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Abstract 

 
Industrial machine vision inspection systems typically employ highly customized hardware and software, which 
require much expertise in setup and operation. At the same time, low-cost consumer imaging technologies such 
as digital cameras and web cameras provide somewhat lesser capability, yet are easy to setup and operate. A 
system composed of consumer cameras is a potential alternative to highly customized solutions. This paper 
describes a Reconfigurable Array for Machine Vision Inspection (RAMVI) comprising consumer web cameras. 
The array can be reconfigured to achieve different levels of performance in inspection applications. A novel two-
dimensional (2D) method for calibrating the camera array is described, which allows stitching together multiple 
images into a single high-resolution image. 
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1. INTRODUCTION 

 
Machine vision is commonly used in industry for the inspection of parts with great benefit to manufacturers. To 

date, most high-performance machine vision solutions employ high-cost / high-performance hardware and software 
for image acquisition and image processing. Often the integration of hardware and software requires significant 
engineering expertise and effort to create a successful system. 

This is in stark contrast to the commercial market for web cameras, which are very inexpensive and simple 
enough for a computer novice to set-up. Typically, for a low price and with little set-up time, one can acquire digital 
images. Web cameras are capable of performing the same kinds of tasks as industrial cameras, albeit with less 
accuracy. This is largely due to mass production, which has enabled web camera producers to significantly reduce 
the cost of their products and refine their software for ease of use in a commercial market. Unfortunately, industrial 
machine vision component manufacturers do not have the benefit of large consumer markets. Therefore their 
products are expensive and not nearly as user friendly as commercial products. This situation raises two questions: 
1) Is it possible to achieve high-performance inspection capability by employing consumer cameras? 2) Can this be 
done with significant cost savings? 

Similar questions have already been asked by other researchers. In fact, several systems based on consumer 
market components have been constructed. In [1, 2, 3] the authors demonstrated that low cost cameras can be 
arranged in arrays to achieve high-performance video and still image capture. The system clusters 64 commodity 
web cameras together in an array to function as a single video camera with the capability to provide improved 
performance in one or more imaging dimensions. Their goal is to achieve improved performance in resolution, 
signal to noise ratio, dynamic range, depth-of-field, frame rate, and spectral sensitivity. Specifically, they have 
demonstrated high-speed acquisition rates [2] and an ability to effectively see through foliage by combining images 
from several different cameras, each with a slightly different vantage point [3, 4]. 

In [5], the authors presented a camera array that can process light field information and perform all the 
calculations in real time. In [6], the authors developed a camera array that includes motion units to improve the 
quality of the resulting images. 

An image acquisition system that uses image sensors in a modular array was proposed, with field-of-view 
overlap in [7]. The system can be adapted to X-ray imaging, scanning, photocopying, security systems and the like. 
In [8], an illumination solution for a camera array for sheet inspection was proposed. A camera array system for 
pavement inspection was proposed in [9, 10]. A method and a system for reducing image distortion due to optical 
turbulence in a surveillance system using a stereo camera array were described in [11].  

In this paper, an approach is described that is similar to that taken by [1, 5] in that low-cost, standard cameras are 
configured into arrays. However, in this case, the cameras are arranged in a specific way to achieve high accuracy 
for the inspection of parts. The two key aspects of the proposed approach are the special design of the array 



structure, and the methodology for calibration. The former is unique because it is designed to be easily 
reconfigurable to accommodate different numbers of cameras, part shapes, or image resolution. Combined with the 
array structure is a practical calibration and image acquisition methodology that enables the acquisition of 
information from multiple cameras into a single image. Both the camera array and calibration methodology are 
described herein. Experimental results are also provided to assess the performance of this new approach.  
 
2. RAMVI SYSTEM ARCHITECTURE 
 

A Reconfigurable Array for Machine Vision Inspection (RAMVI) consists of a topologically 2–dimensional 
array of sensors and emitters housed in cells (Fig. 1) allowing individual adjustment for pan, tilt, standoff distance, 
and field-of-view. Special calibration algorithms are employed to combine information from all of the sensors into a 
single un-distorted image of a part surface. Such images are then analyzed using machine vision inspection software.   

