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Abstract—The design of automotive control systems is be- approach, an integrated control-implementation design
coming increasingly complex as the level of performance approach allows the designer to evaluate how closed—loop
required by car manufactures grows continuously and the e rformance and robustness of a given control algorithm are

constraints on cost and development time imposed by the ffected by the impl tati hich i ted i
market become tighter. A successful design, without costly and afiected by the implementation, which IS represented in an

time consuming re-design cycles, can be achieved only by using abstract form. The importance of developing efficient design
an efficient design methodology that allows for component approaches for the top layers of the design flow is due to
re-use and evaluation of platform requirements at the early the fact that most of the critical design choices are taken
stages of the design flow. In this paper, we illustrate a control- i, the early stages of the design flow and missteps in these
implementation design methodology for the de_velopme_nt of stages produce costly and time consuming re-design cycles
embedded controllers by composition of algorithms picked 2. . . T
up from libraries. Randomized algorithms and hybrid system  Efficient re—use of components is essential to meet the tight
theory are used to develop techniques for functional and constraints on development time and cost and should be
architecture evaluations, which are implemented in a prototype fostered at all levels of the design flow. To support re—use at
tool. the functional layer, it is necessary to develop methodologies
and tools that allow evaluation of “off the shelf” control
algorithms, available from previous product developments,
Today, to meet increasing customers’ expectations, Cgjfith respect to the customer requirements for the design at
manufactures have to renew their products more frequentlyand. Often, if direct re—use is not possible, requirements
reducing the design cycle and introducing innovation itan be met with minor re-designs. The architecture of
each renewal, while keeping costs affordable. Most afontrol algorithms should be conceived is such a way to
the renewals require either significant extensions of thgaximize re—use, by choosing the correct granularity of
functionalities of automotive controllers or the introductionpartitioning for instance.
of ones. In fact, today 80% of car innovation is in electronign this paper, we refine the design methodology proposed
components. Hence, the pressure of competitiveness pn[4] and present a prototype tool, denominated InterCIDe,
automotive embedded systems design is extremely higihat supports re-use in the design of automotive embedded
Successful designs, in which costly and time consumingystems. InterCIDe is written in Matlab and employs
re-design cycles are avoided, can only be achieved usifge modelling facilities of Simulink and Stateflow. It is
efficient design methodologies that allow for componengonceived to support functional and architectural exploration
re-use and evaluation of platform requirements at the earfyy the development of embedded controllers by composition
stages of the design flow. of algorithms picked up from libraries. InterCIDe allows
In [1] and [2] the authors proposed a general methodology #pe designer to formally describe the architecture of the
bridge the gap between functional design and implementatig@gntrol system and the requirements for each control
of embedded control systems. The proposed desiglgorithm, as well as to automatically evaluate different
methodology is based on the principles iatform-based control algorithms and different HW/SW implementations,
design described in [3]. A platform, in this context, is characterized in an abstract form. The procedures developed
a layer of abstraction that hides thennecessarydetails for functional and architecture evaluations are based on
of the underlying implementation and yet carries enoughandomized techniques and hybrid system techniques. More
information about the layers below to prevent desigmyrecisely, performance criteria are tested for the control
iterations. The application of the methodology presentegigorithms over parameters spaces both via randomized
in [2] to the design of an engine control unit (ECU) forg|gorithms, i.e. letting the parameters vary according to a
motorcycles was first described in [4]. In the proposegiven probability distributions, and stochastic algorithms,

i.e. letting the parameters evolve in time according to a
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In particular, the articulation point between functional design
and implementation is a critical one for design quality and
time.

In the platform-based design paradigm, the effects of the
actual implementation is represented by an abstract model
characterized by idealized parameters. Each choice of these
— parameters identifies an implementation platform. In this
(Bologna, Italy) was fecund for the definition of the too'view, control design is a platform mapping with as many

specifications. ('g)mplementation details as exposed by the implementation

Fig. 1. Upper part of the platform stack.

