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Abstract. In this paper, the embodiment design of an air condition-
ing system (ACS) in an aircraft is investigated using interval constraint
satisfaction techniques. The detailed ACS model is quite complex to
solve, since it contains many coupled variables and many constraints
corresponding to complex physics phenomena. Some new heuristics and
notions based on embodiment design knowledge, are briefly introduced
to undertake some embodiment design concepts and to obtain a more
relevant and more efficient solving process than classical algorithms.
The benefits of using constraint programming in embodiment design are
discussed and some difficulties for designers using CP tools are shortly
detailed.

1 An air conditioning system problem

1.1 Context

The design process is a sequence of phases ranging from the definition of needs
and requirements to preliminary design and detailed design (Pahl & Beitz 1996).
Preliminary design includes conceptual design leading to product schemes, and
embodiment design, where feasibility studies are investigated according to geo-
metric constraints, physics behaviors and interactions between the product, its
components, and its environments.

Nowadays, no real software exist to solve complex embodiment design prob-
lems. In this context, a constraint solver, namely Constraint Fxplorer, was de-
veloped within a partnership between Dassault Aviation and several research
laboratories. This partnership was created through the french RNTL project
CO2. Our work starts from this project and aims to express some other difficul-
ties using constraint programming in embodiment design, where problems are
highly coupled according to a design point of view. We use Elisa ?, an open C++
library for constraint programming and constraint solving techniques based on
interval arithmetic (Moore 1966), where we develop some new concepts and al-
gorithms.

3 http://sourceforge.net/projects/elisa/



In this paper, an air conditioning system (ACS) for an aircraft (see Figure
1) is investigated. Figure 1 describes the main components of an ACS and func-
tional fluxes circulation. The ACS may be viewed as a bootstrap, composed of:
a turbo-machine (a compressor, a turbine and a coupling shaft), an exchanger,
a trim gate, a diffuser and a nozzle. This bootstrap corresponds to a reverse
Joule-Brayton cycle. A trim gate is used to regulate the air cooling system and
guarantee a suitable air pressure and temperature in most of the aircraft life
situations.
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Fig. 1. Bloc functional diagram for an aircraft air conditioning system

In an aircraft, several essential criteria must be taken into account. Indeed,
the air pressure and temperature of the cabin must be guaranteed for the well-
being of the passengers, but the air flows taken from the turbo-reactor and from
the atmosphere have to be carefully managed. Indeed, it can decrease the turbo-
reactor performances and it can also increase the aircraft drag force. Moreover in
an aircraft, the volume and the mass of every element penalize its performances,
therefore the mass and volumes of the ACS have to be minimized.

1.2 Model description

In embodiment design, a product is described using several classes of variables.
Indeed, designers are mainly interested in only a few variables and criteria. The
design variables define by their values design solution principles. The whole de-
sign variables correspond to the smallest set of variables defining the architecture



of a product. The auziliary variables are used to express the constraints related
to the ACS, namely physics behavior, geometric constraints and performances
criteria. They are used to link design variables and criteria using some relevant
knowledge related to the ACS. Criteria permit to validate and to evaluate the
design solutions, but at this point, it is too early in the design process to really
optimize, since some of the components may change.

All the components of the ACS are not standardized. For the sake of sim-
plicity, only the exchanger and the trim gate are embodied, since the ACS per-
formances seem to be mainly depending on the characteristics of the exchanger.
In this way, other components are mainly expressed with efficiency coefficients
(provided by manufacturers) and energy balances. Although these simplifica-
tions are used, the model of the exchanger is really complex and several coupled
physics phenomena interfere.

Our model is composed of 156 variables. There are 5 design variables (1
for the trim gate and 4 describing the exchanger). The 151 other variables are
some auxiliary variables. Most of them (85 variables) may be considered as
explicit variables. Indeed, these variables are explicitly defined by a constraint,
since they correspond to intermediary computations. They are maintained within
the model, because they express well-known characteristics or criteria, which
preserve the model expressivity. The 66 other auxiliary variables are mainly
related to the exchanger (fins characteristics, pressures, temperatures, efficiency,
etc.).

