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Chapter 6 

Matching engineering drawing 
based models 

6.1 Introduction 

A common step in a vision system built for recognizing and verifying industrial parts 
is matching, where a model of the par t is matched to image data. Being such a promi
nent s tep in vision applications, a considerable portion of the l i terature is devoted to 
it. For an overview see for instance [47] or [20]. Our goal in this chapter is to design 
a method that can model, match and verify an industrial part given that it has been 
specified in an engineering drawing. 

Matching delivers a verdict on the occurrence of a model instance1 in the image. 
Parameter values of the instance may be part of the results of the matching algorithm. 
If there is no instance of the model present, the matching algorithm should return the 
cause of a mismatch. This is especially useful in the context of industrial production 
processes where post-processing analysis of failures is vital. 

Besides the output of a matching algorithm, in [136] other issues are presented, 
any matching system should address. We will discuss, in subsequent paragraphs, the 
ones relevant for the case as presented in this chapter: 

- Which objects can be handled by the matching method? 

- How sensitive is the system to segmentation in the presence of scale, noise or 
quantization? 

- W h a t invariances can the system deal with? 

- What is the performance of the system? 

The first issue is which classes of objects a system is able to handle. A useful 
distinction among object classes is the one tha t separates the classes characterized 
by local elements from the ones that are described globally only. Examples of the 
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first kind, where local elements are for instance lines, curves, points and geometric 
relat ions between these elements can be found in [10. 11. 14, 5. 136]. Examples of the 
global description, like Fourier descriptors, moments and Euclidean numbers are given 
in [166. 31. 108]. Within the goal of engineering drawing specified object classes, we 
are only interested in the first kind, where there is a direct correspondence between 
the local characteristics of an object and the elements the object is modeled by. This 
enables tracking mismatches to corresponding aspects of the industrial part. 

As anywhere else, there is a trade-off between the usability and the expressiveness 
of the language of the object models. Using a complex language enlarges the class of 
objects that can be modeled, but complicates the matching method. Many methods 
from li terature, use relatively simple languages to model the objects, limiting the 
scope of the matching algorithm. The method mentioned in [119] is limited to point 
sets. In [25] objects are by represented by an approximation of their boundary, given 
by straight line segments and the angles between those segments. Also in [8] and [5] 
objects are defined solely by their boundary. In [137] and [136] objects are modeled 
solely by straight lines. In [141] a different approach is followed, where the object 
is implicitly defined by the image operations that are needed to detect the object. 
None of the mentioned methods is able to model all information as needed to inspect 
industrial par ts . Knowledge networks are used in [127] to model objects for object 
representation and recognition. The approach presented there is very general, but the 
complexity of the associated matching algorithm is left open, making it less useful 
to our case. In this chapter we are interested in matching 2-D objects that can be 
modeled by engineering drawings. 

T h e language of engineering drawings has a number of advantages: 

- I t is rich enough to ensure a very large class of objects can be expressed. 

- It is limited in the number of possible elements and relations between elements 
that can occur in the drawing. This ensures that a matching system based on 
engineering drawings can indeed handle it. 

- It is highly standardized, ensuring reusability and ease of use. Although stan
dards do vary a little between countries, differences are limited. Information 
about the Dutch s tandard can be found in [103]. 

Anot her implicit advantage is that the criteria for a successful match are implied in the 
problem s ta tement : the criteria are properly formalized in the engineering drawing. 
preventing problems mentioned in [48] with respect to the choice of matching criteria. 

T h e problem remains how to obtain the object model. Manually modeling an 
object can by tedious and needs a fair deal of knowledge about the matching method 
tha t is used. Various methods are available for automat ic extraction of object models. 
In [59] the use of a vision algorithm compiler is presented. For workpicce recognition 
models are automatical ly learned in the system presented in [55]. For 3D-objects in 
[58] a system is described for extracting models from CAD-data . The downside of 
these methods is tha t the modeling languages are limited, making it impossible to 
check a complete set of characteristics. Furthermore, automatic systems make it hard 
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to be selective in the properties that have to be checked for an object, which has a 
negative effect on the performance of the matching system. Therefore we choose to 
manually model the objects, to ensure the rich language of engineering drawings can 
be used, as well as to ensure flexibility and performance. 

The second issue is how sensitive the system is to segmentation in the presence of 
scale, noise, or quantization. Regarding the sensitivity of the system to segmentation, 
we believe that this issue should not be solved in the matching stage, but in the 
phase t ha t extracts the information from the image. This holds especially t rue for 
the industrial setting, where a mismatch can be caused by a measurement error, but 
also by a fabrication error. Since these errors are not discriminable. the matching 
method should be designed intolerant to detection errors. 

The third issue is what invariances the system can deal with (i.e. translation 
invariance, rotat ion invariance, scale invariance, perspective invariance. illumination 
invariance). Most of the above cited matching methods are able to match translation, 
rotat ion and scale invariant. For instance [136], [119] and [81] are able to find matches 
under affine transformations. Although in some industrial cases this can be useful, 
normally it is not desirable to match scale or affine invariant when verifying industrial 
par ts as it is too large a class to retain all information. We focus on a matching method 
that is t ranslat ion and rotation invariant. 

The fourth issue is the performance of the system. Although the performance of a 
matching system is determined by many factors, some general techniques to increase 
performance are presented in literature. For matching curves, [71] suggest to divide 
the matching process in two steps: one efficient step to search for candidate matches 
and a second to determine which of the candidates really matches. In [62]. a so-
called alignment technique is used, which is based on matching of minimal sets of 
features of a model and the scene. By minimizing the feature set. performance of the 
searching step is increased. In [50, 49], the search for a model instance in the image is 
organized in a tree-like structure. The performance is increased by pruning the tree 
which minimizes the search. 

