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and demanding corridors, thus constricting the design parameters. To allow more
flexibility, two different approaches were proposed to relax the initial strict conditions.
The first introduced temporal dependencies to widen the corridors. The second
locally changed the corridors to adapt to the needs of the development, introducing
dependencies between components. We, on the contrary, propose a new method to
increase flexibility without introducing any kind of dependencies. We manage this by
computing the intervals of solution space under user-defined conditions, hence
selecting a custom set of independent corridors that fits the data gathered during
development; i.e.: force-deformation curves that can be measured during a
drop-tower test simulation. This new methodology of the adaptive solution space
allows designers to edit the corridors, in order to have more flexibility for fulfilling
high-level requirements when independently designing new components.
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1 Introduction

Designing a new car came to be more and more demanding: vehicles must fulfil an increas-
ing number of requirements, coming both from governmental agencies, like those for road
safety, or for a reduced fuel consumption, and the desires of the customers, such as the
connectivity with their smart devices or the driving comfort. Thus, manufacturers have
taken advantage of the methodologies of systems engineering to cope with the new chal-
lenges and help themselves to better plan the development from the concept to the final
product. We focus on the solution space methodology proposed in [18]. This method was
inspired by the V-model concept [10] of cascading high-level requirements to a compo-
nent level. The method allows the development of different components and testing their
requirement-fulfilment independently. Here, we consider only the application of solution
spaces that involves the development of components for mechanical crashworthiness.
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The solution space method cascades high-level requirements, like those defined in the
legislation, to low-level ones. By low-level requirements, we mean the performance a com-
ponent needs to fulfil so that the final assembly meets the high-level requirements. This
method is meant for the very early stages of development when only little information is
available for any of the components to develop. The low level-requirements, once com-
puted, are not intended to change over time. However, during the development, the in-
formation gained reveals unforeseen challenges and difficulties. Thus, on one hand, the
rigidity of the solution space method limits the ability to change and learn from the new
situation. On the other hand, the way it cascades the requirements gives the developers
the chance to develop different components simultaneously. Consequently, different com-
ponents can be developed at the same time and their assembly will meet the high-level re-
quirements. To better demonstrate how this dispute between perceived rigidity of the low
level requirements and the independence in simultaneous design manifests in the practice,
let us introduce an application in vehicle design for crashworthiness.

The solution space methodology is based on an analytical model. The latter is used to
evaluate what effects the high-level requirements have on a component level. We focus on
the application for the mechanical crashworthiness during the full rigid barrier test de-
fined in [14]. Therefore, the analytical model represents the crash itself, where the math-
ematical variables capture the forces absorbed by each component when deforming. The
high-level requirements are defined by the protocols published by governmental agencies
or consumer protection — generally available on their websites, like [6, 14]. The solution
space methodology, then, translates these high-level requirements into a set of indepen-
dent ranges — called corridors — for each variable, representing the to-fulfil performance
matching to the overall conditions of crashworthiness.

Although the solution space methodology is a powerful tool for decoupling the design
of crashworthy components, literature shows that the method can request a performance
not physically achievable. Consider the work in [1]; the author attempted to optimize the
thickness of some components to reduce their mass, using the corridors of solution space
as constraints. The optimization, however, could not find a feasible solution for all com-
ponents. To handle this situation the work of [4, 17] suggests introducing temporal de-
pendencies between variables. It distinguishes between components that can be fixed at
the beginning because of a limited physical performance, and those that are not limited,
and hence can be designed later. Another approach is to impose local dependencies to edit
the corridors, like the work in [15]. This approach evaluates the underlying relation be-
tween components and allows to change the corridors of each variable until the high-level
requirements are satisfied locally.

