in sect.7); Signatures of.,, and X .SL consist of the set of actions of
timed automata given above together with a set of clocks

4. Step 4 : define the eventual synchronization relations variables. More details can be found in [6].

between this institution and those already in the frame-
work (defined in sect.8 and illustrated in sect.9).

ModelsMod;,, ,xsr. ModelsofL, /X SL are the traces

5 TheReal Time Performance View of timed labeled transition system&l 4 = (X4, 09, —4),
with :
In this section the approach defined in section 4.3 isins- — A :atimed automaton;
tantiated on the RTP view of the case study. — ¥4 C N x RY : set of states;
— 0g € X4 :initial state;
51 Step 1: Institution — — 4 : transition relation such thdh, v) %4 (n/,v’)
iff 3Ir,0|(n,n’,a,r,b) € EAbw) AV = [r — Olv.
Two logics able to represent the techniquerdAL in Atracer, (resprxsyr)is a sequencéoy,...,op,...} €
the framework were identified L, [6], a fragment ofyu- ¥ 4% such thati, (0;,0;4+1) € —a. The set of traces ge-

calculus, andX SL, a fragment ofL,. L, is a branching, nerated byM 4 is notedL(M 4). More details can be found
dense time logic of actions of the future tense, in which in [6].
guantitative safety properties can be expressed with refe-
rence to the initial stateX .S L is the linear fragment of . ] ) ] _ )
In the following subsection, we give a short description of Satisfaction Relation =, ,xs.. The satisfaction rela-
the signatures, models and satisfaction relation of both lo- tionis inductively defined on the elementsidfM 4), more
gics, with an emphasis on their models. But first, we must details can be found in [6].
recall the definition of a timed automaton.

5.2 Step 2: Modeling With Uppaal
Timed Automata. A timed automatofis defined by :

A= (A,N,no,C, E, v) A network of parameterized timed automata is used to
P 0T model a combination of thél and E layers of the system
with : components.

2due to space restrictions, the definition of a timed automaton given An automaton part_sched models ~the parti-

here is kept basic, and does not incluggent or committed states state tion sequencer ofComp;, which periodically emits
invariants, broadcast or urgent channels. . . start_slaving 1! and start_reconf_i! messages, to




trigger the execution of the slaving and reconfiguration 6.1 Step 1: Institution

partitions.

An automatonpart_name_i models the execution of
a partition. It leaves itsidle state on reception of a
start_part_name_i? message to enter itaunning state
(after a variablgitter) and runs for an amount of time
of at least the partitionbcet, and at most the parti-

The formal technique of the functional view is the syn-
chronous data flow languageJs TRE[5]. The Safety Logic
or SL [4] is a candidate for representing the technique in
the framework.

SL is a propositional, linear, past tense temporal logic

tion wcet. On completion, the automaton broadcasts a allowing the expression of safety properties, without refe-

comp_part_name_i! message.
A generic automatonuvi_in_i,
comp_part_name? message,

triggered by the

rence to the initial state. A formal connection betwedn
models and booleanUsTRE programs is given in [4]. In

is used to model the the following subsection, we give a short description of

time consumed by the preparation and delivery of the datathe signatures, models and satisfaction relation of the logic,

produced by a partition (here tllelivered; ; notifications

of the slaving partitions) to the switch component. A

messagewitch_delivery_i! is emitted on completion.

with an emphasis on its models.

Signatures Signg; and Sentences Sengy,. SL specifi-

The switch component is modeled as the parallel com- cation signatures consist of a set of propositional symbols
position of the following automata : three input automata Prop (intuitively, LUSTRE boolean input data flows) and

switch_in_i (one for eachComp;), which, when trigge-

red by aswitch_delivery_i? message, copy the identifier

of a set of auxiliary propositional symbalsuz (intuitively,
LusTrREboolean internal and output data flows).

i in one or more of three queues (each queue is modeled The sentences are defined usingthe operator, which

by an automaton). Thred_out_i automata (one for each
comp;), scheduled by an automatawam_sched, check

refers to the previous truth value of any proposition, using
boolean connectors and negation, and using a two level syn-

for the presence of data waiting to be sent in the queues,tax : first,past sentences are defined, ranging ovétrop and
and broadcastdelivered_c[i][j]! message when data from A4z symbols ; thensafety sentences are defined as quanti-

Comp; has actually been delivered@mp ;. One or seve-

fied past sentences, in which everyAuxz symbol is under the

ral other automata can interact with the switch to representscope of an existential quantifier.

the global network load.
The propertyrop_i_j verified on this model is encoded
by the automaton on figure 5.

delivered_c[i][j]?