In our method we use a combination of the ideas as proposed in [71] and [62]. 
We perform the matching in two steps: first we use a small model derived from the 
object model to find candidate matches, secondly we thoroughly verify which of the 
candidates matches all demands. 

In section 6.2 we present the modeling of the engineering drawing in da t a tha t 
is used to match against image data. Our matching method is described in section 
6.3. In section 6.4 we illustrate the method and its characteristics by three example 
applications. Section 6.5 contains the conclusions for this chapter. 

6.2 Engineering drawings and models 

In this section we describe how the information contained in an engineering drawing-
is transformed into a model used for matching. Which information is needed for 
matching, depends also on the information available from the image. Furthermore, 
an engineering drawing can contain redundant information, so sometimes a choice has 
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Type 
Basic elements 

Characteristics 

Relations 

Most common instances 
Points or positions 

Line segments 
Circular arc segments 

Length 
Straight ness 
Roundness 

Profile trueness 
Position trueness 

Parallelism 
Squareness 

Angle 
Distance1 

Symmetry 

Table 6 . 1 : The three types of information in an engineering drawing and the most common 

instances of these types. 

Shape tolerance one element 

Shape tolerance related elements 

Position tolerance 

Kind of' tolerance 

Straight ness 

Roundness 

Purity of profile 

Parallelism 

Squareness 

Puri ty of' angle 

Puri ty of position 

Symbol 

-

Table 6.2: The most common kinds of tolerances used in engineering drawings. 

to be made which information to use in the matching model. 

The information contained in an engineering drawing consists of' the following three 
types: basic elements, characteristics of'the basic elements and relations between the 
basic elements. An overview of the most common instances of these types is given in 
table 6.1. Associated with the characteristics are the tolerances for the characteristics. 
Relations also have tolerances associated with them. The tolerance of characteristics 
or relations that are characterized by a single number, like length, can simply be 
checked when a model is matched. These numbers are given in a table of dimensions 
or directly in the (hawing. Situations where the tolerance is not trivially defined or 
when the tolerance is dependent on specific elements in the drawing, symbols are used 
in the drawing, to exactly denote how the elements should be and how they should 
relate. The most common kinds of tolerance together with their graphical symbol are 
given in table 6.2. 

Define E - {ei, e2 en} as the set of basic elements of which an object is build. 
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where every element e, is a tuple {eu. eu), of which e.,, refers to the type of the element 
and ej( is a uniquely assigned label. 

P a p e r sheet example: The lower line in figure 6.1.(left) is referred to as 
e.\ = (rine,ü70), the reference to the left line in figure 6.1.(left) is referred 
to as e2 = (line, £1) and the circle in the same figure is e:i = (circle. E2). 
The other lines are e4 = (line, E3). for the upper line and e5 = (line, £4) 
for the right line. 

Corner Corner 

V 
= L 

Ic 

^ J 
I D 5 

D 

A 

6 

. 
Center 

Corner Corner 

F i g u r e 6 . 1 : The paper sheet model: left the engineering d rawing , r ight the point model used 

t o f ind posit ion and or ientat ion of the object in the image. 

The set of characteristics of the basic elements C = {c,. c2 cn) consists of elements 
d = {cn,<ke,Civ,cn) where cit refers to the type of characteristic. cir refers to the 
element the characteristic belongs to, civ refers to the value of the characteristic and 
c„ is a uniquely assigned label. 

P a p e r sheet example: The characteristics of the lower line in fig
ure 6.1.(left) are c, = (length, £0,4.1. CO). The other lines are char
acterized by: c2 = (length. El. 2.0. CI). c3 = (length, ES,4.1, C2) and 
c4 = (length, £4,2.0. C3). The characterization of the circle is c5 = 
(diameter, E2,1.0, C4). 

The admitted tolerances for every characteristic are given by the set T = {t\.t2 tn}. 
An element U is consists of (t^.t^.Uj, where tu denotes the type of tolerance. tic 

refers to the characteristic the tolerance should be applied and tiv represents the 
admitted tolerance. 

Pape r sheet example: The tolerance in the length of the lower line in 
figure 6.1.(left) is represented as ti = (plus-or-minus, CO, 0.05). The toler
ances of the rest of the lines is represented likewise: t2 = (plns-or-minus, 
CI, 0.05), t3 = (plus-or-minus. C2.0.05). t4 = (plus-or-minus, C3,0.05). 
The tolerance of the diameter of the circle is defined by requiring that the 
actual contour of the hole, should be between a circle with diameter d - t 
and a circle with diameter d + t. where d is the diameter as mentioned in 
the characteristics and t is the tolerance parameter. The tolerance for the 
diameter is modeled as: t5 = (diameterTolerance. C4.0.1). 
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T h e set of relations between the basic elements is denoted by R - {n - r2 ' ' ,„} . 
An element n consists of the elements fr„. r,„. ris, ru), where rit denotes the type of 

relation. riv denotes the corresponding value. ris contains an ordered list of references 

t o basic elements that are related by this relation and /„ is a uniquely defined label 

for this relation. 

