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Abstract

This paper introduces a new parametric model capable of the modeling and identification of a certain class of char-

acteristic intensity variations described by polygonal structures of a depicted 3D scene. We propose a new parametric

corner modeling based on a Unit Step Edge Function (USEF) that defines a straight line edge. The USEF function is a

distribution function, which models the optical and physical characteristics found in digital imaging systems. The sim-

plicity of the model definition provides the flexibility and generality useful in modeling complex corners. Based on our

model, we have been able to create a multi-corner detector using simple operations as addition and multiplication. Once

we have built a detector, it is possible to retrieve the information useful in other machine vision tasks. An example of

retrieving the position of a projected L-corner is developed. A new criterion for high-accurate L-corner localization is

introduced, and a comparison with five previous corner criteria is made.
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1. Introduction

Computer vision as well as close-range photo-

grammetry relies on image processing techniques
in order to obtain the information required for

tasks devoted to perceiving, sensing and measur-

ing the world around a machine vision system.
ed.
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A common paradigm to computer vision is the

extraction of features described by specialized cri-

teria depending on the task at hand. Feature

extraction is one of the most important areas in

computer vision. A great deal of effort has been
spent by the computer vision and photogrammet-

ric communities on this problem, see (Ackermann,

1984; Gruen, 1985; Foerstner, 1986; Medioni and

Yasumoto, 1987; Gruen and Baltsavias, 1988;

Mehrotra and Nichani, 1990; Rohr, 1992; Deriche

and Giraudon, 1993; Rosin, 1996; Baker et al.,

1998; Lindeberg, 1998; Tsai et al., 1999; Zheng

et al., 1999), and in particular on the problem of
edge detection, see (Moravec, 1977; Marr and

Hildreth, 1980; Canny, 1986; Deriche, 1987). Cor-

ners are special features in images and are of great

use in computing camera calibration, tracking,

reconstruction and recognition, to mention but a

few. Most gray scale corner detectors assume an

idealized corner that is sharply pointed and has

straight, steep edges and return just a single value
measuring the ‘‘cornerity’’ or ‘‘strength’’ of the

corner (e.g. Deriche, 1987; Harris and Stephens,

1988; Deriche and Giraudon, 1993; Mehrotra

and Nichani, 1990; Zheng et al., 1999). However,

corners rarely appears like this in the real world.

Due to manufacturing limitations, wear and tear,

streamlining, aesthetics, and so forth, corners are

more typically rounded, blunted, blurred, ragged,
textured, etc. Rosin has listed these attributes in

more detail (Rosin, 1996). In particular, cornerity

presents the following properties: Position or loca-

tion, angle of aperture, orientation, edge shape,

edge texture, contrast, edge profile, sharpness,

color, junction type, and size. This paper intro-

duces a new multi-corner image model based on

straight lines that are merged using simple opera-
tors like addition and multiplication, see Olague

and Hernández (2002). Our corner detector is a

parametric based model detector, which provides

with most of the above properties. A number of

approaches have been proposed in the literature

to solve the problem of corner extraction. In gen-

eral, the approaches could be classified with re-

spect to the level of accuracy of the detector,
which could be obtained up to pixel or subpixel

resolution. Examples of corner detectors designed

for pixel resolution are: (1) Beaudet (1978) rota-
tionally image operator, (2) Dreschler and Nagel

(1982) based on local curvature extrema of region

boundaries and (3) Kitchen and Rosenfeld (1982)

based on the concept of Gaussian curvature. A

drawback of these approaches is that they need a
threshold. An approach for detecting edges is the

use of the Laplacian-of-Gaussian (LoG), see

(Marr and Hildreth, 1980). Deriche and Giraudon

(1993) have introduced an approach combining

the pro-perties of direct corner detectors and the

localization behavior of the LoG for L-junctions.

It is widely accepted that the position of the L-cor-

ner is extracted exactly and independently of the
amount of blur. Indeed, Deriche and Giraudon

approach is invariant to the blur factor. However,

Deriche and Giraudon approach is not invariant

with respect to the aperture angle, as we will show

in this paper. Parametric based approaches (e.g.

Baker and Nayar, 1998) are considered as gray

level approaches as long as they work directly with

the gray level image. Most of them aimed at
detecting the corners within subpixel resolution.

