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FOREWORD

Some of the study and research work as well as part of the processing of the practical
example contained in this report was performed while Prof. Dr. P. Patias spent four
months of his sabbatical leave at our Institute as a guest professor in 1994.

The subject of line photogrammetry (especially straight line photogrammetry), although

‘not a new item as such, has found increased attention during the past decade. This
interest, partly triggered by the desire for refinement and completion of the geometrical
aspects of sensor orientation, was génerated even more than that by the specific
conditions. of digital photogrammetry, where, prior to the completed orientation of
images, point correspondences are sometimes hard to establish automatically. In
addition, 'Cextainkapplications, e.g. indoor robotics or architectural photogrammetry,
provide usually for a wealth of well detectable line features, which should be used to at’
least stabilize, if not enable orientation, navigation and so forth.

This report encompasses key aspects related to the mathematical formulation of straight
* line photogrammetry, space resection and relative orientation. Results from a practical
example (CIPA project ,,Otto Wagner Pavillon* in Vienna) complete the essay.

It is planned to include the procedure of straight line processing, as outlined in this
report, in our software package DIPAD (Digital Photogrammetry and Architectural
Design) in order to enhance its functionality.

I am very pleased about this excellent piece of work, which is both innovative and of

practical relevance. This is to express my sincerest thanks to the authors for their very
- interesting contributions.

Ziirich, December 1995 A. Gruen
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)

INTRODUCTORY CONCEPTS
OF LINE PHOTOGRAMMETRY

For good reasons, the discrete "p,oint is the ehtity around which Photogrammetry has -
basically constructed its mathematical models and algorithms (in other fields dedicated
“to the study of shape, limitations of being "bound to points" were clearly recognized;
eq. Bookstein, 1978). ’ \ '

Although‘images contain a wealth of feature infbrhation, photogrammetrists attempt to
locate points on these images, which are mainly intersections of features. Masry (1981)
in an early work recognized_the kind of problems that may be encountered in such
situations, which worth quoting here: | ‘

"« A number of features exist but the number of intersection points is not sufficient
for the application. - |
 The features do not intersect within the bounds of the image dealt with.
e The intersections are not well defined. ‘
o The intersection points are poorly distributed, which hay result in an ill-
‘conditioned solution for the transformation parameters. "

and concludes that "A poor solution may consequently be the result, .despite the
availability of the features themselves and the user's ability to relate the image to the
map visually using those same features".

These problems motivated a number of researchers ovér the last years to use other
types of object descriptors than points (e.g. Mulawa and Mikhail, 1988; Mulawa, 1989).
These descriptors/features will act as agents of 2D-3D and 2D-2D correspondences
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and attract growing interest. Among these, linear features, and straight lines in
particular, are an obvious choice.

In conventional Photogrammetry, the use of straight line for image orientation may‘
reduce fieldwork or provide solutions in the absence of control points. The application
reported by Doehler (7975) is an early example for this use. The well established
plumb-line method for partial camera calibration, now also adapted for aerial
_photogrammetry (Fryer and Goodin, 1989), is another. The authors ‘have successfully
employed vanishing points of straight lines for the digital rectification of old amateur
- photographs of building facades demolished long ago (Karras et a/ 7993). Finally,
close-range photogrammetric packages optionally requmng straight lines, rather than
"points, as object control couId seem friendlier to non-expert users (eg. architects).

But it is chiefly the advent of Digital Photogrammetry and the prospect of replacing
human operators by -automated image analysis which pUshes today towards finear
rather than point features. Notwithstanding the fact that effective linear feature .
‘extraction and correspondence still remains a thorny problem, (unsignalized) lines are
generally easier to detect and extract robustly in automated processes, simplifying thus |
questions of correspondences, reducing computational cost and flimiting - matching |
~ambiguities in 3-D reconstruction. Line fitting along redundant points of (preferably
' long) edges may allow recovery of location and orientation of linear features with
subpixel accuracies (L/u and Huang, 7988 Mitichie and Habelrih, 1989: Huang, 1990,
L/u et al, 1990; Hekkila, 1991; Tommaselli a_nd Tozzi 1992: Weng et al., 1992).

