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Abstract

Industrial machine vision inspection systems tyfpyoamploy highly customized hardware and softwavkich
require much expertise in setup and operationh@tsame time, low-cost consumer imaging technotoglieeh
as digital cameras and web cameras provide somdes$sgr capability, yet are easy to setup and tpefa
system composed of consumer cameras is a potatftgahative to highly customized solutions. Thipga
describes a Reconfigurable Array for Machine Visiogpection (RAMVI) comprising consumer web cameras
The array can be reconfigured to achieve diffelevels of performance in inspection applicationsigvel two-
dimensional (2D) method for calibrating the camamay is described, which allows stitching togetimentiple
images into a single high-resolution image.
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1. INTRODUCTION

Machine vision is commonly used in industry for thepection of parts with great benefit to manufeets. To
date, most high-performance machine vision solstiemploy high-cost / high-performance hardware softivare
for image acquisition and image processing. Often integration of hardware and software requirgsificant
engineering expertise and effort to create a ssfgesystem.

This is in stark contrast to the commercial marfketweb cameras, which are very inexpensive anglgim
enough for a computer novice to set-up. Typicdbly,a low price and with little set-up time, onencacquire digital
images. Web cameras are capable of performing dhee skinds of tasks as industrial cameras, albel leiss
accuracy. This is largely due to mass productidnickvhas enabled web camera producers to significeeduce
the cost of their products and refine their sofeveor ease of use in a commercial market. Unfotelgaindustrial
machine vision component manufacturers do not hheebenefit of large consumer markets. Thereforsr th
products are expensive and not nearly as userdfgieas commercial products. This situation raises ¢uestions:
1) Is it possible to achieve high-performance ictipe capability by employing consumer cameras€a) this be
done with significant cost savings?

Similar questions have already been asked by o#wmarchers. In fact, several systems based omumens
market components have been constructed. In [B] 2he authors demonstrated that low cost camesasbe
arranged in arrays to achieve high-performanceovied still image capture. The system clusters @#ngodity
web cameras together in an array to function amglesvideo camera with the capability to provigeproved
performance in one or more imaging dimensions. Theal is to achieve improved performance in resof
signal to noise ratio, dynamic range, depth-ofdfifame rate, and spectral sensitivity. Specifycahey have
demonstrated high-speed acquisition rates [2] anabdlity to effectively see through foliage by doiming images
from several different cameras, each with a sligtifferent vantage point [3, 4].

In [5], the authors presented a camera array that grocess light field information and perform #ik
calculations in real time. In [6], the authors deped a camera array that includes motion unitsmprove the
quality of the resulting images.

An image acquisition system that uses image serisoes modular array was proposed, with field-ofwie
overlap in [7]. The system can be adapted to Ximegging, scanning, photocopying, security systentstae like.
In [8], an illumination solution for a camera arrly sheet inspection was proposed. A camera a&yatem for
pavement inspection was proposed in [9, 10]. A wethnd a system for reducing image distortion dueptical
turbulence in a surveillance system using a stea@tera array were described in [11].

In this paper, an approach is described that i#agito that taken by [1, 5] in that low-cost, siand cameras are
configured into arrays. However, in this case,dhmeras are arranged in a specific way to achiayhe dccuracy
for the inspection of parts. The two key aspectdhef proposed approach are the special designeofittay



structure, and the methodology for calibration. Tleemer is unique because it is designed to belyasi
reconfigurable to accommodate different numbersasfieras, part shapes, or image resolution. Combittbdthe
array structure is a practical calibration and imaarquisition methodology that enables the acdprisibf
information from multiple cameras into a single geaBoth the camera array and calibration methayokre
described herein. Experimental results are alsoiged to assess the performance of this new approac

2. RAMVI SYSTEM ARCHITECTURE

A Reconfigurable Array for Machine Vision InspectigRAMVI) consists of a topologically 2—dimensional
array of sensors and emitters housed in cells Bigllowing individual adjustment for pan, tiltasdoff distance,
and field-of-view. Special calibration algorithm®amployed to combine information from all of gensors into a
single un-distorted image of a part surface. Sotwdges are then analyzed using machine vision itispesoftware.

