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Abstract

Since the mid-1970s, a large number of visual inspec-
tion systems and algorithms for industrial inspection have
been developed. To be acceptable in industry, vision sys-
tems must be inexpensive, within the speed of the produc-
tion-line flow, and very accurate. Furthermore the system
should be flexible enough to accommodate changes in pro-
ducts. This flexibility can only be achieved by a modular
concept that allows a quick and inexpensive adaption of the
inspection process to changes in production. This paper
presents a concept for visual inspection where the detection
of primitives is separated from the model-based analysis
process. Existing pattern recognition software is re-used in
the detection stage and therefore the use of any detection
algorithm is possible without changing the analysis process.
The visual inspection of analog display measuring instru-
ments serves as a demonstration of this concept. Results
concerning time, accuracy, and reliability for the specific
inspection task are given at the end of the paper.

1. Introduction

In mass-production manufacturing facilities, an attempt
is made to achieve 100% quality assurance of all products.
One difficult task in this process is the inspection that seeks
to identify both functional and cosmetic defects [4]. With
an emerging requirement for quality control within the
manufacturing industry, visual inspection of the product be-
comes a necessity. The key to solving the problem of flexi-
bility is the development of visual inspection systems which
are able to inspect different objects without or only partly
changing the analysis algorithm. While visual inspection is
high in potential, at present the design and implementation
of automatic inspection systems is labour-intensive. Inspec-
tion systems have been developed in igsolation with no sys-
tematic approach, a fact which has led to the design of in-
flexible customized solutions involving high system engi-
neering costs [3,5,14). Furthermore there is a lack of soft-
ware re-use; the computing world consists of developers
with similar problems who implement similar solutions, all
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in isolation. By using libraries of generic code modules,
much of the programming work could be avoided [21].

In the design of systems that are easy to install, modify,
and support one should distinguish two kinds of application
areas in visual inspection: inspection of unstructured
images like surface inspection, often based on defect reco-
gnition and classification; and inspection of well-structured
images resulting from well-structured objects to be inspect-
ed to determine whether they variate from idealized geo-
metric properties [17]. Defect recognition problems are
usually solved using template matching techniques [5]
where systems using knowledge based defect classification
were developed [15]. The development of universal in-
spection systems for the second kind of inspection is diffi-
cult since inspection applications deal with different objects
with different features to be extracted.

One solution lies in the separation of the application in-
dependent detection process from the application-dependent
analysis process. For this purpose, existing standard pat-
tern recognition algorithms can be used to detect the primi-
tives in the intensity image, no specific pattern recognition
software has to be developed for a specific problem. Seve-
ral existing algorithms are adapted by adding a standard-
ized interface, tested for the given inspection task and used
if they achieve a certain pre-defined detection rate under
the constraint. Thus the imaging geometry and the illumi-
nation condition are fixed in the final industrial setting.

This paper describes a visual inspection concept intro-
ducing the separation of detection and analysis process for
inspection tasks (section 2) and explains how existing soft-
ware can be re-used to solve the problem of the calibration
of watermeters; used as a demonstration of the concept
(section 3). The paper concludes with experimental results
concerning time, accuracy and reliability, showing that the
developed visual inspection process can be successfully
used. Furthermore the benefits of the separation of detec-
tion and analysis process are discussed.

2. Separation of detection and analysis

Since the success of feature-based inspection techniques
depends on the quality of feature detection, this problem



has been the subject of considerable enquiry over the last
ten years. Expert systems are continually being developed
to solve and refine the feature detection problem on given
objects to be inspected [9]. Image segmentation problems
belong to the mathematical class of inverse ill-posed prob-
lems {16]. There exists no unique and stable transformation
function that can build a specific representation of a scene,
starting from any kind of observation. To overcome this
problem, one has to reduce the number of acceptable solu-
tions by introducing a priori knowledge of the problem
space on the solution space and by considering the detec-
tion process as broken down into a sequence of sub-prob-
lems, that are either well-posed problems or problems for
which classical regularization methods exist.

The problem space usually includes all possible in-
stances of the problem. First, all elements to which the in-
spection algorithm should apply must be described. The
primitives of the object form the vocabulary of the descrip-
tion language and relations among the elements constitute
the grammar. The model on which the inspection is based
is formulated by defining relations between the object pri-
mitives and contains the application-specific information
for the analysis. The benefit of separating detection and
analysis process lies in re-using existing detection routines
provided by pattern recognition software libraries.