Constraints may also be classified. For instance, there are 2880 basic unary
constraints describing a catalogue of 48 exchange surfaces (Kays & London 1984).
9 constraints describe the energy balances of the 8 components used in the model.
94 other constraints express the ACS characteristics and behavior (geometry,
temperature, pressure losses, etc.), most of them defining the explicit variables.

1.3 Embodiment design solutions

A design solution corresponds to a product architecture, which satisfy all con-
staints and criteria. As a consequence, a design solution is represented by design
variable values. The multiple auxiliary variables values must not be taken into
account when considering design solutions, since their domain exploration may
induce duplicated design variable solutions. However the auxiliary variables ex-
ploration is mandatory to check the product behavior and the physics reality.

2 Why CP?

In Embodiment design, designers have to determine sets of design solutions to
support decision making. They need tools to globally explore the solutions search
space.

Stochastic methods are mainly used. They are developed in engineering de-
partments using simulation tools coupled with optimization tools. This method



requires the development of simulation codes, specific to the investigated prob-
lems. For instance, a tool using an optimization approach based on an evolu-
tionary method was developed to investigate the ACS presented in this paper
(Sébastian et al. 2006). These simulation codes are often powerful, but they are
not easily maintainable and reusable. The solving algorithm must be redefined
for each application, even though it is often time consuming to develop. In the
context of a preliminary design phase, many decisions are not taken at that point
and the model may evolve several times. Moreover the evolutionary approaches
do not compute the entire set of solutions. In particular if some parameters of
the genetic algorithm are not finely tuned, some areas of the search space may
not be explored. The embodiment design phase is used to detect feasibility ar-
eas in the search space and leaving out some may be detrimental to take the
appropriate decisions.

The CP approach allows to write the design models without developing
their solving methods, thus the cost is lesser when a parameter or a com-
ponent changes. It is already used in configuration and in conceptual design
(O’Sullivan 2001, Gelle & Faltings 2003, Yannou et al. 2003) and it seems promis-
ing for embodiment design (Zimmer & Zablit 2001, Fischer et al. 2004). The
search space is explored entirely and it is easier to determine the shapes of
the solution set. This entire set of solutions allows designers to take more robust
decisions, since they can investigate more easily the model response to some
characteristics changes (for instance components, dimensions or criteria) and
thus preserve one design architecture and some of its performances validity from
future changes.

3 How CP?

In our air conditioning system application, we use a general CP framework based
on a branch-and-prune algorithm (Van-Hentenryck et al. 1997).

3.1 Model formulation

We consider the classical triplet representation of CSP problems: (V, D, C). Vari-
ables are defined using discrete or continuous domains. During computations,
discrete domains are converted into an interval hull and it is later refined using
the discrete values it holds. The constraints are based on arithmetic expressions,
using the classical equality and weak inequality operators.

However, some physics laws were established through experiments, and they
are expressed as piecewise nonlinear functions. We focus on piecewise phenom-
ena which are defined by one variable. Indeed, most physics phenomena are
estimated using some representative and well-known variables (for instance in
fluid mechanics: Nusselt, Reynolds, Prandtl numbers, etc.). We define a global
piecewise constraint to efficiently compute theses piecewise nonlinear functions,
quite similarly to Refalo’s approach on linear piecewise functions (Refalo 1999).
Moreover this global constraint allows to define easily the range of choices using



a unique reference for a component, corresponding to a disjunction between all
the components to choose.

3.2 Solving algorithms

The robust classical round-robin strategy on the variables choices for exploration
often gives slow solving times for embodiment design problems and generates
many duplicated design solutions. The main explanation is the useless computa-
tion steps made on auxiliary variables. That’s why we develop a heuristic custom
search based on variable classes linked to the embodiment design point of view.
Indeed, design variables have defined the main structuring characteristics and
models are often established around them and around criteria. Auxiliary vari-
ables are only introduced to express performance criteria, physics behavior, etc.
(see figure 2).

