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3D Laser Scanning Minicar 

 
 
Abstract: 
 
 In this project, we have implemented a 3D laser scanning minicar based on the Embedded Star 
Platform. It employed the stereoscopic vision principles (DLT method) on the laser beam image pairs 
that are taken by two mounted webcams, to reconstruct the point-cloud data for target object in real-
time and showcase the 3D model in OpenGL interface. It also allows data package transmission to a 
client or server through Wi-Fi. During scanning it carries out pattern recognition to detect visual 
characteristics on background and trigger start or stop of the system. The system integrates calibration, 
capture, modeling and motion modules into a QT GUI. Multi-thread pipelining is designed to utilize 
the Core Duo capability. It has high mobility, rich extendibility and offers the concept for a real car that 
scans the buildings along a street and converts it into 3D models for the use of software like Google 
Earth. 
 
 
Keywords: 
 3D laser scanning, DLT, pattern recognition, multi-thread pipelining 
 
 
摘要： 
 本方案设计了基于嵌入之星平台的迷你激光三维扫描车，采用立体视觉原理（DLT 方
法），对两部车载摄像头采集到的激光束图片进行对比分析，重建物体点云数据并利用

OpenGL 输出可视化的三维模型。支持 wi-fi 网络传输连接客户端或数据服务器。扫描期间车辆

可进行背景图形识别来启动或中止系统。QT 用户界面整合标度测量，视频采集、车辆移动和

建立模型等功能模块。软件实现多线程流水线以充分利用双核处理器的性能。迷你激光三维扫

描车具有良好的机动性和丰富的可扩展性，既可扫描小型物体，又可为如 Google Earth 等软件

捕捉建筑物街景并建立实体模型的需要，提供概念性的简便解决方案。 
 
关键词： 
 三维激光扫描，DLT 方法，图形识别，多线程，移动侦测 
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1 Background 

The need for converting a real object into a 3D model is common in such a digital age. Digital models 
for small articles may help industrial analysis, while models of large objects like the buildings may be 
used for the construction of “cyber city” or support of the 3D landscape features in Software like 
Google Earth. Our project aims at providing an easy solution for the complicated task of building 3D 
models from real objects. 
 

2 System Schema 

We proposed a Distributed Scanning System which includes several laser scanning cars and a 
supervising client or a database server. Each car acts as an either manual or automated executing unit 
for the capture and modeling work, and also sends the collected data to the client or server via Wi-Fi, 
for post-processing or integration of the models according to users’ needs. The minicar we build in this 
project is a miniature and a simplified model for the expected real application. 
 
 

2.1 System Overview 

The development board is placed on the car, with a metal frame outside. A metal beam is mounted on 
top of the frame and is parallel to the moving direction. Two webcams are mounted on the beam, and a 
laser beam emitter is clipped in the middle of them, all facing sideways. 
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2.2 Hardware Design 

 
The system is based on the Embedded Star Platform, with peripherals mainly consists of the motion 
part, capture part and data storage/transmission part. 
 
Motion part includes a PCI-MCB board mounted on an extended PCI bus, a MCO H-Bridge DC motor 
driver underneath the car body, two motors connected to MCO and two speed sensors on front wheels. 
The speed sensors in front wheel transmit pulses generated by encoders to the MCB board where 
counters are incremented or decremented. The MCB board outputs analog voltage and TTL level to 
control the speed and direction of the motors respectively, via the motor driver. 
 
Capture part is the two Phillips 740 webcams connected to the USB ports. 
 
An LCD is installed to display the generated 3D models in real-time, and together with a touch screen, 
users are able to give commands without a keyboard or a mouse. 
 
USB Wi-Fi adapter is used to transmit point-cloud data 
 
Data can also be stored in a mounted notebook hard-disk whose small size is highly favorable. 
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2.3 Software Design 

 
In our software design, all function modules are integrated into a QT GUI, running on Linux. There are 
three tabs in the GUI: static calibration, motion calibration and reconstruction, representing the three 
different states of operation flow. The capture and motion modules are called according to the operation 
state specified.  
 