One could regard lines, after Hekkila (71991), as natural descriptors for Digital
Photogrammetry. Hence, they can be or are being employed as basic entities in tasks
involving monoscopic or polyscopic imagery and as varying as rectification, camera
calibration, relative orientation, space resection and object reconstruction, estimation
of motion or mobile robot navigation in the fields of terrestrial, aerial and satellite
photogrammetry, computer vision and robot vision (Masry, 1981 Liu and Huang, 7988
Finsterwalder, 1991 Heikkinen and Laiho, 1992; Tommaselli and Tozzi, 1992; Weng et
al., 1992; StrunZ, 1992(a); 1992(b), 1993, Zielinski, 1992: Petsa and Patias, 1994(b)).

Of course this type of approach offers a lot of advantages, like improved measurement
accuracy in the context of full automation, as pointed out by many researchers:

"Generally, line features are easier to extract in a noisy image than point features.
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Furthermore, it is easier to determine the position and orientation of a line to sub-pixel
accuracy than the coordinates of a point" (Liv and Huang, 1988).

On the other hand, it also involves a number of newly set issues to be answered, like
the development of proper mathematical formulations, the study of the fninimum
requirements, the study of degeneracy c‘ases and the study of special space
configurations (like parallelity, perpendicularity, angularity, collinearity, coplanarity,
combinations of these, and the like) involving lines.

~ Our startihg point is the assumption that straight lines have already been recognized
and extracted frorh the digital images. Furthermore, we assume that homologous lines
. in overlapping images have been matched. Although, we do not underestimate the
problems involved in the ‘ab'ove procedures, we realize that thesé issues attract the
research interest. of many researchers, from many. disciplinés énd for many years
("Research oh edge detection including straight line extraction can be traced back to at
least 20 years. ...... In many computer vision systems, Iine‘ extraction is followed by
finding matches or correspondences of lines over several 'ima'g‘es. Once
correspondences are obtained, more higher level ‘processes, such as/ object
recognition and motion analysis can be performed." (Liu and Huang, 1990)). Some of -
these algorithms seem to be particularly suitabie for Line Photogrammetry(e.g. Canny,
1986; Burns, et al., 1986; Nalwa and Binford, 1986), si’nc'e, they can extract lines of
particular orientation, or filter out orientatiohs, which as we will see later on, Iead to
critical situations. Additionally, many algorithms for straight line matching have been
presented over the lést years (e.g. Medioni and Nevadia, 1984; Price, 1984, Mcintosh
and Mutch, 1988; Liu and Huang, 7990). Therefore, it is our opinion that Photogram—
metry has a lot to benefit from all this effort in the near future.
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2

- MATHEMATICAL FORMULATION

OF LINE PHOTOGRAMMETRY

Straight lines £ in object space XYZ and lines /in the image plane xy definé with the
_perspective center O(Xo, Yo, Zo) the two projection planes & and E \respectivezly |
(Figure 1). The condition for /to be thé perspective image of line L is the coincidence

ofeand E 0 |

Figure 1: Projective geometry in Line-based Photogrammetry.
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Let object line L be described by the parametric equation (1)
q=p+sd | o
with
qT = [ X-Xo, Y-Yo, Z-Zo | for any point (X,Y,Z) of line L
pT = [ X-Xp, Y-Yp, Z-Zp] for a reference point P on line L

8T = [L, M, N] the direction vector of line L '
s = a scalar length parameter
It should be noted here that the description bf the Iine‘ through the above six
parameters is not unique since it depends both on the selection of the "initial" point P
and the Iength of the vector 8. Thus we need to impose two conditions, one involving
the parameters (x, ¥p zZp) and another one involving the parameters (L M N). Then
the line will be correctly described by 4 parameters '