Product main structuring
characteyistics (design variables)

S~ ”
\ Auxiliary variables Constraints }

Product detailed description and behavior Product main relevant performances
and criteria I
* Variables —
m Constraints Knowledge related to

design decisions

Fig. 2. Knowledge classification in an embodiment design model

In addition, some of the auxiliary variables are explicitly defined accord-
ing to other variables. They correspond to intermediary computation steps, but
they are maintained in the model to ensure its intelligibility. To avoid some use-
less exploration steps according to these variables, their precision are defined
to the infinite value, so that their precisions are always achieved. Their values
are computed by the consistency pruning process based on 2B (Lhomme 1993)
and box consistency (Benhamou et al. 1999). It is important to highlight, that
explicit variables may be defined using other explicit variables. In this case, no



dependency cycle has to stand between them. Some small design problems are
presented using such variables or not in Vu’s work (Vu 2005).

These algorithms and the use of explicit variables allow us to compute more
efficiently the entire solution set of embodiment design problems in a few hours,
whereas other algorithms do not compute the first solution after several hours.

In some other works, models are decomposed in small blocks organized in a
directed acyclic graph (Reddy et al. 1996, Bliek et al. 1998, Neveu et al. 2006).
It may be interpreted to a variables solving order, where blocks are fully solved
before starting the next one in the graph. It is an efficient approach for problems,
where coupled variables are not too numerous. Indeed, when there are several
sets of coupled variables, the model is decomposed in big blocks and the hard-
ness of the problem remains. Moreover, preliminary design problems are often
under-constrained, and many start variables have to be chosen to compute a
decomposition of the constraint network. In this case, these variable domains
are explored almost exhaustively and it may induce useless computation steps
on irrelevant variables.

3.3 Precision management

The management of the precisions variables appears to be fundamental to ensure
a relevant solution set for designers. Indeed, each design variable has a precision
representing the interval width, which defines solutions according to the design
point of view. These precisions are linked with tolerances and real-world feasi-
bility.

In many cases, a global precision for all variables (for instance 10~% is the
default precision on several solvers) has no sense considering the design point of
view. A default precision can be defined for some variables, but most relevant
variables of an embodiment design problem must have their own appropriate
precision. The design variable precisions have to be defined taking into account
the product specifications and requirements.

The precisions on auxiliary variables are more difficult to set properly. Some
complex phenomena may be taken into account and designers may have diffi-
culties to forecast the relevant variable precisions linked with these phenomena.
Indeed, they may use some confidence percentage linked to some imprecisions
related to the computed values. These imprecisions are linked to simplifying
assumptions, which allow designers to neglect terms when writing balance equa-
tions. From this point of view, balance equations of mass, energy or momentum
are linked to a precision taking into account the terms neglected by designers.
This confidence percentage may be associated as a relative precision to some rel-
evant variables of constraints, for instance efficiency coefficients. However some
other auxiliary variables may be related to some physics quantities or to some
physics order of magnitude and their precisions (absolute or relative) should be
defined taking this knowledge into account.

The precision management is really fundamental to obtain efficient solving
time (not completely useless search space explorations) and relevant solutions
(not too many duplicated design solutions).



3.4 Model implementation

All the constants, variables, domains and constraints of the ACS problem are
detailed in the following tables. The ¢ or h indexes related to some variables
identify the cold or hot side of the exchanger. We do not define the domain of
the variables from the Kays & London database, since it is useless.

lConstants l ‘
Air properties Cp =1000 J/kg.K, r =287 J/kg/K, v = 1.4
Flight conditions Z =10500 m, M =0.8