These variations of the solution space method relax the initial condition of indepen-
dence to make it more flexible. This avoids to run into the previously mentioned dispute
between rigid low level requirements and independence in concurrent design. However,
it causes the methodology to lose the ability to develop all components in parallel. We
want a way to increase the flexibility of the solution space method, without limiting its
potential: concurrent and crashworthy design of all components throughout the whole
development. Such flexibility enables tailoring the solution space to the problems of the
development, while still allowing the development of all components at the same time. In
this paper, we propose a new method to edit the corridors representing the solution space:
we call it adaptive solution space.
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The adaptive solution space methodology we propose is meant to allow more flexibility
and maintain both properties of the solution space after the development has started. This
means that we suppose some development-related information is available for at least one
of the new components. The adaptive method re-computes the solution space under a set
of constraints defined by the developers. These constraints capture the problems devel-
opers are facing when trying to fulfil the initial corridors; for example, a component not
fulfilling the corridors, like the situation showcased in the application of Sect. 5 in Fig. 9.
Our method takes the information just gained during the first iteration of the design and
re-computes an independent solution space to adapt to the challenges encountered.

The paper is structured to first offer an overview of the current state of the art of the
solution space methodology and exemplify it with a simple test case, to better showcase
the problem at hand. Then, we introduce our proposed method: adaptive solution space.
The last sections present an example of the application of the proposed method, to help
the reader understand how it can be used.

2 Solution space

The solution space methodology was first introduced as a systems engineering method
to support product development [18]. This approach assigns to any design parameter an
interval, to represent the constraints imposed by high-level requirements. The choice of
these sets is not arbitrary: they ensure feasibility, independence and flexibility. The first
means that, if the design parameter is within the given set of intervals, the design will
fulfil all high-level requirements — in other words, the new design guarantees the crash-
worthiness of the car.

The second property, independence, allows the simultaneous development of all design
parameters; for example, if each parameter corresponds to a crash-relevant component,
these can be developed independently of each other. When assembled, no further changes
are needed to these parts. Lastly, the flexibility property translates into having the widest
possible intervals. This allows the maximum freedom of choice and multiple possible re-
alizations.

To compute the solution spaces M. Zimmermann et al. proposed in [18] two methods:
the direct and the indirect method. The indirect method is based on sampling and clus-
tering [5, 7, 9]. The direct method is based on an analytical approach [2, 7, 8]. We focus
on this second one.

2.1 Direct method for solution space
The direct method is based on an analytical approach that computes the set of intervals
assigned to the design parameters based on a low-fidelity model. Therefore, this method
aims at linking the design parameters — the input — to the said intervals — the output.
The first step is to build a low-fidelity model of the vehicle structure [7]. Such a low-
fidelity model can be the Geometry Space Model and the Deformation Space Model [12].
Through them, the design parameters are represented and linked to their performance.
Let us group the design parameters in the vector F, as proposed in [3]. For each parameter
an upper and lower limit is defined, thus delimiting the design space €245. These limits can
be arbitrarily set; it is generally left to the experience and knowledge of the developers.
Since the search for the solution space is performed within 24, they also limit the solution
space itself. To help the reader understand, consider Fig. 1. It represents the solution space
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Figure 1 Representation of the two-dimensional design space: the light grey area represents the design
space, the white area — delimited by the maximum deceleration, the order of deformation and the minimum
energy absorption constraints — represents the space of feasible solutions, and the area inside the rectangle
is the area of feasible and independent solutions. The dashed line corresponding to £, = 300 kN represents
the desired design points the developers want to include in the solution space

of the example described in the next section. The limits are represented in this figure by
the dashed lines marked as design space limit. Therefore, the search for the solution space
is limited to the region in light grey.

Having defined the input, we can look at the link with the output R — the set of inter-
vals. R represent the cascade of the high-level constraints. Therefore, between input and
output there must be a function capable of representing the constraints of the high-level
requirements. We call this function performance function, fyeis. It generally consists of a
set of inequalities. For example, in Fig. 1, the constraints of the performance function are
represented by the lines marked as Maximum deceleration, Kinetic energy, and Order of
deformation. The white area, then, represents the feasible space 2., where all conditions
are fulfilled, while the grey area is the one where at least one condition is not fulfilled.

Mathematically, the relation between the input F and the output R is expressed by:
QC = {F € st |fi)erf(F) =< R} - st. (1)

So far, Q. guarantees only one of the three properties of the solution space: feasibility. The
second property, independence between design parameters, is obtained by imposing that

the set of intervals must form an axis-parallel base of a subset of Q.:
R'XR*x - x R" € Q. 2)

Where the i-th interval can be expressed by its upper and lower bound, i.e. R’ = [R}, R},].
In practice, this condition reduces the feasible subspace to a hypercube fitted inside 2.
itself.