Due to its adjustability, a RAMVI can be reconfigdrto conform very closely to the region-of-intéres an
inspected part. The system is able to acquire b-fggolution image, and is highly modular, allowihgo be
quickly reconfigured to address various shapesamdlitions. Thus, the definition of a part familgncbe very
broad for a RAMVI. The current capability of thRVI system given in this work includes 2D inspextiof any
planar part surface that requires high-resolutimpéction (e.g. machined surfaces).

Typically, each camera cell is positioned so there is a slight overlap of the inspected regioesvben
adjacent cameras. This ensures that a continucageiroan be constructed from the sum of the indalittnages.
In addition to sensors (e.g. cameras), the RAMMlsamay house different lighting solutions suchlaser stripe
generators, point light sources, and diffuse Igghrces.
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Fig.1. Example RAMVI Configurations
3. SOFTWARE ARCHITECTURE

The RAMVI software architecture comprises four majonctions. The first is image acquisition, whigh
responsible for configuring, triggering, and acingrdigital information from each sensor in theagrrThe second
is the RAMVI calibration / un-distortion processhi§ process determines the key parameters and xmatri
transformations that must be applied to individinahges so that a single un-distorted image mayodnstoucted.
Once the calibration parameters are set, acquinades are processed through the image construotidale. This
generates a single continuous and un-distorted entiighe inspected workpiece. Lastly, after thalfimage is
obtained, standard machine vision inspection saéwaocesses it, and yields the desired inspedtifmmmation
(e.g. dimensional measurements). This section gimesverview of each of the aforementioned funastid®ections
4 and 5 describe the calibration and image construprocesses, which are a challenging aspecRAMVI.

3.1. Image Acquisition

The image acquisition module acquires, upon commandmage from each individual camera in the array
These images are stored in files and are laterepsaal by the image calibration / un-distortion n@dQurrent web
camera software packages do not include the cayatul programmatically control the set-up and ¢egng of
multiple cameras. Therefore, the current RAMVI éguafation employs a customized image acquisitiomlufe.

The image acquisition module is composed of twoomspftware elements. The first is a high-level omand
tool (written in C++) that controls the overall ig@acquisition and storage process. This commanidrierfaces
directly with the second software element, whiclamsActiveX object software tool. During operatidriggering
commands are sent from the high-level commandttotile ActiveX object software when it is necesdargicquire
and store images. The ActiveX object software tha@ndles low-level communication and control of itividual
web cameras. The ActiveX object also individualbntols camera parameters such as contrast anhtieis.
Currently, images are stored as files with a regmiuof 640 x 480 pixels (VGA format).



3.2. Calibration / Un-Distortion

The calibration module is used to calibrate the exa® individually, and then mutually, using imagdsa
calibration rig. This process currently requiresisananual user input.

The RAMVI calibration procedure has three main stéfhe first is to acquire images of a master catiibn rig
which has been placed in the same plane as thacsudf the inspected workpiece. Images of the ieidn rig
must be acquired from every camera, and all canmeress be in focus. Furthermore, the images of adjacameras
should overlap slightly (e.g., 10%) to ensure thabmplete image of the calibration rig may be ioletz.

After image acquisition, each image of the caliloratig is individually used to calibrate the intat parameters
of the corresponding cameras. During the prochesntages are rectified to remove lens distortsse (Section 4).

Finally, each rectified image is compared with thaster calibration grid. The user picks at least fwints on
each image and corresponding points on the maaliération pattern. With these corresponding ppaits, image
transformation matrices (Homographies) are caledl&br the image construction module.

3.3. Image Construction

In the image construction module, the extractechsfia@mation matrices (Homographies) are used
automatically assemble image files acquired frommvlorkpiece into a single image (see Section 5¢ fEsult is a
single, continuous, un-distorted image of the wa&e surface. The present capabilities of the aidn and
construction processes are limited to two dimerss{@D). All the features that are located in thempl of inspection
should appear as a single continuous image with Mtle distortion. However, any surfaces of therkpiece that
are not in the plane of inspection will not conneetl, and should not be considered.