Due to its adjustability, a RAMVI can be reconfigured to conform very closely to the region-of-interest on an 
inspected part. The system is able to acquire a high-resolution image, and is highly modular, allowing it to be 
quickly reconfigured to address various shapes and conditions. Thus, the definition of a part family can be very 
broad for a RAMVI.  The current capability of the RAMVI system given in this work includes 2D inspection of any 
planar part surface that requires high-resolution inspection (e.g. machined surfaces).  

Typically, each camera cell is positioned so that there is a slight overlap of the inspected regions between 
adjacent cameras. This ensures that a continuous image can be constructed from the sum of the individual images.  
In addition to sensors (e.g. cameras), the RAMVI cells may house different lighting solutions such as laser stripe 
generators, point light sources, and diffuse light sources.   

 

 
 

Fig.1. Example RAMVI Configurations 
 
3. SOFTWARE ARCHITECTURE 
 

The RAMVI software architecture comprises four major functions. The first is image acquisition, which is 
responsible for configuring, triggering, and acquiring digital information from each sensor in the array. The second 
is the RAMVI calibration / un-distortion process. This process determines the key parameters and matrix 
transformations that must be applied to individual images so that a single un-distorted image may be constructed. 
Once the calibration parameters are set, acquired images are processed through the image construction module. This 
generates a single continuous and un-distorted image of the inspected workpiece. Lastly, after the final image is 
obtained, standard machine vision inspection software processes it, and yields the desired inspection information 
(e.g. dimensional measurements). This section gives an overview of each of the aforementioned functions. Sections 
4 and 5 describe the calibration and image construction processes, which are a challenging aspect of a RAMVI. 

 
3.1. Image Acquisition 
 

The image acquisition module acquires, upon command, an image from each individual camera in the array. 
These images are stored in files and are later processed by the image calibration / un-distortion module. Current web 
camera software packages do not include the capability to programmatically control the set-up and triggering of 
multiple cameras. Therefore, the current RAMVI configuration employs a customized image acquisition module. 

The image acquisition module is composed of two major software elements. The first is a high-level command 
tool (written in C++) that controls the overall image acquisition and storage process. This command tool interfaces 
directly with the second software element, which is an ActiveX object software tool. During operation, triggering 
commands are sent from the high-level command tool to the ActiveX object software when it is necessary to acquire 
and store images. The ActiveX object software then handles low-level communication and control of the individual 
web cameras. The ActiveX object also individually controls camera parameters such as contrast and brightness. 
Currently, images are stored as files with a resolution of 640 x 480 pixels (VGA format). 
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3.2. Calibration / Un-Distortion 
 

The calibration module is used to calibrate the cameras individually, and then mutually, using images of a 
calibration rig. This process currently requires some manual user input.  

The RAMVI calibration procedure has three main steps. The first is to acquire images of a master calibration rig 
which has been placed in the same plane as the surface of the inspected workpiece. Images of the calibration rig 
must be acquired from every camera, and all cameras must be in focus. Furthermore, the images of adjacent cameras 
should overlap slightly (e.g., 10%) to ensure that a complete image of the calibration rig may be obtained.  

After image acquisition, each image of the calibration rig is individually used to calibrate the internal parameters 
of the corresponding cameras. During the process, the images are rectified to remove lens distortion (see Section 4). 

Finally, each rectified image is compared with the master calibration grid. The user picks at least four points on 
each image and corresponding points on the master calibration pattern. With these corresponding point pairs, image 
transformation matrices (Homographies) are calculated for the image construction module. 
 
3.3. Image Construction 
 

In the image construction module, the extracted transformation matrices (Homographies) are used to 
automatically assemble image files acquired from the workpiece into a single image (see Section 5). The result is a 
single, continuous, un-distorted image of the workpiece surface. The present capabilities of the calibration and 
construction processes are limited to two dimensions (2D). All the features that are located in the plane of inspection 
should appear as a single continuous image with very little distortion. However, any surfaces of the workpiece that 
are not in the plane of inspection will not connect well, and should not be considered. 
 
3.4. Inspection Processing 
 

Once the fully stitched image of the workpiece is obtained, it may be analyzed with standard machine vision 
inspection software. Example inspections include dimensions such as hole diameters and distances between features.  
Other inspections may include also the presence or absence of features, and surface flaw detection.   
 