Lastly, to allow maximum flexibility we need to make sure the subset of . is as big as

possible. To do so, we maximize the volume contained in the subset described in Equa-
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tion (2):

n

max H[R’L - R{j]

i=1 3)
st. [RLRY] x [RE,RY] x -+ x [RE,RY] C Q.

Notice that the subspace is convex, as explained in [2, 11]. The solution to the problem of
Equation (3) is computed with the interior point methods available in [16]. The solution
space found in this way — called Component Solution Space in [2] — provides a set of
intervals per design parameter that ensures the permitted values to be all feasible and
independent of each other. They are feasible because they are all contained in €2.; they are
independent of each other because they form an orthogonal base thanks to the relation in
Equation (2). The intervals so computed are called corridors. By fulfilling the optimization
problem in Equation (3), the corridors allow the maximum flexibility.

2.2 Example of computing solution space with the direct method

To better understand how the Component Solution Space is computed, we present in this
section a simple example. This very same example was used in [3]. We will also refer to this
example later in the paper to showcase how the proposed adaptive solution space method
works. The purpose of this example is to visualize the different subspaces, thus, it is two-
dimensional. Therefore, the entire approach is built around only two variables so that the
space they are describing is easily visualized on a plane. It is set up with the information
taken from the open-source model of the Honda Accord [13]. Moreover, it is built for the
front full rigid barrier test [14].

Following the step presented earlier in Sect. 2.1, we first need to define the Geometry
Space Model. We consider the front of the car to be made out of two identical components,
positioned in series on the same load-path. This Geometry Space Model is shown in Fig. 2,
where the black part represents the undeformable length (behaving like a rigid body) and
the grey one represents the deformable length. The mass M, instead, accounts for the mass
of the vehicle behind the firewall. In the second step, we define the Deformation Space
Model: for the sake of simplicity, there are only two sections, one per component. The
model is shown in Fig. 3, where we can see that each component is supposed to deform

Component 1 1 Component 2 | Vo
per. | rigia | et. 1 Rigia 1 efiicle
| | 1 Mass

Rigid Barrier

0 350 700 1050 1400 X
[mm]

Figure 2 Geometry Space Model with two components of the Honda Accord Model [13], according to the

procedure described by [12]
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Figure 3 Deformation Space Model with two components of the Honda Accord Model [13], according to the
procedure described by [12]

350 mm. The variables of the model of the solution space are, then, the force levels F Land
F?, respectively describing section 1 and section 2. However, to build the model itself we
need the thresholds values F. and the performance function fye.f for both F Land F?. These
are taken from the protocol for the full rigid barrier test [14]:

1 Maximum deceleration during the impact of 300 m/s?;

2 Initial impact velocity of 56 km/h;

3 Order of Deformation — the components deform in a specific order, so that the
first component to deform is easy to repair, whereas the last one is the most difficult
to repair.

These conditions translate to the following three physical relations; respectively:

; .
= 4! < apax = 300 m/s?;

1 Maximum deceleration: —

2 Initial impact velocity: F - s < %mv(z);

3 Order of Deformation: F! < Fi*1;
With reference to the i-th section, F' is the absorbed force, #,cive is the active mass — the
mass behind the i-th section being decelerated — 4 is the deceleration, @, is the max-
imum deceleration allowed during impact, v, is the initial impact velocity, and Fi*! is the
force absorbed by the next section, less accessible according to the order of deformation.
Finally, F is the sum of all F?, and s is the total deformation length.

Let us now substitute the variables in the equations and explicit f,:r and F.. We consider

a constant active mass of 1500 kg. This yields for Q. the following system of inequalities:

F' <450 N; (maximum deceleration),
F?2 <450 N; (maximum deceleration),
0.23F' + 0.23F? < -121 N; (initial impact velocity),

F' - F2 < (order of deformation).