3.4. Inspection Processing

Once the fully stitched image of the workpiece ligained, it may be analyzed with standard machismwv
inspection software. Example inspections inclugeetisions such as hole diameters and distanceséefeatures.
Other inspections may include also the presenedsence of features, and surface flaw detection.

4. INDIVIDUAL CAMERA CALIBRATION

The problem of camera calibration has been widelglied in the literature and several solutionstexime well-
known calibration method was suggested in [13] wheth extrinsic parameters, consisting of camesitipn and
orientation, and internal parameters, such as flecejth and lens distortion parameters, are catedlavariations
on this technique are available in [14, 15]. Usamgilar formulation, the calibration procedure damformalized

to

using the following notation: A 3D poirfd,, = [XW Y, Z, 1]T expressed in the world coordinate system in

homogenous coordinates can be transformed to acd p, = [XC Y. Z, 1]T in the camera coordinate

system using the rigid body transformatidn as shown in eq. 1. Using a normalized pinhole cameojection, the
point P can be projected to the image plane to ppiptfollowing eq. 2.
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This projection, however, does not include lengadion. This distortion is non-linear and can beressed
using eq. 3 to find the distorted projection popy = [Xd Y4 1]T . The coefficientsk;, K, , ks constitute the

radial distortion parameters while the coefficielts k, relate to tangential distortion. The vector fornfiemin the

coefficients,k = [k1 kK, k; K, k5]T , is part of the intrinsic camera parameters regming distortion.



Finally, other intrinsic camera parameters sucthagocal lengthf = [fl fz], the principal pointC = [C1 Cz]

and the skew coefficien® are applied to find the final image poipib = [Xp Yo 1]T in the image using the
matrix formulation in eq. 4, where M is known as ttamera matrix.

Py = (1+ K,r?+k,r* +k5r6)|on +[2k3xnyn +k4(r2 +2x§) k3(r2 +2y§)+2k4xnyn]T 3)

where: I =1/er + yrf

ff.a ¢
P, =Mpy; M=0 f, ¢ 4
0O 0 1

The methods in [14, 15], however, are not applieabbnly a single view of a 2D calibration rig available.
For this reason several changes have been intrddocihe method presented in [14] in order to alkextracting
sufficient information for image un-distortion froansingle image of a 3D calibration rig.

The pointsp‘(,f,) = [Xv(vi) ngi) 0 l]T "i=1 n represent the grid corners of the ideal grid paftehile

i ; ; T, -
S) = [XS) y(p') 1] "1=1 n represent corresponding points on a single imdde. first stage of the
calibration method calculates the transformatidn using [14]. This calculation is performed assumidgal

intrinsic parameters of the camera matfix= [1 1] as we are interested in results up to scale sipthint; @ =0
is a valid assumption for modern photography eqeip!mc=[(W- 1)/2 (h- 1)/2], where W and h

correspond to the image width and height in pixetpectively.

Following these assumptions, the problem of eximgcthe intrinsic un-distortion coefficient& becomes a
linear least squares optimization problem and @folmulated as the over-constraint equation segins. Notice

that sinceT and M are known,pg) could be derived fron’pg) by inverting eqg. 4, ancps) could be easily

calculated frompf,iv) using eq. 1 and eq. 2. After distortion paransetee calculated, image un-distortion for each
individual camera is possible following the mettprdvided in [14]. This rectification is essentiaf the next stage.
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5. MUTUAL CAMERA CALIBRATION

When images are un-distorted, it is possible to liom images from several cameras into a single émag
Cameras are set to view different areas on the pieck with small overlaps. As each camera can mlaaiimage
with a different orientation, simply cascading theges one onto the other will not result in ad/étnage. Instead,
the images are transformed to a single referenaaeplThis transformation between images is knowra as
Homography and is portrayed in eg. 6 using homogsgicoordinates for image coordinates.