@ start_system?
»
I

nit Waitl

delivered_c[i][j]?

start_reconf[i]? /" "\ start_reconf[i]?
»

start_reconf[i] 'LQ
Wait2 Wait3 N

Unhappy
delivered_c[i][j]?

FiG. 5. Property observer prop_i_j.

Six prop_i_j observers are added to the model. They

allow to verify, in response taeq, that for all 1 <
i,j < 3, i # j, the following statement always
holds :thereis a delivered_c|i][j]! event at least every se-
cond start_reconf[j]! event (the Unhappy states of the

ModelsModg;. LetPropbe aset of propositional sym-
bols. The models o' L are the sequences generated by the
following transition systems :

II= <Qa q0, 07 )‘>

with :

— @ : set of states

— ¢o € @ :initial state

— O = Prop? : set ofobservable propositions, here the

power set ofProp,

- A C @ x O x Q:transition relation.
A tracers. is a sequencéwy,...,wn,...} € O> such
that there is a sequendey, ..., qn, ...} € Q> such that
Vi, (qi,wi, qit1) € A. The set of traces generated Byis

prop_i_j automata are unreachable). In this model the faj- NotedL(II).

lure of the communication medium is considered as impro-

bable, from the conclusions of the FT analysis. The full im- Satisfaction Relation =57,.  The satisfaction of a formula

plementation is detailed in [2].

6 TheFunctional View

In this section the approach defined in section 4.3 is ins-

tantiated on the F view of the case study.

by a propositional trace is defined using a fixed point cri-
terion, involving the propositional trace and an auxiliary
trace. More details can be found in [4].
6.2 Step 2: Modeling With Lustre

The LUSTRE model of the system focuses on tlie

3the command laws partitions are not modeled, as they're not directly layer of the components. It consists of threesTRE pro-

involved in the reconfiguration problem

gramsreconf_i1<i<3, taking as input the boolean data



flows rec_i_j_ki<i,j k<3, representing the evenComp;
has received delivered; ; notification”, taking the value
true if a notification was received since the last execu-
tion, and false otherwise), and producing three boolean
data flowssend_i_ki<; r<3 taking the valuérue if Comp;
must slaveSur fi, andfalse otherwise. lusTREallows the
use of formalassertions, whereby a designer can express
hypotheses in his design. In a verification perspectse,
sertions express known properties of the environement and
are used to perform constrained verification.

The following reasoning is conducted to detect a fai-
lure : assuming that the communication layer actually
meets its performance requiremengcon f; (running on
Comp;) considers that’omp; has failed if the notifications
delivered; , as seen from computéfomp;, appear per-
turbed; that is, if the data flowec i _j k remainsfalse
for more thark cycles (to be determined) oéconf_i*.

The following observer node returns true as long as
the flow A never contains two consecutiyalse values :
never_false_twice(A : bool).

The fault of Comp; can then be diagnosed bycon f_i
as follows (arbitrarily taking: = 2) :

diag_i_fault_j = —mever_false_twice(rec_i_j_k);

The details of the reconfiguration algorithm are not given
here (but can be found in [2]), as they are not crucial to the
illustration of our approach. However we detail the use of
assertions in the verification.

Fixing £ = 2 amounts to assuming that a notification,

if emitted at all, always reaches its destination with at most 7

one cycle (in the receiver time frame) of latency. Hence a
computer can enter a fail state (interrupting its notification
flow) and still have the other computers receive data from
it within a duration equivalent to a partition cycle. This we
must simulate in the verification program.

The data flowse_i_j_k1<; j k<3, izj, fail_i1<i<3 and
fail_i_ji<i j<s, i; are declared as free variables of the
verification program, and the following assertions are sta-
ted:

— assert(never_false_twice(x_i_j_k)) : asserts that
the flowz_i_j k simulates the expected behavior of
the communication layer ;

— assert(—fail_1 or —fail 2 or -—fail_3)
here, fail_i represents théilure state of computer

— rec_i_i_k = —fail_i : Comp; receives its own data
with no latency as long as it has not failed ;

—rec_i_j_k x i j k and —fail i _j : here,
fail_i_j represents théailure mask used to simu-
late the perception af'omp; failure state by Comp; ;
Comp_i receives notifications fro@omp; if the lat-
ter has not failed.

Extra assertions are necessary, to corréatare masks

to failure states:

— assert(fail_j or -~ fail_i_j) : a computer cannot be
seen faulty from the other’s perspective if it is actually
not.

— assert(—pre(fail_j) or fail_i_j); : states that the
failure state ofC'omp; is propagated to other compu-
ters with a latency of at most one cycle.

