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ABSTRACT
The United Nations defines a safety regulation based on the possible collision between the driver’s
knee andanautomobile’s instrumentpanel. The “knee-form” apparatus used to evaluate compliance
with this regulation can be modeled as a Minkowski sum shape of a vertical equilateral triangle and
a horizontal cylinder with a radius of 60mm and a thickness of 120mm. The knee form contacting
condition is geometrically equivalent to that of an equilateral triangle contacting a Minkowski sum
shape of the instrument panel and a horizontal cylinder. Based on this concept, we propose a novel
algorithm for extracting the knee-form contacting area on the instrument panel. With the parallel
computation capability of a Graphics Processing Unit, our system can detect and output the knee-
form contacting area in a practical time period.
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1. Introduction

Safety is an important concern in automobile design. In
driving an automobile, acceleration and deceleration are
realized by the driver’s leg and foot motion. If the shape
of the instrument panel in front of the driver hinders the
smooth motion of the knee, the operability of the auto-
mobile is significantly impaired. If the knee touches elec-
tric switches while driving, it may cause traffic accidents
in the worst case. To prevent such problems, the United
Nations Economic Commission for Europe (UNECE)
defines a safety regulation based on the possible collision
between the knee and the instrument panel [6].

Fig. 1 illustrates the UN regulation No. 21 concern-
ing the knee collision. In CADmodels of the automobile
design, the instrument panel is usually positioned so that
it faces the positive direction of the x-axis, and an appa-
ratus imitating the knee shape during driving is defined.
This “knee-form” has an equilateral triangle-like shape
and a thickness, t, of 120mm. It has a rounded corner
that can be represented by a cylinder with a radius of
60mm as shown in Fig. 1(a). To inspect for compliance
with the regulation, the knee-form is represented asmov-
ing linearly in the negative direction of the x-axis, where
it eventually pushes into the instrument panel. In this
way, as shown in Fig. 1(b), surface areas on the panel are
detected where the knee can make contact during driv-
ing. Before representing themovement, the apparatus can
be rotated above and below the horizontal by up to 30
degrees to represent different orientations.
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According to the regulation, any switches, nobs, but-
tons, and levers are not allowed in the knee contacting
area. In the instrument panel design, the designer is
requested to define a curve on the panel surface that sub-
divides the upper part and lower part of the panel. This
curve is referred to as the instrument panel level or IP
level. Because the knee can contact only the lower part of
the panel, the knee-form contact analysis for the upper
part of the panel is not necessary. During actual driv-
ing, the steering wheel also limits the kneemotion. In the
analysis, the linear motion of the knee-form can be dis-
regarded when the knee-form collides with the steering
wheel before contacting the instrument panel.

Because interior components, especially the instru-
ment panel, significantly affect the appearance and com-
fort of the automobile, they are often designed in terms of
their function and aesthetics. Knee-form contact detec-
tion is manually inspected by specialists in the final
design stage with a physical apparatus and with mod-
els. This work is difficult, time consuming, and prone to
human errors, and detection of safety problems at this
stage causes costly re-design and fabrication. Therefore,
a fast and automatic inspection method that allows the
designers themselves to check the regulations during the
shape design process is desirable.

Although UN regulation inspections are an impor-
tant topic for automobilemanufacturers, technologies for
automating the inspection tasks have rarely been stud-
ied, and many manufacturers still use manual inspection
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Figure 1. Knee-form contact analysis as defined in the UN regu-
lation No. 21.

methods. Some commercial systems are known for veri-
fying the UN regulations, such as the CAVA system [2].
The Toyota Motor Corporation submitted some patents
relevant to the automatic inspection of UN regulations
17, 21, and 25, concerning collisions of a large sphere rep-
resenting an infant’s head [16]. These systems detect only
the sphere contacting area on automobile parts and do
not support UN regulations concerning the knee-form.