Turbo-reactor characteristics TCrr =8, nrra = 0.9, n7rc. = 0.8
Components efficiency Ne = 0.75, nar = 0.95, n: = 0.8, nno = 0.9, npr = 0.9
Air sent into the cabin Ts5 = 278.15 K, ps = 85000 Pa, ¢ = 0.7 kg/s
Plates characteristics kp =20 W/m/K, tp = 0.001 m

lDesign variables l ‘

Width of the exchanger (m) Lx € [0.1,1], p(Lx)= 0.01
Mass capacity ratio (-) T €11,8], p(r)=0.5
Hot-side exchange surface reference (-) | ExSurfy, € [1,48]: int
Cold-side exchange surface reference (-)| ExSurf. € [1,48]: int
Trim gate radius (m) Rv € {0.01,0.02,...,0.2}

lAuxiliary variables ‘

Exchanger material characteristics roex € [0,10000], kw € [0, 500]
Exchanger pressures (Pa) p2 € [0,1000000] A p(p2) = 5%,

s € [0,1000000] A p(ps) = 5%
peie € [0,1000000] A p(peoc) = 5%,
Peoc € [0,1000000] A p(peoc) = 5%
Exchanger temperatures (K) T> € [0,1000] A p(T2) = 5%,

Ts € [0, 1000] /\p(Tg) =5%
Te;c € [0,1000] A p(Teic) = 5%,
Teoe € [0,1000] A p(Teoc) = 5%
Exchanger pressure losses (Pa) APey, € [—00,400] A p(APep) = 10%
APe. € [—00,400] A p(APe.) = 10%

Exchanger efficiency coefficient (-) e €10,1] A p(e) = 5%

Air flows in the exchanger (kg/s) Gra € [0,400] A p(gro) = 0.001
Gma € [0, +OO] /\p(Qma) = 0.001

Pressure after the turbine (Pa) pa € [0,1000000] A p(ps) = 5%

Temperature after the turbine (K) T, € [0,1000] A p(Tx) = 5%

Auxiliary variables
relating to the K&L database

Fins characteristics br, Thu, 6n, Br, be, The, Oc, Be
Colburn interpolation coefficients JSh1, JSha, JShs, JSc1, JSc2, JSe3




Fanning interpolation coeflicients

ISh1, fSh2, fShs, fSct, [Sec2, [Ses

Kc interpolation coefficients

KCShl, KCShg, KCShg, KCSh4, KCSh5, KCShG
KCSh7, KCShg, KCShg

KCSC1, KCSCQ, KCSC3, KCSC4, KCSC5, KCSCG]
KCSC7, KCSCS, KCch

Ke interpolation coefficients

KeShl, KeShg, KeShg, KeSh4, KeShs, KeShg
K@Sh7, KeShg, KeShg

KeSeci1, KeSco, KeSecs, KeSca, KeScs , KeSes
KCSC7, Kech, Kech

Auxiliary variables
defined as explicit variables

Exchanger dimensions (m)

Ly= Lz, Lz =0.25* Lz

3 1t — (bn*Bn) — (bc*0Bc)
Fins characteristics Qh = Grrbat2e5)? ¥ = G tbot243.?

on = ap *Thy, 0c = ac *The

. p __ tanhml, __ tanhml,

Fins efficiency nfn = il nfe = Tl

Exchange surface dimensions

Ap = ap x (Lx * Ly« Lz), Ac = ae % (Lx * Ly * Lz),
Aw = Lz * Ly *n, Acp, = op * Afn, Acc = oc * Afe,
Afy, =Lx* Lz, Afe = Ly * Lz

Exchange surface efficiency

n0n = 1= S s (1 —nfn), n0. =1 - Zl « (1 —nf.)