The appearance of such a feature in an image

may well depend upon a number of parameters

such as orientation, localization, scale, and level

of blurring. The basic idea is to propose a para-

metric model and then fit the model directly to im-

age intensities (Gruen, 1985). Rohr (1992)

proposes a basic step function which is convolved
with a Gaussian in order to model the blur. Deri-

che and Giraudon (1993) propose a corner detec-

tor similar to that of Rohr. A drawback of

parametric based models to really be a paradigm

that automatically constructs a detector is the lack

of a suitable basic model. The basic model should

provide the simpleness to build general complex

models. The main contribution of this work is to
present a new parametric model that due to its

simplicity is able to provide the flexibility and gen-

erality for building any kind of complex corners.

As a consequence of the new modeling, our model

considers the blurring aspects within the basic

model; therefore, it is not necessary to convolve

the model with a Gaussian function. Rohr (1992)

studied the displacement of the location using an
analytical model of the corners, which introduces

a smoothing procedure given by a Gaussian func-

tion that convolves with the corner model. The
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objective of this work is to develop an algorithm

that automatically constructs a feature detector

for an arbitrary parametric feature. We concen-

trate our study here on L-corners and how the cor-

ner position is displaced for purpose of
photogrammetric measurement. The approach

can easily be extended to complex features for pur-

pose of object recognition. Nevertheless, the dis-

placement of complex features are more difficult

to obtain due to the geometric reasoning used.

The problem of L-corner detection is explained

extensively in this paper. The displacement of the

L-corner must be approached carefully in the case
of a bandlimited system. This problem is of main

concern for high accurate reconstruction. High-

accurate corner extraction is a complex process

due to the following factors: (1) the attitude, posi-

tion and orientation, of the camera with respect to

the object, (2) the interior orientation of the cam-

era, (3) the fluctuations on illumination and (4)

the camera optics, see (Olague, 2002). In this con-
tribution we will use the concept that corners are

always a subset of edges instead of adjacent sur-

faces. Surely, if three or more surfaces meet then

there always be a corner. However, when two sur-

faces meet it is not clear whether is just a normal

edge or an L-corner.

The paper is organized as follows: Section 2

introduces the new parametric based model, after
which, we show how to build complex corners

based on the basic model, including the L-corner

and Vertex models. Section 5 introduces our crite-

rion for precise corner location, which is based on

purely geometric reasoning. Then, we compare

analytically the L-corner localization problem with

five previous corner detectors using our model. Fi-

nally, we calibrate our digital camera in order to
show the benefits of using our high-accurate sub-

pixel detector. We conclude the paper by summa-

rizing the main contributions and mentioning

how the new model could be used in future

research.
2. Unit step edge function

Considering an image coordinate system I(x,y)

and an unknown set of parameters P = (p1, . . . ,pn),
the Unit Step Edge Function is constructed based

on the error function definition.

Definition 1 (Error function). The error function,

also called Gaussian probability integral, is a

special case of the incomplete gamma function,

and is commonly defined in C libraries. Its

definition is:

erfðxÞ ¼ 2ffiffiffi
p

p
Z x

0

e�t2 dt: ð1Þ

The function has the following limiting values and

symmetries:

erfð0Þ ¼ 0; erfð1Þ ¼ 1; erfð�xÞ ¼ �erfðxÞ:
According to the above definition, we can derive a

new function dividing the error function by 2 and

adding half of a normal distribution in order to

obtain a distribution function as follows:

F ðxÞ ¼ 1ffiffiffi
p

p
Z x

0

e�t2 dt þ 1ffiffiffiffiffiffi
2p

p
Z 0

�1
e
�1
2
t2 dt

¼ erfðxÞ
2

þ 1

2
:

By replacing x appropriately we can derive the

USEF definition along the x-axis.