2.1. Detection

In the case of 2D-industrial inspection, objects can be
represented by simple geometric forms such as lines, tri-
angles, rectangles, circular arcs, circles, characters and the
like. For any of these primitives it is necessary to define
their generic parameters in order to be able to define a
standard interface for the detection algorithms.

It is possible to compile a large library of operators and
then to envision the building of a primitiva detection ap-
plication as the generation of a program, through selection,
parameter adjustment and linking of operators [13]. Since
multiple algorithms for each processing algorithm are pos-
sible, control rules taking image characteristics into ac-
count assist in the determination of an appropriate solution
and in determining appropriate parameter values for the
operations. If processing costs are available for each opera-
tion, then a minimum cost function can be taken into consi-
deration. The steps in the plan can either be executed inter-
actively with the user [6] or using a knowledge base which
is able to solve this kind of problem [7,8]. If primitives can
be formulated by parametric models, generic algorithms
can be used to robustly extract the primitives [20].

There are pattern recognition and image processing
packages like KHOROS, KBVision, Ad Oculos, to name
a few, which offer a variety of different algorithms used
for detection. For every given primitive there should exist
two or more different detection algorithms for detection.
Each of the methods has to be tested within the industrial

environment where the inspection system is to be used with
regard to the constraint of unchanging imaging geometry
and illumination in the final inspection system. If a de-
tection algorithm reaches a certain threshold of recognition
rate in an extensive testing phase (typically more than
98%) it can be used for the final inspection system.

2.2. Analysis

The generic parameters of the primitives together with
the relations among the primitives form the model of the
object to be inspected. This model is an organized repre-

- sentation of the primitives extracted from the object provi-
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ding adequate descriptions and information. This repre-
sentation can be generalized as a model consisting of a
graph structure in which nodes represent the primitives and
the arcs in the graph the relations between the primitives.
A priori information concerning the quality standard (e.g.
manufacturing and detection tolerances [11]) can also be a
part of the model. From the point of view of the descrip-
tion language, the modeling can be interpreted as a syntac-
tic pattern recognition approach in which the primitives are
transformed into the vocabulary and the relations are trans-
formed into a string grammar {10]. The most important re-
lations among primitives are spatial relations like distances
and angles. For any application, rules necessary for cor-
rectly inspecting the object can be added.

3. Visual inspection of watermeters

The visual inspection of analog watermeters serves as
a demonstration of the proposed separation of detection and
analysis process. The selection, parameter adjustment and
linking of primitiva detection algorithms were performed
manually. In industrial settings, especially in the presence
of fluids, analog measuring instruments are still used in-
stead of digitally-monitorable instruments. These instru-
ments have to be calibrated by human workers after the
manufacturing process. In the calibration of a watermeter,
the instrument is read, a given amount of water is conduct-
ed through it, and then it is read once more. Reading a
measuring instrument means detecting the position of scales
and pointers in the intensity image in order to determine
the value displayed by the measuring instrument. An auto-
mated inspection provides faster execution and a possibility
for quality assurance in the watermeter production. In
some literature this inspection is also referred as testing
[14] but since the inspection is based on the detection of
positions of primitives and very similar to "classical" visual
inspection, we regard this calibration as visual inspection.

3.1. Primitives, relations, and constraints

The first step in the design of the inspection system is
the determination of primitives and the relations between



the primitives as a basis for the analysis process and the re-
sulting detection stage. Three primitives describe waterme-
ters: pointers, scales, and lettering elements (see Fig. 1).

A pointer can have any symmetric shape with an detec-
table medial axis such as a triangle, a rectangle or a combi-
nation of both. The shape is defined by a bitmap, contai-
ning half of the shape and the medial axis. The shape of a
scale depends on the motion of the pointer. The shape of
the scale for a rotating pointer is a circle or a circular arc.
Pointers moving straight have rectangular scales. There are
other layout elements of a measuring unit that carry infor-
mation about the measurement and the global orientation,
classified as lettering. This includes writings such as com-
pany name and firm’s logo.