P a p e r s h e e t e x a m p l e : The relation between the left and lower line. 
i.e. that the angle between them should be 90 degrees, can is re
ferred to as n = (angle. 90. ( £ U £ l ) . / ? 0 ) . The other angles are mod
eled as r , = (angle. 90. ( £ 0 . £ 5 ) . / ? 1 ) . r3 = (angle,90, ( £ 4 , £ 1 ) , R 2 ) and 
r4 = (angle. 90. ( £ 4 , E5).R3). The position of the circle is measured rel
ative to the left and lower line (in that order): r5 = (relativePosition. 
(1.0. lX)).(Ei).El.E2).R4). 

T h e tolerances for every relation are denoted by the set S = {s\.s2 sm}. An 
element .s, consists of {sit. s ïV , siv) where si( denotes the type of tolerance. sir refers to 
the relation the tolerance should be applied and siv represents the admit ted tolerance. 

P a p e r s h e e t e x a m p l e : The tolerance for the angle relations is ref
erenced to as .$i = (plus-or-minus. R(),2). s2 = (plus-or-minus. R\. 2). 
,s3 = (plus-or-minus. R'2.2) and s4 = (plus-or-minus. RS. 2). The toler
ance for the position of the center of the circle is defined by a circle with 
a diameter t tha t should contain the center of the measured circle. It is 
writ ten as ,s5 = (positionCircle. /?4.0.0 1). 

Having defined E.C.T. R and S an object model is given by: 

M= (E.C.T.R.S). (6.1) 

P a p e r s h e e t e x a m p l e : The set model M lor the paper sheet is com

pletely defined by the information given in table 6.3. 

Since all characteristics and relations with their tolerances arc defined exactly and 

geometrically, all elements of M can be defined and calculated. We observe that all 

information contained in engineering drawings relevant for inspection tasks can be 

modeled as in equat ion 6.1 . 

6.3 The matching process 

For performance reasons we choose t o divide our matching method into two separate 
s teps: generating candidates and verifying candidates. In the first step we look for 
possible candidates of the object in the image, where in the second step we check 
which candidate objects fulfill all requirements as modeled in the characteristics and 
relations of the object model. 
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Elements E 

(line, .EO) 
(line. E l ) 

(circle. £2) 
(line, £3) 
(line, E A) 

Characteristics C 

(length. £0,4.1. CO) 
(length, £1.2.0. CI) 
(length, £3,4 .1 , C2) 
(length. £4 , 2.0. Co) 

(diameter. £2.4.1. C4) 

Tolerances T of C 
(plus-or-niinus. CO. 0.05) 
(plus-or-minus, C l . 0.05) 
(plus-or-minus, C2,0.05) 
(plus-or-minus. C3,0.05) 

(diameterFolerance, C4.0.1) 

Relations R 

angle, 90°, (EO.El).RO) 
angle, 90°, (£0, £5) , Rl) 
angle,90°.(£4,£l)./?2) 
angle, 90°, (£4, £5) , 723) 

relativePosition, (1.0,1.0), ( £ 0 , £ 1 , E2). RA) 

Tolerances S of R 
(plus-or-minus. R0. 1°) 
(plus-or-minus. Rl. 1°) 
(plus-or-minus. R2.1°) 
(plus-or-minus. RZ.1°) 

(positionCircle, #4,0.04) 

Table 6.3: Instances of E, C. T, R and S for the model of the paper sheet example. 

6.3.1 Generating candidates 

Given the model M = ( £ . C. T. R. S) we need a set of detectors to find features in the 
image that match on the set £ in order to check whether the object model matches 
the information depicted in the image. Denote the set of features that is found in the 
image by £ = {fi.f<2 f p } . Every feature ƒ,• = (ƒ/.ƒ,..ƒ/) contains the following 
information: the type of feature ft. parameters ƒ,. that define the feature and a unique 
label fi tha t enables us to refer to the feature in the image. 

In chapter 1 we describe the different steps which a computer vision system nor
mally consists of. A number of those steps together extract features from the image. 
In short, features are extracted from the image in two steps: the detection phase 
and the grouping phase. For every type of feature we need one implementation of a 
detector and one implementation of the grouping algorithm. Depending on the cir
cumstances, different implementations could prove necessary. Having decoupled the 
matching phase from the feature extraction phase, we are able to quickly develop dif
ferent matching algorithms for different objects, reusing the matching (this chapter) . 
detection (see chapter 2) and /or grouping (see chapter 4) infrastructure. 

In the first s tep of the matching process, hypotheses are generated by matching 
only a characteristic set of points to corresponding points derived from the features in 
the image. The geometric hashing algorithm presented in [81. 80] provides an efficient 
way to match different point sets and is used in our method to generate hypotheses 
and establishing correspondences between the image features and the model features. 
Therefore we need to derive a point set PM from the model and a point set FM from 
the image features. The format of elements of PM and £ \ / must be identical. They 
both contain the type and position of the point and a unique label for reference. The 
label is not necessarily part of the language of the engineering drawings. Point sets 
should be chosen such that a direct, and preferably unique correspondence can be 
found between the points and the model features and between the points and the 
image features. 
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P a p e r e x a m p l e : From the engineering drawing in figure 6.1.(left) and 
thus the mode] as described in this example, we derive the poinl set 
as given in figure 6.1.(right). T h e point set P\i is: {(corner. (0.0.0.0)). 
(corner. (0.0. 2.0)). (corner. (4.1. 0.0)). (corner. (4.1. 2.0)). (center, (1.0,1.0))}. 
The set of image features contains line segments and centers of circles. 
The correspondence between the correct subset of the set of image features 
and the point set is depicted in figure 6.2. 

