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A b s t r a c t .  In this paper we describe progress toward the development of 
an X-ray image analysis system for industrial inspection. Here the goal is 
to check part dimensions and identify geometric flaws against known toler- 
ance specifications. From an image analysis standpoint this poses challenges 
to devise robust methods to extract low level features; develop deformable 
parameterized templates; and perform statistical tolerancing tests for ge- 
ometry verification. We illustrate aspects of our current system and how 
knowledge of expected object geometry is used to guide the interpretation 
of geometry from images. 

1 I n t r o d u c t i o n  

Automatic Visual inspection is a major application of machine vision technology. How- 
ever, it is very difficult to generalize vision system designs across different inspection 
applications because of the special approaches to illumination, part presentation, and 
image analysis required to achieve robust performance. As a consequence it is necessary 
to develop such systems Mmost from the beginning for each applicatign. The resulting 
development cost prohibits the application of machine vision to inspection tasks which 
provide a high econonfic payback in labor savings, material efficiency or to the detection 
of critical flaws involving human safety. 

The use of Computer Aided Design (CAD) models has been proposed to derive the 
necessary information to automatically program visual inspection [16, 2]. The advantage 
of this approach is that the geometry of the object to be inspected and the tolerances 
of the geometry can be specified by the CAD model. The model can be used to derive 
optimum lighting and viewing configurations as well as provide context for the application 
of image analysis processes. 

On the other hand, the CAD approach has not yet been broadly successful because 
images result from complex physical phenomena, such as specular reflection a~ld mu- 
tual illumination. A more significant problem limiting the use of CAD models is that 
the actual manufactured parts may differ significantly from the idealized model. During 
product development a part design can change rapidly to acconmmdate the realities of 
manufacturing processes and the original CAD representation can quickly become obso- 
lete. Finally, for curved objects, the derivation of tolerance offset surfaces is quite complex 
and requires the solution of high degree polynomial equations [3]. 

An alternative to CAD models is to use an actual copy of the part itself as a reference. 
The immediate objection is that the specific part may not represent the ideal dimensions 
or other properties and without any structure it is impossible to know what attributes of 
the part are significant. Although the part reference approach has proven highly successful 
in the case of VLSI photolithographic mask inspection [5, 14] it is difficult to see how 
to extend this simple approach to the inspection of nmre complex, three dimensional, 
manufactured parts without introducing some structure defining various regions and 
boundaries of the part geometry. The major problem is the interpretation of differences 
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between the reference part and the part to be inspected. These differences can arise from 
irrelevant variations in intensity caused by illumination, uniformity or shadows. Even if 
the image acquisition process can be controlled, there will be unavoidable part-to:part 
variations which naturally arise from the manufacturing process itself, but are irrelevant 
to the quality of the part. 

In the system to be described here we combine the best features of the CAD model 
and part reference approaches by introducing a deformable template which is used to 
automatically acquire the significaut attributes of the nominal part by adapting to a large 
number of parts (e.g. 100). The template provides a number of important functions: 

- Part feature reference coordinates 
- Feature tolerances for defining flaw conditions 
- Domains for the application of specialized image feature extraction algorithms. 

In Section 2 we consider the theoretical concepts which determine the general struc- 
ture of a constraint template. Section 3 describes the general design and principal al- 
gorithms used in the current prototype inspection system. Experimental results demon- 
strating constraint templates applied to X-ray images of industrial parts are given in 
Section 4. We conclude in Section 5. 

2 Constraint Templates 

We have based the design of our inspection system on the definition of a template which 
consists of a set of geometric relationships which are expected to be maintained by any 
correctly manufactured instance of a specific part. It is important to emphasize that 
the template is a generic specification of the entire class of correct instances which can 
span a wide range of specific geometric configurations. We accommodate these variations 
by solving each time for an instance of the template which satisfies all of the specified 
constraints, while at the same time accommodating for the observed image features which 
define the actual part geometry. Currently, the system is focused on single 2D views of 
a part, such as X-ray projections. However, there is no limitation of the general concept 
to a single image, so that multiple 2D views or 3D volume data could be interpreted by 
a similar approach. 