Exchanger inner wall thickness (m) tw = 7(5"-2‘_60)
Number of plates (-) n= Mﬁ
Air characteristics in the exchanger Gh = f2e, Ge = 2,

—1.075e 752,225 2%T5+1.725¢ Oy /T3

pn = 5 +
—1.075e % —2.225e 9% Ty +1.725e¢ Oy /To
2 ] )
[ = 71.07567572.225679*Teoc+1.725670*\/T60C_"_
.=

2
—1.075e 5 —2.225e " 9% Te; . +1.725¢ ~Oxy/Te;.
2 b

— _Pp2 — _P3
P2 = rxTo ) p3 = r*T3 )
. _Peic — _PCoc
Pic = r«Te;.’ Poc = r«Teoe’

Cpon = 1003.7 + 6.8 72 * (T3 — 273.15)+
2.22¢~ % (T3 — 273.15)2,
Cpin = 1003.7 + 6.8¢ % * (Tp — 273.15)+
2.22¢ % x (T — 273.15)2,
Cpn = C’Poh-Z‘rCPih7
Cpoc = 1003.7 4+ 6.8¢ ™2 * (Teoe — 273.15)+
2.22¢™* * (Tepe — 273.15)2,
Cpic = 1003.7 4 6.8¢ 2 * (Tese — 273.15)+
2.22¢7% % (Te;e — 273.15)?
Cpe = CheeyCbie

Exchanger mass (kg)

mez:pez*Lx*Ly*((oﬁT*s"—i-%‘:“)*Lz—i—n*tw)

Exchanger volume (m3)

V =Lx*Lyx* Lz

3 3 — dma — dra
Air speed in the exchanger (m/s) Ch = zglme—, C(f = e
Heat transfer characteristics A = Ara*=lic

Ima*Cpin

9ma*CPih

Nut =

)

+

T T _tw T
M0 *hp*Ap | RwxAw | n0cwhorAc




hh = Jh *Gh*Cph*P’l‘;2/3,
hC:JC*GC*CpC*PT;2/3

Colburn Coefficients (-)

Jr — ¢’ Sn1#log”® (Ren)+JSpaxlog(Rep)+JSps
h — )

J, = ¢’ Se1+log? (Ree)+JSnaxlog(Ree)+J Shg

Fanning friction factor (-)

fn= efSh1 «log? (Rep,)+fSpa*log(Rep)+fSh3
)
fo= efSe1 #log®(Rec)+fSpha*log(Ree)+fShs

Prandt]l number (-)

(0.825-0.00054T5+5.0e—7*712)

Pry = =+

2
(0.825—0.00054+ T2 +5.0e ~ " xT3)

2 b
0.825—0.00054%Tee+5.0e ™ xTe2

Pr. =

2
0.825—0.00054+Te;c+5.0e " +Te?,

+

Reynolds number (-)

2
Axrhy *G 4xrhexG
e

Inlet pressure losses coefficient

Kecp = KcSp1 * 07 + KcSha * oy, + KcShs * log” (Ren )+
KcSha aﬁ + KcShs * on + KcShe * log(Ren)+
KcShr * 0’;2L + KcShs * on + KcSho,

Kco = KeSe1 %02 + KcSep % 0c + KeSes * logQ(Rec)qL
KcSes % 02 + KcSes % 0c + KcSeg * log(Rec)+
KeSer UZ + KcSes x 0c + KcSeo

Outlet pressure losses coefficient

Kep = KeSny x 0. + KeSha * 05, + KeShs * logz(Reh)—i—
KeSha * 03 + KeShs * on + KeShe * log(Ren )+
KeSp7 * O’i + KeSpg x o, + KeShg,

Kee = KeSe1 %02 + KeSeo * 0c + KeSes * log2(Rec)+
KeSey % 02 + KeSes * 0. + KeSes * log(Re.)+
KeSer x 02 4+ KeSes * e + KeSeo

Atmosphere characteristics

T = 288.2 — 0.00649 * Z, pa = 101290 * (goree)> 20

Turbo-reactor temperatures (K)

Turbo-reactor pressures (Pa)

2
To =Tax (1 + wl)
o
Ty =To* (14 nTlRu 2* ((%) v —1))
i
Do = Pa * (NTRA * My-1) *;771) + 1)1,

p1 =TCrr * po

Diffuser pressures (Pa)
and temperatures (K)

i 2, -l =
PODe = Pipe * (Mp1* M= x 15= + 1)7=1
TODC:TiDC*(l—i—MQ*”T*l)
piDc:pa;TiDc:Ta