. Line Line Line Line 
i m a g e segment segment segment segment Centre 

Features 

Match 
Points 

Corner Corner Corner Corner Centre 

F i g u r e 6 . 2 : T h e correspondence between model match points and image features. 

Given the point set P_\/ and the point set FM we use a variation on the geometric 
hashing algorithm to generate all sets Hj C FM tha t match the point set P\i under 
the admit ted transformations. In this variation of the geometric hashing algorithm 
model points arc not stored in one bin of the hashtable. but in a region of bins, such 
that all instances of the model with tolerances do match with the point set. The result 
of t he first match step is a set of pairs (#,;.©,) where <£,• is a (bijcctive) mapping from 
Hi to PM. 

6.3.2 Verifying candidates 

In the second step the candidates H — {{Hi, 0 i ) , ( # 2 , ^ 2 ) (Hg,<l>q)} are verified 
against the model M. In order to do this it is needed to map the features of II to 
t he elements of the model. T h e parameters of these elements are calculated from the 
information of//,. From those parameters the characteristics and relations are verified, 
taking into account the tolerances. A schematic overview of this process for the paper 
sheet example is given in figure 6.3. Although the overview seems complex, it is easy to 
generate . The elements, characteristics and relations given in the overview represent 
the object specific information that is needed for matching that object to image data . 
For every type of characteristic, a. a function ƒ,, is implemented that calculates the 
value of the characteristic from the parameters of the instance of a model object. 
T h e parameters , on their turn are a function of the features found in the image. The 
values of these parameters are calculated from the image features in the mapping of 
t he image features on to the instances of the model objects. Suppose the instance 
maps on an element r , of the model. From the prescribed characteristic of the model 
object e,j together with its associated tolerance description, a set TQj is constructed, 
that contains all admit ted values of the characteristic. Let the instance of a model 
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Characte
ristics 

Figure 6.3: The match model for the paper sheet example. 'LS' stands for Line Segment, 'C' 

stands for the center of the circle, 'RelP' refers to the relative position of a point with respect 

to two lines and 'Diam' denotes the diameter of the circle. 

object be denoted as e'v, then a model object instance matches the characteristic if: 

/«té) e rn (6.2) 

For every type of' relation 3. a function f@ is implemented that calculates the value 
of the relation from the parameters of the instances of a number of model objects. 
Suppose the instances of the model objects, map on the elements {e}j of the model. 
From the corresponding relation and its associated tolerance description, a set T^ is 
constructed, that contains all admitted values of the relation. Let the instances of a 
number of model objects be denoted as {c'},. then these instances match the relation 
ii: 

U({e'}i)eT0r (6.3) 

A model matches the image data if equation 6.2 holds for every prescribed character
istic of the model and equation 6.3 holds for every prescribed relation in the model. 

P a p e r sheet example: As an example of the verification of the char
acteristics and relations with their corresponding tolerances, we take the 
instance of the paper sheet model as given in figure 6.4.(a). The diameter 
that is given in the drawing, denotes the diameter of either the greatest 
inscribing circle or the smallest enclosing circle, depending on which di
ameter is the most different from the prescribed diameter. From those 
values the characteristics and relations are calculated. Furthermore, they 
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(a) (b) 

Figure 6.4: Two instances of the paper sheet model 

Elements E 

f-i 

eo 
Ê 3 

<-\ 
Ê 5 

Relations R 

n 
Tl 

?'3 

''-I 

?'5 

Characterist ic of instance 

4.13 
2.01 
0.02 
4.13 
2.01 

Characterist ic of relation 

90° 
90° 
90" 
90° 
0.01 

Tolerance set T(>i of C 

[4.05,4.15] 
[1.95.2.05] 
[-0.1.0.1] 
[4.05.4.15] 
[1.95.2.05] 

Tolerance set Tpi of C 

[89°. 91°] 
[89°. 91°] 
[89°, 91°] 
[89°, 91"] 
[0.0.0.05] 

Match? 

Yes 
Yes 
Yes 
Yes 
Yes 

Match? 

Yes 
Yes 
Yes 
Yes 
Yes 

Table 6.4: Instances of the characteristics and relations for the instance of the paper sheet 

model as given in figure 6.4.(a). 

are matched against the tolerance interval, see table 6.4. From those val
ues, the characteristics and relations are calculated and matched against 
the tolerance interval. Since all characteristics and relations are within 
tolerance, we conclude the instance is according to specification. 

In ease of a mismatch, our method returns a reason for a mismatch. In case 
no candidates are found, either a match point is missing or the characteristics of 
the match points fall beyond the boundaries of tolerance. Missing match points are 
re turned. If a hypothesis is found, but there still is a mismatch, the method returns 
which characteristics a n d / o r relations of the model are not met. So a reference to 
every instance c'- in combination with a reference to a characteristic function / Q is 
re turned for which 

fM)iTaj. (6.4) 
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Elements E 

Relations R 

r-2 

Characteristic of instance 
4.09 
2.1 

0.01 
4.09 
2.1 

Characteristic of relation 
90° 
90° 
90" 
90° 
0.28 

Tolerance set TQi of C 
[4.05,4.15] 
[1.95.2.05] 
[-0.1,0.1] 
[4.05.4.15] 
[1.95,2.05] 

Tolerance set Tgj of C 
[89°. 91°] 
[89°, 91°] 
[89°, 91°] 
[89°, 91°] 
[0.0,0.05] 

Match? 
Yes 
No 
Yes 
Yes 
No 

Match? 
Yes 
Yes 
Yes 
Yes 
No 

Table 6.5: Instances of the characteristics and relations for the instance of the paper sheet 
model as given in figure 6.4.(b). 