The pattern recognition module is optional. For automatic execution, pattern recognition is required to 
trigger or terminate the capture/motion modules, while if users prefer a manual control of the car, 
pattern recognition may be ignored.  
 
The Modeling module is the most important component for reconstruction. It requires several inputs, 
including the image-point pairs that come from the captured frames after extraction and filtering out the 
noise, as well as the DLT parameters and velocity vector that come from calibrations conducted 
beforehand. The Modeling module goes through a series of matrix algebra calculation and output the 
3D point-cloud data as the result. The point-cloud data is visualized as 3D models in OpenGL 
interfaces and displayed in local LCD. It is also transmitted to client PC or a database server via Wi-Fi. 
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The client end can rebuild the 3D models using OpenGL applet, or perform further process and 
integration on the point-cloud data. 
 
 
 

3 Functional Features 

The main functions of our minicar is to conduct a laser scanning of an object, perform reconstruction 
and display of the 3D model in LCD, as well as transmit the point-cloud data package through Wi-Fi to 
a supervising client or a database server. Meanwhile, it carries out pattern recognition on visual 
characteristics on background to trigger the start and stop of motor automatically. It also provides easy-
to-use GUI to facilitate the whole process. 
 

3.1 DLT (Direct Linear Transformation) Algorithm  

The essential function of this project is modeling, where the DLT (Direct Linear Transformation) 
method is employed to establish the linear relationship between the world-coordinates and the image-
coordinates. The relationship is uniquely determined by the webcams configuration and the motion 
vector of the car, which can be derived after a static and motion calibration respectively. 
 
DLT method is based on the mechanism of a camera’s optical system, in which every point O (x, y, z) 
in the object-space is mapped to a point I (u, v) in image-plane, satisfying a co-linearity condition with 
an intrinsic projection center.  

 
From this condition, we have the linear formula below: 
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The 11 DLT parameters are associated to the position and orientation of the webcam and they remain 
valid as long as the configuration is not tampered. This equation requires at least 6 pairs of object-
points and image-points in order to solve for L’s. However, in the static calibration we are going to 
describe in next section around 60 point-pairs are acquired to solve for the DLT parameters. 
Reconstruction tests show that the error for inferred object-coordinate is within 5mm. 
 
Considering the large amount of computation in modeling module, the optimized QR decomposition 
function in IPP Matrix/Vector Library is used to find the least square solution for the systems of linear 
equations. Usually, the left and right calibration equations together will be solved within 5ms. 
 
The reconstruction formula can be derived from the above formula after DLT parameters are 
determined: 

 
 
Since in the reconstruction formula the object-coordinate (x, y, z) is under-determined for a single 
image point (u, v), we use two image-points obtained respectively from the left and right webcam to 
solve for one common projection source in object-space. Pile the two formulas together we have: 
 

 
 
Where the L and L’ are the DLT parameters for left and right webcams, (u, v) and (u’, v’) are image-
points for the two. 
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3.2  Static calibration 

The static calibration determines the 11 DLT parameters by providing an over-determined system of 
linear equations. These equations are based on some prior knowledge about the world-coordinates of 
some points, along with the coordinates of their projections on the image. We use a calibration cube to 
facilitate the operation. A calibration cube is a square box with hundreds of LED’s mounted on its 
surfaces. The LED’s are well-aligned and form square grids with a known distance between adjacent 
LED’s. Taking an arbitrary LED as the origin, the coordinates of the rest are therefore easy to find since 
their relative positions are fixed. After matching them with their projections on image and substitute 
their coordinates into the first equation, the 11 parameters can be solved. 
 
In our GUI, only the diagonal LED’s of each surface are 
chosen to be candidates for calibration as the diagonals 
typically provide sufficient information about a certain 
plane. 
 