The feasible subspace is represented by the white area in Fig. 1. It follows that the Equation
(3) is reformulated as follows:

2

max H[Fﬁ - F{J]

i=1 (5)
st. [FLES] < [FL Y] € Q.
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Where F{; and F} are respectively equivalent to R, and R! in Equation (3). The solution
of the problem in Equation (5) is the biggest rectangle one can fit in the feasible subspace,
represented in Fig. 1 by the rectangle inside the white area: F}, = 355 kN, F} = 166 kN,
F}, =450 kN, and F} = 355 kN. All combinations of F! and F? inside these ranges are feasi-
ble and independent: the performance of component 1 positively contributes to the crash-
worthiness, independently of the performance of component 2, as well as the performance

of component 2 in relation to component 1.

2.3 The need for more flexibility

Increasing the flexibility of the solution space method has been the objective of several
works in the past. This search was performed both regarding the direct and the indirect
method. On one hand, the research regarding the direct method focused on how to rep-
resent the feasible shape [5]. On the other hand, the research in the field of the indirect
method for solution space looked into how to provide wider corridors or how to change
them.

The increase of flexibility of the indirect method for evaluating the solution space fo-
cused on changing the independent set of corridors to either expand them or tailor them
to certain development necessities. Both these approaches introduce some dependencies
between the corridors. For example, in [4, 17], a temporal dependency is introduced be-
tween the components: they define an order to design the components. This time-based
dependency allows them to project the feasible subspace on the smaller subspace defined
by the variables of each component. By computing the corridors in the projected sub-
space, they find wider ranges per component. The second approach allows the developers
to change any corridor by moving their limits at will [15]. This approach changes the sur-
rounding sections to locally satisfy the crashworthiness requirements.

In the first method, the dependencies are introduced on a temporal base. Therefore, even
if the corridors are computed with the same criteria in the projected subspace, the possi-
bility of developing the component concurrently is lost when defining the order in which
they need to be designed. In other words, the first component is developed within a large
feasible space. The second one, on the contrary, is conceived according to the narrower
corridors that depend on the design of the first component. The second method disregards
the step of fitting an orthogonal base in the feasible subspace Q.. Consequently, the cor-
ridors computed in this method are representing a feasible subspace, but not necessarily
an independent one.

The work we are presenting here aims at maintaining the complete independence of the
computed corridors. This, firstly, means that we do not want to increase the size of the
corridors by introducing a temporal dependency. Secondly, when tailoring the corridors
to the need of the development, we want to provide new corridors that are guaranteed
to be feasible and independent, so that the development of the components can continue
concurrently. To avoid both these drawbacks, the computation is carried out on the whole
feasible subspace, like in the solution space formulation of [3, 8] and not a projection of it.
Moreover, when tailoring to a development need, the re-computed corridors re-impose
also the independence condition.

Under a different perspective, the procedure we propose here allows a user to investigate
an area of the feasible space without changing the vehicle configuration used to compute
the solution space. This allows to investigate alternative solutions in the feasible space,



Ascia et al. Journal of Mathematics in Industry (2023) 139 Page 8 of 16

without compromising any of the conditions imposed in the original formulation of the
solution space method.

3 Adaptive solution space
We just saw how the increase of flexibility in the solution space methodology always meant
to compromise on the independence of different components. As previously stated, we
want to avoid such compromise to allow the same flexibility and freedom throughout the
entire development. We propose here the adaptive solution space methodology to be able
to tailor the corridors to the need of development while maintaining the feasibility and
independence properties. We consider the needs of the development to be represented
by an input defined by the developers after one or more iterations of the design of a com-
ponent have been finalized. Therefore, we consider this methodology to be based on the
solution space already computed, as, for example, the one presented in Sect. 2.1. The set
already computed needs to be modified to account for the input given by the developers.
Suppose, now, that a component (component k) cannot meet the required performance
over one or more sections, like the one presented later in Fig. 9. To re-compute the corri-
dors, we first need to understand whether or not the performance measured on the com-
ponent itself is within the feasible region Q.. Thus, the first step of this new methodology
shows to the developers the feasible region related to component k. To do so, we project
the corridors of all components except those of component k on the subspace described
by this very last. Let us call the projected space Qpj—k. To define Qp05-1 consider the
complement of 2, i.e. the non-feasible subspace :

Q¢ = Q. (6)

Qproj-k is then defined as the complement of projection on the subspace of component k
of the non-feasible region:

Qproj—k = Qf k. (7)
Where Q¢_ belongs to the space of R, and is defined as:
Qrk={R:R" e Qe VR (8)

Where R* are the feasible ranges assigned to component k, and R™* those assigned to all
other components, and R¥"* is the set composed of both sets.