Likewise, a reference to every set of instances {e'}i in combination with a reference 
to a relation function f@ is returned for which 

fa({e?h)£TPr (6.5) 

Together with the separation of the detector phase and the matching phase, this 
greatly enhances the process of tuning the method to given circumstances. 

P a p e r sheet example: As an example of the verification of the char
acteristics and relations with their corresponding tolerances, we take the 
instance of the paper sheet model as given in figure 6.4.(b). The diameter 
that is given in the drawing, denotes the diameter of either the greatest 
inscribing circle or the smallest enclosing circle, depending on which diam
eter is the most different from the prescribed diameter. From those values 
the characteristics and relations are calculated and matched against the 
tolerance interval, see table 6.5. From table 6.5 one can read that the 
instance of 6.4. (b) does not match, because the characteristics of elements 
e2 and e5 as well as relation r5 arc not according to specification, i.e. the 
model is too 'flat* and the hole is misplaced. 

The error performance of the matching algorithm is mainly determined by the er
ror performance of the used image detectors and the propagation of that performance 
through the calculation of the characteristics and relations. Suppose the result of 
the image detectors can be seen as a stochastic process. Ideally, the probability 
density functions of every image detector are known. Propagating the probability 
density functions of the image detectors through the calculation of the characteristics 
and relations yields the probability density functions for the results of those calcula
tions. From those probability density functions together with the probability density 
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functions for instances of the model, the probability for false positive results of the 

characteristic functions can be calculated as: 

P(/«W) e TaJƒ«(**) £TttJ). (6.6) 

The probability for false negative results of the characteristic functions can be calcu

lated as: 

P{fM)tTaj\fa{ei*)eTai). (6.7) 
T h e probabilities for false positive and false negative results of the relation functions 

can be calculated likewise. 

P a p e r s h e e t e x a m p l e : Assume the probability density function of the 
instance of the length of the long side of the paper model is given as: L ~ 
A (// = 4.1,a 2 = 0.001). Furthermore, assume that the error in the length 
measurement is appropriately modeled by E ~ AT// = O.rr2 = 0.002). 
Then the probability for a false negative result is 

P((L + E) i [4.05.4.15]\L G [1.05.4.15]) = 

P{{L + E)j [4.05.4.15] and L e [4.05.4.15]) 

P{L€ [4.05,4.15]) 

which is approximately 0.33. 

Unfortunately, as our l i terature review in chapter 2 demonstrates, the probability 
density functions of the image detectors are usually not known. Bounds for the 
errors then can be est imated by (numerically) propagating minimum and maximum 
errors through the characteristic functions and relation functions. A common wax-
to approximate these error bounds is by examining the first order derivatives of the 

function. For ƒ(.?). with I' = (xi.x2 ün), an approximation of the maximum 

error is given by: 

Af{y + A/7) « \AyiJ^\s=y + \Ay2vf \*=v + ••• + \^ynj—\x=y- (6-8) 
OX\ 0X2 02 „ 

P a p e r s h e e t e x a m p l e : Assume the length of a line is calculated as the 
distance between its endpoints. (//1.//2) and (//;$. //i). Furthermore, assume 
tha t the (additive) errors made in the determination of these endpoints is 
(A.yi. A.(/•_>) and (A// 3 .A// 4)- An approximation of the error in the length 
of the line is: 

Af(y + Ay) = \Am 
'jji ~ y:i)2 + (V2 - UA): 

|Ay3 „ " ( y ' " y 3 ) J + \*v> u,2'"i 

[yj - (J3)2 + {V2 -u\ ) 2 ' " vim - ysr + (2/2 - VAY 

\Ay4 , ~ ^ - y 4 ) 1 (6.9) 
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For (2/1,1/2) = (0.0). (173,2/4) = (2.2). (Ayi.Aij2) = (1.1) and {Ay3.Ay,) = 
(1.1) we obtain a maximum error of Af(y + Ay) — 2>/2 for the length 
measurement, which is to be expected from geometry. 

When image features, match points, model objects, relations and characteristics are 
available, a method for constructing the model and the matching-procedure (as given 
in figure 6.3 for the paper sheet example) can be implemented such that it is as easy as 
dragging and dropping the various model and procedure elements, while connecting 
the different elements to express how they cooperate. 

6.3.3 Complexity of the algorithm 

The complexity of the geometric hashing algorithm from [81] in case of affine invariant 
matching is 0(q4 + p), where q denotes the number of points in the model point set 
and p denotes the number of points in the feature point set. Since we normally do 
not match affine invariant in case of industrial parts, the complexity can be lowered 
to 

0(q3+p) (6.10) 

(see [81]). The variation of the geometric hashing algorithm we use, see section 6.3.1 
has the same complexity, since we only add a constant number of entries to the table 
for every entry in the original version. 

In order to formulate the complexity of verifying the hypotheses, denote the num
ber of elements in the model as n and denote the number of relations as m. Only n 
characteristics have to be calculated, and at most m relations. Assuming the calcu
lation of both characteristics and relations being constant in complexity, the order of 
complexity for verifying one hypothesis is: 

0(n + m). (6.11) 

Denote the maximum number of hypotheses generated by the first step by //. then 
combining equations 6.10 and 6.11 yields the following expression for the complexity 
of the complete method: 

ö(q3 + p + h(n + m)). (6.12) 

Leaving the complexity of the off-line phase aside, i.e. the construction of the 
hashtable. we obtain the following complexity for the online matching process: 

0{p + h(n + m)). (6.13) 

Given that in practical situations h. n and m stay relatively small compared to p we 
conclude that the complexity of the algorithm is acceptable. 