 
 
 
 
 
 
 

3.3  Motion calibration 

Since the two webcams are constantly moving with the car, the object-space coordinate system attached 
to the current webcam configuration is also moving synchronously. Therefore, the object-points 
computed from image-coordinates should have a vector offset for each frame. On the premise of the 
car’s constant speed, the vector offset is equal to the velocity vector multiplied by time. Also consider 
the fact that when a webcam moves in a certain velocity with respect to a fixed point, the fixed point 
moves in the opposite velocity in the webcam’s view. We are thus able to calculate the car’s velocity by 
taking two image pairs of a same point separating a certain time interval while the car is moving, and 
the difference between the inferred world-coordinates for that point at two instances is exactly the 
distance the car has moved in that certain time interval. The velocity is stored for later reference. 
 
The GUI sets the timer for car’s movement, and also counts the average velocity derived from multiple 
samples. The calibration cube can still be utilized for motion calibration. 
 

3.4  Capture frames and points extraction 

The two mounted webcams continuously capture images at a frame rate of 10 Hz. The images that are 
taken by different webcams at the same time are put into pairs and being compared. For each frame pair, 
only the part of the target object that is lightened by laser beam is used to do reconstruction. The 

Calibration Cube is used to settle the 
real world coordinate 
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approximated centerline of laser beam is extracted from the image according to their RGB/HSV value 
and a one-dimensional SCT Algorithm (Semi-continuity Tolerance Algorithm) filter. Image-points with 
the same height in the extracted pair are considered projections of the same object-point, and the world-
coordinates of that object-point can be derived by applying the reconstruction equation, with the vector 
offset included. 
 

3.5 Visualization 

Accumulated point-cloud data are then passed to OpenGL interface and visualized as a 3D model. The 
OpenGL interface supports 3D-rotation, zoom in, zoom out and can also grab current view into an 
image file. 
 

3.6 Pattern recognition 

The pattern recognition algorithm is used for recognition of circle from the image. This algorithm is 
optimized for fast and efficient circular targets detection, which is much faster than other algorithms. 
Large numbers of experiments show that circles can be detected in big images fast and accurately. 
 
In this project, this algorithm is used for detect start and end signal of scanning. When the camera 
captured the first circle with pre-determined size, the whole scan start to run, and when the webcam 
captured the circle again, the scanning is ended. 
 

3.7 Graphic User Interface 

In this project, we choose Qt as the Graphic User Interface developer. The GUI is divided into three 
main parts: Static Calibration, Motion Calibration and Construction. Main functions such as scan and 
3D construction are provided in the Construction part. The Static and Motion Calibration are designed 
for Cube Calibration. All three parts are user-friendly. They help users to use this system more 
conveniently. 
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3.8 Wi-Fi data export 

The  system  is  equipped with Wi‐Fi  tag.  It  allows  the minicar  to  exchange  information with  a data 
center, such as a PC. So that other PC could watch how the work on the minicar progress in real time. 
Since the Wi‐Fi eliminates the cabling and wiring, it enhances the mobility of the minicar. This wireless 
information exchange also provides the possibility that multiple minicars collect the data for a same 
data center.   
 

4 Non-functional Features 

4.1 Multi-thread execution 

We implemented multi-thread execution here in this project so as to fully utilize the dual cores and 
carry out the motion, image processing and modeling at the same time. 
 
The Graphics User Interface plays the role of the major thread. The static calibration and motion 
calibration fall into the major thread since they do not require concurrent execution. 
 
The motor control, the capture control and the OpenGL engine enjoy their own thread respectively. 
When the real time 3D construction is executing, these three threads need to work separately to ensure 
the whole system carries on without conflict. These three threads will not affect each other except that 
they each have a conditional variable, which is used to communicate with the major thread. The major 
thread (GUI) coordinates between these conditional variables and through them the GUI gains the 
ability to return a thread or its status. 
 