Yamazaki et al. proposed a UN regulation inspection
system based on detecting the intersection between a
CAD model and spheres placed on the model surface
[23]. The current authors proposed an improvedmethod
for the rapid detection of the sphere-contacting shape
for evaluating UN regulations 17, 21, and 25 [9]. This
method uses the depth buffer mechanism of a GPU for
accelerating the computation [7,8]. Similar technology is
applied in our current system for detecting the knee-form
contacting area. The authors developed another UN reg-
ulation inspection software based on the offset computa-
tion of the instrument panel [10]. However, this system is
not applicable to the knee-form contact analysis.

One possible method of detecting the knee-form con-
tacting area may be the application of 3D collision detec-
tion technology; established technologies in this field are
described in [15], and [4] presents the use of the GPU’s
parallel processing technology for accelerating the colli-
sion detection. In this method, a manual inspection with
physical apparatus is replaced by a virtual process with
solid models in computers. A knee-form model is pre-
pared in the various orientations allowed in the rotation
range shown in Fig. 1(a). The knee-form model is then

moved in a straight line toward the instrument panel
model to detect its first point of collision on the instru-
ment panel. This collision detection process is repeated
for knee-formmodels in various initial positions and a set
of colliding points representing the knee-form contact-
ing area is derived. Although this approach is simple and
easy to implement, its cost is estimated to be very large
because a tremendous number of collision detections are
required, with knee-form models in different orienta-
tions and initial positions. In Section 4, we introduce
an experimental result obtained with our system. In this
experiment, possible knee-form contacts at 67 million
points in the instrument panel surface are checked. If we
prepare knee-forms in 60 initial orientations (for every
one degree in the range from −30 to 30 degrees) for 67
million initial positions, collision detection technologies
must execute 4 billion cases, which is far from feasible for
the purpose of the method proposed in this paper.

To assist the designers, this paper proposes a novel
method for automatically detecting the knee-form con-
tacting area on the instrument panel. In order to reduce
the computation cost, our UN regulation inspection
method uses the Minkowski sum of a polyhedral object
and a horizontal cylinder. Lien proposed a point-based
Minkowski sum operation [13] whereby the surfaces of
two objects are converted to two groups of points and
then summed; points located inside the Minkowski sum
object are discarded by applying a series of filters to deter-
mine the result surface. The computational cost for the
filtering step can become exceedingly large in cases with
a large object size, as is the case in typical UN regula-
tion inspections. Li and McMains discussed a voxelized
Minkowski sum computation with culling techniques
[11,12]. Their method first generates possible surface
elements of the Minkowski sum shape of two objects;
voxels corresponding to the Minkowski sum shape are
then selected according to the surface elements. The use
of such a spatial grid-based method for UN regulation
inspections would consume large amounts of memory to
record the voxel model with high accuracy.

Offsetting a 3D object can be recognized as a
Minkowski sum between the object and a sphere with the
offset radius. Simple techniques for offsetting 3D models
[5,17,18] are often computationally expensive, andmodel
reconstruction can be unstable. To overcome these dif-
ficulties, new offset computation methods based on the
discrete representation of the 3D model have become
popular. Known representation schemes utilize points,
voxels, and dexels [20], or rays [14], or Layered Depth
Images (LDI) [19], and various improvements such as
triple-dexels [1] have been reported.

The offsetting method proposed by Wang and
Manocha uses LDI to record the object shape and the
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temporal result of the offset computation [21,22]. Zhao
et al. developed a Compact LDI (CLDI) approach, which
offers improved data storage technology to reduce the
amount of memory required [24]. The method pro-
posed in this paper also uses a discrete representation
for recording the Minkowski sum shape. The knee-form
contact analysis requires knowledge of the surface area of
theMinkowski sum shape as visible from a specific view-
ing direction. Therefore, our method uses a simple 2D
grid-based representation for recording the Minkowski
operation result. Because the amount of memory nec-
essary for recording the result is much less than that
required by other discrete representation schemes, our
system can use a very high resolution grid in the com-
putation, which is important to obtain an accurate anal-
ysis result.

