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Abstract—EAST-ADL is an architectural description language
dedicated to automotive embedded systems design, with focus
on structural and functional modeling. The current archi-
tectural notations lack support for modeling and analysis of
resource-usage, and therefore it is not possible to reason about
resource requirements. In this paper, we describe our work
towards filling the gap between EAST-ADL language and formal
modeling and analysis of system’s resource usage, by extending
the EAST-ADL language with embedded resources, such as
storage, energy, communication and computation. To formalize
this approach and provide a basis for rigorous analysis, we
show how to analyze EAST-ADL models using the framework
of priced timed automata and weighted CTL. We report
our experiences from applying this approach for integrating
resource-wise analysis into EAST-ADL.

Keywords-EAST-ADL; priced timed automata; resource;
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I. INTRODUCTION

The complex architecture of automotive Embedded Sys-
tems (ES) and limited software and hardware resources make
the resource-wise early-analysis and verification of system
development, at multiple abstraction levels, very desirable
[6]. EAST-ADL [7] is an architecture description language
for modeling and development of automotive ES, covering
engineering requirements, vehicle functions, software and
hardware functionality, timing constraints, and other related
information. To ensure high reliability for such applications,
dependable components have to be analyzed to meet the
requirements, subject to some resource constraints. Due to
the absence of resource modeling notations in EAST-ADL,
allocations for components can not be analyzed and refined
at earlier phases of design.

The issue of solving such problems may be resolved
by including resource-dependent information in EAST-ADL
language, and adjust resource allocation to system changes,
whenever there are constraints that have to be met. We
are interested to assess how any design decision in EAST-
ADL affects the system’s overall resource consumption.
This includes finding suitable analysis goals and appropri-
ate trade-offs between different system configurations. The
systematic analysis of EAST-ADL models enhanced with
support for describing resource consumptions should provide
the system designer with insights on the system’s resource-
wise behavior and the feasibility of the design, with regard to
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resource analysis, especially if the provided resource budget
is known.

In this paper, we propose a modeling extension to the
current EAST-ADL language with associated abstract re-
source information. Next, we integrate this extension with a
formal model, which supports resource analysis techniques
for performing quantitative consumption analysis. Also, we
show how analysis goals can be formalized and reasoned
about.

Our approach combines EAST-ADL with an abstract be-
havioral model that supports resource-wise analysis. The
main contributions of this paper are:

o an EAST-ADL language extension towards abstract re-
source information representation,

an analysis framework for predicting resource usage
and optimizing resource utilization, intended to narrow
the gap between EAST-ADL and formal models, e.g.,
Priced Timed Automata (PTA), which is the formal
framework for analysis.

The paper is organized as follows. Section II briefly
overviews EAST-ADL and PTA framework. Section III intro-
duces our approach towards modeling of resources exten-
sion, and the modeling approach for functional specification
in EAST-ADL. Section IV describes our analysis method.
Next, we apply our approach on the Brake-By-Wire case
study in Section V. In Section VI we compare to related
work, before concluding the paper in Section VIIL

II. PRELIMINARIES
A. FAST-ADL

EAST-ADL is an architecture description language refined
and aligned with AUTOSAR automotive standard [14]. It is
intended to support the development of automotive ES, by
capturing modeling related engineering information.

The language defines five abstraction levels. The lev-
els reflect different views and details of the architecture,
from a higher level of abstraction down to components in
hardware and software. Vehicle features are modeled at the
Vehicle Level, the highest level of abstraction. These
features are then refined at the Analysis Level, where a
complete representation of the abstract functional definition
of features in system context is modeled. The details for
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functional definition of software, including elementary de-
composition, are introduced at the Design Level. The
Implementation Level describes reusable code and
AUTOSAR compliant software and system configuration for
hardware deployment [7].

B. Priced Timed Automata

The PTA framework [5] is an extension of timed automata
[2] with prices on locations and transitions, in which the ac-
cumulation of prices is represented by continuous variables.