The feasible region of component k is computed by fitting an outer hypercube to 2poj_k.
Notice that, since we are fitting a hypercube to an unknown convex shape, it can contain
also infeasible regions. In this case, the algorithm will fail to find new corridors and the
designer will be warned.

The next step collects the inputs of a developer and re-computes the corridors to find
the new set of force ranges. The developer-defined inputs can be expressed as a set of
equality conditions to modify R. We change the way the intervals can be positioned. The
user-input can only fix the width, the central value, the lower limit, or the upper limit, of
the corridors at a time. The constraints take the form of Equations (9)-(12):

width = Ry — R, = w, %)
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Rl iaate = 5 m, (10)
R =1, (11)
R, =u. (12)

Where w, m, [, and u represent the user input as a constant value. We define R yse; the
set of conditions made of R and the extra conditions derived from the equalities defined
by the user. This new set yields a subspace 2. yser in the feasible space equal to or smaller
than Q.. Mathematically, we define it as an extension of Equation (1):

Q.= {F € Qqs |fperf(F) = Rc»user} C Qus. (13)

Where F, Qqs, and fper have the same meaning as given in Sect. 2.1.
Under these new conditions, we reformulate the optimization problem to fit the biggest

hypercube inside Q. yse;- The new optimization problem is expressed in Equation (14):

n

max l—[[R’L - Rb]

i=1 (14)
st. [RLRG] x [RERY] x -+ x [RE,RY] C Qeouser-

To solve this problem we use the interior point methods available in [16]. To do so, we
reformulate the problem of Equation (13) in the form:

b <Ax<b,. (15)

Where by, and b, are vectors containing all conditions defined in R¢.yser- X is a vector
containing all the variables of the problem (i.e. R, R)), and A is matrix containing the
coefficients of the inequalities and equalities.

This formulation allows to find efficiently the maximum of Equation (14). In this way,
we find a new set of corridors (i.e. a set of Ri, R{J) that fulfils the feasibility and indepen-
dence requirements. The first is guaranteed by computing the solution space in a subset
of the feasible space .. The second is guaranteed by solving the problem in Equation
(14). Notice that the problem in this equation involves all the variables describing the
solution space, thus affecting all corridors. On top of this, the conditions given by the
developers allow the method to tailor the new corridors to the problems presented by
the development itself. The re-computed corridors are a global adaptation of the orig-
inal ones: they represent a different part of the feasible space. This space is equal or
smaller than the one computed in Sect. 2.1. However, it allows the development to con-
tinue designing all components concurrently, have a crashworthy design at the end, and
tailor the guideline provided by the solution space to the specific need of the develop-
ment.

Although the procedure is very similar to the one originally proposed in [8], the one we
propose is additionally capable of limiting the search of the solution to Equation (14) in
an adaptive manner to a certain area of the feasible space. If we consider the problem of
Sect. 2.1, instead of looking for the global maximum of Equation (3), we propose here a
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Figure 4 Representation of the two-dimensional design space and the limits of §2pj-k for component 2: the
rectangle represents the subspace obtained by projecting component 1 corridors on the subspace described
by the sections of component 2. The dashed line corresponding to £, = 300 kN represents the desired design
points the developers want to include in the solution space

method that looks for alocal maximum in a predetermined area. The previous formulation
was not capable of this wished-for computation. It is emphasised here that the conditions
of Equations (9)-(12) do not affect the feasible space. They are responsible only of diverting
the search to a different area of it, which is an attractive feature of the method in later
phases of development.

To show how the adaptive solution space method provides such new corridors, we pro-
vide in the coming sections two examples. The first applies the adaptive computation of
solution space to the two-dimensional example already introduced. The second, instead,

showcases how to use a force-deformation curve to adapt the corridors.

4 Academic example of computing adaptive solution space

With the first example, we showcase how the solution space is computed adaptively. Thus,
we elaborate on the two-dimensional example introduced in Sect. 2.2. Suppose that the
engineers have found a design for the second component at F? = 300 kN that better fits
the vehicle structure. To include this design point, they want to move the lower limit of the
range for the second component down at 280 kN. They can take advantage of the adaptive
solution space methodology.

