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Abstract. We present a simple and low cost 3D shape acquisition method that 
can measure the objects with interreflection and high light. The capture system 
employs a projector to project line shifting shadow on the object, and a digital 
camera to record videos (image sequence) of the object and the distorted 
shadow. A novel spacetime edge finding method is introduced to get the 
shadow edge accurately and overcome the interreflection and high light. The 
3D data of the object are got by using the spacetime information. A post-
processing 3D filter is proposed to filter the bad data. The 3D filter makes full 
use of the neighborhoods’ geometric constrains and the view point constrain.  

Keywords: 3D scanner, shape recovery, surface reconstruction. 

1   Introduction 

3D shape acquisition has been an important technology in the field of computer vision 
in recent years. Fig. 1 shows the taxonomy of 3D Range Acquisition according to [7]. 
Traditional techniques such as stereo rigs and laser scanners got competition from 
more flexible and scalable alternatives. Nevertheless, several challenges remain. One 
critical problem is that these instruments are usually large scale and expensive. 
Secondly, 3D capturing techniques tend to fail on certain types of surfaces. Most 
methods assume the surfaces are Lambertian surface. For the surface with specular 
reflections, all too often still, one has to resort to adapting the scene to the system, e.g. 
by powdering the objects to be scanned. Otherwise, the specular reflection will affect 
the measurement accuracy, and the 3D information of the highlight area will be lost.  

Inspired by laser slit scanner, and the structured light method, we combine their 
advantages(laser scanner’s principle is simple but it can give high accuracy, and 
structured light need low cost device and can operate easily), we propose a simple 
method of 3D information acquisition based on shiftable project pattern that is a black 
strip with white background. The strip can scan the whole object and then the object 
3d shape is estimated by the strip distortion on the object. Our method avoids the 
highlight area by casting shadow on the surface. Only a projector and a digital camera 
are used to acquire 3D information without any manual intervention. 

2   Principle 

The general principle consists of projecting a shadow onto the scene with a projector 
and using the images of the deformed shadow to estimate the three dimensional shape 
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Fig. 1. A taxonomy of 3D Range Acquisition 

of the scene. The objective is to extract scene depth at every pixel in the image. 
Figure 2 gives a geometrical description of the method that we propose to achieve  
that goal.  

The camera acquires a sequence of images (or video) I(x, y, t) as the strip moves in 
the screen so that the project shadow scans the entire scene. This constitutes the input 
data to the 3D reconstruction system. The variables x and y are the pixel coordinates 
(also referred to as spatial coordinates), and t the time (or frame number). The three 
dimensional shape of the scene is reconstructed using the spatial and temporal 
properties of the shadow boundary throughout the input sequence. 

We denote the projector optical center with a point Op, and denote by Sd the desk 
plane. Op and Sd are known from calibration. The goal is to estimate the 3D location 
of the point P in space corresponding to every pixel P’ in the image. Call t the time at 
which a given pixel P’ sees the shadow boundary (later referred to as the shadow 
time). Denote by Ss(t) the corresponding shadow plane at that time t. Let us assume 
that two portions of the shadow projected on the desk plane are visible on two given 
rows of the image (top row Ltop and bottom row Lbot). After extracting the shadow 
boundary along those rows Ltop and Lbot, we find two points on the shadow plane Ptop 
and Pbot by intersecting Sd with the optical rays (Oc,P’top ) and (Oc,P’bot ) respectively. 
The shadow plane Ss is then inferred from the three points in space Op, Ptop and Pbot. 
Finally the point P corresponding to P’ is retrieved by intersecting Ss with the optical 
ray (Oc, P). 

So we need to understand first how to calibrate the system (extracting desk plane 
and the projector optical center locations Sd and Op), and second how to localize 
spatially and temporally the shadow boundary on the images I(x, y, t). These two 
stages will be described in the following sections .The final stage consists of 
calculating depth from geometrical triangulation. 
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3   Camera and Projector Calibration 

The problem of camera calibration is to compute the camera intrinsic parameters 
(focal length, optical center, radial distortion factor), as well as extrinsic parameters 
(location and orientation) based on a number of points whose object coordinates in the 
(Xw, Yw, Zw) coordinate system are known and whose image coordinates (X, Y) are 
measured. The camera calibration process is important for a measurement system, 
because any error in measuring and calculating the camera location and orientation 
will cause a propagation error in the global coordinates, which will prevent a high 
overall accuracy of the final measurement. 