Let X be a finite set of clocks and B(X) the set of guards,
which are finite conjunctions of atomic guards of the form
xxin, where z € X, n € N, and € {<, <, =, >, >}

A (Linearly) PTA over clocks X and actions Act is a tuple
(L,lo, E, I, P) where L is a finite set of locations, [y is the
initial location, F C L x B(X) x Act x P(X) x L is the
set of edges, I : L — B(X) assigns invariants to locations,
and P : (L UFE) — N assigns costs to both locations and
edges. In the case of (I,g,a,r,l') € E, we write [ LN

The semantics of PTA is defined as a transition system
over states (I,u), with the initial state (I, up), where ug
assigns all clocks in X to zero. There are two kinds of
transitions:

(i) delay transitions: (I, u) L, (l,u ® d), where u ®
d is the result obtained by incrementing all clocks of the
automata with the delay amount d, and p = P(l) % d is the
cost of performing the delay, and

(ii) discrete transitions: (1, u) ap, (I’,u), corresponding
to taking an edge [ LT 1 for which the guard g is
satisfied by u. The clock valuation ' of the target state is
obtained by modifying u according to updated r. The cost
p= P((l,g,a,r,1")) is the priced associated with the edge.

A trace o of a PTA is a sequence of delays, actions, and
transitions:

g = (lo,Uo) w) (ll,ul) % M)
where the cost of performing o is X7 p;.

Properties of PTA are expressed as logical formulae in
the Weighted Computational Tree Logic (WCTL) [10]. The
syntax is given by the following grammar:

WCTL > ¢ == true | a| —¢| ¢V ¢ | E¢Upsacd) | AU ppach,
where a is an atomic proposition, P is a cost function, c
ranges over N and 1 € {<,<,=,>,>}, A and F are the
universal and existential quantifiers, Upyq. is the “until”
temporal modality, and the temporal operators <> and ||
are derived in the usual way.

A network of PTA A; || ... | A, can be expressed as a
composition of n PTA over X and Act, synchronizing on
actions (i.e., b! is complementary with b7) and using shared
variables that can be used in guards and transitions.

(lnvun)s

III. EXTENDING EAST-ADL WITH RESOURCE
MODELING

Automotive ES are constrained by their limited software
and hardware resources. It is crucial that architectural lan-
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guages facilitate formal modeling and analysis of resource-
usage. EAST-ADL is not formalizing a set of allocation-
specific information, and specification of resource properties
attached to allocations is missing. Due to such arguments it
is desirable to augment EAST-ADL language with resource
requirements. In our context, resource-aware architecture
analysis relates to specific analysis goals used to predict
resource usage and optimize resource utilization.

This paper discusses the abstract EAST-ADL functional
models of a system. Specifically, on the Design Level,
the system is described by a Functional Design
Architecture (FDA), which is composed of a number
of interconnected Function Prototypes (Fp), where
each prototype is an instantiation of Function Type
(Fr). In EAST-ADL functional modeling, systems in FDA
are built from interconnected function blocks with well-
defined interfaces consisting of a set of input and output
function ports, respectively. For the presented work, the
user specifications are clearly described from the structural,
behavioral, and timing EAST-ADL packages [7].

We propose a notation extension that enables modeling
and analysis of a set of resources on top of which an
EAST-ADL application may be allocated, taking into account
EAST-ADL functional specifications. In order to annotate
and reason about resource usage of EAST-ADL models, we
need a semantic extension of the model and its behavior.
At the structural level we need to consider resources as
part of our extension of the EAST-ADL language in order
to obtain resource awareness at architectural level. At the
behavioral level we can use PTA as the framework needed
for the formal analysis of the corresponding models and the
resource consumption.

A. Resource Notation Extension

A basic Fp corresponds to a basic intermediate functional
block with a model that can capture the behavior of the asso-
ciated Fr annotated with resource consumption information.
The internal computation of an Fp starts with reading all
input flow ports. This internal input data is used together
with other functional information during the Fp execution,
before writing the variables to the output flow ports.

In order to represent in the same FDA diagram, the
architecture with respect to timing, behavior, and resources
of the required functional blocks, we have conceptually
extended the EAST-ADL notation with resource constraints.
We consider FDA to be mapped onto the virtual architecture
as an abstraction of the targeted platform. For the elements
of the virtual architecture, resources like memory, CPU, and
bandwidth, are available.