Multi-thread execution changes the performance of the separated thread, because the share of resources 
among different threads. But that is the cost we have to pay. The system needs these functions 
executing concurrently. The most significant change happened at the capture thread. If the capturing is 
in the major thread, the system is able to grab about thirty frames of images for a single camera. After 
the capturing is put into a separated thread, the number of frames captured is reduced to nine to ten for 
each of the two cameras. Since the car is typically moving very slow, such rate of capturing is more 
than enough to construct the point cloud data. On the other hand, the performance of motion control 
thread and the modeling thread does not change much. 
 
The multi-thread execution provides much more freedom and flexibility, with satisfying performance 
on each thread, including the major GUI/calibration thread, the motion control thread, the capturing 
control thread and the modeling thread. 

4.2 Capture/Modeling pipelining 
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Capture and modeling modules are arranged in a 
pipeline so that when the webcams has captured a 
frame and handed the image data to modeling module, 
they immediately go on capturing the next frame 
without waiting for the modeling thread to finish 
reconstructing the current frame. 
 
Such pipelining strategy is justified by the fact that 
when we do a single capture, the CPU usage is up to 
only 60% of one core and the other core is almost idle. 
We parallelize the execution of two webcams to take 
advantage of the extra computing capability. 
 
By analyzing execution time for each function, we 
find that capture/sync and modeling takes the bulk of 
execution time with 40ms and 58ms respectively, 
while point extraction and form point-pairs takes only 
several ms which is negligible. Therefore, we assign 

modeling as a separate thread, in order to achieve the best balance in thread workloads. 

4.3 Straight movement (PI loop) 

The PI closed-loop is employed to maintain the speed of two wheels close. Continuous adjustments to 
the speed of the left wheel towards that of the right wheel keep the car move in a straight line, which is 
essential for the accuracy of modeling. 
 
The PI controller responds to the speed difference of left and right wheel and generates a correction 
term to add to the current left MCB output. The correction term consists of P and I. P is the term 
proportional to the error which compensates an instantaneous change in speed and I is the integral of 
the error which offsets the error accumulated throughout history. The reason why we abandon the D 
term in the more general form of PID controller is because the encoder in our car is not very accurate, 
the noise will make the D term extremely unstable. 
 

4.4 Theoretically linear-time Pattern recognition 

4.4.1 the theory basis of the Algorithm 

In this algorithm, there are two key definition: 
D: the ratio between the number of pixels on circle and its radius 
△: the difference between the ideal radius and the actual radius 

For an ideal circle in the bitmap, when radius becomes large, the ratio D is close to 5.6, and the average 
△ is about 0.17, while the maximum △ is about 0.41. 
According to these two value, we can judge the existence of the circle in a given picture. In real world, 
consider the distortion of the circle, we can set Dreal to 4.3 and △real to 0.6. 
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4.4.2 the implementation of the algorithm 

The flow of the algorithm is given below: 
1. For a given bitmap, use Sobel’ s edge-detection algorithm to get the binary image of the 

primary bitmap. 
2. Partition the binary image into small rectangles which may contain circle. 
3. for each rectangle with width W, height H and Upper-left coordinate (xul, yul), check whether it 

contains circle. 
a. Set radius R: 12≤R≤min(W,H)/2 
b. Set point (x,y) with the condition (xul + R≤x≤xul – R+W and yul + R≤y≤yul – R+W). 
c. For each legal (R, x, y), initialize the count N=0, scan points in the rectangle, if its 

△≤0.6, then N=N+1. 
d. After the scanning is finished, if N>=R*D, than we can ensure that there is a circle in 

this rectangle. 
4. the algorithm ended. 

 

4.5 Faster images capturing 

When we talk about the capturing process, we are talking about taking dozens of pictures from two 
cameras concurrently. Not long after the integration of different components of project, the capturing 
process appears to be a bottle neck to better performance.  
 