 

Fig. 2. Geometrical principle of the method 

A standard method is to acquire an image a known 3D object (a checker board 
pattern, a box with known geometry) and look for the set of parameters that best 
match the computed projection of structure with observed projection on the image. 
The reference object is also called calibration rig. Since the camera parameters are 
inferred from image measurements, this approach is called visual calibration. This 
technique was originally presented by Tsai [1] [2] [3].  

Fig. 7 shows the calibration images using a planar rig (checker board pattern). The 
principle of the calibration system is shown in fig. 2. 

The transformation from (Xw, Yw, Zw) to (Xf, Yf) is depicted in four steps: 

Step 1: Rigid body transformation from the object world coordinate system (xw, yw, 
zw) to the camera 3D coordinate system (Xc,Yc,,Zc). 
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Step 2: Transformation from 3D camera coordinate (Xc, Yc,, Zc) to ideal image 
coordinate (Xu,Yu) using perspective projection with pinhole camera geometry: 
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where f is the effective focal length. 

Step 3: Radial lens distortion is 
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Where (Xd,Yd) is distorted or true image coordinate on the plane ,  
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where ki s are distortion coefficients. 
From Eqn. (1), (2) and (3), transformation from 3D World Coordinate to Camera 

Coordinate can be decrypted as: 
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Step 4: Real image coordinate (Xd, Yd) to computer image coordinate (Xf, Yf) 
transformation: 

/
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where (Cx, Cy ) is row and column number of the center of computer frame memory, 
dx is the center to center distance between adjacent sensor elements in X (scan line) 
direction, dy is the center to center distance between adjacent sensor elements in Y 
(scan line) direction. 

We use two-stage method for the calibration of our camera based on the method 
proposed by Tsai. In the first step, the parameters of the linear system can be solved 
by the perspective transform matrix. And in the second step, let the solved parameters 
be the initial guess, adding the coefficients of radial distortion (initially zeros), enter 
an iterative optimization procedure.  

The calibration procedure for a projector is similar to that of a camera. We can 
think of a projector as a reverse pin-hole model of a camera. We assume a projector 
has a virtual “CCD” like a camera, and the projected pattern on the computer screen 
exists on this virtual “CCD”. We could regard the projected pattern as an imaging 
result of the projected object on the “CCD”. So, all the parameters used in camera 
calibration also apply to a projector. 
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Fig. 3. Camera calibration system 

 

Fig. 4. Spatial and temporal shadow 
location 

For calibrating a projector, we draw a checker board on the computer screen. Then 
project the checker image onto the desk plane on which we put the object. From 
another side, we use a camera (calibrated before) to take a photo of the projected 
object. From this photo, we can get 2D pixel coordinates of the grid corners. We can 
back-project these 2D pixels to 3D Word Coordinate System via the calibration 
parameters of the camera. On the other hand, we can also get 2D pixel coordinates of 
the corresponding grid corners on the checker board image. Now, we are able to feed 
the group of 2D and 3D coordinates into the Tsai’s calibration program, and get the 
final parameters of the projector. All the calibration parameters are similar to those of 
a camera and will be utilized for the consequent 3D construction of an object. 

4   Shadow Edge Localization 

The traditional edge finding method only takes the space changes into consideration. 
The texture and the interreflection can cause edges. We only want to find the line 
shadow’s edge. So we use a spatio-temporal approach to detect the shadow 
boundaries in the sequence of images I(x, y, t). 

At the image plane, we draw two horizontal lines Ltop and Lbot. The Object is 
between the two lines (see Figure 4). The two major tasks to accomplish within this 
stage are: 

♦ Find the shadow edge P’top(t) and P’bot (t) along the top and bottom line in the 
image plane at every time instant t, leading to the set of all shadow planes 
Ss(t).  

♦ Estimate the time ts(P’) (the shadow time) at which the edge of the shadow 
passes throughany given pixel P’ in the image. 

Through those two tasks, two very different types of processing are required: 
spatial processing (to retrieve Ss(t) at all times t) and temporal processing (to retrieve 
ts(P’) at every pixel  P’ in the image). Both stages correspond to finding the shadow 
edge, but the search domains are different: first one operates on the spatial 
coordinates (image coordinates) and the other one on the temporal coordinate.  

As the shadow is scanned across the scene, each pixel P(x, y) sees its color going 
from the color under white light down to the color within the shadow and then back 
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up to its initial value as the shadow goes away. Define the maximum color contrast 
Icontrast for a given pixel (x, y) in the image as: 
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where v∈{R, G, B} is the color channel, I(x, y, t, v) means the color value in v 
channel at time t. 