Nozzle pressure (Pa)

and temperatures (K)

PiBe = P€oc; POBe = Pa; 11iBe = Teoc
-1
Tope = Tipe * (1 +nno * (—1 + (22B2)757))

Trim gate descripion

PiBc
1]

V:T,]M:p& dmav = 4 — Qma

ksi _6(4403108674*()&2+8.50089€72*a*1.59295
a =

Various explicit variables

_ 2xhy, _ 2xh,
mp = \/kw*éh’ Me = \/kw*éc7
b . .
mil, = Zaxbh ] = mL*bL,
CPamy, = Kcp, + 1 — (o7), CPdy, = 2 % (22 —1),
_ Ap P2
CPTh = fh* Acy, * (2* p2+p3)7

CPavy, = (Kep + o7 — 1) * Tho2

rho3?
CPam. = Kc.+1—02, CPd. =2 % (Zﬁ - 1),
Ac ic
CPr.= f.* y v (2 % p’ic”_H)oc)7

_ 2 ic
CPav. = (Kec. + 0 — 1) 57




lConstraints l ‘
Catalogue of exchSurf, =1 — JSp1 = 0.0314 A --- A KcSho = 1.717231

exchange surfaces :
exchSurfy, =48 — JSp1 = 0.0369 A - - - A KcSpe = 1.551097
exchSurfe =1— JSc =0.0314 A --- AN KcSeo = 1.717231

exchSurfe. =48 — JSc1 = 0.0369 A --- A KcSeo9 = 1.551097
Materials choice for the |15 < 473 — roex = 8440 A kw = 30

exchanger Ty > 473 — roex = 8440 A kw = 30
Exchanger description:
Air flow ratio T = dre

dma _ Nut0.78

0.22 s w—

Heat efficiency e=1—MNutmTxle X 1)
for the hot-side €= ;2:;3

2 0

Hot-side energy balance |13 = T2 — e (T2 — Te;sc)
Hot-side pressure losses |APep = p2 — p3

2
APe;, = Ch 4 (CPamy, + CPdy, + CPry, + CPavy,)

2%
Cold-side energy balance |Te,. = %%725;? x (Ty — Ts) + Tese
Cold-side pressure losses |APe. = peic — Peoc

APe. = S5« (CPam. + CPd. + CPr. + CPav,)
Components energy
balances:
Compressor Ne * (% —-1) = (z—f)ﬁ -1
Coupling shaft (To — Tv) = nar = (Ts — Tu)
Turbine L-T4/T3 =y + (1 — (B8) 7o)
Trim gate q*xCp*xTs = qma * Cp*Ta 4+ Gmav * Cp xT1

2

_ — ; 9mav
p1 pa = ksia * v * 2% (mx Rv2)2
TODC = Tez-c

PODc = PE€ic

3.5 ACS solutions

Using all this knowledge about the ACS model during the solving process permit
us to compute a finite set of 322 design solution principles in a few hours on a
personal computer at 2 GHz (see figure 3 and 4). Using a classical Round-Robin
strategy with relevant precisions, but without taking into account design variable
classes, give a set of 388608 solutions in several hours.

Figure 3 illustrates the distribution of the solution set considering 2 major
criteria: the volume of the exchanger and its mass. The three symbols used to
plot solutions represent the exchange surface types used for the hot-side in the
exchanger. Figure 4 shows the solutions sorted by the exchange surface references
from the catalogue for the hot side of the exchanger. It is important to highlight
that there are no solutions with the wavy exchange surfaces from the catalogue
and the best ones are from the louvered exchange surface family.
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Considering all this results, designers may have a better understanding of the
solution set of the ACS. These results allow us to validate some factual knowl-
edge about the design of air conditioning systems in an aircraft. Some exchange
surfaces families appear to participate in more powerful ACS and itcould save
time in the upstream phases of ACS design.

