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1. Abstract
This paper presents a novative method for gradient-based optimization with regard to CAD parameters. This
method allows to respect manufacturing, design and surface quality rules, particularly required in computational
fluid dynamics (CFD). It can be used with any objective function available in adjoint solvers (both in structural and
CFD). To prove the efficiency of the method, the workflow schedule was apply on an air-conditionning duct so as
to maximize the eigen frequency and then to minimize the pressure drop.
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3. Introduction
Thanks to HPC, numerical optimization methods are more and more used to determine an optimal shape at a lower
cost in faster.
Among these methods, both design of experiments and surrogate modeling methods allow to work directly on CAD
parameters with the exception that the design space, i.e. the number of parameters, should be confined enough in
order to be explored within a reasonable computational time. Other methods are based on the gradients provided
by adjoint solvers, that is to say on the sensitivity of a cost function with respect to the displacement boundaries.
The sensitivity is used to know how to change the shape at any node of the mesh to obtain better performance.
They naturally get over the number of degrees of freedom but they are computed with respect to the coordinates of
the vertices of the surface mesh. However, since manufacturing constraints are difficult to express mathematically,
they are not taken into account during the mesh morphing. This drawback can be avoid by using a CAD model
that implicitly includes these manufacturing constraints.
To take advantage of both approaches, this method proposes to extend these gradients to CAD parameters. This
paper presents the developments of this method and its integration into an optimization loop. Applications on
structural and CFD problems will be presented to prove the feasibility of this approach and the possible gains
about the number of resolutions.
4. Shape Sensitivity with regard to CAD Parameters
During an optimization, the shape of the geometry is modified in order to improve its performance regarding an
objective function. Here, it can only be modified thanks to CAD parameters. So, it is necessary to determine the
shape sensitivity of the objective function with regard to CAD parameters (dα J) given by Eq.(1).
dα J = ∂x J × ∂α x

(1)

∂x J represents the shape sensitivity of the objective function J with regard to node displacements. It is given by
adjoint solvers and indicates how to move the nodes of the mesh to improve the objective function. In that scheme,
any objective function available in adjoint solvers can be applied in this equation. The term ∂α x represents the
shape sensitivity with regard to CAD parameters and indicates how the shape is impacted by a CAD parameter
perturbation.
4.1. State of the Art
The bibliography have pesented three ways to compute the sensitivity of the shape with regard to CAD parameters.
The first one is an analytic way that suggests to derivate the CAD surface equations. Yu et al. [10] present the main
advantage of this method, i.e. the accuracy of the results. However, it is necessary to know the explicite definition
of the shape in order to derivate these equations. Mostly, these formal expressions are not available in the CAD
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systems that are often proprietary software and that use implicite geometric solvers. It is therefore difficult to
compute shape derivation.
The numerical approach consists in evaluating the gradient by finite differences as proposed by Armstrong et
al. [1]. It compares the initial and perturbed geometries prior to generate the meshes. This approach requires the
disponibility of the geometric representation of CAD models [3] so as to be able to work with u, v coordinates.
Moreover, a parameter variation may result in additionnal patches and different naming [4]. These changes makes
surface identification difficult [6].
Another numerical approach is based on the discretization of the CAD geometry. The evaluation of the gradient
is done by finite differences between both the meshes of the initial shape and the perturbed shape. The main difficulty is to determine the deformation field that projects one mesh on the other and that limits the distorsion of cells.
The deformation of the initial mesh is presented in many methods and Toivanen et al. [9] present one of them but
the cell distorsion is hardly mastered. Robinson et al. [6] propose to project the nodes of the initial mesh on the
deformed one along the normal but it causes difficulties on the process and requires adjustements.
4.2. Proposed Method
When meshes are used to compute the gradient, one of the main problems is the absence of isoconnectivity between
both the mesh of the initial shape and the mesh of the geometry after the variation of a parameter. The evaluation
of the displacement of any node of the mesh is used to compute the sensitivity. To determine this displacement, the
mesh of the initial shape is morphed on the mesh of the perturbed shape. During this operation, it is easy to follow
each node and create an isoconnectivity between the mesh of both geometries. The harmonic projection [2, 5] is
used to project 3D geometries on a 2D parametric domain, it corresponds to a reparameterization in 2D space. The
latter is considered as a reference space for both shapes.
The theoretical process is detailled with a geometry Ωα with one frontier. At each iteration of the optimization,
α0 represents the set of CAD parameters for the initial shape Ωα0 , considered as the reference geometry. The
perturbed geometry Ωαi is obtained after the variation of ith parameter. The respective meshes of the initial and the
perturbed shapes are noted Ω̃α0 and Ω̃αi .
Each mesh is projected by a harmonic transformation on a unit disk, respectively noted D̃α0 and D̃αi . Given Uα0
and Uα−1
the inverse functions:
and Uαi the functions used to obtain respectively these disks and Uα−1
i
0
Uχ : Ω̃χ ⊂ R3
(x, y, z)

−→ D̃
 χ (0, 1)
uχ (x, y, z)
7−→
vχ (x, y, z)