The rest of the paper is organized as follows. In Section | latform
we briefly recall the main concepts of platform—base '

_ . . . A schematic view of the upper part of the design flow
design. In Section Ill, we present randomized and stochas?& ECUs in automotive applications is shown in Fig. 1. The

algorlthms deygloped for .fl:InCtIOI’]a| and  architectur esign process includes: formalization of system specifica-
explorations, giving an explicit example. Then, the too

S . . ions, functional decomposition and deployment, controller

InterCIDe and an application to ECU design are described | . : : . :
. . ) . ) rithm ign and modeling of ractions of ntial
Section IV and in Section V, respectively. Some concludlng\go thm design and modeling of abstractions of potentia

fmplementations.
remarks are given in Section VI. P

Il. PLATEORM-BASED DESIGN METHODOLOGY A. From System Specification to Functional Decomposition
The basic tenets of the Platform-based Design Methodol- To tackle complexity, the system is decomposed into a
ogy as exposed in [3] are: number of interacting simpler sub-systems, cafi@actions

: : o . : ., The decomposition is based on the understanding of the
* Regarding design as a ‘meet-in-the-middle process” wheig qical process of interest. This first stage is clearly a

;uccessive reﬁnements of spgcifications meet with abstrq&—y step towards a good quality design, since it leads to
tions Of, pote.r_maI.|mpIement§1t|ons; ! a design process that can be carried out as independently
. '!'he identification of preusely defined layers where th%s possible for each component (see [1] for more details).
refinement and abstraction process take place. By the decomposition process, the objectives and constraints
These layers support designs built upon them allowing tH&at define the system specification are distributed among the
designer to be freed from lower-level details but lettingcomponents, so that the composition of the behaviors of the
enough information transpire about lower levels of abstrac¢omponents, made feasible and possibly optimal with their
tion to allow design space exploration with a fairly accurat@wn constraints and cost functions, is guaranteed to meet
prediction of the properties of the final implementation. Théhe constraints and the objectives of the overall controlled
information should be incorporated in appropriate parangystem.

eters that annotate design choices at the present layer ofl) Functional platform:In our methodology, this design
abstraction. These layers of abstraction are cgllatforms  step represents a first refinement of the system specifications
A platform is defined to bean abstraction layer in the into a platform abstraction capturing a structure of the
design flow that facilitates a number of possible refinemenigiplementation. For engine control, we model the platform
into a subsequent abstraction layer (platform) in the desigat this layer with eight main functions, as described in Fig. 2
flow. The abstraction layer contains several possible desigaee [1]). Since, in general, it is difficult to decompose the
solutions, but limits the design exploration space. Duringystem into independent parts, the determination of the local
the design process, at every step we choosplagform objectives and constraints has to be the result of a careful
instancein the platform space. Every pair of platforms, thetrade-off between the desire of optimality at the global level
tools and methods that are used to map the upper layand the ease of design for each component.

of abstraction into the lower level one ispdatform stack 2) Functional refinementThe mapping of system speci-
Key to the application of the design principle is the carefufication to the platform model (previously described) defines



= « a set X/, of control parametersfor each controller
u Plant w structurer € {1,..., R}.

2) Control refinement:A particular control strategy, re-
sulting from the mapping of a functional solution into
a control platform, is identified by selecting a controller
Controller v structure and an admissible value for the control parameters.

— Let § and Z respectively denote the representation in the
given model of the physical variablgsandx. The functional
Fig. 3. General scheme for the functional design. specification (1) is guaranteed for a control structure
control parameters, and a given plant model if

the behavior for each functional component. This refinement Ji (Ti{y}zex,) < Ji (T{(r, o) Haex,)

can be cast into the classical robust control representation = Ji(r,c) <0 fori=1...N. (2)

depicted in Fig. 3, where the controller represents the be-

havior of the function under design and the plant represent¥pote that, while7;{-} is a functional that is applied to the

the remaining part of the system (plant plus other functionsyystem outputs/; : {1,..., R} x X¢ — R is a function of

Furthermore,d models measurable and unmeasurable dighe controller structures and control parameters. To guarantee

turbances to be rejected, denotes reference signals andsystem specification (1), the model that produgesc) has

commandsy stands for feedforward and feedback signalsye conservative w.r.t. functionalg;{-}.

u represents the control inputs agddenotes the system

outputs. C. From Control Strategies to Implementation Abstract
The behavior of the function is represented by a functionajiodel

specification defined in terms of a numk¥rof inequalities

of the type: Finally, referring again t_o Fig. 1, we descr_ibe the thir_d ste_p
~ of the methodology in which control strategies are refined in
Ji (Ti{y}teex,) <0 fori=1...N (1)  an implementation abstract model.