Figure 2. (a) Approximation of knee-form as a Minkowski sum
of equilateral triangle T and horizontal cylinder C, and (b)
Replacement of the contact analysis using T and the Minkowski
sum of instrument panel model M and the inverted horizontal
cylinder – C.

The input data for the method proposed in this paper
consists of a polyhedral model M that approximates the
panel shape with a high degree of accuracy. Most com-
mercial CAD systems provide a function to output the
model data as a group of triangular polygons, such as in
the STL format. The system can visualize the knee-form
contact area on the display and can output the area data as
a set of small polygons in the STL format. To simplify the
problem, the IP level and the effect of the steering wheel
on the analysis are not considered in this work; therefore,
only contacts between the knee-form and the upper part
of the instrument panel and contacts to the panel area
behind the steering wheel are allowed.

2. Contacting analysis of knee-form

The position and orientation of the knee-form can be
uniquely described using a configuration (p, θ) where
p represents the position of the center point of the
knee-form, and θ represents the knee-form’s orientation
around p. The knee-form can be approximated by the
Minkowski sum shape of a vertical equilateral triangle T
and a horizontal cylinder C of radius 60mm and length
120mm, as shown in Fig. 2(a). The contacting condition
of the knee-form to the instrument panel model M thus
can be analyzed by evaluating the contacting condition of
the equilateral triangle T with respect to the Minkowski
sum shape of M and the inverted horizontal cylinder – C,
as shown in Fig. 2(b). C and – C have the same geometry
if their local coordinate frames are assigned on the cen-
ter of the cylinder. If the knee-form at configuration (p,
θ) contactsM, then T in the same configuration contacts
the Minkowski sum shape and vice versa.

Based on this concept, our method analyzes the knee-
form contacting area on the instrument panel in the
following three steps, as shown in Fig. 3. In Step 1, the

Figure 3. Knee-form contacting area extraction algorithm.
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Minkowski sum shape of the instrument panel shape M
and the inverted cylinder – C is computed, and the sur-
face of the Minkowski sum shape facing the driver’s side
E is obtained. In Step 2, possible contacts between the
vertical equilateral triangle T and E are analyzed, and
the triangle contacting area on E is computed as a set of
points densely covering E’s surface. In the final step, the
Minkowski sum shapeM’ of the points obtained in Step 2
and the cylinder C is computed. The surface intersection
of M and M’ corresponds to the knee-form contacting
area onM.

Minkowski sum computations and the detection of
possible contacts between a triangle and objects are gen-
erally very time consuming. However, the parallel pro-
cessing capability of a graphics processing unit (GPU)
allows our system to detect and output the knee-form
contacting area in a practical time period. The details
of the novel contributions of our knee-form contact-
ing area detection algorithm are explained in Section 3.
Experimental detection results from complex CADmod-
els of instrument panels are given in Section 4, and we
summarize our conclusions in Section 5.

3. Details of analysis method

This section details the proposed three-step algorithm
for detecting the knee-form contacting, and describes the
application of theGPU’s parallel processing capability for
accelerating the computation.

3.1. Step 1: Minkowski sum of instrument panel
model and cylinder

In the first step, the instrument panel shape is expanded
by a horizontal cylinder of radius 60mm and length
120mm, and the surface of the expanded shape facing the
positive direction of the x-axis is computed. The cylinder
is oriented so that its center axis is in the y-axis direc-
tion. TheMinkowski sum shape of one triangle f and the
cylinder is obtained as a combination of the following two
component shapes.

1. For each edge e of the triangle, the linear swept
volume of the cylinder moving along the edge is
defined. The swept volume is a combination of two
cylinders placed on two end vertices of the edge,
two slant cylinders corresponding to the linear swept
volume of two circular plates of radius 60mm at
the end of the cylinder, and a prismatic shape, as
shown in Fig. 4(a). The final prismatic shape corre-
sponds to the linear swept volume of the rectangle
defined by the center axis of the cylinder and an axis
perpendicular to both the center axis and the edge.