Definition 2 (Unit step edge function). Let the

image coordinates and the set of unknown model

parameters be denoted by I = (x,y) and

Px = (px1, . . .,pxn), respectively. The unit step edge

function is represented as follows:

UxðI ; PxÞ ¼ � 1

r1

ffiffiffiffiffiffi
2p

p
Z x

0

e

�ðt�y�tanðh1Þ�l1Þ2

2r2
1 dt þ 1

2
; ð2Þ

where the image coordinates are in the interval

[�m,m]; the central point l1 designates the posi-

tion x of the line that crosses along the y-axis; l1
lies in the interval [�m,m]; the rotation h1 is made

clockwise about the (positive) y-axis; h1 designates
the orientation of the edge model to be fitted to the

image within the interval � p
2
< h1 < p

2
; finally, a

scaling factor r1 that characterizes the amount of

blur introduced by the discretization process is in-

cluded. r1 lies in the interval [0,m]. The unit edge

function describes a distribution function that
increases steadily from 0 to 1 with respect to the

x-axis.
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The graphical model of the USEF is the three-

dimensional step edge shown in Fig. 1. This model
describes completely the 2D intensity variations

within a single equation instead of the two step

process of convolving an ideal shaped gray value

structure with a Gaussian filter as is normally done.

In this way, it is straightforward to scale the model

to the 2D intensity variations using the operations

of addition and multiplication as follows:

U 0
xðI ; PxÞ ¼ UxðI ; PxÞAþ B; ð3Þ

where A represents the distance between the lower

and upper gray levels and B represents the lower

gray value, also called here floor level. The unit

step edge function Uy(I,Py) with respect to the y-

axis is represented in a similar way, where all inter-
Fig. 2. Corner Unit FunctionMLðx; y;~P Þ built from two USEF�s. (a) T
along both edges. (b) Three-dimensional view of the corner, as well a
vals of the variables remain the same and l2 desig-
nates the position y of the line that crosses the x-
axis. The rotation h2 designates the orientation

of the unit step edge model in the y direction.

Uy(I,Py) can be evaluated numerically using the

Gaussian error function as follows:

UyðI ; PyÞ ¼ � 1

2
erf

ðy � x � tanðh2Þ þ l2Þ
r2

ffiffiffi
2

p
� �

þ 1

2
:

ð4Þ

Hence, the USEF Uy(I,Py) is characterized by a r2
straight line along its main direction. The straight

line equation is obtained from the numerator in

the argument of the exponential function, see

Fig. 1.
op view of the CUF model showing both straight lines, r1 and r2,

s the central contour curve.
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3. L-corner modeling

L-corners are generated when two straight-line

edges join into a single point creating two homoge-

neous gray zones with different intensities, see Fig.
2. This work proposes a new corner modeling

based on the USEF model. In order to obtain a

Corner Unit Function (CUF), two USEF�s are

multiplied as follows:
Fig. 3. The vertex model can be easily obtained f
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orientation between the r1 and r2 straight lines.
M 0
Lðx; y;~P Þ ¼ UxðI ; PxÞ � UyðI ; PyÞ � Aþ B: ð5Þ
The structure generated by Eq. (5) is known in the

literature as the ‘‘L-corner’’. The parameters r1,
h1, l1, r2, h2, l2, A·B, represent the physical

and geometrical contours of an L-corner. There-
fore, in order to obtain the corner model, we sim-

ply multiply both USEF�s. In summary, our model
rom an L-corner model and a third USEF.
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is based on an analytical expression with the fol-

lowing characteristics:

1. Each edge on the corner has different levels of

blurring. This is physically produced by the
non-square CCD pixels of the Pulnix 9701 cam-

era. Hence, the CUF models the degree of blur-

ring along each edge.

2. Each edge is independent. Therefore, there is

not any restriction with respect to the acute or

obtuse of the angles within the corner.

3. The corner moves freely around the explored

window. We obtain the position and orientation
of the corner around any point within the stud-

ied window.

4. The gray levels are self-adjusted inside and out-

side of the corner.
4. Extraction of multiple features

Considering the above procedure for building

L-corners, it is possible to model arbitrary com-

plex gray value structures in terms of the unit step

edge function by means of simple addition and

multiplication operations. The total number of

parameters used by the model is in general:

n ¼ 3þ 2N þ O; ð6Þ
where the first three, in the case of the L-corner,

are given by the amount of blur r and the lower

and upper gray values A and B, respectively; N
0
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Fig. 5. Curve distortion using several blur factors: (a) r1 =
represents the number of step edge models, and