Such conditions‘are of the form:

CilXp > ¥p» Zp) =0 e .
Go(L,M,N) =0 : ‘ o (1a)

and different such conditions can be imposed, eg. |

Gr xp=0; or yb=0;' or zp=0“; oerp+Myp+lsz=0

and S - | (i
Gy L=1; orM=1; orN=1; orL2+M2-|;N2=1 :

The kequation of plane E'is

"
o

q.(pxd) = 2
with J being the normal vector to plane E. Denoting by j the normal vector of plane g,
the condition for planes £ and £ to be coincident is the collinearity condition between J
andj: ' .
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j=ARJ = AG | 3)

| whereby

R denotes the image rotation matrix

A is a scale factor, and

Gr = (RJ)T = [U,V,W]

Dependlng on the description of the lmage line / (le through two distinct points,
through slope and intercept, or through two intercepts), different expressnons for the

- normal vector j of g, resulting in three alternative forms of eq. (3) are finally obtained

as follows.
2.1. Image Line definition

2.1.1. Line definition by_twd points

Assuming that the line /in the image plahe is defined by two points (Xi, y;) and (x;, Y
then : ‘ o

CiT=lehyy L oA VXXX HAXY, ]
The camera constant ¢ and the principal point coordinates (X5, Yo) are the three inner

orientation parameters. Elimination of scale factor A in eq. (3) finally yields for each
point an equation of the form : ‘ '

(X-X)U +(y-yo)V -cW =0 - )

2.1.2. Line definition by slope and intercept

Expressions of line | in parametric form as
y=xt-b '
or

= y/t - a
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result in

jT=1ct , -c , b - Xt + Yo |

S or ' ' ,
iT=l-¢ , ¢/t , = a-X*Yltl

respectively. The respective forms of eq. (3) now become :

=9 be—oew _U_
v STV TRV T
)
1 N AR
t Vv STy TR Ty
- 2.1.3. Line definition by two intercepts
Representing, finally the’imageyline /by the parametric form
LD AT
3 + b +1=0.
then (see also Fig. 1) the following holds :
jT=[-cb , -ca , ab+ bxo+ aye]
In this case the elimination of A in eq. (3) results in the form :
; y | |
a=_cU—Xo—Y9U bz_c—v__xov_YO - (6)

Equatlons (4) - (6) are derived from the basic collinearity equation (3) of Line

Photogrammetry. In fact, eq. (4) is basically equivalent to the formulation of Mulawa
(7989) and eq. (6) to that of Tommaselii and Tozzi (1992). In the forms presented here,
however, they have been extended to incorporate the three inner orientation elements

C, X, Yo- Thus in the above general forms they are suitable for the employment of
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straight line features in all three fundamental tasks of photogrammetry, namely camera

calibration, space resection, and space intersection.

The . difference between eq. (4) and eqv. (6) is that the first one assumes that
observations are performed on points of the linear features. The second one
assumes that the observables are the parameters of the image lines. But most
importantly both éssume correspondence of linear features within different images and
not correspondences of individual points as in conventional ,Phot‘cjgrammetry. This
is quite irhportant, as pointed out inl (Mulawa and Mikhai, 1988) "It is cﬁtical to point out
__that in dealing with features, for example line segments, we must be so general as to
assume no point correspondences. Thus, a line feature on the ground may be
represented by two different line segments, one on each of two images, where one
represents an object segment totally different from that represehted by the other". ;

2.2. Choice of mathematical model

‘In applications of computer vision, extraction of straight lines mostiy results in a
| parametric expression after line fitting to redundant edge poihts; the image space line
parameters are subsequently related to those of the object space line. Contrary to this,
in the model of eq. (4) it is not the derived quantities but the originally observed image
point coordinates X, y themselves which are used for a direct form fitting of the lines in
object space, bypaésing the stage of image. feature reconstruction. Advantages of |
such an approach, particularly for space intersection, have been outlined by Mulawa
(71989) and Heikkila (7991). |