Figure 4. Minkowski sum shape of a triangle f and a horizontal
cylinder.

2. Three swept volumes on the edges of triangle f
form an approximately doughnut shape, as shown in
Fig. 4(b). The hole of the doughnut is closed with
two triangles f 1 and f 2. One triangle f 1 is obtained
by moving f in the axis direction of the cylinder by
60mm (half of the cylinder’s length), then in a direc-
tion corresponding to the outward projection of the
normal vector of f to the zx-plane by 60mm (the
cylinder’s radius). Another triangle f 2 is obtained by
moving f in the opposite manner from f 1.

The Minkowski sum shape of the entire object is
obtained as a Boolean union of the small Minkowski
sum shapes defined for all polygons of the object. An
exact computation of the Boolean union of many com-
ponent shapes is time-consuming and unstable because
of inevitable numerical errors in the geometric compu-
tation. Because the knee-form linearly approaches the
instrument panel in the negative direction of the x-axis,
only the part of the Minkowski sum shape visible from
the negative direction of the x-axis is necessary. This visi-
ble surface of theMinkowski sum shape is obtained using
the hidden surface elimination mechanism for rendering
3D objects [15], as illustrated in Fig. 5. In preparation, the
coordinate frame of the orthogonal projection is placed
so that its x-axis and y-axis are aligned with respect to
the y-axis and z-axis of the object’s coordinate frame. The
negative z-axis direction of the projection’s coordinate
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Figure 5. Depth buffer-based method for computing the visible surface of the Minkowski sum shape.

frame corresponds to the viewing direction, and six clip-
ping planes defining the visible regions in the object’s
coordinate frame are given such that they tightly confine
the Minkowski sum shape.

A depth buffer with the same number of entries as the
pixels of the frame buffer is prepared. All the entries of the
depth buffer are initialized to a sufficiently small value.
After the preparation, the polygonal approximation of
the Minkowski sum shape’s component objects are ren-
dered into the frame buffer in an arbitrary order. During
the rendering, the color and the depth value (defined
here as the x-coordinate) of points on a polygon corre-
sponding to each pixel of the frame buffer is checked.
If the depth value is larger than the value currently in
the depth buffer, then the color and depth value of the
new point replace the old ones in the buffers. This pro-
cess is repeated for all polygons of the component objects,
and the result is the pixels with the colors of points on
the visible surfaces of the Minkowski sum shape and the
entries of the x-coordinates of the points in the depth
buffer.

Data stored in the depth buffer can be transferred
to a 2D array in a C language program using a buffer
manipulation function from the graphics library. Based
on the clipping plane definition and the pixel position in
the display, the y- and z-coordinates of the visible point
at the pixel can be computed. The depth buffer value
at the pixel corresponds to the x-coordinate of the point.
The Minkowski sum shape visible from the negative x-
axis direction is thus derived as a set of grid-like points
aligned with respect to the pixel grid of the display [8,9].

In Fig. 5, the white points represent the points sampled
on the visible surface of the Minkowski sum shape.

The computation result is highly dependent on the
resolution of the depth buffer, especially for the y- and
z-coordinates of the visible points. A Minkowski sum
computation based on a higher resolution depth buffer
enables the generation of more points on the surface of
the Minkowski sum shape, enabling greater accuracy in
the triangle contact analysis and the knee-form contact
analysis in the following steps. The maximum pixel res-
olution of current computer displays is not larger than
3840× 2160 (4K). This resolution limits the accuracy
of the computation of our method; however, this limi-
tation can be overcome by splitting and tiling the com-
putation. Based on a virtual depth buffer with very high
resolution, the depth buffer grid is split into a set of
small depth buffers with the pixel resolution available on
the display. For each small depth buffer, the Minkowski
sum operation is done; then each result is copied to its
corresponding grid portion in the large depth buffer.