To modify the corridors representing the solution space, we follow the steps introduced
in the previous section. In the first step, we project the corridor of component 1 on the
subspace of component 2 to find the limits of the projected feasible space. ;. is repre-
sented in Fig. 4 by the rectangle spanning across both the feasible and infeasible regions.
Since the upper limit of Q4.3 is equal to 450 kN, and the lower limit is 261 kN, the condi-
tion on component 2 of bringing the lower limit to 280 kN is within the feasible subspace:

it can be imposed. This user-defined constraint can be expressed by:

F2? =280 kN. (16)
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Figure 5 Representation of the two-dimensional design space and the adapted solution space: the new
rectangle is computed under user-defined constraints. The dashed line corresponding to £, = 300 kN
represents the desired design points the developers want to include in the solution space

It follows that the new feasible subspace Q¢ yser, defined in Equation (13), yields to:

F' <450 kN; (maximum deceleration),
F? < 450 kN; (maximum deceleration),
Qe-user : 1 0.23F! +0.23F% < —121 kN; (initial impact velocity), 17)
F'-F? <0; (order of deformation),
F? =280 kN; (user-defined constraint).

And the optimization problem:

2

max H[F’L - F{J]

i-1 (18)

st. [FLES] x [FLFS] C Qec-user

By solving the problem in Equation (18) we find the new force ranges: F}; = 280 kN, F} =
242 kN, Ff, =450 kN, and FL2 = 280 kN. These are represented in Fig. 5 by the narrow
rectangle. Notice that this new rectangle, although smaller, now includes the design point
of component 2 of 300 kN. It also provides a new set of independent and feasible solution,
thanks to the Cartesian product included in the optimization problem.

5 Practical application of adaptive solution space

The second example showcases how to use the information gained during development.
Since we want to focus only on how to apply the adaptive solution space methodology, we,
once again, borrow an example from the literature and build on top of it. In [2] a study case
of Component Solution Space for the Honda Accord model [13] is presented. The example
is always applied to the full rigid barrier test, hence the same performance functions pre-
sented for the 2d example in Sect. 2.2 apply also to this case, with due modifications. The
vehicle is made of 7 components, highlighted in Fig. 6, which are divided into 31 sections.
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Component 2

Component 6 Component 7
Component 5

Component 4

Figure 6 The 7 components of the Honda Accord [13] considered to build the analytical model for
computing the solution space

Load Path 1
Component 1 Component 2 Comp. 3
is2is3isals5iselis7isgl isq1is 121 i
s.1|s.2|s.3|s.4 H s.5 H s.6 H s.7 H s.8 H s.9 s.10ls.11 Is.12ls.13 s.14|s.15

1 1
Load Path 2

Vehicle
Mass

C.4 Comp. 5 Component 6 Component 7

I 1 1 1 1 1 1 1 1 1
s.1¢.1 s.18|s.19:s.20 s.21ls.22ls.23|s.24 s.25ls.26|s.27|s.28ls.29|s.30|s.31
1 [ 1 1 1 1 1
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1 1 1 1 1
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0 28 54 88 121 155 193 230 268 305 341 380 419 458 497 536 575
Deformation Length [mm]

Figure 7 Deformation Space Model with 31 sections for the Honda Accord, constructed following the
example from [2] and using the information from the Honda Accord model [13]

The Deformation Space Model is visible in Fig. 7, and, as shown in the figure, it serves to
the analytical model for computing the solution space a total of 31 variables, correspond-
ing to the 31 sections. The corridors of Component Solution Space for this second model
of the Honda Accord are shown in Fig. 8. In it, the force ranges are represented against
the deformation length fixed in the Deformation Space Model. For further details on the
computation of the corridors we invite to refer to [2].

Besides a solution space, to adapt the corridors, we need to have some development
data. To gain these, we optimize component number 7 in Fig. 6 for reducing its mass and
being crashworthy [1]. In this work, the corridors from solution space act as constraints of
the optimization and the objective is a function of the energy dissipated and of the mass of
the component. From the optimized component we can measure the force-deformation
curve, over-imposed on the sections corresponding to component 7 in Fig. 9. This curve
represents the data to adapt the solution space: the force-deformation curve is split into the
sections of component 7 and, over each section, we compute the average of the measured
force. If in a section the mean value is outside the corridor, we adapt the section.