4 Added value of CP?

4.1 Development cost

This application was developed in several steps, because of the complexity of the
model. A first model without fins between the exchanger plates was developed.
It took a few days to get a preliminary model, since we used the data from an
evolutionary approach and previous work on this system. However several days
were needed to get a model with valid physics behaviors. Finally the entire model
with fins data was built after several weeks. We do not count the development
time of the heuristics search in the solver.

However for new projects, we suppose that the model writing phase take
longer if it is as complex as for the ACS, but we think that only a few weeks
could be necessary to devise a CSP model for design problems, particularly if it is
preceded by a relevant analysis of the product. It permits to identify and organise
into a hierarchy the components and physics phenomena (Szykman et al. 1999,
Scaravetti 2004). Then the main characteristics of the product are defined and
only the relevant physics laws and the relevant performances criteria are ex-
pressed.

4.2 Industrial use

Our work on the ACS is based on previous work using other solving methods. The
CP approach allows to avoid the test and fail method commonly used in design
process. In the classical approach, a model is developed and then criteria validate
or not the solutions found.In the CP approach, criteria are within the model and
only satisfactory solutions are computed. In addition, each model development
(embodiment design and detailed design) takes about 3 months and the deadlines
of industrial design are incompatible with several model developments.

Our ACS model is quite complete considering an embodiment stage, since
it takes into account more detailed knowledge related to components and their
performances than previously used models, namely the exchanger and its ex-
change surfaces. The results from an equivalent model were taken into account
for the design of the ACS in a vehicle subjected to confidentiality constraints
developed by Dassault Aviation.

4.3 Feedback and user experience

The use of constraint satisfaction techniques in embodiment design appears
promising, although the solving process is not always efficient. Indeed, solving



some models may be time consuming compared to the evolutionary approach
and the solution set is not always relevant, since there are many duplicated
solutions realted to the design point of view.

We think that most CP tools or constraints solvers are not enough designed
for beginners in constraints and particularly designers, although the constraints
languages are often intuitive. Solvers are mainly concerned with mathematical
results, leaving aside other needs. Most solvers do not take into account fun-
damental notions of design, as for instance the design and auxiliary variables,
explicit variables, piecewise constraints, matrix calculus, models and data from
catalogues or databases, etc. More to the point, the results obtained with a con-
straint solver are not reusable for the next phases of the design process, where
CAD tools are mainly used.

Moreover, the development of real applications with many constraints and
large amounts of data is difficult. Indeed, the inconsistencies are often complex
to explain, since only little information is available about the solving failures and
only how familiar the user is with the problem may really help. In our application,
this lack of information about the solving process and the inconsistencies have
drastically increased the development time of the ACS model.

Finally, we think that solvers must not be some black box tools. They have
to be flexible and tuneable to fit every problem type. The definition of heuristics
at several levels should make it possible to undertake all model specificities, like,
for instance, considering the relevance of variable classes according to a design
point of view, or more specific strategies related to the investigated problem.

5 Conclusion

In this paper, the model of an air conditioning system in an aircraft is investi-
gated according to the embodiment design context. Indeed, some simplifications
are made on several components, whereas others are more detailed, adding the
reality of complex physics phenomena at several scales. Some new concepts and
new heuristics are defined according to variable classes and relevant precisions
in order to support decision making. Indeed, many duplicated design solutions
are eliminated when compared to a classical CP solving approach and the entire
set of design solutions is computed. These new notions increase the efficiency of
the solving process, but we believe that some improvements can still be made to
undertake additional design model specificities.

Solving embodiment design models with constraint programming seems promis-
ing, although some difficulties may appear for beginners in constraints. Indeed,
most solvers are mathematical tools, where design concepts are missing. The
difficulty for CP is to keep within a general approach to solve problems in order
to keep its easy-to-use feature, and at the same time to solve efficiently all types
of problems.