6.4 Examples 

6.4.1 Paper sheet example 

In this example we illustrate the separation between the detection of image features 
and matching, in combination with the ability of the method to return the cause of 
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L\ 
L? 
ffi 
II, 
<h 
(!•> 

>>:\ 
d\ 

Lt. 
Hr 

Tv 
D 

Standard 
4.01 ± 0.05 
4.01 ± 0.05 
2.02 ± 0.05 
2.02 ± 0.05 

90" ± 1° 
90" ± 1" 
90° ± 1" 
90" ± 1" 

1.00 
1.00 
0.04 

1.00 ± 0.1 

Short 
3.80 ± 0.05 
3.80 ± 0.05 
2.01 ± 0.05 
2.01 ± 0.05 

90" ± 1" 
90° ± 1° 
90" ± 1° 
90" ± 1" 

1.00 
1.00 
0.04 

1.00 ± 0.1 

Skewed 
3.90 ± 0.05 
3.90 ± 0.05 
1.90 ± 0.05 
1.90 ± 0.05 

88" ± 1° 
92" ± 1° 
88" ± 1° 
92° ± 1" 

0.92 
0.92 
0.04 

1.00 ± 0.1 

Table 6.6: Parameter values of the three different models of the paper sheet example. 

mismatches. In this and the other examples, we do not strive for the best matching 
results possible, but for the most illustrative examples. 

We took two hundred images of paper sheet models: two sets of 25 images of four 
types of paper sheets of which the engineering drawing is given in figure 6.1. One 
set of images with a lower resolution (256 x 256) and one set of images with a higher 
resolution (512 x 512). We took images of a •standard' sheet (figure 6.5.(a)), images of 
a sheet that was shorter (figure 6.5.(b)). images of a 'skewed' sheet, where the angles 
between the lines were different (figure 6.5.(c)) and images of a sheet that did not 
match any of the previous descriptions, (figure G.5.(d)). Additionally, of the three 

(a) (b) (c) (d) 

Figure 6.5: Examples of: (a) standard sheet, (b) shorter sheet, (c) skewed sheet and (d) 

different sheet. 

known types, we constructed a model by measuring the various paper sheet models. 
T h e parameters for each model arc given in table G.G. We matched the set of images 
with each of the three models. 

Since object and background are easy to distinguish in this example, we use a 
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morphological edge detector (see also chapter 3) to extract the edges. The results of 
this edge detection step are used as input for the grouping algorithm as presented 
in chapter 4. In the first experiment, we use a morphological operation to extract 
all possible positions of a circle with the prescribed characteristics and tolerance. 
Positions are grouped on the bases of connectivity. The image features are calculated 
from the results of the grouping processes. The line segments are characterized by 
their endpoints. the endpoints in turn are found by intersecting the lines that are 
fitted through the grouped edge pixels. The fitted lines are characterized by two 
points p and q on the border of the image. Given two lines, with points p and q for 
the first line and r and .s for the second line, then the intersection point c = (cx,cy) 
is calculated as follows: 

cx =Px +u1(qx - px). 
cv = Py + ui{% ~ Py)- (6-14) 

where 
~ rx)(p„ - ry) - (fiu - ru){px - rx) 

»y ~ ry)(Qx ~ Px) ~ (sx - rx)(qy - py)' 

With the four intersections the line segments are characterized. 
The length relation I for a line segment, characterized by its end-points p and q 

can now easily be calculated as: 

I = \J[Px ~ q.v)2 + {p„ - quy
2. (6.15) 

For two neighboring line segments, sharing the point q by definition, characterized by 
three points p, q and r, the angle ó between two line segments is given by: 

O = ^ c o 4 j ' ' ' ~ ' ' • • • ' ' » - ' ' ^ ^ - ^ ' ^ ^ y ( 0 . 1 C ) 
II (P i - Qx,Py - qy)\\ 11 Or.»- - qx,ry - qy)\\ 

To calculate the position of the (-enter of the hole relative to two line segments, as 
detailed in the engineering drawing, we first calculate the distance between the longest 
line segment and the center of the hole. The line segment is characterized by the p 
and q. while r refers to the center of the hole. The distance di is defined as: 

ch = \J(rx-sx)
2+(ry-sy)

2, (6.17) 

with 

sx =Px +u(qx - P x ) , 

Sy=Py+u(qy-py), (6.18) 

where 
u = ( ' * ~ P^{(Lr ~ Px) + (>',, - py)(qy - p y ) 

(>/,• - Px)2 + (qy - Py)2 

Given that the corner of the two line segments is p. the distance from the center of 
the hole to the other line segment is now defined as: 

(h = J(Px ~ Sx)2 + (py ~ .s,,,)2. (6.19) 
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Paper type 
Standard 

Short 
Skewed 
Total 

Simple measurement 

c. 
8 
1Ü 

16 
40 

F.N. 
17 
9 
9 

35 

F.P. 
0 
0 
0 
0 

Distance measurement 

c. 
11 
23 
17 
51 

F.N. 
14 
2 
8 
24 

F.P. 
0 
0 
0 
0 

Table 6.7: Paper sheet example: matching results for the low resolution image set. 