3.2. Step 2: contact analysis of an equilateral
triangle

This step evaluates the contact condition between the ver-
tical equilateral triangle corresponding to the core part
of the knee-form and the surface of the expanded instru-
ment panel model obtained in Step 1. The shape of the
expanded instrument panel model is defined as a set of
grid-like points aligned with respect to the y-axis and z-
axis in the object coordinate frame. Because the vertical
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Figure 6. Contact analysis of an equilateral triangle at its vertex.

triangle is positioned to be parallel to the zx-plane in the
object space, the evaluation of the contact condition can
be decomposed into a contact analysis between the trian-
gle and a series of points corresponding to each column
of grid-like points, and can thus be realized in 2D.

Fig. 6 illustrates the polygonal line obtained by con-
necting the series of points and an equilateral triangle
in the same plane. The triangle linearly approaches the
polygonal line along a vector parallel to the negative
direction of the x-axis. Consider that the triangle contacts
the polygonal line at its vertex. To realize such contact,
there must be a fan-like space adjacent to the contact-
ing point that contains an arc of more than 60 degrees
and that has a radius equal to the edge length of the tri-
angle. Before the approach, the triangle can be rotated
around its center point. Because the rotation angle is in
a range from –30 to+30 degrees, the fan-like space must
be contained within a larger fan containing an arc from
–60 to +60 degrees, with respect to the horizontal center
line. For each point on the polygonal line, the placement
condition of an equilateral triangle mentioned above is
checked, and points where the triangle can make contact
are marked.

Because this contact analysis can be executed for mul-
tiple points on the polygonal line simultaneously, we
accelerate the computation using the parallel processing
capability of a GPU. Compute Unified Device Architec-
ture (CUDA) is used to implement the parallel contact
analysis software [3]. The GPU is designed to have hun-
dreds of small streaming processors (SP) on a chip. These
SPs can execute the same instructions with different data
in parallel, andwith CUDA, programmers can use aGPU
as a general purpose Single Instruction / Multiple Data
(SIMD)-type processor.

The main accelerating factor gained by the GPU is the
replacement of the iterative execution of a function in a
loop with a parallel execution of its equivalent threads.
CUDA is designed to provide a parallel execution frame-
work to treat these threads in a C program. To prop-
erly manage the threads, CUDA provides grid and block
structures. A block is a 1D, 2D, or 3D array of threads;
the maximum number of threads in a single block must
be less than or equal to 512. A grid is a 1D or 2D array of
blocks. In our current implementation, the contact anal-
ysis of a single point in the polygonal line is defined as a
thread. Each block is designed to execute amaximum256
threads in parallel, representing parallel contact analysis
for 256 points in our implementation. For each column
of grid-like points on the expanded instrument panel
model, one polygonal line is defined. All points on the
polygonal line are divided into groups of 256 or fewer
points; then, each point group is assigned to a block of
the CUDA program.

After checking the contact of the triangle at its vertex,
possible contact of the triangle on its edge is evaluated.
Convex points on the polygonal line unmarked in the
previous step, where contact at the triangle’s vertex is not
possible, become candidates for contact on the triangle’s
edge. For each candidate point, a pseudo-normal vec-
tor is defined as the bisector of its supplementary angle.
A tangent line through the candidate point and perpen-
dicular to the pseudo-normal vector is defined, and the
triangle is placed on the line as shown in Fig. 7. The
triangle is translated along the tangent line in small inter-
vals, searching for a position of the triangle where the
triangle does not intersect the polygonal line. If such
a collision-free position is identified, its corresponding
point on the polygonal line is marked as a point where
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Figure 7. Contact analysis of an equilateral triangle on its edge.

the triangle can realize an edge contact. Because the ori-
entation of the triangle must be in the range from –30 to
+30 degrees with respect to the horizontal line, the incli-
nation of the tangent line must be in the range from –60
to +60 degrees.