However, at least in the case of straight lihes, a preceding image line reconstruction
and the subsequent use of the derived image line parameteré as observations, may '
~ have their own merits. In space resection and camera calibration, for instance, but also
in multiple space intersection it may be more meaningful to detect (and exclude)
"outlying” lines rather than noisy observations of isolated points. '

Straight line features can be outliers in the adjustment basically for three reasons:
First, unstable extraction of image lines. This can be detected in the course of line
fitting; each line can then be assessed separately regarding its stability and brecision.
Second, image linearity is disturbed not only by the "random" errors of extraction, but
also by possible systematic errors of the imaging and recording systems. Line fitting in
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the image space has been proven useful for estimating lens and image distortions.
Third, particular lines may well appear as outliers also because of the "object control
lines" themselves, e.g. due to inaccuracies in their parameters, due to their deviations
of assumed verticality, horizontality, etc., or even Imeanty itself. Interpretation of such
phenomena is easier when having adopted "compact" models involving only few
derived observations rather than the numerous original ones.

Obviously, this question is open to different answers. The aybove, however, represent
aspects of the merits the image line-to-object line correspondence might have
comparéd to image point-to- object line relationship. In the light of the above discussion -
in the following chapters only eq. (6) is used. Regardlng eq. (6) the following should be

observed

o If the initial values of the rotatlonal elements of the exterior orientation are all zero
(w = ¢ =« = 0) and the object space line is horizontat (L=1, M= N = 0) whence U

- becomes zero
or
o if the image line runs,parallel to the image axis x whence a beéomeé infinite,
then '

the first equation of (6) is written in the form -t = 0 or U = O respectively, and

accordingly for the second equation.

To tackle such cases, provision should taken by arfificially rotating the. image
coordinates about the lens axis (swing K in standard photogrammetric notation).
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3

SPACE RESECTION
USING

STRAIGHT LINE FEATURES

In the computer vision literature the space resection -problem is usually spiit, for
linearization purposes, into two distinct phases; recovery of rotational p,arametersf and
translational parameters (eg. Huang, 7990; Strunz, 1993). But recovery of the attitude
information 6nly, i.e. "Partial Space Resection" is crucial for photogrammetry for
further reason too. The equations for space resection given above require object lines
of known orientation as well as location, which.obviously demands a certain amount of
field work. It is much easier and prac':tical,y on the contrary, to know or assume only
their orientation in object space. This knowledge suffices not merely for the recovery of
rotations but also for camera calibration purposes. |

On the other hand, recovered |mage rotations, pamcularly when combined with known
scaling distances, represent information sufficient for many photogrammetrlc tasks
(e.g. rectification, object reconstruction in an arbitrary system) or providing providing
approximate values for others (e.g. space resection, relative oriehtation, initial
orientation of convergent imagee for image matching). An interesting applicetion is also
the combination of the recovered attitude information with GPS positional
measurements in aerial photogrammetry (Petsa and Patias, 1994b).
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3.1. Determination of sensor attitude

Assume only the direction vector &7 = [ L, M, N ] of object line L to be known. The
intersection of the corresponding image line / with a line parallel to L through the

projection center O is the vahishing point F(xg,yg) (Fig. 1).

The vectors fT=[xg-% , Ye-Yo , -c]and® satisfy the collinearity

condition:
f=ARJ
thus resultingin

u : 'V
XF = X, - W YF = Yo - Cyy

Introduction in the intercept equation (6) of image line / yields :
cbU + caV - (ab+bx,+ay))W =0 o
or equivalently

iTR&=0 | | (7a)

v

which directly expresses the orthogonality of the vectors j and O (Huang, 1990).