4. INDIVIDUAL CAMERA CALIBRATION 
 

The problem of camera calibration has been widely studied in the literature and several solutions exist. One well-
known calibration method was suggested in [13] where both extrinsic parameters, consisting of camera position and 
orientation, and internal parameters, such as focal length and lens distortion parameters, are calculated. Variations 
on this technique are available in [14, 15]. Using similar formulation, the calibration procedure can be formalized 

using the following notation: A 3D point [ ]T
www ZYX 1=wp  expressed in the world coordinate system in 

homogenous coordinates can be transformed to a 3D point [ ]T
ccc ZYX 1=cp  in the camera coordinate 

system using the rigid body transformation T  as shown in eq. 1. Using a normalized pinhole camera projection, the 

point cp  can be projected to the image plane to point np  following eq. 2. 
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This projection, however, does not include lens distortion. This distortion is non-linear and can be expressed 

using eq. 3 to find the distorted projection point [ ]T
dd yx 1=dp . The coefficients 521 ,, kkk  constitute the 

radial distortion parameters while the coefficients 43,kk  relate to tangential distortion. The vector formed from the 

coefficients, [ ]Tkkkkk 54321=k ,  is part of the intrinsic camera parameters representing distortion. 



Finally, other intrinsic camera parameters such as the focal length [ ]21 ff=f , the principal point [ ]21 cc=c  

and the skew coefficient a  are applied to find the final image point [ ]Tpp yx 1=pp  in the image using the 

matrix formulation in eq. 4, where M is known as the camera matrix. 
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The methods in [14, 15], however, are not applicable if only a single view of a 2D calibration rig is available. 

For this reason several changes have been introduced to the method presented in [14] in order to allow extracting 
sufficient information for image un-distortion from a single image of a 3D calibration rig. 

The points [ ] niYX
Ti

w
i

w
i �110)()()( ="=wp  represent the grid corners of the ideal grid pattern, while 

[ ] niyx
Ti

p
i

p
i �11)()()( ="=pp  represent corresponding points on a single image. The first stage of the 

calibration method calculates the transformation T  using [14]. This calculation is performed assuming ideal 

intrinsic parameters of the camera matrix: [ ]11=f  as we are interested in results up to scale at this point; 0=a  

is a valid assumption for modern photography equipment; ( ) ( )[ ]2/12/1 --= hwc , where w  and h  
correspond to the image width and height in pixels respectively. 

Following these assumptions, the problem of extracting the intrinsic un-distortion coefficients k  becomes a 
linear least squares optimization problem and can be formulated as the over-constraint equation set in eq. 5. Notice 

that since T  and M  are known, )(i
dp  could be derived from )(i

pp  by inverting eq. 4, and )(i
np  could be easily 

calculated from )i(
wp  using eq. 1 and eq. 2.  After distortion parameters are calculated, image un-distortion for each 

individual camera is possible following the method provided in [14]. This rectification is essential for the next stage. 
 

�
�
�
�
�
�

�

�

�
�
�
�
�
�

�

�

-

-

-

-

=

�
�
�
�
�
�

�

�

�
�
�
�
�
�

�

�

�
�
�
�
�
�
�

�

�

�
�
�
�
�
�
�

�

�

+

+

+

+

)()(

)()(

)1()1(

)1()1(

5

4

3

2

1

6)()()()(2)(2)(4)()(2)()(

6)()(2)(2)()()(4)()(2)()(

6)1()1()1()1(2)1(2)1(4)1()1(2)1()1(

6)1()1(2)1(2)1()1()1(4)1()1(2)1()1(

22

22

22

22

n
n

n
d

n
n

n
d

nd

nd

nn
n

n
n

n
n

n
n

nnn
n

nn
n

nn
n

n
n

nn
n

n
n

nn
n

nn
n

nnnnnn

nnnnnn

yy

xx

yy

xx

k

k

k

k

k

ryyxyrryry

rxxryxrxrx

ryyxyrryry

rxxryxrxrx

��  (5) 