3.3. Step 3: evaluation of the knee-form contact

In the final step, actual contact points between the knee-
form and the instrument panel model are computed
based on the analysis result from Step 2. A set of points
obtained in Step 1 and marked in Step 2 represents the
pointswhere the equilateral triangle corresponding to the
core part of the knee-form contacts the Minkowski sum
shape of the instrument panel and horizontal cylinder.
Consider one such point p marked in Step 2. The actual
contact point P between the knee-form and the instru-
ment panel is obtained by replacing p to the horizon-
tal cylinder and computing the intersection between the
cylinder and the surface of the original instrument panel
model, as shown in Fig. 8. In Step 3, the Minkowski sum
shape of themarked points and the cylinder is computed.
The intersecting area between the original instrument
panel model and the shape resulting from theMinkowski

sum computation corresponds to the knee-form contact
area on the instrument panel.

The Minkowski sum computation in Step 3 uses the
same depth buffer-basedmethod described in Step 1. For
each marked point, the horizontal cylinder is placed so
that its center point is located on the marked point. After
the cylinder has been placed at all marked points, their
hidden surface eliminated picture is generated. The grid-
like points on the surface of the Minkowski sum shape
are obtained using the buffermanipulation function from
the graphics library. In Step 1, a surface point with the
largest x-coordinate is selected for each pixel. Such point
is visible from the negative direction on the x-axis. On
the other hand, in Step 3, a point with the smallest x-
coordinate is selected to obtain the point for each pixel
on the opposite side of the surface. As a result, grid-
like points on the Minkowski sum shape closest to the
original instrument panel model are obtained.

The grid-like points are then properly connected
based on the adjacency information of the grid, and the
points are converted to an equivalent polyhedral surface
with small triangular polygons. The intersection of the
surface of the original instrument panel model and the
surface of the Minkowski sum shape is derived by select-
ing the surface polygons of theMinkowski sum shape for
which the distance to the original model is sufficiently
small. As a result, the knee-form contacting area on the
instrument panel is obtained as a set of small triangles. In
our current implementation, ε = 0.1mm is used as the
small distance value for selecting the intersecting poly-
gons. This value is determined based on a discussionwith
UN regulation inspection specialists in an automobile
manufacturer.

To accelerate the distance computation, surface poly-
gons of the original instrument panel model are classified

Figure 8. Relationship of contact point p between equilateral triangle T and expanded panel model E, and actual contact point P
between the knee-form and the instrument panel modelM.
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into small groups according to their proximity. This clas-
sification proceeds according to the hierarchical structure
of the Axis-Aligned Bounding Box (AABB) [15]. Con-
sider n triangular polygons forming the model surface.
An AABB that tightly confines the polygons is defined by
measuring the coordinate ranges of the polygons in the
x-, y-, and z-directions. One root AABB is defined that
holds all the triangular polygons of the model. Polygons
in the AABB are sorted and are classified to two groups.
For each polygon group, a smaller AABB is formed and
registered as a descendant of the original AABB. The
process of defining descendant AABBs is iterated, and a
binary AABB tree is obtained.

Using theAABB tree, the cost for computing a distance
between a small triangle of the Minkowski sum shape
and the original instrument panel model can be reduced.
For each small triangle t of the Minkowski sum shape, a
small AABB tightly holding the triangle is defined; this
AABB is named box. Traversing the AABB tree from the
root node to the leaf nodes in the depth-first manner, at
each node of the AABB tree, the distance between box
and the AABB associated with the node is compared. If
the distance is greater than ε, then the traversal of its
descendant nodes is canceled; otherwise, the tree traver-
sal is continued. After the tree traversal, some AABBs at
the leaf nodes of the tree are obtained that hold poly-
gons sufficiently close to the given triangle t. The distance
computation between t and the instrument panel model
is reduced to the distance computation between t and
polygons within these leaf AABBs, and the GPU’s par-
allel processing technology is applied to these distance
computations to further reduce the computation time.