More specifically, the template is defined in terms of the following primitive geometric 
entities; point, conic (ellipse, circle, hyperbola,line), bezier curve. These primitive curve 
types can be topologically bounded by either one or two endpoints to define a ray or 
curve segment. The geometric primitives are placed in the template in the context of a 
set of geometric relationships. The set of geometric constraints available are as follows: 

Incident Two geometric entities have at least one point in common. 
Coincident Two entities have exactly the same descriptive parameters. For example, two points 
are at the same location. 
Location Two points are constrained to be a fixed distance apart. Or more generally, the 
position of two entities is constrained by a distance relation. 
Angle The relative orientation of two entities is fixed. 
Parallel A specific case of angle, i.e. 0 ~ 
Perpendicular A specific case of angle, i.e. 90 ~ 
Symmetry  Symmetry can be defined with respect to a point or a line. That is a reflection 
across the point or line leaves the geometric figure unchanged. 
Tangent Continuity Two curve primitives are constrained to have equal tangents at a point. 
Equal Size The size of a primitive is defined more formally below but is essentially the scale 
of the entity. This constraint maintains two primitives to have equal scale factors. 
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Size in Ratio Two primitives have some fixed ratio in scale factor. 
Linear Size A set of entities are related by a linearly varying scale factor. This relationship is 
often observed in machine parts. 
Linear Spaeiug The distance between a~et of entities varys linearly over the set. Again, this 
constraint is motivated by typical part geometries. 

2.1 T h e  Conf igura t ion  Concep t  

We have developed the concept of the configuration which provides a systematic approach 
to the symbolic definition of geometric entities and many of the geonmtric relationships 
"just defined [12]. The geometric constraints are ultimately represented by a system of 
polynomials in the primitive shape variables and the constraint parameters. 

Except for scalar measures such as length and cosine, all geometric entities are repre- 
sented by configurations, which have parameters for the location, orientation, and size of 
the primitive shapes. Symbolically, these slots are represented by 2D vectors of variables. 
The location of a shape is described by 1T = (I,, ly). This location is usually the center 
or the origin of the local fi'ame of the primitive shape. The orientation of a shape in the 
plane is described by an angle O, or by a unit vector o T = (o,,ov) = (cos S, sin O). The 
later is used to avoid trigonometric functions and to use only polynomial functions of 
integer powers. The size of a shape, like for all ellipse, is represented by a vector having 2 
scale factors, (k,, kv) along the major and minor axes. To avoid division of polynomials, 
the inverse of the size is represented: for example, k T = (k , ,kv)  = (a - l , b  -1) for an 
ellipse. 

The configuration is an affine transformation matrix representing the translation, 
rotation, and scaling from the local coordinate frame (X,Y) of the shape to the image 
frame (x, y): 

0 C X )  = ( k ~ k v ) ( c o s 8  sinS~ ~ - l ~  

3 System Design 

3.1 Ph i lo sophy  

The inspection system operates in one of two functional modes; inspection template 
acquisition mode or part inspection mode, Figure 1. Inspection template acquisition, 
involves the derivation of a constraint template which encapsulates the expected geometry 
of a "good" part. Initially a template is created manually by a user through a graphical 
interface with the aid of blueprint specifications or inspection plans. Once a template 
is created, the system is run on a suite of images of "good" parts to refine the nominal 
template parameters and provide statistical bounds on parameter values. The end result is 
a template description which includes correction for inaccurate placement of prinfitives in 
the initial template creation process and which accurately reflects the true part geometry. 

Part inspection involves making decisions about whether parts contmn defects. For 
example, parts must not contain flaws produced by poor drilling and part dimensions 
must satisfy geometric tolerance specifications. In terms of image analysis tasks this pro- 
cess involves first extracting empirical geometric features from the image data via image 
segmentation and local feature parameterization. Global context for decision-nmking is 
provided via the inspection template which is deformed to the empirical prinlitives by 
first registering the template to image features and then applying nonlinear optimization 
techniques to produce the "best-fit" of the template to the empirical features. Finally, the 
deformed template description is used for verification of part feature dimensions and to 
provide the context for the application of specialized a.lgorithms for characterizing local 
flaWS. 
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Fig. 1. Flowchart of critical components of the inspection system. 
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Fig. 2. (a) A simplied example of requirements for an inspection template, and; (b) A snapshot 
in the process of template construction illustrating the introduction of a constraint after line 
primitive creation. 

3.2 Sys t em C o m p o n e n t s  

Essentially the inspection system can be divided into four functional modules: template 
creation; image feature extraction; template refinement and flaw decision-making. 

T e m p l a t e  Crea t ion .  A simplified example to illustrate the requirements for all inspec- 
tion template is shown in Figure 2a. The general template creation process involves first 
specifying a set of geometric primitives and then establishing the relationships between 
them. In our system this is achieved using a graphical template editing tool which allows 
the user to build a template composed of a selectiou of the 4 types of geometric primitive 
specified in section 2 which are related by any of 12 possible constraint types. Figure2b 
illustrates a "snap-shot" view in creating a template. 

Image Segmenta t ion .  The extraction of geometric primitives is achieved using a mor- 
phology bmsed region boundary segmentation technique. Details of this algorithm can 
be found elsewhere [13]. This algorithm locates, to pixel accuracy, boundary points on 
either side of an edge ms half boundaries which are 4-connected pLxel chains. A typical 
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output from the algorithm is shown in Figure 3b where both edges of the regions are 
highlighted. 