Consider an EAST-ADL model composed of a number of
functional blocks that need to be represented as elements
of the selected architectural structure specification, and ex-
tended with information from a package named Resource
Function. This extension is intended to be used, as it is,



wherever a resource is necessary to be coupled to an Fp,
and is basically a specification, as depicted in Fig. 1. The
resource modeling can contribute to FDA analysis, as this
level of abstraction is dealing with functional modeling. The
Constraint is a container of Resource Function.
It enables to regroup the resources assigned to functional
blocks in a particular context, on which functional modeling
can be applied. The collection of functional resources can
be extended across the EAST-ADL abstractions levels on
functional modeling. We assume that the corresponding
functional model is consuming the prototype of resources.
Such consumptions can be expressed as the rate at which the
functional block consumes the resources in time. Our goal is
to analyze various scenarios of the system’s resource usage,
and calculate, e.g., the minimum or maximum amount of
resources for correct behavior. In order to be able to analyze
this extension of the EAST-ADL model, we need a semantic
implementation and translation to a formal representation.

We define a minimal structural model implementation, an
intermediate model, from which we can derive the constructs
of the EAST-ADL language, and derive the translation to
the PTA formalism. One step towards support for formal
analysis is the integration of this intermediate model, by
which functional behavior, resource consumption and timing
can be addressed in a single modeling formalism. Using
these relations, we can describe all constructs in our assumed
EAST-ADL model on FDA. A simple one-to-one mapping
rule between structural entities is not sufficient though.
Several parameters need to be handled in the translation
process.

IV. ANALYZING RESOURCE-AWARE EAST-ADL
MODELS

We consider the cost of using the resources in a
component-based feasibility, optimal, and worst case re-
source consumption analysis. The cost criteria may involve
memory, bandwidth, and CPU usage. We use PTA as the
formalism to model the EAST-ADL functional blocks in
FDA with respect to a given resource cost criteria. Also,
the notion of time is essential to our model (i.e. the longer
the system executes, the more resources it consumes). This
makes PTA the model of choice to reason about resource
usage at analysis and design level in EAST-ADL. If we
consider the resource consumption annotations as cost vari-
ables, and we employ the PTA framework as the underlying
formal model representation, then the translation of a model
that complies with the EAST-ADL language extended with
resource annotations implies that:

o for each non-elementary Fr, we define a network of

PTA,

e for each Fc and flow ports for passing control, we

define synchronization channels in PTA,

o for each elementary Fr, we create a PTA model.
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<<designFunctionType>> -
GlobalFunction <<resourceFunction>>
- - GlobalResource
<<designFunctionType>>
port: Type: Memory
name: Function: GlobalFunction
<<MemoryConstraint>>
FunctionMemory
<<Constraint>>
constraint
Figure 1. Resource notation extension for a function type

The obtained PTA represents the execution behavior with
functional, timing, and resource information. The internal
application behavior corresponds to the actual behavior men-
tioned in the model implementation, with available timing
and content of functional blocks. The formal translation of
the EAST-ADL language annotated with resources into a
network of PTA and the associated tool are subject to future
work.

A. Feasibility analysis

Different types of analysis can be used for resource
consumption at architectural level. FDA feasibility analysis
can be used to verify if the available resource provided
in the implementation level are matched by the resources
consumed during the actual execution.

We consider the linearly-priced resource consumption
adequate for modeling and analysis at the architectural
level, before the AUTOSAR implementation. The obtained
behavioral PTA model of the system corresponds to a TA
whose locations and edges correspond to resources being
consumed. We consider that the price-per-time-unit of every
resource is constant, and the price function is linear. This
resource modeling approximation suffices for our purposes,
since we are interested in high-level analysis of early EAST-
ADL design models. If we desire to make more accurate
predictions, it is always possible to use benchmarks to
operate on the target platform and to use the measured
values.

If we consider the individual resource consumption on the
PTA model of the system, one can use feasibility analysis to
verify if a certain resource consumption on all possible be-
haviors stays within the available resource amounts provided
by the platform. If we consider the PTA model to be the
semantic translation of our intermediate model and cost is
the accumulated resource consumption, the verification goals
can be formalized as WCTL properties used for checking our
model:

(D
2

The above verification goals are specified as liveness proper-

A< > cost<max P

E<>

cost<max P



<<designFunctionType>>
FunctionalDesignArchitecture

structure

<<designFunctionPrototype>>
+ Brake Pedal Sensor

<<designFunctionPrototype>>
+ Brake Torque Calculator

<<designFunctionPrototype>>
+ Global Brake Controller

[:] Position

PositionPercent []—[:] PedalPercent DriverReqTorq [

GlobalTorque
VehicleSpeedEst WheelRpm I:ij

1
lT_\"VheelTorque

<<designFunctionPrototype>> <<designFunctionPrototype>> <<designFunctionPrototype>>
+ Wheel Actuator + ABS + Wheel Sensor
VehicleSpeed
[:] BrakeTorque TorqueCmd [:]—[:] ABSTorque RequestedTorque [:] Rotation SpeedRpm [}
WheelSpeed

Figure 2.

ties (1) and as reachability properties (2) [15]. Property (1)
requires that for all execution paths, the p location in the
PTA model is eventually reached with less or equal max
cost. Property (2) states that there is a path in which the
p location in the PTA model is reached within a maximum
resource cost maz.