X h, h, h; X
P, = y' = pr = hy hy, hy vy (6)
w hy, hy, hy 1



The HomographyH , transforms the image from one image plane tohamoplane. In this case, the master
calibration pattern, which is on a calibration rsgrves as a common reference to which the cabbranages are
transformed. There are two advantages in this @&gproFirst, the master calibration pattern is i@ XY plane,
meaning that whatever the viewing angle of the casjethe transformed image has no perspective teffec
Moreover, since the size of the grid squares amvkn the images are scaled to a known size. Thisvalus to
overlook the focal length parameter during indidbcamera calibration and leave it for mutual caaelibration.

To find mutual correspondence, the user selectstpananually from the grid corners shown in the eam
image. The user also selects a set of corresporgbigs from the master calibration pattern. Thégoa has
different colors to help the user match the poingsially. The selection of grid corners is optindz® sub-pixel
accuracy using [14]. The Homography between twogesais then calculated up to scale from at least fo
corresponding point pairs using the DLT method [T8}e Direct Linear Transform (DLT) method receiwzxch
point pair and solves an over-constrained equat@irto determine the matrix parameters as demadoedtia eq. 7

while assumingw'=1.

x® y(l) 1 0 0 0 -xOx® _yxO® y(l) x'®
h,
x® y(i) 1 0 0 0 - x0Ox® - x'® y(i) llz x'®
h
xW x™ 1 0 0 0 - xMxm _ e y(n) h21 _ X' @)
0 0O 0 x® y(l) 1 - y-(l) x® . y'(l) y(l) h22 y-(l)
hs
0 o o x® y(i) 1 - y-(i) x - y'(i) y(i) hal y'(i)
h,
0 0O o0 x" y(n) 1 - y-(n) xM y'(n) y(n) y'(n)

After the transformation is established for eachgm the images are cascaded one on top of thetotheeate
the resulting image. This image corresponds tareage that would have been taken by a single cawighiehigher
resolution, viewing the same region from a diratfi@rpendicular to the calibration rig.

This method is suitable for images taken from aalasurface, thus it is suitable for inspectiom@dchined
surfaces. An example inspection of a machined serifapresented in sections 6 through 8.

6. EXPERIMENTAL PROCEDURE

A test set-up was constructed for the purpose qtiidng a line of images using five individual webhmeras
(Fig. 2a). The objective was to create a singlghiesolution, un-distorted, continuous, and adeuiaage of the
surface of an engine cylinder head. This demorestranh application in which a high-resolution image be
obtained by employing multiple low-resolution wednteras.

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

Fig. 2b shows an image of the inspected enginendgti head. The view shows the combustion chamioer fa
This is a critical surface of the part becausendudes the primary datum for the part. The RAMYs$tem was
tested to see its applicability for the inspectifrihis two-dimensional (2D) surface, and in parée, the distance
between the two primary locator holes.

In the test configuration (Fig. 3) the cameras dadewnwards onto the cylinder head surface and taiaed a
constant standoff distance of about 75mm from tliéase. Since precision is quite important when sneag the



two locator holes, the RAMVI was configured to indé five cameras in a line. This provided a thi@d-increase
in resolution over the use of a single camera. Bbtine five cameras were positioned to view the: gasignificant
angles to the part surface (Fig. 3). Each camegindividually focused to obtain a sharp image.

A special calibration rig was created to enablécafion of the images according to the calibrajwocedures
described in sections 4 and 5. Considerable caretal@®n to place the calibration rig in the samanelas the
combustion chamber face during the inspection ghoee Upon completion, an error analysis was peréal to
determine the magnitude of distortions presentefinal “stitched” image of the calibration righ &ddition, the
final “stitched” image of the cylinder head surfacas examined for any obvious discontinuities.

75mm

8 deg. 4.5 deg. 0 deg. -4.5 deg. -8 deg.

Fig. 3. RAMVI Camera Orientations

7. EXPERIMENTAL RESULTS

Fig. 4 shows the raw images of the calibrationaggjuired by the RAMVI set-up. The images shownhia t
figure are arranged in positional order over thgitdily perfect master calibration pattern. The g®s contain lens
distortion, and they each exhibit varying degreepearspective effects. The images at both ends taden at the
most extreme viewing angles and therefore exHilgithost significant amount of perspective effects.