Serial number

Following the description of the primitive, a graph con-
taining the generic parameters of the primitives and their
relations is formed. Fig. 2 shows the graph designed for
the calibration of watermeters. The measurement space de-
fines which unit and which value the measuring unit, con-
sisting of a scale and a pointer, displays and at which
sample rate the displayed value can be read. The mea-
suring space also defines the absolute measuring value
which the measuring instrument displays as a combination
of all measuring units.
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Fig. 2 Analysis model for watermeters

The relations among primitives are defined in the gram-
mar of the description language. The most important rela-
tions are the spatial relations and in the case of analog in-
struments the semantic relations, indicating the interdepen-
dency among the different primitives forming one measure-
ment value (for details see [18]).

Besides the primitives and the relations between primiti-
ves, several constraints are given by the industrial environ-
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ment. The most important of these are computation time,
accuracy, extendibility to other instruments, and cost.
After defining the primitives to be searched for, pattern
recognition algorithms for detecting primitives in the inten-
sity image have to be tested.

3.2. Image acquisition

In order to ensure an accurate analysis, the image of the
object should have high contrast and there should not be
any shadows or reflections in the image. We used a com-
mercial quality monochrome CCD camera in connection
with a framegrabber board that can handle both the camera
resolution and frame rate fixed in a standard PC 486/66.

Like most measuring instruments, a watermeter is cov-
ered with a glass plate. As a result there are specific prob-
lems with specular light and shadows. Specular light does
not permit reading of the pointers, because a highlight in
the area of a pointer makes the pointer invisible and there-
fore unreadable. A homogeneous, diffuse illumination of
the measuring instrument is necessary to obtain a good ba-
sis for further computation. A tube with a diffuse, specular
inner surface is affixed to the measuring instrument. The
lighting itself consists of using a cold light source in
combination with a fibre optics cable in order to avoid
hazardous voltage in the illumination device. To reduce the
specular component of the reflection on the glass plate a
polarizer - analyzer filter system is used. The polarizer is
in front of the light source so that there is only one light-
wave direction; the analyzer (a polarizing filter) is in front
of the camera lens in order to filter out all light directions
other than the illumination light direction. This setup
shown in Fig. 3 ensures that neither highlights nor shadows
disturb image acquisition.
to framegrabber

1

to light source

Camera Cabie

Illumination ring

Reflecting tube

: k,-;&k\\
Measuring instrument Pointer
Fig. 3 Auachment device including illumination

3.3. Detection of watermeter primitives

For the inspection of watermeters, the primitives to be
detected are circles, rectangles, pointers, and lettering ele-
ments. Therefore, algorithms for detecting these shapes



were selected and tested in order to read the value dis-
played by the measuring instrument.

To detect circular, arc-shaped scales in the intensity
image, we used a circular arc detection method based on
the Hough transformation [12]. The result of circle detec-
tion is a set of potential candidates for arcs and circles.
The circular Hough transformation estimates the position
and the radijus of the circular arc or circle. To verify if the
candidate is a valid circle, the edge points of the supposed
circle are counted along the circle. If the density of detec-
ted edge points on a sector of a certain angle is more than
70% of the circle points in the sector, this sector is accep-
ted as a circular arc; if 70% of the circle sectors are accep-
ted, the supposed center is a center of a circle.

Rectangular scale detection is based on the grouping of
four straight lines, which we can detect by using an ap-
proach by Burns et.al. [2]. An orientation histogram is
computed and lines with 90° orientation difference are
combined to form rectangles.

Pointers in the intensity image are detected using a
matched filter technique. The shape of the pointer is taken
as the filter kernel, where pixels near the medial axis have
higher weights than pixels at the border of the pointer. At
the center of the circle the filtermask is rotated by steps of
2 degrees and the corresponding pixel values of the inten-
sity images are added into a weighted sum. Since pointers
are either darker or brighter than the background, the mi-
nimum (respectively maximum) response of the filter de-
fines the position of the pointer.

Lettering elements are used to check and verify the type
and the orientation of the measuring instrument. In this
case the lettering element is postulated in a certain position
and orientation in the image and checked by computing the
correlation coefficient between the window in the intensity
image and the bitmap of the lettering element by a template
matching algorithm [1]. The computed correlation coeffi-
cient defines the similarity between the detected area and
the generic area, giving the probability of a correct match.

All of the algorithms mentioned above were used be-
cause the source code of the programs already existed and
had already been tested and used by other users. These al-
gorithms also passed our laboratory test with a recognition
rate close to 100% . Following the pattern recognition soft-
ware re-use and testing stage, the analysis process for per-
forming the reading of the watermeter can be carried out.