O specifies the number of operations used to repre-

sent the feature. In fact, the first three should be

increased if we take into account different blurs

for each main direction and multiple gray values
when considering more complex models. For

example, the vertex model needs an extra gray

level, and in total we need twelve parameters to

model the corner, see Fig. 3. A vertex model

(VUF) can be easily obtained from an L-corner

model (CUF) and a third USEF as follows:

V 0ðI ; P Þ ¼ UxðI ; PxÞ � UyðI ; PyÞ � A
þ UzðI ; P zÞ � Bþ C: ð7Þ
5. Displacement of the L-corner

In this section, we describe the L-corner locali-
zation procedure, considering that we have already

solved the process of fitting the general model to

intensity variations (Olague et al., 2003). Calcula-

tion of partial derivatives through analytical

expressions is made with the Maple package. The

displacement of the L-corner is produced by the

blurring effect introduced by the bandlimited

CCD sensors and the angle between both lines.
The USEF model considers a straight line that

characterizes the position and orientation of each

edge composing the corner, as well as the blurring.

The straight lines are given by: x� y � tanðh1Þ � l1,

along the x-axis, and y � x � tanðh2Þ � l2, along the

y-axis. These two expressions are obtained from
0
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0.5, r2 = 4.0, (b) r1 = r2 = 1.0, (c) r1 = 4.0, r2 = 0.5.
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the numerators in the arguments of the exponen-

tial functions. The point of intersection (x0,y0) at

which the two lines meet is given by

x0 ¼
tanðh1Þl2 þ l1

�1þ tanðh2Þ tanðh1Þ
;

�

y0 ¼
tanðh2Þl1 þ l2

�1þ tanðh2Þ tanðh1Þ

�
: ð8Þ
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Each straight line is asymptotic to the contour

level C(I,P) = 0.5, as shown in Fig. 4. Each

straight line may be seen as defining a vector.

Using both vectors and the scalar or inner product

we can calculate the angle between both straight
lines. Our goal is to find the corner point (xc,yc).

Since our problem is defined geometrically, we

can define a line that crosses the intersection point

and lies between the two lines that characterize the
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L-corner. The corner should be at the point where

C(I,P) = 0.5. We can now (numerically) calculate

the position that satisfies the above implicit equa-

tion using the algorithms of bracketing and bisec-

tion. However, we still need to find the best point
along the implicit curve that defines the exact place

for the L-corner. In order to solve this problem, we

use the downhill simplex method for searching the

point that minimizes the Euclidean distance Dmin

between the intersection point and the corner

point. The exact corner point will then be the point
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that minimizes the distance Dmin and satisfies the

implicit equation C(I,P) = 0.5. Traditionally, the

position of the L-corner point that is searched

for by direct and indirect corner detector ap-

proaches is defined as the point of maximum cur-
vature of linked edge points, and just one blur

factor is considered in the analysis. Deriche

(1993) reports that the corner is found at the point

where the Laplacian is zero. Fig. 4 is a three-

dimensional representation of our model that illus-

trates graphically our criterion for localizing the
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exact position of the L-corner point. It is evident

that the point of maximum curvature has a sym-

metric point located at the lower part of the cor-

ner. Considering this fact, we propose by

geometry that the middle point along the curve
that goes from top to bottom satisfies in an opti-

mal manner the exact position of the L-corner

point. Our modeling takes into account that a cor-

ner can be displaced due to the different blurs pro-

duced by the shape and size of the photosensitive

elements within a CCD image sensor. Because

each USEF is independent of each other there is

not any restriction about the corner morphology;
for example, about how acute or obtuse the angle

between both straight lines is. Moreover, the L-

corner can be moved around the complete window

being explored.
6. Comparing the CUF model with previous

L-corner detectors

In this section, we compare the proposed CUF

model with previous L-corner detectors. Fig. 5

shows the behavior of corner location considering

several blur factor sets. Clearly, the corner is dis-

placed with respect to the bisector line when both

factors are different. Our goal here is to show the

differences and similarities of the corner location
used by Beaudet (1978), Dreschler and Nagel

(1982), Kitchen and Rosenfeld (1982), Deriche

and Giraudon (1993), and Rohr (1992), to the cri-

terion proposed in this paper. With this, we expect
–4

–2

2

4

y
–4 –2 2 4

x

y

Mi

Corner

kminkmax=0
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Fig. 8. Exact Dreschler and Nagel (1982) corner position using an a
to provide confidence on the usefulness of our

approach.