As highlighted by the blue lines in Fig. 9, sections 25, 26, 27, and 28 are outside the corri-
dors of Component Solution Space. To adapt these, we first need to check if the measured
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Figure 8 The corridors from solution space computed following the example from [2]
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Figure 9 Feasible Space limits in light grey and force-deformation of component 7; in solid blue the average
force in each section measured for component 7

values are inside the feasible space: Q-7 for component 7 can be seen in Fig. 9 in light
grey. The mean values of the force-deformation curve are inside ;7 as the figure itself
shows. We can now define the conditions to adapt the corridors to the measured force-
deformation curve. We impose that the middle value of the corridors must be equal to the
measured value. Therefore, the user-defined constraints are expressed by the following

set of equations:

25

Friaae =41 N,
26

Fiaae =15 N,

27

Frdae = 9N,
28

Foiaae =7 N.

m!
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Figure 10 The solution space adapted to the performance of component 7

Where F2 1100 F28 110 27 1t and F23, . are the middle value of the force range of, respec-
tively, sections 25, 26, 27, and 28. These conditions, along with those defined for comput-
ing the Component Solution Space, define €. yser- Thus, we can formulate and solve the
optimization problem of Equation (14). The solution is represented in Fig. 10: the corri-
dors of the changed sections have shifted downwards to match the curve measured from
the optimized component 7.

The new corridors provide a new set of feasible solutions that are still all independent of
each other. This is guaranteed by the problem formulation presented in Sect. 3. Although
the solution includes the data from development, we notice a substantial reduction in
corridor width over all sections. While some components still have a good amount of
freedom for the developers to be flexible with their design, others, like components 2, 3,
and 6, have much narrower corridors.

6 Discussion

The methodology here presented fulfils our goal: adapt the solution space and maintain
both feasibility and independence between components. Engineers can now iteratively
find a solution space that better fits the problems they face during development. On top
of this, unlike previous works [4, 15, 17], the engineers can continue to develop their com-
ponents concurrently, thanks to the ability of the new approach to maintain the indepen-
dence property of the solution space.

However, this type of adaptation comes at a cost: the total volume of the solution space
is smaller. All corridors are narrower and the solution for other components can be more
demanding. For example, section 10 in Fig. 10 has a corridor so narrow that matching its
request would demand an excessive development effort. This problem is overcome by the
fact that, once the data is available, the method is cheap and quick to run. Therefore the
solution space can be adapted several times to find another compromise. One that does
not reduce excessively one or more sections. Engineers can now quickly and inexpensively
iterate between different solution spaces to find the one that has the best trade-off between
the different challenges they are facing. How to perform this iteration is, however, outside
the scope of this paper.
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As last remark, reducing the volume of the corridors also reduces the flexibility our
designer have to design a component. This would be true if the corridors found could
no longer be edited. The possibility to adapt the corridors several time allows to find a
compromise. The adaptation reduces the flexibility of individual components, but it grants
more design flexibility overall by being able to manipulate corridors within the feasible
space. Therefore, the engineers can overcome a problem like the one presented in Sect. 5.

7 Conclusion

In this paper, we first looked at the solution space methodology along with existing meth-
ods to compute and adapt it. However, since these adaptive methods relax the initial con-
ditions, we propose here a new and flexible way of computing the solution space. We can
change the solution space according to the information gained during the first phase of
development: we call this method adaptive solution space.

As the presented examples show, the adaptive solution space methodology can recom-
pute the solution space under the additional user-defined conditions. Therefore, if the cor-
ridors originally provided by the solution space cannot be met, the user can, now, change
them and find new independent and feasible sets that better fit the development process.
The adaptive computation of the solution space allows to iteratively find the corridors that
better fit the vehicle structure at hand. It allows to design all components for crashworthi-
ness independently throughout the entire development, and it provides developers with
the needed flexibility to find at a reduced effort an answer to the challenges coming from
other disciplines of vehicle design.
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