To detect subtle changes in image geometry and to achieve accurate feature param- 
eterization we have implemented a subpixel residual crossing localization algorithm. A 
morphological residual crossing is defined as the zero-crossing of the signed maz dilation- 
erosion residue, fmaxder(f) [13]: 

[fma~der(f)[ = rnax[]fer(f)[, [fdr(f)[] 

where, fer(f)  = f -  f O B ,  fdr(f) = f ~ B -  f ,  f is all image, B a structuring set, f ~  B 
and f O B are dilation and erosion respectively, and the sign of the residual satisfying the 
magnitude condition is attached to fma~der. Subpixel residual zero-crossings are found 
using the following algorithm: 

1. First, the residual values are interpolated by a factor 2 using a 7x7 pixel separable 
cubic spline interpolation filter [10]. This is done in the neighborhood of each point 
which belongs to a pixel accurate region boundary contour. 

2. Then, the residual crossing locations are located from the interpolated max dilation- 
erosion residue responses. This is achieved using a modified version of the predicate- 
based algorithm proposed by Medioni and Huertas for locating zero-crossings of the 
Laplacian of the Gaussian operator[8]. The result is an 8-connected single-pixel wide 
edge map with boundaries located to 0.5 pixel accuracy, Figure 3c. 

In the application, drilled hole features appear as dark elongated intensity regions 
in an image, of width approximately 4 pixels. They are extracted using the following 
algorithm. First, the image is enhanced by applying a morphological closing residue 
operator [9], using a disk of radius 5 pixels. Then, region boundary segmentation is applied 
to the filtered image. Figure 3b shows the closed contours detected to pixel accuracy 
where both sides of the edge between the two regions are highlighted. Subpixel precision 
edge locations are shown in Figure 3c. 

Empir ical  Fea ture  Cons t ruc t ion  and  Fea ture  Cor respondence .  The objective 
here is to derive a geometric representation from the image data which can be associated 
with the constraint template primitives. We view the features which are extracted by 
image segmentation to be empirical versions of the ideal template primitives. 

In the current implementation, correspondence is carried out as a search for the closest 
image feature to each template primitive. The distance measure in use is the Euclidean 
distance from the center of gravity of the image feature to the origin of the primitive's 
local reference frame (i.e. the location of the primitive's configuration). Although this 
correspondence method admittedly lacks the robustness required in general inspection 
applications, and depends upon fairly good image registration, it provides sufficiently 
accurate results in the case of the inspection task, and has the additional benefit of low 
computational overhead. In future work the correspondence problem will be considered 
in more detail. We expect to employ correspondence techniques which are specialized to 
each geometric prinfitive type. 

Once correspondence has been established, a set of empirical primitives is produced 
by fitting to the image feature pixel locations. The fitting procedure used is in general 
determined by the template primitive type. In the current version of the system we 
use eigenvectors of the feature point scatter matrix to derive the empirical geometric 
parameters [4] and first threshold out small features. The philosophy in use here is that 
it is preferable to let a missing feature signal a flaw of omission rather than attempting 
to interpret an inappropriate geometry. 
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Fig. 3. Drilled hole segmentation: (a) original; (b) region boundary segmentation; (c) subpixel 
localization of boundaries. In (b) both region edges have been marked which explains the ap- 
pearance of the boundaries as thick edges. 

C o n s t r a i n t  Solver.  The goal of the constraint solver is to solve the problem of finding 
an instance of the inspection template which satisfies all of the geometric constraints 
defined by the template and at the same time, nfinimizes the mean-square error between 
the template primitives and the image features. The mean-square error can be expressed 
as a convex function of the template parameters and a geometric description of the image 
features. 

Theoretical details of the approach can be found in [12]. Briefly, the two goals of 
finding the global minimum of a convex function, V ] ( x )  = 0, and satisfying the con- 
straints, h(x) = 0, are combined to give a constrained minimization problem. A linear 
approximation to this optimization problem is: 

V2f(x)  dx  = - V f ( x )  
Vh(x)  dx  = - h ( x )  (2) 

Since the two goals cannot in general be sinmltaueously satisfied, a least-square-error 
satisfaction of V f ( x )  = 0 is sought. The constraint equations are multiplied by a. factor 
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y/~, which determines the weight given to satisfying the constraints versus minimizing the 
cost function. Each iteration of (2) has a line search that minimizes the least-square-error: 

re(x)  = IVf (x) [  2 + c [h(x)J 2 (3) 

which is a merit function similar to the objective of the standard penalty method. 