The pixels in shadows due to occlusions do not provide any relevant depth 
information. For this reason we restrict the processing to pixels that have enough 
swing between maximum and minimum color value. We only keep regions of the 
image where Iconstract(x, y, v) is larger than the pre-defined threshold. 

We define the shadow edge time ts(x, y) at pixel P(x, y) as the time instant at which 
the pixel color value crosses for the first time the mean value between its maximum 
value and minimum value in channel v. This gives a different threshold value for 
every pixel. We call it the threshold Ithresh(x , y): 
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where v comes from (4). 
Define a shadow edge to be the zero crossing locations of the difference image  

ΔI(x, y, t)  as follows: 
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For P(x, y), if there is not ΔI(x, y, t)=0 at all time instance, we can get ts(x,y) ,by 
interpolating linearly between t0 and t0-1 (ΔI(x, y, t0)>0, and ΔI(x,  y, t0-1)<0). 
Shadow boundary localization can be alternatively performed in the spatial domain 
(in pixel coordinates P(x, y) fixing the time t=t0) constant or in the temporal domain 
(in time coordinate t at a fixed pixel point P(x ,y) in the image) in a consistent way.  

Because the line shadow scans forward from one side to another, here we assume 
the vertical line scan from left to right. The pixels on a horizontal line see the shadow 
edge in sequence. So there is the constrain: ts(x,y)>ts (x+1,y). if ts(x,y)> 
ts(x+i,y),i=1,…,n. 

We can see this point P(x, y) as a bad point because of it’s discontinuity in time 
space. 

5   Triangulation 

Once the shadow time ts(x, y) is estimated at a given pixel P’, the P’top and P’bot at 
time ts can be found. The lines OcP’top and OcP’top intersect the desk plane Sd. We can 
get Ptop and Pbot which can identify the corresponding shadow plane Ss(ts(x, y)). Then, 
the 3D point P associated to P’ is retrieved by intersecting Ss(ts(x, y)) with the optical 
ray OcP’. Notice that the shadow time ts(x, y) acts as an index to the shadow plane list 
Ss(t). Since ts(x, y) is estimated at sub-frame accuracy, the final plane Ss(ts(x, y)) 
actually results from linear interpolation between the two planes Ss(t0-1) and Ss(t0), if 
t0 -1< ts(x, y)< t0  and t0  is integer. 
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6   Implement Results 

Fig. 5 shows the 3D points cloud after triangulation. We can see that the scanner can 
give satisfying result on the object made of paper, plastic, and metal. 

 

  
(a)yellow plastic box (b)white billiard ball 

   
(c) mouse   (d)soap box 

   
(e)paper box   (g)metal box 

Fig. 5. Results after triangulation 

7   3D Filter 

The previous sections allow us to get 3D points cloud. Usually, the output is 
unsatisfactory. In our experiments, we observed that most areas are seriously affected 
by noise. Wrong triangulated points are scattered all over the object especially in the 
areas with low contrast. First, the points in and desk plane are discarded. Then we 
therefore designed two post-processing algorithms to annihilate the triangulated 
points that are most probably not part of the object. 

7.1   Meshing Using Context Knowledge of the Mesh Topology 

Assuming that the points belong to the surface of the object, we further assume that a 
point is valid if and only if it has two neighboring points to produce a triangle surface. 
Our experiments have demonstrated that using the connectivity of the points (that is 
the mesh topology), has improved the results. The algorithm is following: 

Procedure FilterThroughMeshing(match_data)  
for rows=0 to number of rows-1 
  for column=0 to rowLength 
    if (match at row happens before match at row+1)  
      if (match upper left has less than 2 neighbors)  
        remove match and its neighbors.  
      else if (match lower left has less than 2 neighbors)  
        remove match and its neighbors.  
      end if 
    end if 
  end for 
end for 

with match_data a data structure implemented as a 1D array of lists. The 1D array 
of match_data represents the rows of the input image.  
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Fig. 6. Right: point cloud with noise Left :point cloud after using 3D filter 

7.2   Face Orientation Culling 

The previous procedure actually generates a triangle mesh. Using this mesh, the task 
now is to remove those triangular surfaces that are not visible to the camera and the 
projector. This is simply a backface culling algorithm that computes the scalar 
product of the triangle surface normal with the normalized direction of the line of 
sight to the center of this triangle. Thereafter, negative values are omitted. It actually 
suffices to consider only one of the triangle corners as the center. Furthermore, we 
leave out surfaces with normals that are almost orthogonal to the direction of the line 
of sight. This can be parameterized with the corresponding angle or scalar product 
value. In practice, depending on the shape of the object, an angle of up to 60 degrees 
between the surface normal and the normalized line of sight vector can be reasonable. 
Fig.6 shows the results after 3D filter. 