The first three detectors proposed for compari-

son were developed for pixel resolution. Neverthe-

less, the criteria can be applied to our L-corner
model for the purpose of contrasting the differ-

ences and similarities. Beaudet (1978) proposed a

rotationally invariant operator based on the deter-

minant of the Hessian associated to the image.

Fig. 6 shows the behavior of the detector consider-

ing four blur factor sets. As a result, we observe

that the L-corner location is displaced towards

the top of the corner. Considering only one blur
factor, the maximum (corner) of the Beaudet func-

tion is found along the bisector line rbis. On the

other hand, if we consider different blur factors,

the corner is found between the rbis and r1 lines.

However, our criterion find the corner between

the rbis and r2 lines with a less important displace-

ment. Based on these results, we can consider the

detector proposed by Beaudet as different to the
proposed in this paper. Beaudet�s corner detector

is unstable with respect to the aperture angle and

blurring factors. Harris detector is another well-

known operator, which could be considered as a

variant of the Beaudet corner detector, see Fig.

7. The operator proposed by Harris and Stephens

(1988) adds a fraction of a variant of the Laplacian

to the Beaudet�s criterion using what is known as
the Harris constant; k which lies in the interval

½0; 1
4
�. Fig. 7 shows the detector with the Harris

constant k = 0.04, which is normally reported in

the literature. We can observe the similarity with
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Beaudet�s corner detector. If we employ a bigger

value the location of the corner, for the case of dif-

ferent blurring factors, is moved towards the bisec-

tor line. However, in practice it is harder to define

a threshold because the maximum tends to zero.
This is the main reason to use a small value for

the constant, and as a result we obtain a behavior

similar to Beaudet�s corner detector. Dreschler and

Nagel (1982) proposed an operator based on the

Gaussian curvature principle. In order to locate
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Rosenfeld (1982) proposed a measure of cornern-
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curvature scaled by the gradient magnitude. Fig. 9
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shows the behavior of the operator with respect to

the implicit contour curve C(I,P) = 0.5, the aper-

ture angle, as well as different blur factors. We ob-

serve that the corner location is displaced towards

the top of the corner. Considering only one blur
factor, we found the corner along the bisector line.

Considering different blur factors, the corner is

found between the rbis and r2 lines. In summary,

Kitchen and Rosenfeld�s detector agrees well with
our criterion for corner location. However, it is still

different from the point of view of displacement.

Deriche and Giraudon (1993) studied analyti-

cally the behavior of corners in the scale space.
They proposed an approach in order to correct

the displacement of corner position as follows:

Firstly, a Laplacian image is calculated; Secondly,

Beaudet�s measure at two scales is calculated and

an extrema detection in all directions is performed.

Around each detected extrema in the image corre-

sponding to the first scale we look in the second

image for the position of the local maximum. Once
this second maximum is detected, we look for the

exact position of the corner as the point that be-

longs to the line segments joining the two positions

and where a zero crossing occurs in the Laplacian

image. Fig. 10 shows the behavior of the proposed

algorithm. We observe that the line joining both
C(I,P)=0.5 C(I,P)=0.5

Profile of the Laplacian
evaluated at rbis

2
(ML)=0 2
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(ML
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Fig. 10. Zero crossing behavior of the Lap
extrema is the bisector line rbis. The corner

location is displaced along the bisector line at

zero-crossing with respect to the aperture angle.

In summary, the approach proposed by Deriche

and Giraudon defines the location of the corner
biased towards the corner floor and this behavior

is in general contrary to the approach proposed

in this paper. Finally, Rohr�s detector is analyzed
using an implicit equation, as we have made here

in a similar way. The position of the corner point

is independent of the height between the floor
C(I,P)=0.5
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Table 1