A best solution is to tailor a new camera driver for the specific type of the cameras used. So we do. 
 
Two Philip 740 webcams are selected because of its higher sensitivity to the projection of laser over 
most other cameras tested. The video mode is PAL and the palette format is YUV420P. Using the API 
of Video for Linux, the new driver written for this specific type of camera is only 36.6KB (including 
the laser-projection-points extraction), comparing to the redundant 1.1MB SPCA driver.  
 
Only the necessary codes are included in the new driver, and capturing procedure is tailored for our 
special situation. The situation is we have two complement cameras and we need them to work 
concurrently. Also, a more efficient way of passing the laser-projection-points to the modeling part is 
required.  
 
Firstly, new designed driver drives the complement cameras at the same time, and two cameras are able 
to share part of the Video for Linux configuration, such as the channel and memory mapping status, to 
save time. Secondly, the memory mapping and YUV to RGB functions are called at the same time for 
the two complement cameras, thus the time variance between the two images from the two cameras is 
minimal. Thirdly, double buffering technique is used for each camera. Fourthly, new driver also 
optimized the data structure, with a self-defined structure type MyPoints. This data structure is 
constructed as the image is read from the result of memory mapping by Video for Linux. After the 
image is read from the memory, the construction of data of laser-projection-points is done as well. With 
the freedom of getting the data structure directly, no more cost is paid for extracting the laser-
projection-points other than combing the result of extracted laser-projection-points from two 
complement cameras (which is to be explained in 4.5 Linear-time image processing). The result data 
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MyPoints is then passed to the 3D-modeling part for further manipulated.  
 
All these effort taken here is worthy. A Green Channel is made possible from taking in images to 
passing the data to the 3D-modeling. It wastes no cycles, saves tremendous of time and provides a full 
control of the capturing procedure. When it comes to the integration part, the flexibility of the new 
driver shows again at its corporative interactions with other threads. 

4.6 Linear-time image processing 

After memory mapping the image captured by the cameras into the memory, we need to process the 
image to get the positions of the laser points in the two complement images. That is, for a same laser-
projection-point in the real world, it has a (u1, v1) coordinate position on the image taken from the left 
camera, and a (u2, v2) coordinate position on the image taken from the right camera. We say these two 
cameras are complement, and the images taken by them are complement. 
 
The execution time of each iteration in the capture&3D-modeling loop comes extremely expensive. 
The algorithm for laser-projection-points extraction, which is a filter in the capture&3D-modeling loop, 
has implemented a linear time algorithm, with a rather satisfying outcome.  
 
This linear algorithm is composed of two parts. One is a histogram filter. It extracts the pixels satisfy 
that the Red/Green/Blue value and Hue/Saturation/Value value in the range of a certain value on the 
histogram. The range is defined according to the environment (brightness of light, background color, 
etc.).  The other filter is called SCT Algorithm (Semi-continuity Tolerance Algorithm). It is linear 
while it is a spacial solution. SCT reads the input image, and process it line by line. Here a semi-
continuous point can be defined as a fixed number of cascading points which do not pass the histogram 
filter. For each line, the pixels that do not pass the histogram selection filter will be considered as 
discontinuous pixels. SCT tolerant semi-continuous points, and stretch as far as it could. For each semi-
continuous segment, the middle position is held as the laser-projection-point. Thus we can get the laser-
projection-points positions of the two complement images respectively. 
 
Other linear algorithms like histogram+edge detection, histogram+highest expectation position taken, 
etc. cannot work as well as histogram+SCT. In common cases, histogram+SCT could get perfect 
continuous and smooth laser-projection-points positions. But the result might be affected by the 
brightness of light or the material made up of the target modeling object. There are algorithms which 
may be more robust, but it probably cost more than linear time. Any non-linear algorithm is hardly 
acceptable in our capture/modeling loop. 
 