1) Implementation platformsThe essential issue for rep-

operating modes of the system and — possibly — dlfferer&'bntrolled system performances. Accuracy of measurements

requirements fo_r each op'eratmg model; and actuations, and how to represent the fact that computa-
« Ji : Vi — R s a functional measuring the perfor- i, 4ng communication take time and may be affected by

mance of the controlled system on a particular eVOIUt'O@rrors are important in this respect. The main effects of a

T € &; and fche operator/;(-) collects the overall particular implementation on the behavior of the controlled

pedrformanCﬁs I, f the bl is the familv of system must be carefully classified and characterized.
* zysfgr?wt(;?/;luiigﬁec)?ir:te? éF;?m’ ahlis the family o They can be represented in terms of perturbations on

. . the controller input/output channels, as illustrated in Fig. 4.

*y denqtes the system outputs on which the .funcnon%isturbancemu, 1ps 1y and blocksA,, Ay, A, represent,

is applied andy; is the family of output evolutions. respectively, value and time domains perturbations due to the
implementation and acting on the control inputsfeedback
o ) ) outputsw and reference signals Depending on the selected

As represented in Fig. 1, the next step in the design floyatiorm, these perturbations can be represented by different
consists of a refinement of the functional decompositiof,gdels and characterized by abstract parametefsset of
obtained in the previous step into a set of control Strategi%plementation platforms with the corresponding exported

using given control platforms. parameters is defined by:
1) Control platforms:On the basis of a model of the plant

interacting with the functional component, a set of candidate §
control strategies are devised for each function. Different ° a set of parameter& p for each platform structure €
control strategies are conceived to allow for exploration of {L,...,5% .

different solutions. These strategies correspond to different ® a set of platform constrairtts

choices of physical variables i u, w andv, and different

B. From Functional Decomposition to Control Strategies

« a numbersS of different platform structures;

algorithms. Therefore, the platforms at the control strategies Ju(s,p) <0, fory=1...V. (3)
layer are described py For a given platform structuree {1,..., S}, elementp €
« a numberR of different controller structures; X3 are referred to as thelatform parameters

Iwhich may depend on uncertain and time-varying parameters, as well
as initial and final conditions. 2Typically, the schedulability and latency constraints are added.



T the use of Randomized Algorithms as a general tool [6], [7].
w In our case, this issue is even more delicate because of the
hybrid and nonlinear nature of the involved control systems.
. For a fixed controller structureé and platform structure,
Ay the problem boils down to a performance indices verification
Controller v of the type:
Ay

Ji(7,¢,8,p) <0, i1=1,...,N+V,
n
! for ¢, p varying in the appropriate spacég., X;..
Fig. 4. Abstract representation of the effects of implementation nonth Randomized Algorithms the exploration of the feasible
idealities. region in the parameters space is operated choosing the
sampling according to assigned probability distribution func-
tionsé : Q — X/, p: Q — Xj, whereQ is the event
2) Implementation abstract model refinemelrt:the con- space. It is natural to assume that such functions are of the
trol parameters and platform parameters product space, fé@mown types as Gaussian, Poisson or other. This method
sible mappings are given by the set permits to conduct an efficient exploration, while keeping
- the computational costs at an acceptable level.
U = {nesp)|refl,...R} ce Xg, However, the corresponding probability distribution func-
s€{l,...5}, pe Xp, such that tions (briefly pdfs) of the indices/; happen to be quite
Ji(r,e,s,p) <0, fori=1...N+V} (4) scattered reflecting the choice of parameters which are fixed,

i ) ] once sampled, and do not vary as the control system evolves
where J; include both conservative expressions for (2)in time. For example, in the idle control problem the level
including the effects of the implemgntation platform modeleg ihe battery is a parameter which is expected to have a
by (s,r), and the platform constraints (3). _ prescribed mean value. The use of this resource by many of