Intrinsic parameters computed with the K&R corner detector

Image au av u0 v0

1 �846.993 983.218 303.491 321.515

2 �832.861 968.630 351.668 343.830

3 �736.878 854.779 293.159 330.854

4 �811.104 936.987 295.140 348.316

5 �864.280 1000.831 319.202 351.686

6 �880.103 1022.265 304.188 320.721

7 �870.797 1011.478 312.025 314.904

8 �828.918 957.628 334.481 347.584

9 �864.280 1000.831 319.202 351.686

10 �896.779 1035.635 282.617 393.257

11 �925.399 1072.833 294.138 330.264

12 �807.135 931.533 290.416 373.279

13 �755.350 874.399 309.405 333.144

14 �852.554 985.909 295.963 379.274

15 �864.280 1000.831 319.202 351.686

16 �778.400 899.715 314.562 345.037

17 �852.084 988.060 295.830 351.447

18 �875.877 1015.967 318.835 350.058

19 �846.993 983.218 303.491 321.515

20 �891.603 1035.749 295.469 348.970

Average �844.133 978.024 307.624 345.451

Std. dev. 47.314 55.414 16.538 20.119

Table 2

Extrinsic parameters computed with the K&R corner detector

Image Rx (�) Ry (�) Rz (�) tx ty tz

1 �44.211 88.770 87.517 �76.932 �19.325 1335.515

2 �45.996 �87.063 �89.564 �1.443 �50.015 1322.154

3 �45.067 88.155 87.152 �93.080 �32.356 1172.176

4 �45.942 87.676 86.888 �90.189 �55.747 1274.937

5 �46.040 89.881 88.478 �52.698 �60.153 1357.286

6 �44.132 88.762 87.703 �76.034 �18.436 1380.355

7 �44.168 89.505 88.221 �63.747 �11.172 1368.154

8 �45.908 �88.436 89.676 �28.486 �55.019 1309.098

9 �46.040 89.881 88.473 �52.698 �60.153 1357.286

10 �47.890 86.161 85.611 �109.779 �115.167 1400.506

11 �44.083 87.789 87.024 �91.790 �30.072 1445.175

12 �47.756 87.310 86.548 �97.410 �90.335 1270.564

13 �45.246 89.652 88.235 �67.161 �35.832 1198.571

14 �47.890 87.799 86.910 �88.806 �97.646 1338.165

15 �46.039 89.881 88.473 �52.698 �60.153 1357.286

16 �46.070 89.237 87.882 �59.996 �51.912 1233.276

17 �46.030 88.184 87.242 �88.858 �59.749 1340.254

18 �46.072 89.796 88.412 �53.321 �57.923 1374.145

19 �44.211 88.770 87.517 �76.933 �19.325 1335.515

20 �46.105 88.078 87.166 �89.490 �56.626 1398.305

Average �45.745 70.989 78.778 �70.577 �51.856 1328.436

Std. dev. 1.199 54.297 39.633 25.865 27.089 68.771
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Table 3