However, several fundamental notions may be integrated in solvers to help
designers with their task, as for instance the variable types in design, piecewise
constraints, etc. The constraints solvers should also be linked with other tools



commonly used in design (CAD tools), and perhaps use an object or compo-
nent oriented approach to express constraints and to facilitate the writing of
knowledge and to reuse it in other tools.

On the other hand, the CP approach allows designers to avoid backtracks
in the design process, since criteria are used in the solving process to compute
only satisfactory architectures. Thus, designers can choose among several archi-
tectures and have a better overview of product possibilities.

References

Benhamou, F., Goualard, F., Granvilliers, L., Puget, J.-F. (1999). Revising Hull and
Box Counsistency. In International Conference on Logic Programming, pages 230-
244. The MIT Press.

Bliek, C., Neveu, B., Trombettoni, G. (1998). Using Graph Decomposition for Solving
Continuous CSPs. In CP’98, Pisa, Italy.

Fischer, X., Sebastian, P., Nadeau, J.-P., Zimmer, L. (2004). Constraint based Ap-
proach Combined with Metamodeling Techniques to Support Embodiment Design.
In SCI’04, Orlando, USA.

Gelle, E., Faltings, B. (2003). Solving Mixed and Conditional Constraint Satisfaction
Problems. Constraints, 8:107-141.

Kays, W.M., London, A.L. (1984). Compact Heat Exchangers. Mc Graw-hill book
company.

Lhomme, O. (1993). Consistency Techniques for Numeric CSPs. In IJCAI’93, Cham-
béry, France.

Moore, R. (1966). Interval Analysis. Prentice-Hall.

Neveu, B., Chabert, G., Trombettoni, G. (2006). When Interval Analysis Helps In-
terblock Backtracking. In CP’06, Nantes, France.

O’Sullivan, B. (2001). Constraint-Aided Conceptual Design. Professional Engineering
Publishing.

Pahl, G., Beitz, W. (1996). Engineering Design: A Systematic Approach. Springer.

Reddy, S.Y., Fertig K.W., Smith D.E. (1996). Constraint Management Methodology for
Conceptual Design Tradeoff Studies. Design Theory and Methodology Conference.
Irvine, CA.

Refalo, P. (1999). Tight Cooperation and Its Application in Piecewise Linear Opti-
mization. CP’99, 375-389.

Scaravetti, D., Nadeau, J.P., Sébastian, P., Pailhés, J. (2004). Aided Decision-Making
for an Embodiment Design Problem. International IDMME. Bath, UK.

Sébastian, P., Chenouard, R., Nadeau, J.-P., Fischer, X. (2006). The Embodiment De-
sign Constraint Satisfaction Problem of the BOOTSTRAP facing interval analysis
and Genetic Algorithm based decision support tools, Proceedings of Virtual Con-
cept 2006, Mexico.

Szykman, S., Racz, J.W., Sriram, R.D. (1999). The Representation of Function in
Computer-based Design. Proceedings of the 1999 ASME Design Engineering Tech-
nical Conferences (11th International Conference on Design Theory and Method-
ology). DETC99/DTM-8742.

Van-Hentenryck, P., Mc Allester, D., Kapur, D. (1997). Solving Polynomial Systems
Using Branch and Prune Approach, SIAM Journal on Numerical Analysis, vol.
34(2), p. 797-827.



Vu, X.-H. (2005). Rigorous Solution Techniques for Numerical Constraint Satisfaction
Problems. PhD thesis, Swiss Federal Institute of Technology in Lausanne (EPFL).

Yannou, B., Simpson, T. W., Barton, R. R.(2003). Towards a Conceptual Design Ex-
plorer using Metamodeling Approaches and Constraint Programming. In ASME
DETC’03, Chicago, USA.

Zimmer, L. Zablit, P. (2001). Global Aircraft Predesign based on Constraint Propaga-
tion and Interval Analysis. In CEAS-MADQO’01, Koln, Germany.