The following properties are verified by model checking

the verification program :

1. =fail; = send_i_i :corresponds teeqgsy, in nomi-
nal modeComp; slavesSur f;,

2. Yy, (msend_1_j A —send_2_j A\ —send_3_j) xor
(send_1_j xor send_2_j wxor send_3_j) : corres-

ponds tareqs2, mutual exclusion property aftur f ;

. (=(send_sur f_i) N ~(pre(send_surf_i))A
—(pre(pre(send_surf_i)))
with send_surf_j = send_1_i or send_2_i or
send_3 i :correspondstoeqss, an aerodynamic sur-
face never remains idle for more than three reconfigu-
ration partition periods (inclusive).

Connecting Viewsto the Central Model

The connection of a dynamic view, which uses technique
T, to the central model is represented using a class of map-

pings
embedy, : Signe,,,, — Signg,

associating component signaturesStyn comp t0 It
signatures. To be correct, a mapping must fulfill a set of
constraints, the definition of which is left to the designers of
the view and corresponds 8ep 3 of the approach. These
constraints represent the way in which attributes from the
static views are transferred and used for modeling the sys-
tem in the techniqu@'. A number of sets of constraints can

Comp;, and we assert that there is always at least onebe defined, to capture different modeling approaches in a

computer running.

— assert(—pre(fail_i) or fail_i) : failures are defini-
tive.

The input data flows ofecon f_i are then defined :

4Thereconf_i routine also monitor€omp;, and even ifslaving i
running onComp; starts broadcasting notifications again after a tempo-
rary perturbation, it is forced to silence byconf_i.

given technique.

Following Step 3 of our approach, designers are free to
define any embedding mapping well suited to capture cor-
rectly their modelling approach. For illustration, two alter-
native embeddings of components in the RTP view could be
defined :

1. amapping is correct if it maps



(a) abroadcast channel to each inter-partition com-
munication port embedded in the view;

(b) an urgent or standard channel to each intra-
partition communication port;

(c) the value of thécet attribute of a partitionP (in
the F layer of a component) is mapped tothet
parameter of the automatehp representing the
partition.

2. amapping is correct if
(a) every communication port embedded in the view
is mapped on a global shareadPBhAAL variable ;

(b) the valuewcet — beet of a partitionP is mapped
to the parametefitter of the A p automaton.

When embedding componentsin the F view, a single mo-
deling approach could be used : a mapping is correct if a

partition P is mapped to a USTRE hode, and that a com-
munication port at thé& — F' interface is mapped to a pair
(data, fresh) of data flows, withfresh a boolean fresh-

ness tag for the valuguta. Figure 6(b) depicts those map-

pings.

8 Synchronization of Institutionson Models

The main purpose of our approach is to be able to

conduct a formal verification of global properties span-
ning a number of heterogeneous views. In this institutio-
nal framework, this comes down to conjointly using two
institutions I; (Signi, Seni,Mod,, =1) and I,
(Signa, Sena, Moda, =) to perform heterogeneous rea-
soning, thanks to thgynchronization of institutions on mo-
dels construct [9, 10], whereby a new institutidns defi-
ned:

I = Il + IQ = <Sign, SE&H7 MOd, ':>

such that :

— Sign = Sign; x Sign,. New signatures are pairs of
signatures;;

-V (21,%2) € Sign, Sen(X) = Seny(X1)\{T1}U
Seng(X2)\{T2} U{T}. Aformulay € Sen(X) is
either aSen; (X1) formula, or aSenz(%3) formula,
and the formula “true™ is appropriately redefined in
the new languagSen(X) ;

-V <21, 22> S Sign, MOd(E) MOdl(Zl) X
Modz(%3), L = {Ll1,1lo}. The models ofl are
pairs of models, and the improper modeis appro-
priately redefined iMod(X) ;

The new satisfaction relation is defined as follows :

V (X1, X2) € Sign, Vm = (ml,m2) € Mod(X),V ¢ €
Sen(X)y:mEepee=T,0rpe
Sen;(31) andm; 1 @, Orp € Sena(X2) andmg =2 ¢

The new entityl is indeed an institution, however it
doesn’t serve our purpose yet, as no particular semantic
constraint is established betwegnand/,. To achieve the
desired interaction, the satisfaction relation is kept unchan-
ged, but a new class of modefgnc;, 1, (X) C Mod(X)
is defined :

Syncr, 1, (L) = {{m1,m2) € Mod(X)|P(m1,m2)}

Expressing the property’ corresponds tdstep 4 of
our approachP formally represents the semantic bridge
between the techniques represented byand I>,. Models
of the pair(m1,m2) € Syncr, 1, are semantically mat-
ched according t@. The synchronized institution is noted
I=1 eI