The best implementation platform, among those describgfe car components leads to a stochastic behavior whose as-
by parameters inside the st in (4), can be selected by gqciated distribution is expected to be normal. The sampling
introducing a suitable objective function, representing amethod of a Randomized Algorithm chooses a value in the
_estlmat|0n of the implementation cost to be minimized. 'barameter space which is kept fixed as the system evolves:
is often the case that the cost model depends only onggch choice represents a battery having a regime level which
subset of the parameters. The parameters belonging to {8, the expected one (probably due to a battery production
orthogonal space can be abstracted away. A very powerfiglire). The resulting pdfs of the performance indices may
method for the abstraction of non-relevant parameters is thg,s pe not satisfactory.
use of formulas with existence and universal quantifiers. Moreover, even if the battery is perfectly performing, the

As an example, consider a Pl controller with gaii$  |eve| at a certain instant of time may be different from the
and K designed to control the speed of a crankshaft, witherage and this behavior is better represented by a stochastic
nominal inertia/ and inertial uncertainty;. Parameter&’r,  ayolution. Hence, beside the implementation of Random
Ky, J, andd; can be abstracted using the following formma:AIgorithms, we propose the use of stochastic processes to

VIIKp, K1V, (6J,Kp, K1,0,.p) €U, (5) model parameters evolgtion. From mathematical point of
view this amounts to simulate the solutions to a random
where ¢ and p are other control and platform parameterscoefficients stochastic differential equation:
By applying quantifier elimination to (5), the exploration is
reduced to the subspa¢& p), where the cost modél (¢, p)
is defined. In [2], the use dfexibility wherew €  and, as usual} is a standard Brownian motion
functions as cost models was proposed. The underlini@nd a similar equation far). The necessity of modelling the
idea is to guide the exploration towards parameters that cparameters behavior with random coefficients comes from
be easily achieved by platforms at lower levels of abstractiotthe need of keeping the parameters in a given bounded set,
In this way, the risk of expensive design cycles that spae.g. X7, while maintaining the typical feature of a noise
several platforms is minimized and a better platform choicsignal, see the example below and [8].
is offered while approaching the implementation level. Example: FILM control system.
The control algorithm we consider is in charge of compen-
sating the evaporation of the fuel puddle, which affects the

The determination of feasible maps (4), in the controhmount of fuel entering the cylinder during intake. The fuel
parameters and platform parameters spaces, happens to beaaidle is produced by the condensation of the injected fuel
hard task, which in many real cases is not affordable by d@ the intake runner, on the wall in front of the injector. The
terministic robust control methods. The high computationaim is to apply both randomized algorithms and stochastic
complexity is a common phenomenon in the determinatioprocesses to determine the sensitivity of the given control
of feasible regions in robust control, see [5], that motivatedystem with respect to the parameters changes as a first step

dp = g(t,p,w) + 7(t,p,w)dW

IIl. RANDOMIZED ALGORITHMS



for determination of feasible regions.
The fuel puddle phenomena is usually modelled by th
mean-value model

{

where m,, is the mass of vaporized fuelp, is the mass
of the fuel puddle and is the injected fuel flow rate. The
evaporation time constamtand the condensation coefficient
x € (0,1) depend on the engine temperatufeé and

1y = %ml +(1-=x)g
my = —%ml + xq

(6)

such dependence is compensated by the FILM algorithm.

The uncertainties on the expressiond,) and x(T.) are
represented in the plant model respectively by additiv
disturbances? andé?. The computation of (7;.) andx(7)

in the implementation of the FILM algorithm is affected by
errors due to the implementation platform bounded precisio
modelled as additive disturbancés and ;.