4. Results

The watermeter inspection process was tested compre-
hensively with our PC486/66 configuration, both under la-
boratory and industrial conditions. Three constraints had to
be considered for this process: the time for reading the
pointers has to be max. 4 seconds/image while accuracy
and reliability have to be close to 100% to ensure correct
calibration and monitoring.
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Result

st
Pointerposition: 0. 6819

St
300 x 300 Pixel Measurement: 0.5809

Fig. 4 Detection of primitives indicates the pointer positions
0.6819, relations between pointers give the correct resuit

In our laboratory test-series performed with 200 frames,
the positions of all scales and pointers were determined in
the requested time (app. 2 sec.), with the requested accu-
racy (100%) and reliability (99%). The reliability of a
little more than 99% is due to slight changes in the iltumi-
nation during acquisition and air bubbles inside the water-
meter that can influence the pointer and scale detection. In
such a case the image is left for manual visual inspection.

Fig. 4 illustrates the two different stages of detection
and analysis during an inspection. The intensity image
shown in Fig. 4 on the left is the input for the detection
stage. The result of this first step, shown in Fig. 4 in the
middle, are the detected scale and pointer positions. These
parameters are checked by the analysis process, resulting
in a correction of the pointer positions due to the relations
defined in the description. The description provides the re-
lations for the so-called coupled pointer computation me-
thod [19], resulting in the fact that pointers which have not
passed a value on a scale completely are considered to
display the previous value. The result is the correct nu-
merical measurement value (0.5809) and the positions of
the primitives illustrated in Fig. 4 on the right.

5

iy

Fig.

To find out if the quality of the laboratory results can
also be achieved in the final application, a test series (800
frames) was conducted under industrial conditions. This
test resulted in a rejection rate of app. 1% (6 frames were
not computed because there were air bubbles that influ-
enced the detection of the circular scales and hence the
pointers). Although there was a rejection rate of 1%, the
accuracy of the reading process was 100%, because the er-
ror detection worked properly and non-readable images
were marked unreadable and stored for visual inspection by
the operator. All of the computed measurements were cor-
rect. Fig. 5 shows two consecutive images of a calibration



run, denoted Al and A2, during this test series. These are
the control images the user has on his monitor; Al displays
the initial measurement value, A2 the measurement value
at the end of the calibration run. In this particular case, 3.7
liters where sent through the meter and the inspection pro-
cess computed the initial and final measurement values
shown at the bottom of the figure. In this figure one can
see the disturbances of the air bubbles during this test cau-
sing the rejection rate.

5. Discussion and conclusion

To prove that the proposed visual inspection concept is
easily adaptable and extendible, so that the solution of the
specific problem of watermeters also works with other
measuring instruments, we tried to read the time on a clock
with the inspection process for watermeters [18]. With the
description of the clock (3 circular scales and 3 different
pointers) the algorithm produced correct results. It was
possible to extend the existing inspection process including
the model-based description of analog display instruments
to another problem by changing the description, while both
the detection algorithms and the inspection process remain
the same. Note that the detection algorithms can easily be
changed if necessary because there exist defined interfaces
for detection algorithms.

In this paper a concept for visual inspection was presen-
ted where the detection of primitives was separated from
the model-based analysis process. Existing pattern recogni-
tion software was re-used in the detection stage and there-
fore the use of any detection algorithm is possible without
changing the analysis process. The specific application in
the field of visual inspection of analog watermeters served
as a demonstration of the concept. The inspection concept
starts with dividing the measuring instrument into its primi-
tives and defining a priori known generic parameters of the
primitives: shape, relative position, and size. This descrip-
tion of the instrument formed the description language used
for detection and analysis. According to the shape of the
primitives, existing pattern recognition software was used
and tested in order to detect these primitives in the inten-
sity image. After testing and refining the detection, a ge-
neral analysis strategy was developed to solve the problem
of reading the measuring instrument automatically.

The extendibility of the concept was shown by testing
the analysis process with the description of a clock, which
was performed without changing either the detection algo-
rithms or the analysis process. Since the detection stage is
performed with a desigoed interface for primitives, a
change of the detection algorithm is also possible without
changing the analysis process. The separation of detection
and analysis therefore ensures that any existing pattern re-
cognition software can be re-used in order to solve the de-
tection problem in inspection tasks.
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