Equatidn (7)' connects the image spabe line / parameters (a, b) with the object space
line L parameters (L, M, N) through the rotational parameters (w, ®, K). Every
observed image line / contributes with one condition equation of -the form (7).
Therefore 3 known object space lines L seems to be the minimum
requirement for the determination of the three rotations o, P, and K.

3.1.1. Critical configurations - Degeneracies.

Regarding the possible number of solutions for the angles w,v ¢ and «, earlier studies
have indicated that the maximum number n of solutions, using the minimum number of
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lines Npin = 3 is nN( Npin Jmax < 8- It is. not known under which conditions this Npay
multiplicity of solutions occur; neither are known the conditions for the hon—uni_queness
degeneracy or the exact number n of solutiokns for N = 4 lines; "some parallelism
conditions" are responsible for that (Huang, 7990, see also Strunz, 1993). Dhome et al.
(7989) have used cube junctions and found up to n = 8 solutions. Our investigation on
the existence of multiple solutions for the matrix R showed (Petsa and Patias, 1994(a))
that actually‘holds N( Nmin Jmax = 8-

The genyerallcase of 3 lines of random angular configuration is difficult to investigate
,géometrically or algebraically. Until now, the question has been investigated with
extensive tests based on simulated, highly divergent object line conﬂgurétions (Petsa
and Patias, 1994(a)). Howéver, with geometric reasoning we have_investigated non-
uniqueness of solution in cases of special  configurations where parallelism and.

perpendicularity of lines exist.

Based on simulation results, the foIIowing conclusions have been drawn:

e 3 random lines yield a total of 4 solutions, each one of which pro vides diﬁ‘efenf
triples of vanishing points F; of object lines L; on the corresponding image lines [;

whether object lines intersect or not /s irrelevant.

«  When the 3 lines are all orthogonal to each other then, and only then, the solutions
are 8; fo these correspond 2 sets of vanishing points, one to every four of them. ‘

. When the 3 object’//hes are parallel fo each other then, and only then, the image

~ rotations remain inadefinite.

e 3 lines, of which 2 are parallel, provide 4 solufions lo wh/'ch correspond two

vanishing po)'nts of the third line.

o 2 parallel lines perpendicular to a third provide 4 solutions to which corresponds a
unique vanishing point of the third line.

o 2 perpendicular lines and a third of random direction provide 4 solutions to which
correspond 4 triples of vanishing points.
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A selection of these_simulation, referring to 4 lines, basically considering varying
geometries involving parallelism and perpendicularity, are given in Table 1 by way of

illustration,

Table 1: Number of solutlons for rotation matrix R when N=4 jines used

Number of solutions for the Rotation matrix
(rnd: random prl: parallel prp: perpendicular)
Straight line configuration Solutions

4 rnd - 1

3 prp' +1rnd 1

2 prp +2rnd 1‘

2 prl + 2 rnd 1

2 prl + 1prp to it + 1rnd 1

2 prl + 2 non prl, prp to these 4

2 pri+ 2 prl, prpy to these 4

2 pri + 2-prl, non prp to these 4

3.1.2. Minimum control requirements

Generally, as showh above, 3 object lines of any angular configuration lead to either
an infinite number of solution (parallelism) or non-uniqueness. of 8 solutions
(orthogonality) or 4 solutions (all remaining cases).

The minimum requirements for uniquely recovering the image rotations is a
configuration of 4 straight object lines defining at least 3 different directions in object
space. If the direction defined by the 4 lines are only 3 (parallelism of 2 lines), these 3
_directions must not be orthogonal to each other. Any other directional rélationship of 4
object straight linear features in object space provide a unique solution for the angles

w,¢ and K.

