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Introduction:

The state-of-the-art laser scanners make it possible to capture dense point-clouds of engineering
plants. Dense point-clouds are faithful as-is 3D representation of engineering plants. They can be used
for simulating whether equipment can be safely moved without collisions when engineering plants are
renovated.

However, it is not easy to realize real-time collision detection for large-scale point-cloud, because
point-clouds of an engineering plant often contain hundreds of millions of points. In addition, many
places in an engineering plant cannot be measured because of occlusion. Although points are absent in
occluded regions, such regions may not be free space. Conventional point-based collision detection
methods [1-7] cannot handle very large point-clouds that contain missing points. In this paper, we
consider real-time point-based collision detection that can solve these problems.

Collision Detection based on Depth Maps:

We suppose that closed 3D models are placed in large-scale point-clouds. For efficiently handling large-
scale point-clouds, we convert point-clouds into angle-space depth maps, which maintain the depth of
each point from a laser scanner. Collisions are detected on depth-maps.

Fig. 1(a) shows three statuses for collisions between a 3D model and a point-cloud. When the closed
space of a 3D model includes a part of the point-cloud, the status is “collision”. When the 3D model is
placed in front of the point-cloud, the status is “no-collision”. Otherwise, the status becomes
“occluded”, which means that a 3D model is placed in an occluded region, as shown in Fig. 1(b).

Our method consists of the following steps.

(1) Generation of Depth Map: We first project all points captured by a single scan onto a plane and
create a 2D depth map. Since the directions of laser beams are controlled by the azimuth angle 6 and
the zenith angle ¢, (x,y,z) coordinates can be converted to spherical coordinates (r,6,¢) without
overlapping, when the origin of the coordinate system is placed at the source of laser beams. Then we
can obtain a depth map defined on (6, ¢) plane by quantizing 8 and ¢, and describing distance r at
each pixel, as shown in Fig 2.

(2) Projection of 3D models: We subdivide a 3D model into a set of convex closed triangular meshes,
and project each convex mesh onto the depth map.The line of a laser beam intersects with two faces,
as shown in Fig. 3. We define the smallest distance as d,, the largest as d.. The depth image of each
triangle is calculated by interpolating depth values of three vertices of the triangle. The smallest and
the largest depths of each convex mesh are used for collision detection.
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Fig. 1: Collision detection between point-clouds and 3D models.
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Fig. 2: Depth image defined by two rotating angles.
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Fig. 3: Two intersecting points of a laser beam with a closed mesh model.

(3) Collision Detection on Depth Map: Collision is evaluated at each pixel of a depth map. Each convex
mesh is projected on a depth map, and depths d,; and d, are calculated at each pixel, as shown in Fig. 3.

When the depth of a point-cloud is r at the projected pixel, collision is determined based on the
relationships among three depths, as shown in Fig. 4.
When the condition of collision is satisfied at more than one pixel, the 3D model collides with the
point-cloud; when all depths of the 3D model are smaller than the ones of the depth map, the status is
no-collision; otherwise, the status is occluded.

This method is efficient for relatively small point-clouds, but it is time-consuming to handle large-
scale point-clouds, because a lot of pixels on dense depth maps have to be evaluated. One solution for
improving performance is to reduce the resolution of depth maps, but low-resolution depth maps lose
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details of shapes and decrease the accuracy of collision detection. Therefore, we consider a new
collision detection method based on two-layer depth maps.
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Fig. 4: Relationship among depth values.

Improvement of Performance using Two-Layer Depth Maps:

To improve performance of collision detection, we introduce two-layer depth maps. A low-resolution
depth map is used for obvious cases, and a high-resolution one is used only when 3D models collide
with low-resolution collision depth maps. A low-resolution depth map is created by reducing the
resolution of a high-resolution depth map. Each pixel of a low-resolution depth map has two values,
which are the smallest and the largest depths in a rectangular region on a high-resolution depth map,
as shown in Fig. 6.

At the first step, collision is evaluated using a low-resolution depth map. We describe the smallest
and the largest depths at a pixel on a low-resolution depth map as r; and r,. Fig. 7 illustrates the
relationships among depths d,, d., ,, and r,. When the range [d,, d.] of a 3D model is smaller than the
depth r,, the model does not collide with a point-cloud (Fig. 7(a)). When they are larger than the depth
1., the model is in an occluded region (Fig. 7(b)). These two cases can be precisely evaluated only using
a low-resolution depth map. When the range [d,, d.] overlaps with the range [r, 7], the status cannot be
precisely determined on a low-resolution depth map. Then the pixel is expanded to the original pixels,
and the collision is evaluated using a high-resolution depth map.

In two-layer collision detection, many cases can be quickly evaluated on a low-resolution depth map.
Even when a high-resolution depth map is required for precise collision detection, our method
calculates collisions only for faces that collide with low-resolution depth maps. Since the number of
evaluated pixels is greatly reduced in all cases, our two-layer method is extremely efficient compared
to the method that uses only high-resolution depth maps.
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Fig. 6: Generation of low-resolution depth maps.

Experimental Results:

We evaluated our method using actual point-clouds of an engineering plant. We captured points with
the angle resolution of 360/10000 degree. The number of points in a single point-cloud was about 40
million. We moved a 3D model with 5,000 faces. The resolution of low-resolution depth maps was
720x360 pixels (0.26 megapixels), and the one of high-resolution depth maps was 11520x5760 pixels.
CPU time was measured using a laptop PC with 2.8 GHz Intel Core i7 and 16.0GB RAM.
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Fig. 7: Collision detection on a low-resolution depth map.
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We selected 121 x 121 (14,641) positions at the equal intervals in the range of 6m x 6m, and placed a
3D model at each position. We compared our two-layer method with the single-layer method that uses
only a high-resolution depth map. The both methods output the same collision statuses. The 3D model
collided at 20% of positions, did not collide at 46% of positions, and was occluded at 34% of positions.
The average calculation time is shown in Tab. 1. The results showed that the two-layer method was
about 6 times faster than the single-layer method. The frame rates were high enough to follow the
mouse pointer.

Number of CPU Time Frame Rate
Status Positions Single-Layer Two-Layer Single-Layer | Two-Layer
Collision 2987 (20.4 %) 107.1 msec 21.6 msec 9.3 fps 46.20 fps
No Collision | 6725 (45.9 %) 105.5 msec 15.9 msec 9.5 fps 62.71 fps
Occluded 4929 (33.7 %) 108.3 msec 17.2 msec 9.2 fps 58.20 fps

Tab. 1: Comparison of calculation time.

Implementation of Interactive Collision Detection System:

We implemented an interactive collision detection system, in which our proposed method is involved.
Fig. 8 shows our system. The user can drag and move 3D models in this window. Since the system
automatically extracts floor planes in pre-processing phase, 3D models move on floors. The whole view
of point-clouds is displayed in the bird’s-eye view. The panorama image of a point-cloud is also
displayed in the window. Since our method can very efficiently process large-scale point-clouds,
collisions can be promptly evaluated while the user interactively drags 3D models on a screen.

Conclusions:

In this paper, we proposed a method for detecting collisions based on two-layer depth maps. We
showed that our method could precisely evaluate no-collision and occluded cases only on low-resolution
depth maps. We also showed our method was very efficient even when high-resolution depth maps
were required for precise collision detection. The experimental results showed that out method could
very quickly process collision detection even for large-scale point-clouds.
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Fig. 8: Collision detection system.
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