A vertical Median filter is imposed on the extracted points, to reduce the influence of noise light-spots 
that are not forming a vertical line segment. 
 
The last step of this linear algorithm is to pair the (u1, v1) and (u2, v2) of the same laser-projection-
point in the real world. Because the two cameras have the same height, we simply pair the points when 
v1=v2. If more than two points have the same v value, the points are paired in the ascending order of 
their u value. 
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4.7 High Mobility & Rich extendibility 

There is no mouse, no keyboard when the system is modeling the target object. The user could have the 
full control over the system by using the touch screen. These features keep the system simple and have 
a high level of mobility. 
 
Also, the system implements Object-Oriented Programming, which provides clear interfaces for 
changing algorithms. For example, the algorithm of laser-point-position extraction and pattern 
recognition could be easily replaced by other algorithms with same functionality. 
 
As to extendibility, the characteristic of our pattern recognition algorithm makes it possible for more 
complex combinations of functions to be triggered by recognizing different size of circles. 

4.8 User safety 

In our system, a laser gun is used for real word coordinate positions extraction. The laser gun is of the 
CLASS II LASER PRODUCT. The Class of a laser is defined by the American National Standards 
Institute (ANSI) according to the degree of hazard presented. And Class II is defined as the following: 
CLASS II LASERS: Class II lasers emit accessible visible laser light with power levels less than 1 
mW radiant power and are capable of creating eye damage through chronic exposure.  The human eye 
blink reflex, which occurs within 0.25 seconds of exposure to the Class II laser beam, provides 
adequate protection.  It is possible to overcome the blink response and stare into the Class II laser long 
enough to damage the eye.  Class II lasers are exempt from any control measures.  Equipment, such as 
some visible continuous wave Helium-Neon lasers and some laser pointers, are examples of Class II 
lasers. 
 

5 Performance Evaluation 

5.1 Frame process performance 

 
 
 
 
 
 
 
 
 

Original Image   Extracted Image   Centerline Image 
 
The pre-processing of the captured images is satisfactory. After histogram filter/SCT algorithm 
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extraction and a Median denoise filter, the centerline of the laser beam is extracted and in most cases 
each segment is smooth and continuous. 
 

5.2 Modeling performance 

 
We scanned objects with different surface shape and material under different lighting conditions 

for testing. 
 

5.2.1 Shape 

We pile several wood boards to form the shape of a stairway and wrap a piece of paper on a pop 
can to form a curve surface. From the generated model, we see clearly the depth change on stairway 
surface and the curving of the pop can wall. 
 

 
 
 

 
 
 
 

5.2.2 Material 

 Our scanning works best on materials that does not shine, such as paper and wood board. When 
scanning metal or plastic stuff, however, the model will involve serious noises due to the diffusion of 
laser beam on the shining surface. Human skin is also a good candidate for scanning. 
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5.2.3 Lighting condition 

 Our webcams are able to distinguish laser beam under usual room illumination, but some part of 
the object surface may be over-illuminated and fuse with the laser beam region in color, making it hard 
to extract the centerline correctly. Light shield is desired to reduce noises and usually will greatly 
increase the model quality. 
 

When working under completely dark environment, the webcams will automatically 
compensate the light by increasing brightness setting, the image quality is thus hard to predict. RGB or 
HSV threshold parameters may need to be reset after several trials. 

5.2.4 Pattern recognition performance 

The pattern recognition algorithm is able to recognize target within four frames. The average 
case is 2 to 3 frames. The algorithm is able to work robustly in different environment. Brightness and 
color doesn’t affect the recognition time. 

 

6 Conclusion  

 
The 3D Laser Scanning Minicar is able to construct proper 3D modeling of the target object. And the 
algorithms used in the system could work fast and smoothly, so that the 3D construction is in real time. 
 
 

  Pattern recognition return ‘true’ in 2 
frames after exposed. 

Pattern recognition return ‘false’ 
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