4. Computational experiments

The proposed knee-form contacting area computation
system was implemented using Visual C++, CUDA 6.5,
and OpenGL, and a series of computational experiments
was performedusing an Intel Core i7 Processor (3.4 GHz)
with 32 GB memory and an NVIDIA GeForce GTX-980
GPU. We applied the system to three instrument panel
models provided by a software company and an auto-
mobile company, and the proposed system was found to
successfully compute the knee-form contact area for all
parts in 5 to 15 minutes, with the time varying accord-
ing to the number of polygons of the instrument panel
model and the resolution of the depth buffer used in the
computation.

For the purpose of maintaining confidentiality, the
computation result for only one sample is shown here.
Fig. 9 illustrates the sample model with 597,455 poly-
gons. The surface of the Minkowski sum shape of the
sample part and a horizontal cylinder of 60mm radius

Figure 9. Sample instrument panel model with 597,455
polygons.

Figure 10. Surface region of the Minkowski sum shape of the
instrument panelmodel and a horizontal cylinder visible from the
negative direction of the x-axis.

and 120mm length is obtained in Step 1, and the result-
ing surface is shown in Fig. 10. In this figure, the shaded
image of the Minkowski sum shape was generated by
painting points on the shape with the normal vector
information at the points. In Step 2, some points are
eliminated because the equilateral triangle cannot con-
tact them. Fig. 11 shows the opposite side of the surface
of theMinkowski sum shape of the points marked in Step
2 and the horizontal cylinder. After checking the intersec-
tion between the shape shown in Fig. 11 and the original
model shown in Fig. 9, the knee-form contacting area is
extracted as shown in Fig. 12. Because the IP level is not

Figure 11. Surface region of the Minkowski sum shape of the
points marked in Step 2 and a horizontal cylinder.
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Figure 12. Knee-form contacting area on the instrument panel
surface.

evaluated in the current system, some knee-form contact
areas are detected on the top side of the panel where the
knee of the driver never collides. In the current design
practice, the IP level is given as a curve on the instrument
panel surface. One possiblemethod for incorporating the
IP level in the system is to superimpose the curve on
the extracted area so that the designer can recognize the
effective region of the extracted area in the display. Auto-
matic recognition of the effective region is considered as
our future research subject. Incorporation of the steering
wheel shape in the detection must be considered in the
future also.

Our proposed system was found to require 40.16 sec-
onds for Step 1, 125.43 seconds for Step 2, and 79.94
seconds for Step 3, for a total of 5minutes required to ana-
lyze the knee-form contacting area for this instrument
panel model. In this computation, a virtual depth buffer
with a grid resolution of 13,236× 5,069 was used, amuch
higher resolution than is allowed by a single display. The
grid size, which corresponds to the computation accu-
racy of our method, was 0.128mm. The proposed system
can output the polygons of the detected area in STL for-
mat, and the automobile designer can verify compliance
with the UN regulation by superimposing the knee-form
contact area on the CAD model of the instrument panel.

5. Conclusions

In this paper, we have proposed a novel method for
assisting UN safety regulation inspections of instrument
panels. The driver’s knee-form can be recognized as a
Minkowski sum shape of a vertical equilateral triangle
and a horizontal cylinder of radius 60mm and thick-
ness 120mm. The knee form contacting condition is
geometrically equivalent to the contacting condition of
the equilateral triangle to a Minkowski sum shape of
the instrument panel model and the horizontal cylin-
der. Based on this concept, our algorithm realizes the
extraction of the knee-form contacting area.

Minkowski sum computations and the analysis of the
contact between the vertical equilateral triangle and the
object are the most time consuming processes in our
algorithm. However, with the parallel computation capa-
bility of a GPU, our system can extract the knee-form
contacting area in less than 15 minutes. The proposed
system is still in an experimental stage, and the UN reg-
ulation describes some additional conditions concerning
the steering wheel and the IP level; however, these con-
ditions are not considered in this study. Incorporation of
the conditions in the detection process is an important
topic in the next phase of this research. We are preparing
a field test of the system in an actual automobile design
process, and further improvements based on comments
and requests from the designers will be reflected in our
future work.
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