B. Optimal resource consumption

One can use optimal and worst-case resource consumption
analysis on the PTA model, which computes the cost of
the trace that will eventually reach a certain behavior. This
problem reduces to minimizing/maximizing the resource
cost function such that a property is satisfied. Optimization
of resources in our case is actually the optimal reachability
problem proposed by Larsen and Rasmussen [10] (mini-
mum/maximum cost for reaching a given behavior or timing
goal).

The tool used for verifying optimal resource consumption
properties is UPPAAL CORA !, where one could check the
( E < > p) property, while the tool calculates the optimal
resource cost to reach the p location of the corresponding
PTA. The current version of UPPAAL CORA tool supports
only minimal reachability analysis (for optimal resource
cost), but theoretically, feasibility checks as maximal reach-
ability problems are also proven decidable [9]. Alternatively,
this information can be translated back into the EAST-

'For more details on UPPAAL CORA we refer the reader to
http://people.cs.aau.dk/ adavid/cora/
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Brake-by-Wire functional model in EAST-ADL

ADL resource extension, and later used for further resource
analysis by checking whether the resource demands of some
functional blocks are smaller than the available ones.

V. EXAMPLE: BRAKE-BY-WIRE

We have checked the applicability of our approach on a
Brake-By-Wire (BBW) system modeled in EAST-ADL.
The case study is based on the use case provided by Volvo
Technology within the MBAT project 2.

Fig. 2 depicts a simplified EAST-ADL diagram, which
presents the BBW system at the design level in the
Functional Design Architecture. The function-
ality of the system can be divided between sensors and
actuators F'ps, and computations Fps. The Brake Pedal
Sensor (BPS) transforms the raw data (the voltage that is
related to the pedal angle) into a percentage of a maximum
value of the brake force. In case of the Wheel Sensor
(WS), the raw data corresponds to the actual wheel speed.
The Wheel Actuator (WA) is modeled as a Fp, which is
computing the brake force. The computation is divided be-
tween two Fps: the Brake Torque Calculator (BTC)
computes the requested brake force, which is used as input in
the Global Brake Controller (GBC) that calculates
a basic brake force on each of the wheels. The ABS controls
the wheel braking in order to prevent locking the wheel,
based on the slip rate value.

2For more details on ARTEMIS MBAT consortium visit the website
http://www.mbat-artemis.eu/



x>=periodicConstraint
eventFunction!
x:=0

x<=periodicConstraint && cost’==1

O-
Begin

Figure 3. The PTA model of the periodic constraint for the ABS function
prototype

In the BBW model, we assume the use of one available
resource: memory or processor. We assume that the proces-
sor resource uses one tick per instruction, and the memory is
static, the memory being allocated when a F'p is triggered,
and released as soon as the Fp is exited.

A. A PTA model of BBW

We have analyzed the BBW system, as a network of PTA
models, in UPPAAL CORA. The PTA models of the event
Function, and the ABS Function Prototype are
shown in Fig. 3 and 4. For analysis purposes and sim-
plicity, we are showing here only two PTA from the BBW
system shown in Fig. 2. The eventFunction synchro-
nizes with the ABS model every Periodic Constraint
through the channel eventFunction. The ABS PTA has
eight locations including: Start, calculateSlipRate,
TorqueCmd, BrakeTorque, and ABS. The synchroniza-
tion with Global Brake Controller is modeled us-
ing channels wheelSpeed and vehicleSpeed. The ABS
controls the wheel braking in order to prevent locking the
wheel, based on the slipRate variable. The TorqueCmd
location is reached if slipRate is greater than 20, im-
plying that the brake actuator is released and no brake
is applied, otherwise the requested brake torque is used.
Consequently, the ABS enters location BrakeTorque, and
jumps back to location Start.