Paper type 
Standard 

Short 
Skewed 
Total 

Correct 
24 
23 
21 
71 

False negative 
1 
2 
1 
-1 

False positive 

0 
0 
0 
0 

Table 6.8: Paper sheet example: matching results for the high resolution image set. 

where (sx.sv) is defined as in equation 6.18. To verify whether the center of the hole 

is within the tolerance circle a distance d is determined: 

d = x M - i . o ) 2 + ( d 2 - i - o ) 2 - ((>-2()) 

The hole is within tolerance if d E [0, 0.1]. For the skewed version the relative position 
of the center of the hole to the lines is calculated slightly different: instead of calcu
lating d-> as if the angle between the long line segment and the short line segment is 
90°, d2 is calculated assuming the angle between the long line segment and the short 
line segment is 88". 

For the low resolution images, the results of matching the models to this set are 
given in table 6.7. Performance in this first setting is poor. When analyzing the 
results, if appears tha t of the 35 false negative errors. 28 are based on a mismatch of 
the location of the center of the hole. 

Therefore we use another detector for calculating the location of the center of the 
hole, based on the distance transform. The verification of the characteristic is still 
peiforined by a morphological hit-or-miss transform. The results of the new extraction 
method for the features are given in table 6.7. Although we do see an improvement 
in the performance of the new feature extraction method, results are still modest. 

Therefore we use the same setting as in the last experiment, but use a higher 
image resolution instead. When matching the object models to the new image data, 
we obtain the results as given in table 6.8. 

In this example we il lustrate the method ' s ability to find the cause of mismatches. 
Combined with the low effort it takes to use another image feature detector including 
a different resolution for the images, it is relatively easy to improve the performance 
of the match process. 
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u 
L-2 
p . 
P> 
Py, 

PA 

Type 1 
14.59 
14.09 
•5.60 
2.16 
5.58 
2.16 

Type 2 
14.61 
14.14 
5.65 
2.24 
5.52 
2.11 

Type 3 
14.60 
14.15 
5.57 
2.24 
5.55 
2.32 

Table 6.9: Parameter values of the three models of the lamp example. 

6.4.2 Lamp example 

In this example we illustrate the use of the tolerance parameters. We use the parame
ters to sort a set of images of three types of lamps. The three different types of lamps 
are given in figure 6.6. Although the model is known, variances between lamps are not 
known, nor are the tolerances known for the various models. The object parameters 
for the lamps are given in table 6.9. The three types of lamps vary slightly in height, 
width and position of the pegs. 

(a) (b) (c) 

Figure 6.6: The three different types of lamps used in the lamp experiment. Images courtesy 
of Philips, The Netherlands. 

The engineering drawing for the lamp is given in figure 6.7. As was done in the 
paper sheet example, a set of model points was chosen for finding the candidate 
matches (see figure 6.7). The model information that is used to match the images 
against, is given in figure 6.8. 

From the matched points, derived from the image features, the corresponding 
image features are derived: four lines and two center points of the pegs. From those 
image features the four corner points are derived as model objects, together with the 
position of the pegs. Given the four corner points p. q, r and s (p being the upper 
left point in the engineering drawing and labeling clockwise) the relations L\ and /._. 
are calculated as: 

U = (\/(p,. - ry,)2 + (py - qyy- + yj(sx - r , ) 2 + (sy - ry)*)/2 (6.21) 
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ff 
1 : 
Vv 

PI 

0 

o 

: 2 

Corner 

• 

L2 

• 
Position 

Position 

• 

Corner 

Corner Corner 

(a) (b) 

F i g u r e 6 . 7 : (a) T h e engineering drawing o f t he lamp, (b) The selected match ing points. 

Lamp type 
1 
2 
3 

Total 

Correct 
16 
22 
14 
52 

False1 negative 
0 
0 
2 
2 

False positive 
0 
0 
0 
0 

T a b l e 6 . 1 0 : Results of match ing the lamp test set w i t h the models obtained f rom the training 

set. 

and 

L-2 = ( ,J(p r -s r ) ' 2 + (pu-Sy)2 + \f(q, - r.,-)2 + (Qy " ry)*)/2. ( 6 . 2 2 ) 

T h e relative positions were calculated using equation 6.17 for the distance to both 
lines, characterized by the corners from the model. 

In order to find a useful set of parameters for the tolerance of the models, we use 
half of the 108 images and match them against the three models for different values 
of the tolerances on the relations and characteristics. 

In figure 0.9 the number of correct matches as well as the number of false negatives 
and false positives are given for different values of the tolerance parameter . From the 
numbers , as depicted in figure 6.9. we select a value for the tolerance parameter for 
which the total number of errors is minimal. The second half of the images is matched 
wi th the models adjusted with the tolerance parameter as it was selected in from the 
information as given in figure 6.9. The results of this match experiment are given in 
table 6.10. 

Although the tolerance parameters are usually defined beforehand, this example 
applicat ion illustrates the use of tolerance for sorting objects that share the same 
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Match 
Points 

Image 
Features 

Model 
Object 

Relations 

F i g u r e 6 . 8 : T h e match model for the lamp example. ' L ' stands for line, 'C ' stands for corner, 

'Pos' for posi t ion, ' L I ' and 'L2 ' refer to the w id th and the height o f the model and 'RelP ' refers 

to the relative posi t ion of a posi t ion w i t h respect to three corners. 