where: 
2)(2)()( i

n
i

n
i yxr +=  

 
5. MUTUAL CAMERA CALIBRATION 
 

When images are un-distorted, it is possible to combine images from several cameras into a single image. 
Cameras are set to view different areas on the workpiece with small overlaps. As each camera can obtain an image 
with a different orientation, simply cascading the images one onto the other will not result in a valid image. Instead, 
the images are transformed to a single reference plane. This transformation between images is known as a 
Homography and is portrayed in eq. 6 using homogenous coordinates for image coordinates. 
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The Homography,H , transforms the image from one image plane to another plane. In this case, the master 
calibration pattern, which is on a calibration rig, serves as a common reference to which the calibration images are 
transformed. There are two advantages in this approach. First, the master calibration pattern is in the XY plane, 
meaning that whatever the viewing angle of the cameras, the transformed image has no perspective effects. 
Moreover, since the size of the grid squares are known, the images are scaled to a known size. This allows us to 
overlook the focal length parameter during individual camera calibration and leave it for mutual camera calibration. 

To find mutual correspondence, the user selects points manually from the grid corners shown in the camera 
image. The user also selects a set of corresponding points from the master calibration pattern. The pattern has 
different colors to help the user match the points visually. The selection of grid corners is optimized to sub-pixel 
accuracy using [14]. The Homography between two images is then calculated up to scale from at least four 
corresponding point pairs using the DLT method [16]. The Direct Linear Transform (DLT) method receives each 
point pair and solves an over-constrained equation set to determine the matrix parameters as demonstrated in eq. 7 
while assuming 1'=w . 
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After the transformation is established for each image, the images are cascaded one on top of the other to create 

the resulting image. This image corresponds to an image that would have been taken by a single camera with higher 
resolution, viewing the same region from a direction perpendicular to the calibration rig. 

This method is suitable for images taken from a planar surface, thus it is suitable for inspection of machined 
surfaces. An example inspection of a machined surface is presented in sections 6 through 8. 
 
6. EXPERIMENTAL PROCEDURE 
 

A test set-up was constructed for the purpose of acquiring a line of images using five individual web cameras 
(Fig. 2a). The objective was to create a single, high-resolution, un-distorted, continuous, and accurate image of the 
surface of an engine cylinder head. This demonstrates an application in which a high-resolution image can be 
obtained by employing multiple low-resolution web cameras. 

 

(a)   (b)   
 

Fig. 2. a) Experimental RAMVI Set-Up, b) Engine Cylinder Head  
 

Fig. 2b shows an image of the inspected engine cylinder head. The view shows the combustion chamber face. 
This is a critical surface of the part because it includes the primary datum for the part. The RAMVI system was 
tested to see its applicability for the inspection of this two-dimensional (2D) surface, and in particular, the distance 
between the two primary locator holes.  

In the test configuration (Fig. 3) the cameras faced downwards onto the cylinder head surface and maintained a 
constant standoff distance of about 75mm from the surface. Since precision is quite important when measuring the 

Primary Locator Holes  
Primary Locator Holes  Primary Locator Holes  
Primary Locator Holes  Primary Locator Holes  
Primary Locator Holes  Primary Locator Holes  
Primary Locator Holes  



two locator holes, the RAMVI was configured to include five cameras in a line. This provided a three-fold increase 
in resolution over the use of a single camera. Four of the five cameras were positioned to view the part at significant 
angles to the part surface (Fig. 3). Each camera was individually focused to obtain a sharp image.   

A special calibration rig was created to enable calibration of the images according to the calibration procedures 
described in sections 4 and 5. Considerable care was taken to place the calibration rig in the same plane as the 
combustion chamber face during the inspection procedure. Upon completion, an error analysis was performed to 
determine the magnitude of distortions present in the final “stitched” image of the calibration rig. In addition, the 
final “stitched” image of the cylinder head surface was examined for any obvious discontinuities.  

 

 
 

Fig. 3.  RAMVI Camera Orientations 
 
7. EXPERIMENTAL RESULTS 
 

Fig. 4 shows the raw images of the calibration rig acquired by the RAMVI set-up. The images shown in the 
figure are arranged in positional order over the digitally perfect master calibration pattern. The images contain lens 
distortion, and they each exhibit varying degrees of perspective effects. The images at both ends were taken at the 
most extreme viewing angles and therefore exhibit the most significant amount of perspective effects. 
 