B. Resource Analysis of the BBW model

In the PTA model analysis, we have a constant cost of
resources. The cost of resource usage is influenced by the
individual behavior of the PTA, as the utilized resource
on each edge. For the current work in UPPAAL CORA,
the PTA models can handle only monotonically increasing
cost functions. In our BBW example, we consider a cost
function within a single cost variable, with possible weights,
representing the relative importance of each resource.

As described previously [8], EAST-ADL models enriched
with TA behavior can be verified for safety or properties like
the following:

A[ (ABS.slipRate > 20 imply (ABS.brake == 0))

This property checks one of the system’s functional re-
quirements, which is related to the slip rate. It verifies the
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eventFunction?

cost+=1
wheelSpeed?

lock==0

cost+=5
vehicleSpeed?

calculateSlipRate

slipRate:=100*(vSpeed-wSpeed“wRadius)/vSpeed,

cost+=10
N\

slipRate<=20
cost+=25

slipRate>20
cost+=20 TorqueCmd
cost+=15

BrakeTorque

cost+=1

Figure 4. The PTA model of the ABS function prototype

following functionality: in case the slip rate variable exceeds
20, the brake actuator is released and no brake is applied.

For the presented work, we are interested to analyze
the optimal cost reachability problem for computing the
minimum cost on a corresponding trace produces by UP-
PAAL CORA. For example, one can analyze the lowest
resource usage on specific sequence of braking scenarios,
that results in a minimization of the cost function. This
information can be used in the design and analysis of the
BBW EAST-ADL system for finding interesting execution
behaviors with respect to different resource usage scenarios.
As an illustration of this technique, we check for an optimal
resource trace satisfying the property:

E < > ABS.BrakeT orque,

that is, a trace in which the torque command is eventually
sent to the wheel, based on the calculated slip value.
Consequently, UPPAAL CORA has generated the execution
in which the brake actuator is released, no brake is applied,
with the cheapest trace with respect to total resource usage.

VI. RELATED WORK

Early analysis requires work on more abstract descriptions
of the expected resource usage. Such abstract descriptions
have to state more than how many resources are needed, but



they should include information about the time needed for
the resources to be available. Some work has been done and
proposed to tackle the analysis of embedded resources [3]
using UML notations to complement architecture description
languages.

MARTE profile [1] is one of the major efforts on modeling
of real-time embedded systems and their non-functional
properties. MARTE enables analysis with regard to resource
allocation to enable early scheduling analysis and provides
different packages which serve to represent the type of
resource requirements [11]. This packages are distinguishing
two kinds of processing resources (e.g. execution nodes)
and communication resources (networks and buses). MARTE
supports the separation of concern at different abstraction
levels [13]. Despite the fact that currently MARTE consists
of a sub-profile for performance, it does not offer formal
analysis with regard to an abstract resource, as our approach
does. Also, the alignment of MARTE and EAST-ADL is still
an ongoing process that could be enriched with our approach
in order to deal with different resource analysis problems.

Last, but not least, research has been devoted to provide
the generic formal foundations [16] to establish a process
of modeling and analysis of resources in component-based
systems from low-level code resource estimates [12] to
higher level UML and formal approaches [4]. Nevertheless
there is a a gap between EAST-ADL and early resource
usage analysis. In such a case we focus on using abstract
descriptions of expected resource usage at architectural level
in EAST-ADL, and provide the designer with analysis means
for optimizing the overall resource usage of a system, with
respect to cost of the available resources.

VII. CONCLUSION

In this paper, we have provided means for the systematic
modeling and analysis of EAST-ADL models with support for
resource annotations. We describe an EAST-ADL extension
for resources that can be allocated, consumed and released.
Obvious type of resources that can be modeled include
CPU, memory, and bandwidth. In order to describe usage
of resources in an EAST-ADL model, we annotate resources
on the behavioral description of the functional blocks. We
have identified two important goals: feasibility analysis and
optimal resource analysis. To support analysis, we have
shown by a BBW example how EAST-ADL models annotated
with resources can be analyzed using priced-timed automata
framework. The studied example is a Brake-by-Wire system
that consumes resources. The system is architecturally mod-
eled in EAST-ADL, and uses PTA to model function, timing,
and resource usage of the included functional blocks. To
analyze the optimal resource usage, we model the resources
as costs, and use a network of priced timed automata for
performing analysis in the UPPAAL CORA tool.

As future work, we plan to derive PTA models from
UML state diagrams used natively in EAST-ADL, that can
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be augmented with resource performance information.
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