60 

<« 50 
o I 40 
TO 

E 
*o 30 

20 

10 
«M» • 

,,/" 
m m . i i i . i i i . . | 

O h- TJ- r- N- -q-

o o o o o o o o o 
S W Ol O) 
Ö Ö O Ö 

Tolerance parameter 

Correct matches • False negative A False positive 

F i g u r e 6 . 9 : Ma tch ing results for the lamp test set for di f ferent values o f the tolerance parameter. 

geometric model, but differ in the parameters of that model. Since object models 
consist of elements that map directly to geometric elements and relations (such as 

http://mm.iii.iii
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D3 

Model A 
4.4 ± 0.5 
2.7 ± 0.5 
2.7 ± 0.5 

Model B 
3.5 ± 0.5 
2.8 ± 0.5 
3.5 ± 0.5 

Model C 
3.5 ± 0.5 
3.8 ± 0.5 
3.5 ± 0.5 

T a b l e 6 . 1 1 : Parameter values of the geometr ic part of three resistor models. 

width, height and relative position), models can be adjusted easily - in this relatively 
simple case even automatical ly - to a certain object or certain problem statement. 

6.4.3 Resistor example 

In this example we il lustrate the effect of the accuracy of the model on the matching 
result. We took 100 images of resistors, with 10 different color codings, see figure C.7. 
The task for this set of images is to sort the resistors by their color coding, i.e. their 

resistance value. 
The colors of the color codings are detected by a color detector invariant for 

shading and shadow [45]. For every resistor image, all image points with one of the 
colors from the color coding arc detected. Of connected groups of points (with an area 
larger than a certain threshold) , the center of gravity is determined. The engineering 
drawing of the resistors color coding, is given in figure 6.10.(a). The centers of'gravity 

A«C 
Position 

c < 

D < 

Dl 

f 

D 2 

r 
i 

Position 
) 

Position 
> 

. Position 

(b) 

F i g u r e 6 . 1 0 : (a) T h e engineer ing drawing of the resistors color cod ing. The labels 'A ' , ' B ' , 'C ' 

and ' D ' refer t o the di f ferent colors of a certain resistor. T h e distances between the color bands 

can vary depending on the type of resistor, (b) T h e match points for the resistor model . 

of the color bands are chosen as the match points for the search for the hypotheses 
in the image (see figure 6.10.(b)). The model used for determining which resistor is 
depicted in the image, is shown in figure 6.11. The distances between the color bands 
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Figure 6 .11 : The match model for the resistor example. 'CLS' stands for Colored Line Segment 
and 'Dist' for Distance. 

are calculated as the distance between the centers of gravity of the color bands. 

In the first experiment, we model the various resistors with three geometric mod
els (see table 6.11). These models are matched to the images. The results of this 
experiment are given in table 6.12. 

As a second experiment we model more accurately by a different geometric model 
for every different resistor type. These models are matched to the same images. The 
results of this experiment are given in table 6.13. Further investigation of the image 
of resistor 4 showed that this was a batch of resistors with two different geometric 
models, explaining the low performance for that particular type of resistor. The black 
color band of the seventh type of resistor appeared to be hard to distinguish from the 
dark shadow on the background. 

This example illustrates the direct relation between the accuracy of the model and 
the matching results. Although the accuracy of the object models can increase the 
performance of the matching method considerably, it can only improve results to a 
certain extent. As the paper sheet example also showed, further improvement can be 
gained by improving the detection process. 
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Resistor tvpc 

1 
2 
3 
4 

5 
G 
7 
8 
9 
10 

Total 

Geometric model 

A 
B 
A 
A 
A 
A 

C 
A 
B 
A 

Correct 

10 
8 
10 
5 
10 
7 
10 
9 
3 
10 

82 

False negative 

0 
2 
0 
5 
0 
3 

0 
1 
7 
0 

18 

False positive 

0 
1 

1 
0 
1 
6 
0 
0 
0 
2 

13 

Table 6.12: Matching results for the case where the ten different resistor types are modeled by 

three geometric models. 

Resistor type 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Total 

Correct 

10 
10 
10 
5 
10 
7 
10 
9 
9 
10 
90 

False negative 

0 
0 
0 
5 
0 
3 

0 
1 
1 
0 
10 

False positive 

0 
1 
0 
0 
0 
(1 
0 
0 
0 
2 

3 

Table 6.13: Matching results for the case where every type of resistor is modeled by a unique 

geometric model. 

6.5 Summary and conclusions 

This chapter presents a matching method for matching objects from engineering draw
ings against image data . Matching is performed in two steps: first candidates are gen
era ted and secondly the hypotheses are matched against the requirements the model 
represents. Our method is specifically designed to verify whether industrial pa r t s 
correspond with every (redundant) aspect relevant for matching. The demands are 
are depicted in the engineering drawing, including the tolerance of the various parts 
and relations. 

Occlusion, scale and affine invariant matching is not desirable in this setting. How

ever, our method can be easily adjusted in order to match scale and afline invariant 

models, by adjusting the first matching step. 
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We advocate a strict separation between the detection of image features and the 
matching process, since the matching process itself should be sensitive for small errors 
(beyond the prescribed tolerance). In case of mismatch our method returns the reason 
of the mismatch: a part of the model can be missing, a characteristic of an element 
of the model does not match or a relation between elements of the model does not 
match. The examples show that with this characteristic of the method, together 
with the separation of the detection phase and the matching phase, it is easy to tune 
the method to the circumstances while obtaining satisfactory results. The examples 
illustrate that in principle the matching method is as good as the detectors and models 
are accurate. Examples show that our matching method is able to obtain good results 
in practical situations. 

The performance of the online part of the matching method is 0(p + h(n + in)). 
where p is the number of features extracted from the image, h is the maximum number 
of hypotheses generated, n is the number of elements in the matching model and m is 
the number of relations that have to be checked. Although typically p can be large, 
h, n, and m are relatively small, guaranteeing good efficiency for practical cases. 