 
 

Fig. 4.  Raw Images of Calibration Rig 
 

Fig. 5 shows the final “stitched” image of the calibration rig after applying the transformation matrices to each of 
the five un-distorted images. Notice that the perspective effects have been removed and all five images have been 
joined into a single continuous image. Note also that the boundaries of the image are quite irregular. This is a result 
of removing the perspective from the images. As is expected, the images on the extreme ends show the greatest 
irregularity in shape since they had the most extreme perspective effect.   
 

 
 

Fig. 5.  Transformed and Stitched Image of the Calibration Rig 
 

Raw images of the cylinder head part surface are shown at the top of Fig. 6. Although the images have 
overlapping inspection regions, some features appear significantly different in adjacent images because of 
differences in viewing angles. Therefore, the un-distortion and transformation processes must change the 
characteristics of each image extensively in order to enable a meaningful inspection analysis. 
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The image shown at the bottom of Fig. 6 was obtained after applying the appropriate transformation parameters 
to the cylinder head images. The transformation process was able to successfully stitch the images into a single 
continuous image of the cylinder head. Careful inspection of the image reveals that there is almost no visible 
discontinuity as it pertains to areas that are on the same plane as the combustion chamber face.  However, in regions 
that are located below that surface, there is, in some cases, considerable discontinuity. This is because the calibration 
routines applied in this experiment are only valid for two dimensional (2D) surfaces. 

 

 
 

Fig. 6.  Pre-Processed Part Images and Complete Transformed Part Image 
 

To quantify the amount of distortion present in the images after transformation, error analysis was performed. 
The positions of points in the stitched image of the calibration rig were compared to their corresponding positions in 
the digitally perfect calibration rig.  The error was determined for each point with the formula given by eq. 8. 
 

( ) ( ) ( )22
mimimm yyxx,yxe -+-=      (8) 

where: ( )ii ,yx  is pixel position on the stitched image and ( )mm,yx  is pixel position on the calibration master. 

 

Fig. 7 shows the position errors as a function of the ( )x,y  pixel location in the image. There are some significant 
peaks in the errors. Overall, the average position error was 0.4593 pixels with a maximum error of 2.2284 pixels and 
a standard deviation of 0.2759 pixels.   
 

 
 

Fig. 7.  Position Errors in the Final Stitched Image 
 
8. EXAMPLE INSPECTION: HOLE DISTANCE MEASUREMENT 

 
To demonstrate feasibility, a measurement was made of the distance between locating holes in the previously 

described cylinder head. The constructed image was processed using standard machine vision inspection software 
[17]. The inspection software analyzed the image, detected the edges of the two locator holes, and reported that the 
distance between the centers of the holes was 1554.68 pixels. Afterwards, the measurements were manually 
converted to millimeters by multiplying by the average pixel size. A pixel size of 0.197mm/pixel was obtained by 
dividing the average grid cell size (3.1521mm) by its size in pixels (16 pixels). Finally, the distance between holes 
was computed as 0.197mm/pixel x 1554.68 = 306.272mm.  

Prior to the RAMVI inspection, a CMM determined the distance between the holes to be 305.942mm. By 
comparison, there was a 0.330mm difference between the RAMVI inspection result and the CMM. This difference 
can be explained by three possible error sources: 1) Calibration grid size estimation, 2) Inspection software edge 
detection error, and 3) Un-distortion and image transformation errors (see Fig. 7). For this experiment, the errors are 
estimated at 0.50mm (grid size standard deviation), 1.2mm (maximum edge detection error), and 0.44mm (average 



transformation error). Note that despite the possible magnitude of these errors, the measured result was more 
accurate. 
  
9. CONCLUSIONS 
 

This study demonstrates the potential use of reconfigurable camera arrays for 2-dimensional (2D) machine 
vision inspection. There are two important benefits of this approach. First, cost is significantly reduced by using 
mass-produced consumer cameras. Second, by applying the calibration techniques shown herein, the set-up effort is 
greatly reduced. Results gathered so far demonstrate that it is possible to inspect part surfaces using this technology. 
Possible applications for such a system may include: 2) Determining the presence / absence of assembled 
components or part features. 2) Detecting surface defects or visual abnormalities on surfaces. 3) Inspecting the size / 
position of part features.   

Presently, the system is limited to two dimensions (2D) and a manual calibration process. Future work will 
include full automation of the 2D calibration module and extension of the system capabilities to 3D. 
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