9 Synchronization : Application to the Case
Study

The system and both itsUsTRE modelIl and its Up-
PAAL model M 4 can be seen as a single model belonging
to the institutionS L e X S L, which formal construction is
depicted on figure 6(c), as a diagram in the category of ins-
titutions (the two institutions are first stuck together without
constraints to form5L + X SL, then synchronized accor-
ding to Syncsr, xsr). In this section we propose a syn-
chronization relatiorSyncsr, x s, well suited to our ap-
plication field and engineering purpose, and we illustrate its
use on the case study.

Intuition FT Formalization Si SL XSL
ENpr NS

. . SLAXSL

(@) F (b) Signg, | (o) g, Ve gy

FiG. 6. Views, sighatures embedding and syn-
chronization.

The synchronization proposed here constitutestiep
4 of the approach on the case study, and involves a matching
criterion between the two sets of tradedI) andL(M 4).

9.1 Preiminary definitions

First, a few definitions necessary for defining the syn-
chronization relation are given. L&t 4 andll be such that
ObsAct C A\ {e-actiong is a non-empty set obbser-
vable actions, such thatva € ObsAct, there is a propo-
sition evt, € Prop. The set of thesebserved proposi-
tions is notedObsProp C Prop. The translation opera-
tor induced by this mapping is notedirror : ObsAct —
ObsProp. We also consider a set kéy actions KeyAct C
A \ {e-actiong, defining an ordered set &y instants,



or discrete timeline Dtl(txsr) = {ti}ien for each trace
TxXSL € L(MA).

The following operators are defined (the symbol re-

presents argument places) :

— [~]obsprop : L(IT) — (ObsProp?)> : restriction of
Tg, traces to the elements 6fbsProp ;

— — b Keyact : L(M4) — (A2)> : agglutination ope-
rator, which, given a tracexs;, € L(M4), asso-
ciates with each;.., € Dtl(rxsr) the subset of
actions ofA appearing inrx g7, between the instants
t;—1 andt;.

— [~Jobsact = (A%)>* — (ObsAct?)> : restricts a se-
QUENCErx sr.4 Keyact t0 the actions 0DbsAct ;

— Mirror : (ObsAct?)*® — (ObsProp?)> : extends
marror to sequences of elements@bs Act?.

9.2 Example

This picture shows how the agglutination and mirroring

of the Obs Prop symbols to be governed by the timed mo-
del. The designer of thH model may only have a partial
understanding of its environment, and hence cautiously as-
sume it less constrained than it is in reality thus tolerates

a greater variety of event combinations.

9.4 Using Synchronization

A pair of models(system, environment) = (II, M 4)
is semantically coherent ifM 4 produces traces matching
the assertions ofl. This enabledeterogeneous assume-
guarantee reasoning to be carried out, as depicted on figure
7.

= S =
MSyst | Uppaal P1 1-[Syst’ Hl1 ‘ Lustre Pglobal
[P garanced | \
P1 | (P, HI1) synchronized by H
Ve Agglutination +Mirroring ?
LMg,) M1rr0r([L(MP1)/\/ Keyactlovsac) S (L) obsprop

operations transform the upper timed trace into the lower

temporal trace. Key actions are mapped to discrete steps FIG. 7. Synchronization of a RTP property with
(dotted arrows). The first and second key actions occuring @ F hypothesis.

after the initialization of the timed model are mapped to the

initial transition of the synchronous model. All observable

actions between these two key actions are mirrored to the

set of propositions associated with the initial state
. OJOJNO . ‘ :

s
Discrete
evl evl mps
evl evte
evty

KeyActm ObsAct=aY(®

Other actions= {5 ¥ T¥g;  ObsProp={evtevt evt,t

Note that another interleaving of actions between key ac-

tions would have led to the same propositional trace.
9.3 Definition and Signification of Syncsy, xsr,
The synchronization relation is given Bync sy xsr =

{(II, M_4) € Mod(SL) x Mod(XSL) |
MZ.TTOT([L(MA)é KeyAct]ObsAct) - [L(H)]ObsProp}

The idea behind this synchronization is that the environ-

ment of the transition systeh (modeled as a USTREpro-
gram) is modeled by the timed automatét 4. For a given
TxsL, the instants of theiscrete timeline Dtl(rxs1,) cor-
respond to instants at whidh fires its own transitions in
the global time frame of\ 4. The firing of ana-labeled
transition in the modeM 4 appears, after agglutination by
¢ KeyAct and translation by irror, as atrue value for the
propositionevt,, to thelIl system. All observable actions
occurring between transitions— 1 andn of II are seen as
occurring simultaneously at transitian