Verif icat ion.  The output from the constraint solver is a set of deformed prinfitives which 
can by used for one of two purposes; either to further refine the parameter values and tol- 
erances of the inspection template, or for flaw decision-making. For example, the derived 
parameters from the deformed primitives can be compared to the template parmneters to 
detect geometric flaws such as inaccurate drilled hole diameters. The deformed inspection 
template primitives can also provide the context for applying specialized algorithms for 
characterizing shape and intensity-based properties of subtle flaws. Although the detec- 
tion of flaws is not the focus of this paper, preliminary results of flaw analysis will be 
illustrated in the experiments described in the next section. 

4 Experiments 

In this section, we present results from our current working system in action. This sys- 
tem has been designed using object-oriented methodology and implemented on SPARC 
workstations using the C++  language and the X-based graphics toolkit InterViews. 

/ 
Temp la t e  Crea t ion .  First, in Figure 2b, we illustrate the process of template creation. 
The set of configurations in the template contains a number of lines and a number of 
points. These geometric entities (or rather their counterparts in the image} are subjected 
to a number of constraints. The original telnplate and the template after deformation 
are shown in figure 4. 

Fig. 4. Template creation and solving for the best fit. (a) Template specification ; (b) Template 
after best fit. 

F e a t u r e  Tolermlce  M e a s u r e m e n t .  Next, we consider using inspection templates to 
acquire statistical tolerance information. Average values, and variations of length (ie size) 
and location parameters were collected for the 16 horizontal drill holes of a sample set 
of 10 "good" parts using the same inspection template. Table 1 shows the results for 
a selection of holes; numbers 4,6, 8 and 14 from the top. tlere the lengths have been 
normalized by the lengths output from the constraint solver. A histogram plot of the 
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Table 1. Normalized nominal values and tolerances for 
a sample set of 10 images using an inspection template. 

geometric measurements collected over 

measurement average s .d .  max min 
length of hole 4 0.997 0.011 1.020 0.974 
length of hole 6 0.995 0.062 1.010 0.971 
length of hole 8 0.995 0.02:1.018 0.971 
length of hole 14 0.998 0.011 1.018 0.984 
hole length for sample set 0.998 0.010 1.023 0.971 
outer boundary orientation 1.017 0.1~ 1.220 ).807 
sum of hole spacing 0.998 0.002 1.002 0.996 
hole separation 1.000 0.018 1.132 0.956 

normalized lengths for the 10 parts is shown in Figure 5a. Table 1 also shows statistics 
for the sum of hole spacings, hole separation and the orientation of the outer boundary. 
These global measurements were specified in the template by lhmar  spacing and linear 
size constraints. As the table shows, the agreement between the template model and 
image data is very good. This indicates the template accurately represents both critical 
local and global geometric parameters. 

G e o m e t r i c  Flaw Detec t ion .  Finally, we illustrate how a template can be used to 
detect geometric flaws. An image of an industrial part containing a flaw was analyzed by 
the system using the same inspection template as above. The normalized lengths of the 
drill holes were recorded as before. Figure 5b shows the updated histogram plot. As seen 
from the histogram one sample (unshaded) is more them 2a from the sample average. 
This sample corresponds to the defect drill hole (known as underdrill). 

HIMogram of normalized line lengths 
44 ,i 

40 

Updated hlatogmm 
45 

l l l l l  
LI. 1511 I I I I I  

- I I I I I  
10[ i: i u l m i l u m  

I I I I I I  .... 
5~  . l l l n l l  

l l l l l l l l _  
0 Q I  ~ n l l l l l l l l i  

Nom~lized lenglh 

Fig. 5. Histogram plots of (a) the lengths of holes for a sample set of 10 good parts. Lengths 
have been normalized by tile template values; and, (b) the updated histogram wl,ere the samples 
from a part containing a defect has been added to the sample set. The unshaded sample is more 
than 26 from the sample average. 
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5 Di scuss ion  

To smmnarize, this paper has described progress toward the development of a geometry- 
based image analysis system based on the concept of a deformable inspection template. 
We have described aspects of our approach, some of the key components of our inte- 
grated system and presented results from processing experimental data using our current 
implementation. 

Our approach differs from elastic 'snake' based techniques [1, 6] and intensity-based 
deformable parameterized contours [15] and templates [7] in a number of respects. First, 
we use geometric primitives rather than intensity based features as subcomponents to 
build the template, although the constraint solving machinery could be modified to handle 
this case. Second, a key idea our work addresses is how to use a deformable template for 
quantitative interpretation as opposed to feature extraction. Finally, our scheme allows 
for the derivation of generic deformable parameterized templates, which is clearly a major 
benefit for fast prototyping of new inspection algorithms. 
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