8   Implement and Accuracy Analyses 

The necessary hardware devices are a video projector, a digital camera and a standard 
PC. All these components are consumer level technology, allowing an affordable 
solution. We experimented with the HITACHI CP-HX1080 LCD-projector, which has a 
32 bits color resolution and display patterns of 2592x1944 pixels. The selected camera 
is the OLYMPUS C5060WZ, that can provide images with sufficient resolution (up to 6 
megapixels) and quality, as uncompressed raw images in TIFF format could be saved. 
PCs we use have Pentium 4 processors with 2.0 GHz, 512 MB RAM and nVidia 
graphics cards. Tab.1 shows the process time using our scanner on several samples. 

Table 1. Process time of our scanner 

objects yellow 
plastic box 

billiard 
ball 

soap 
box 

paper 
box 

Mouse metal 
box 

Medical 
bottle 

Times (seconds) 1.30 1.22 1.80 1.21 1.77 1.68 1.25 

9   Accuracy Analysis 

9.1   Calibration Accuracy Analysis 

We define the following projection error formula: 

' 2 ' 2( ) ( )f f f fDIPE X X Y Y= − + − , 
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where DIPE means Distorted Image Plane Error,    (Xf, Yf) is the measured position of 
the point's image and (Xf’, Yf’) is the position of the point's 3D coordinates (Xw, Yw, Zw) 
projected by the estimated camera calibration parameters. 

2
12

2
12 )()( uuuu YYXXUIPE −+−= , 

where UIPE means Undistorted Image Plane Error, (Xu2,Yu2) is calculated from the 
measured position of the point's image (Xf,Yf), and (Xu1,Yul) is calibrated from the 3D 
coordinates of the point (Xw,Yw ,Zw). 

2
12

2
12 )()( cccc YYXXOSE −+−= , 

where OSE means Object Space Error, (Xc2, Yc2) is calculated from the measured 
position of the point's image (Xf,, Yf), and (Xc1,Ycl) is calculated from the 3D 
coordinates of the point (Xw, Yw, Zw). 

Table 2. Error Data calculated from two demo photo I and II in fig. 6 

Photo Error Type Mean Standard Deviation Max 
DIPE (pix) 0.1226 0.0673 0.3614 
UIPE (pix) 0.1265 0.0701 0.3760 I 
OSE (mm) 0.0776 0.0423 0.2232 
DIPE (pix) 0.3291 0.2206 1.0360 
UIPE (pix) 0.3476 0.2298 1.0458 II 
OSE (mm) 0.1648 0.1067 0.4728 

  
(a)            (b) 

Fig. 7. Photo I (a) and Photo II (b) 

 

Fig. 8. Fitting result of reconstructed point 
cloud of the white billiard ball  

9.2   Measurement Accurate Analysis  

We fit the point data of the white billiard ball to a sphere. Then we visualized the 
fitting result shown in Fig. 8. 

The formula we use for estimate relative error is: 

2

1

1
( )

*

N

i
i

Error R R
N R =

= −∑ , 

where Ri are distances from measured points to center, R is the radius of the fitted 
sphere, and N is the number of points. The relative error of the point data is only 
0.0031385%. 



 Low Cost 3D Shape Acquisition System Using Strip Shifting Pattern 285 

10   Conclusion and Future Work 

We have presented a low cost 3D shape scanner which can measure the objects 
having specular reflections. The distortion of the line shadow on the object is used to 
get the object’s 3D shape. The specific technical contributions include first a novel 
space-time edge finding algorithm that overcomes the interreflection influence. 
Second, we use the relation of the viewpoint and objects to filter the point cloud, 
which can filter most bad data. Third we use only a project, a digital camera and a PC 
to setup a low cost and small scale scanner, the method required little processing and 
image storage so that it can be implemented in real time. There are many important 
topics to explore in future work. First, the camera, the projector and the objects are 
fixed now. the pixel in the shadow area because of occlusions can not give any 3D 
information. A natural extensional extension of our current work is to make the 
projector, the camera or the objects movable. The alighment and merging techniques 
of 3D point data and uncalibrated vision method can be used in the future. 
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