We setJ(7,c, 3,p) = |errmpenzt|, the error in the mass of
vaporized fuel, and want to bound it by= 0.2. In order to

TABLE |
SENSITIVITY OF FILM CONTROL SYSTEM

e
parameter stage | stage 1
me € [—1;1] 732:40053 ?32:4028048
ef fpla € [<0.1;0.1] ?312209;-;3
ef fasp € [—0.1;0.1] 313::207.2681
8% € [~0.05;0.05] 4=626 7553
52 € [~0.05;0.05] 4= 908 7=532
e §% € [~0.05;0.05] 4= 39 q=9:59
5 € [-0.05:005] | 4= = 1050

n,

In order to execute the first stage, the constant values of
parameters ared; = 0.025, 67 = 0.025, 05 0.025,

check the sensitivity of the system (6) the following indiceg’y = 0.025, m. = 0.05, ef fpi. = 0.05, ef fusp = 0.05.

are determined:
1) Dependence (in percentage) &7, ¢, 5,p) on a given
parametemp
100 MaXpe p; .p,] {Maxoes J(7,¢,5,p) —mingexs J(7,¢,5,p) }

E[J(T,c,5,p)] ’
(7)

where [p;, p.| is the range ofp and X is the set of
samples. (The same definition for giver)

2) Probability that fulfilment of the performance criterion
depends on a given parameter

ZUGE 4y(1 - y)
#X
where y = P(maxy,ex J(7,¢,5,p) < ¢) and #

denotes the cardinality.

We perform two stages: on thiirst stagewe let all the
parameters be constant except the chosen one, which evol
inside the rangép;, p,-] as

p(t,w) = GW (1))

whereG(t, z) = 2P arctanz + E=2L. This corresponds
to the solution to the stochastic differential equation

{ dp = g(t,p,w)dt + 7(t, p,w)dW(t)

d =

P = ®)

p(oa w) =0,
where (see [8], [9] for details)

9t p.w) = hproes Tt pw) = sl

We then comput€ and P and, ifd < 50 andP = 0, we pass
to the next stage. At theecond stage¢he other parameters
are assumed to be random variables chosen according
G(N(0,t)), whereN(0,t) denotes normal distribution. The
maxima ofd and P are computed ovet0 samples for the
other parameters.

For both stages the randg,, p,] is divided into 10 small
intervals, p(0,w) is set to be center of the small interval
and 50 samples are produced for the time horiZBn= 20.

Table (1) collects numerical results: it is worth observing that
ef fpia andef fqq, influence the system the most, in fact the
fulfilment of the performance criterion strongly depends on
these parameters. On the contrafyr, ¢, 5, p) depends only
slightly on 67, 62, &5 anddy.

=} Add operations

Select the function, — 4dd a new aperation _ Add & new performance

Perfarmance already added
Add Z

— Performance moritor

Add

Insert

Perfarmance monitor parameters

W

Add |

— Performance parameters

pr—

Add |

Operation desciiption

nale di tensione di
batteria

Insert

— Flant
Functional models

<. . | .).'
Parameters

]

|

Operation

Funetional models Abstract implementations

Abstract implementations

Add Add Add

Parameters Parameters

ﬁF‘alametricoslanli

Add Add Add

Fig. 5. Main window for the description of control algorithms and plants.

to
IV. INTERCIDE
In this section, we present the tool InterCIDe that has been
developed to support the integrated control-implementation
design methodology presented in Section Il and implements
the randomized algorithms described in Section lll. Inter-
CIDe is developed in Matlab, uses the modeling facilities of



Simulink and Stateflow, and employs the Matlab Statisticontrol algorithm. Then, quantifier elimination is applied to
Toolbox for the implementation of statistic functions. In-project the results of the exploration in the subspace of sam-
terCIDe allows the designer to compose the set of contrpling frequencyF; and latencyL; parameters. The sampling
algorithms in each functional component by extracting therfrequency and latency subspaces of all control algorithms
from libraries of existing solutions. Figure 5 reports theare composed in the spa¢é&; x L;)" and constraints on
main window for the introduction and selection of controlmaximal latency and CPU utilization are introduced. The

algorithms. latter is defined as follows:

According to the methodology described in Section I, m

each candidate control algorithm is parametrized, in terms Jo(Wi, Fy, Uepy) = ZWiFi —Uepu <0
of control parameters and implementation parameters. The i=1

exploration between the candidate control algorithms is pewhereW; and F; are, respectively, the worst case execution

formed in the control parameters and implementation parartime and the execution frequency of theh algorithm, and

eters space. Efficiency of the parameter space exploration,, is the maximal CPU utilization.