χ ∈ {α0 , α1 , . . . , αi , . . . , α p }

(2)

The figure 1 gives an illustration of the previous step. For example, a cube, opened on the lower face, is considered
as the reference shape Ωα0 . The variation of the parameter controlling the height of an edge provides the perturbed
shape Ωαi . The respective meshes Ω̃α0 and Ω̃αi , done separately, are projected onto the disks D̃α0 and D̃αi .
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Figure 1: Projection of the mesh of the initial and perturbed shapes
The harmonic function is one-to-one, so it is possible to apply Uα−1
on the disk D̃α0 . The nodes of D̃α0 are
i
interpolated with ones of D̃αi . So, the initial mesh Ω̃α0 is fitted on the perturbed mesh Ω̃αi . Thus, the new values
of the coordinates of Ω̃α0 are known. The evaluation of the perturbation is given by the finite differences of the old
and new coordinates of each node, as given by Eq.(3).

Uα−1
D˜α0 (0, 1) − Ω̃α0
i
∂ αi Ω '
i = 1... p
(3)
δ αi
It is now possible to compute the Eq.(1). Nevertheless, the presented method requires that the 3D surface and the
parametric domain are homeomorphic. In this paper, we handle CAD geometries so has to make them be home2

omorphic to a disk D̃χ . Indeed, the surface is cut to obtain a homeomorphic surface to a disk. This solution was
used to verify the feasibility of the proposed approach in an optimization loop.
5. Applications in structure and CFD
The optimization loop uses the result of the Eq.(1) into a gradient descent algorithm. The optimization loop can be
used in structural and CFD domains. In direct optimization, even if the computation time is limited, it is possible
with the gradient to directly improve the solution, particularly in CFD where the computational cost can be very
expensive. This method, breaking away from the usual industrial process, was applied on different academic test
cases. Two of them are detailled after and a summary of specific ones is done in the table 1.
As presented by the figure 2, the initial values of the parameters α0 are given to the CAD software. The outputs
are the initial geometry Ωα0 and every geometries Ωαi corresponding to the variation of each parameter αi . In
this case, the variation of each parameters are chosen arbitrarily at 5% of the initial value. All these geometries
are meshed and the mesh of the initial one is given directly to the primary and the adjoint solvers. During the
resolution, every meshes, corresponding to each perturbed geometries, are compared to the initial mesh by the
processus presented in 4.2. Both information given by the adjoint solver and the sensitivity computation is used in
an optimizer to determine the new values of α0 for the next iterations.
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Figure 2: Scheme of the optimization loop
First, gradients from Nastran (available since 1995) were used to prove the efficiency of the method. The optimization problem was to maximize the eigen frequency of an air-conditionning duct. The CAD geometry (figure 3(a))
is a multi-section surface defined by 7 sections. The parameters and the boundary conditions, applied to the first
and the last section, give 13 parameters and a frequency of 300 Hz. After about 40 iterations, the frequency was
more than 1000 Hz. So, the optimization improve significantly the shape regarding this objective function only by
modifying CAD parameters.
Second, the optimization problem was to minimize the pressure drop of the air-conditionning duct. The Star-CCM+
adjoint solver was used to compute the sensitivity of the objective function. The CAD geometry (figure 3(b)) has a
S-bend profile defined by a multi-section surface with 7 sections. The parameters of each section and the boundary
conditions give a model with 25 parameters and an initial pressure drop of 530 Pa. After 14 iterations, the gain
was around 40 percent only by modifying CAD parameters.
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Figure 3: CAD geometries used in optimization loops
Table 1: Summary of results obtained with the optimization loop in structure and CFD – Structure1 : maximizing
the eigen frequency – Structure2 : minimizing this displacement due to a force – CFD: minimizing the pressure
drop
Physic
involved

Profile
of duct

Number of
parameters

Number of
iterations

Structure1
Structure1
Structure2
Structure2

Bend
Bend
Bend
Bend

13
14
11
30

36
52
45
66

306.2 Hz
217.6 Hz
9.05 mm
5.68 mm

1007.6 Hz
673.9 Hz
1.21 mm
0.55 mm

229
210
86.6
90.3

CFD
CFD
CFD

Bend
Bend
S-bend

10
25
25

23
15
14

4.86 Pa
4.32 Pa
532 Pa

2.44 Pa
1.75 Pa
302 Pa

49.8
59.5
43.2

Objective function
initial
final

Gain
[%]

6. Conclusion
Current results are obtained by cutting the CAD geometries in order to make the 3D surface be homeomorphic to
a disk. However, this requires an extra step to the designer to find a cutting surface valid whatever the value of
parameters. Futher developments will avoid this extra step and project multi-boundary surface on the disk.
Results prove the feasibility of the presented method with significant gain regarding the number of resolutions. It
would be interesting to use these gradients in more complex algorithms such as conjugate gradient or quasi-Newton
or in response surface modeling.
In this paper, structural and CFD domains are separately treated. Further developments will allow to apply this
loop on multiphysic cases.
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