Intrinsic parameters computed with our subpixel L-corner detector

Image au av u0 v0

1 �1227.650 1423.887 271.864 312.546

2 �1203.922 1395.749 251.808 315.922

3 �1224.606 1420.150 264.743 312.448

4 �1186.412 1375.804 260.305 331.596

5 �1201.286 1392.345 259.250 329.104

6 �1203.045 1395.538 257.157 329.216

7 �1212.283 1404.637 257.471 321.710

8 �1194.971 1385.369 251.021 309.744

9 �1214.887 1408.786 264.843 316.562

10 �1211.432 1402.922 260.937 335.604

11 �1220.388 1415.321 258.674 331.163

12 �1238.196 1435.989 264.449 316.855

13 �1193.260 1383.388 259.044 307.829

14 �1220.710 1415.299 261.779 320.159

15 �1200.134 1390.995 262.161 316.468

16 �1188.114 1377.768 263.115 314.110

17 �1202.620 1393.061 260.728 335.080

18 �1198.986 1391.049 255.844 324.630

19 �1225.430 1422.130 254.520 324.977

20 �1205.959 1398.660 262.133 326.343

Average �1208.715 1401.442 260.092 321.603

Std. dev. 14.088 16.501 4.827 8.545

Table 4

Extrinsic parameters computed with our subpixel L-corner detector

Image Rx (�) Ry (�) Rz (�) tx ty tz

1 �43.347 85.701 85.459 �127.632 �5.408 1869.182

2 �43.376 84.432 84.574 �157.956 �9.754 1832.566

3 �43.420 85.099 85.017 �138.472 �5.422 1863.712

4 �44.188 84.986 84.937 �144.994 �30.52 1809.016

5 �44.053 84.833 84.812 �146.641 �27.198 1828.878

6 �44.067 84.757 84.780 �149.760 �27.406 1832.592

7 �43.779 84.754 84.741 �149.266 �17.581 1844.007

8 �43.000 84.410 84.574 �159.207 �1.549 1819.528

9 �43.523 85.337 85.165 �138.044 �10.732 1850.081

10 �44.277 84.871 84.892 �144.155 �35.704 1843.106

11 �44.080 84.763 84.775 �147.563 �29.877 1857.204

12 �43.536 85.326 85.181 �138.660 �11.043 1883.319

13 �43.131 84.910 84.898 �147.006 0.722 1818.024

14 �43.636 85.179 85.086 �142.738 �15.391 1857.989

15 �43.560 84.991 84.965 �142.364 �10.583 1827.936

16 �43.462 85.152 85.065 �140.785 �7.618 1810.859

17 �44.324 84.953 84.916 �144.370 �35.063 1830.541

18 �43.899 84.608 84.686 �151.849 �21.336 1827.106

19 �43.782 84.599 84.661 �153.789 �21.656 1865.275

20 �43.910 85.097 84.974 �142.227 �23.562 1837.346

Average �43.718 84.938 84.908 �145.374 �17.334 1840.413

Std. dev. 0.378 0.318 0.220 7.315 11.237 20.553
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and the top of the corner. There is a linear rela-

tionship between the blur factor and the exact

position of the corner point. All the considerations

reported by Rohr agree with and are observed in

the behavior of our criterion for corner detection.
Fig. 11 shows the displacement of position x with

respect to the aperture angle. The purpose of this

figure is to compare Rohr�s criterion and our crite-

rion, using several blur factors. In general, using

angles larger than 90�, our criterion provides a

smaller displacement, while for angles smaller than

90�, the opposite occurs.

Finally, we compare our L-corner algorithm
with the K&R corner detector using a well-know

camera calibration algorithm proposed by Faug-

eras and Toscani (1986, 1987). The camera is a

Pulnix TM-9701d with a C-mount lens Fujinon,

HF16A-2M1, of focal length f = 16mm. The pixel

size of the camera is 11.6lm · 13.6lm. Tables 1

and 2 show the average and standard deviation

that we have obtained with the K&R corner detec-
tor, after calibrating the camera with a sequence of

20 images (see Fig. 12). If we contrast now the re-

sults with those obtained in Tables 3 and 4, it is

evident the advantage of using an accurate sub-

pixel detector. The accuracy is greatly improved

as we can see on all intrinsic and extrinsic param-

eters. It is remarkable also the difference that is ob-

tained on the intrinsic and extrinsic average values.
This experiment shows the importance of using a
Fig. 12. Twenty images were captured with a Pulnix TM-9701

digital camera using a Fujinon lens of focal length f = 16mm, in

order to calibrate the camera using our L-corner detector.
reliable L-corner detector, since it is really the

accurate determination of object coordinates

which should be the primary aim in camera cali-

bration, as well as on many other computer vision

tasks.
7. Conclusion

This paper has introduced a new basic function,

that due to its simplicity, is able to build complex

corners. This function was called Unit Step Edge

Function, USEF, and it defines a straight line
edge. The USEF is a distribution function that

models the optical and physical characteristics of

digital imaging systems. A new criterion for precise

L-corner location was introduced. In comparison

to our model, Beaudet�s, Dreschler and Nagel�s,
and Kitchen and Rosenfeld�s detectors located

the exact position of the corner upwards towards

the top of the corner, while Deriche and Girau-
don�s located the exact position of the corner point

biased downwards towards the floor of the corner.

The displacement is contrary to our criterion,

C(I,P) = 0.5, considering the aperture angle. On

the other hand, the criterion proposed by Rohr

(1992) produces a similar behavior to that of our

model, considering the curve of displacement plot-

ted by the corner position along the x-axis; see Fig.
11. Both criteria are similar, but arise from very

different concepts: our criterion is based on purely

geometric reasoning, while the criterion pro-

posed by Rohr employs concepts from differential

geometry. These last two detectors were studied

here considering equal blur factors along the two

main directions for the purpose of comparison.

However, our model can use different blurs,
as can arise in the case of a rectangular CCD.

Modeling complex corners and extracting a rich

set of information is our main goal for future

research.
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