Fig. 4. Raw Images of Calibration Rig

Fig. 5 shows the final “stitched” image of the badition rig after applying the transformation megs to each of
the five un-distorted images. Notice that the pectipe effects have been removed and all five imdgere been
joined into a single continuous image. Note alsd the boundaries of the image are quite irregdlais is a result
of removing the perspective from the images. Aexpected, the images on the extreme ends showrdategt
irregularity in shape since they had the most exér@erspective effect.

Fig. 5. Transformed and Stitched Image of thel€ation Rig

Raw images of the cylinder head part surface amvshat the top of Fig. 6. Although the images have
overlapping inspection regions, some features appanificantly different in adjacent images bemusf
differences in viewing angles. Therefore, the uwstalttion and transformation processes must chahge t
characteristics of each image extensively in otd@nable a meaningful inspection analysis.



The image shown at the bottom of Fig. 6 was obthafeer applying the appropriate transformatiorapaaters
to the cylinder head images. The transformatiorcgge was able to successfully stitch the images ansingle
continuous image of the cylinder head. Careful éusipn of the image reveals that there is almostvisible
discontinuity as it pertains to areas that arehenseme plane as the combustion chamber face. ‘éowe regions
that are located below that surface, there ispimescases, considerable discontinuity. This is imeshe calibration
routines applied in this experiment are only vétidtwo dimensional (2D) surfaces.

(S Y A

Fig. 6. Pre-Processed Part Images and Completesforaned Part Image
To quantify the amount of distortion present in tihmages after transformation, error analysis wafopmed.

The positions of points in the stitched image &f talibration rig were compared to their corresjoggositions in
the digitally perfect calibration rig. The erroasvdetermined for each point with the formula gitgreq. 8.

&% V) =3 (% = X+ (¥ - V)’ ®)

where: ()q ,yi) is pixel position on the stitched image a()qn,ym) is pixel position on the calibration master.

Fig. 7 shows the position errors as a functiorhef(tx,y) pixel location in the image. There are some sigaift

peaks in the errors. Overall, the average poséioor was 0.4593 pixels with a maximum error of282 pixels and
a standard deviation of 0.2759 pixels.

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

To demonstrate feasibility, a measurement was noddbe distance between locating holes in the presty
described cylinder head. The constructed image prasessed using standard machine vision inspestfware
[17]. The inspection software analyzed the imagdeded the edges of the two locator holes, anortegh that the
distance between the centers of the holes was @85dixels. Afterwards, the measurements were méanual
converted to millimeters by multiplying by the azge pixel size. A pixel size of 0.197mm/pixel wddained by
dividing the average grid cell size (3.1521mm) tsysize in pixels (16 pixels). Finally, the distarfeetween holes
was computed as 0.197mm/pixel x 1554.68 = 306.272mm

Prior to the RAMVI inspection, a CMM determined thestance between the holes to be 305.942mm. By
comparison, there was a 0.330mm difference betwseRAMVI inspection result and the CMM. This diféace
can be explained by three possible error source€alibration grid size estimation, 2) Inspectiafteare edge
detection error, and 3) Un-distortion and imagegfarmation errors (see Fig. 7). For this experimée errors are
estimated at 0.50mm (grid size standard deviatibr®mm (maximum edge detection error), and 0.44ewerage



transformation error). Note that despite the pdssibagnitude of these errors, the measured resast nvore
accurate.

9. CONCLUSIONS

This study demonstrates the potential use of régorgble camera arrays for 2-dimensional (2D) maehi
vision inspection. There are two important beneditghis approach. First, cost is significantly wedd by using
mass-produced consumer cameras. Second, by appiralibration techniques shown herein, the petftort is
greatly reduced. Results gathered so far demoaedtrat it is possible to inspect part surfacesguiis technology.
Possible applications for such a system may incl®jeDetermining the presence / absence of assemble
components or part features. 2) Detecting surfafects or visual abnormalities on surfaces. 3)dotpg the size /
position of part features.

Presently, the system is limited to two dimensi¢2B) and a manual calibration process. Future weitk
include full automation of the 2D calibration moe@nd extension of the system capabilities to 3D.
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