The relationSyncsr, x st is defined as an inclusion of

In the RTP view, a modeM g, of the scheduling and
communication layer of the system allows us to establish
a propertyP;, expressed in th&' S L logic; an automaton
Mp, models this property. In the F view, a modek,,;
uses aSL assertiond, modeled byl x, , to establish the
propertyPgiopal-

We consider that the property; of the PTR view
validates the assertiof{; of the F view if and only if
(Ilg, , Mp,) belongs taSyncsr, xsz-

9.5 Case Study Example

In section 5, we showed by model checking thatlthne
happy states of the observeRrop_i_j (cf. fig.5) are un-
reachable. Then we define, for each observer :

— ObsAct = {delivered_c[i][§]?};

— ObsProp = {rec_i_j};

— miarror(delivered_cli|[j]?) = rec_i_j;

— KeyAct = {start_system?, start_reconf[i]?};

It is easy to see thak(Prop_i_j) is the set of traces
starting withstart_system? — e(d) and followed by all
the possible concatenations of the sequences :

— delivered_cli][j]? — e(d)

— start_reconf[i|? — e(d) — delivered_cli][j]? —

e(d)
— start_reconf[i|? — e(d) — start_reconf][i]?
g(d) — delivered_cli][§]? — e(d)

Consequently, Mirror([L(Prop_i_j)4 pu)obsact) iS

the set of sequences of elements@fs Prop? resulting

—

sets rather than an equality, as we consider the dynamicgrom all the possible concatenations of the sequences :



— (0, {rec_i_j})

— ({rec_i_j})

These traces translate touBTRE data flowsrec i j
which never contain two consecutive occurrences of
false, which are exactly the data-flows accepted by
the never_false_twice(A bool) observer. The
Dair <MPT0p_1',_j; Hnever_false_twice) hence belongs to
Syncsr xsr-

An UPPAAL observer was defined for each assertion of
the LUSTRE model and checked for synchronization; the
collection of synchronizefissertion, property) pairs va-
lidates the heterogeneous reasoning conducted in section 6.
The system, as modeled here, satisfies the global require-
ments expressed in section 2.

10 Conclusion and Per spectives

V1 out 24~

Slaving_ 1 | reconf 1 | Part_sched 1 |
Slaying_2 | ... | VLin_| | Vi_out_1| ... | Switch
sy"CSL,st embedy g, 'l' Switch_in | Queue_1 |

Queue 2 | Queue 3 |
/| Viout 3

1
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/
Reconf 1 | S}v'itch embedyg,
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FIG. 8. Synthetic view of the case study.

oriented techniques to be used alongside model theoretic

techniques.

The purpose of this work was to study the practical be-

Eventually, through the complete case study, we show

nefits that can be obtained through the use of formal ap-yhe applicability of such approaches on systems of signifi-
proaches of this kind in the field of avionics systems. The .ant scale in the avionics domain.

institution paradigm provides a convenientand uniform way
of dealing with the variety of formal techniques involved
in complex systems modeling and analysis tasks. This ap-
proach suggests how one can tailor a framework to his
needs, to document a system development (representation
of the system incremental construction, together with hete-
rogeneous views and models used for its analysis) in a clear
and formal way, up to the heterogeneous semantics level.

A case study was developed in this generic framework.
An avionics subsystem was specified and modeled in the
real time performance and the functional views, using the
heterogeneous techniques/$TRE and UPPAAL. A syn-
chronization relation between the views defines the seman-
tic coherence necessary to carry out the verification of glo-
bal safety properties across views. The verification was
achieved in the F view using assertions, synchronized with
properties from the RTP view. Figure 8 gives a representa-
tion of the case study in the framework.

In this synthetic diagram, each arrow carries a set of
formal constraints, capturing how information travels bet-
ween the different viewsComponent signature pushouts
(plain arrows) represent component compositiembed-
ding mappings (dotted arrowsyembed sy andembedxsr,
connect the central component signatures to the model si-
gnatures. In each view, the development cycle is left un-
constrained (reuse or refinement can occur), and the syn-
chronization relationSyncsr, xsr explicitly defines se-
mantic coherence between heterogeneous views, allowing
the exportation of guarantees from one view to becom as-
sumptions for other heterogeneous views, in supoort for [10]
compositional reasoning.

We are currently working on the introduction cdnse-
guence systems in the framework, which would allow proof

(1]

(2]

(3]

(4]

(5]

(6]

(7]
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