is fundamental for the successful of the approach. Ran- It was obtained that the feasible set in (& x L;)™ was

domized algorithms allow to achieve accurate explorationot empty. Then, the CPU utilizatio, (W;, F;, Ugp.,) Was

within reasonable computation times. For each sample obked as cost model to be minimized.

control parameters and implementation parameters, the tool

evaluates whether or not the assigned closed-loop
specifications are met. InterCiDe performs a randor

screening of the parameter space, labelling each sample,

thergoodor bad according to fulfillment of the specification.

In a first stage, the control algorithm is functionally tested e

screening the control parameter space. If the tool succeeds :

finding a big enough region containirggpod samples, then, e

in a second stage, implementation details are modelled in

an abstract way and the screening proceeds including the

implementation parameter space.

Next, quantifier elimination is applied to project the result: T
in the subspace where the estimation model for the impl COR=
mentation cost is defined. Quantifier elimination has bee ;
implemented using a griding method. By means of quantifie
elimination, the samples are projected in the cost mod
parameter subspace. Then, the convex ponh%r@od and _
Ppad are produced by computing the convex hull of the Fig. 7. GTIT plant model.
subsets ofgood and bad samples, respectively. The subset
of parameter values for which the specification is assumedAs an example, we report the result obtained for the GTIT
to hold is given by the (non_ConveX’ in genera') po'yhedroﬁlgorithm, which is designed for air—to—fuel ratio control.

Paood\ Poad Subsequently, the cost parameter Subspacgge_ GTIT algorithm produces desired air—to—fuel ratio cor-
of all control algorithms to be implemented in the electroni¢€ctions, on the basis of the feedback from the ON/OFF

control unit are composed and the sBgcy is defined lambda sensor. The specification is to keep the mean-value

by composing the Setg)good\ Ppag Obtained for each of the air—tq—fuel_ ratio t_:lose Fo th_e stoichiometric value. The
control algorithm. Hence, the point corresponding to th&TIT algorithm is depicted in Figure 6. The plant model,
minimum cost, according to the given cost model, in théléscribed in Figure 7, includes closed—loop models for the
set Pecu is obtained by an optimization algorithm. Finally, subsystems interacting with the GTIT algorithm, namely the
optimal values — maximizing robustness — for the remaining!T and BINJ subsystems. _

parameters of each control algorithm abstracted away by the The control parameters are: the sampling frequency, the

Transport CORF

Delay

LAMBIN_RIF  LANEOA

M_EIN
Prduct?

quantifier elimination are selected. latency, the o .
upper and lower saturation limits. Each parameter is
V. APPLICATION represented as follows:
The description of an entire chain of control algorithms pi = (1+ 6;)P;109

for fuel injection in a motorcycle application had been

introduced in InterCIDe. For each control algorithm, desirethere P; and @; are constant and; is random. Figure 8
closed-loop specification, and functional and implementatidi#Ports the sePgqqq\ Phag for the GTIT algorithm. This
models had been described using the tool according to desiget is defined in the sampling frequency and latency subspace
methodology presented in Section Il. Using the randomize@nd is obtained by abstracting away the upper and lower
algorithms implemented in InterCIDe, control and imple-saturation limits, using quantifier elimination. The GTIT set
mentation parameter screening has been performed for ed&@md\ Ppagin Figure 8, composed with the corresponding
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Fig. 8. Implementation parameters projection.

ones obtained for the other control algorithms, defines set
Pecu on which the optimal solution that minimizes CPU
utilization is searched for.

VI. CONCLUSIONS

A control-implementation design methodology for the
development of embedded controllers in the automotive in-
dustry has been presented. The proposed methodology allows
the designers to reduce the development cost by maximizing
re—use of algorithms available from previous designs. The
methodology is supported by the prototype tool InterCiDe
that allows automatic validation of functional and archi-
tecture solutions. The validation techniques implemented in
InterCIDe are based on randomized and stochastic algorithms
and hybrid system theory.
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