Investigatiohs regarding critical configurations, degeneracy and minimal requirements
are absolutely necessary for fully grasping geometry in configurations likely, but also -
‘unlikely, to emerge and avoiding possible ambiguities or errors. IneVitably based on
algebra and geometry, however, they refer to "abstractions” of reality.
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In the investigations referred to, for instance, lines may in fact have been imaged from
any viewpoint, i.e. objects are considered transparent and consisting of endless linés.
In practical situations, reasonable initial approximations and possible constraints,
imposed on the values of unknown parameters, may help discard some of the
solutions. Under certain conditions this might éllow to even use conﬁgﬂrations "weaker"
than those given above as minimal (as in the case with the configurations in the
simulated tests to follow, in which only two dlrectlons of object lines are used !). The

followmg examples will illustrate this pomt

Two parallel lines perpendicular to a third provide 4 solutions for the rotations. When

these directions are parallel to the X,Y,Z axes these solutions in fact are:

w B
w - M+K
-0 T+ K
-w - TM-K

It is evident that in most practical situations 3 of the triples can be discarded if the

sensor orientation is only very roughly known.

‘O‘n the other hand, the 8 solutions, obtained when the 3 lines are all orthogonal to each
other, if again the directions are parallel to the X, Y, Z axes, are of the above form but
for ea’ch‘of 2 triples (w, ¢, K)qand (w, @, K),. While the 3 solutions of each group of 4
could probably be discarded, the difference between the remaining solutions might well

be small.
3.1.3. Accuracy assessment
3.1.3.1.Convergence rate

Numerous test runs showed that the algorithm is very robust against the approximate
values for the rotation angles and can converge from quite far. The convergence rate
is high regardless the présénce of measurement noise and the wide diversity of the
_apprdximate values. More specifically in our simulation we have used approximate
values differing up to 200 from the true values, with and without the presence of
measurement noise (up to the level of 21um, max. absolute error). In all cases the

algorithm converged correctly to the true values within at most 4 iteration loops. Thus,
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within this range of initial values, no problems have been met, despite the fact that the
object lines, which were used, defined only two directions in object space.

3.1.3.2. The role of geometry

It is apparent that the accuracy in the determination of the rotations depends upon the
orientation and the relationship of the control lines. Therefore in order to study the role
of the geometry we have simulated different line config'urations according to the

following scenario (Fig. 2).

biox=y, =0 Pe=152mm .
‘ X =Y Lo E ~jvformat:123x‘23cm,
b9 Y = o -
| os9=x=2.

I b= 800 |

| B T

Z LhE=S00m:

N e

I Y

h /

P =y
, LT - X

2b

Figure 2: The simulated grid of points and the used ground coordinate system.

The assumption is that a grid of 5x5 points, with spacing d=250m, cover a ground area
~ of 1km2 and form a horizontal plane. The projectioh centef is located above the center
of the grid at flying height h=800m. The camera constant is assumed c=152mm and the
image format is 23cm x 23cm. Simulated values for the rotation angle is w=cp=K=2°.
The ground coordinate system is the one shown in Fig. 2 and with the above
parameters the image coordinates of each of the 25 points have been calculated.

From these coordinates the best fitting lines ( x/a + y/b + 1= 0) to these points have
been generated and their parameters (a and b) are assumed to be the original
observations followed in Eq. (7) by a variance-covariance matrix as computed by the

line fitting adjustment.
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in order to form different configurations of the control lines we have chosen the 5
different patterns shown in Fig. 3 (Cases A to E). These patterns cover all the possible

cases for a grid of points.

CASE-A ' CASE-B
Lines=10 Lines=14

CASE-D
Lines=18 Lines=16
CASE-E
: Lines=8 ’

Figure 3: The 5 different simulated cases of control line patterns.

The evaluation of the role of the geometry is achieved through the evaluation of the co-

factor matrix Q of the adjusted values (eq. 8).
Q = (ATPA)! . - (8)

where A is the design matrix of the adjustment and P the weight matrix of the
measurements. The below shown values are the square roots of the diagonal elements

of the Q matrix. The results are shown in Table 2 and Figure 4..
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Table 2: Co-factor values of the angles w,¢ and k for the five tested cases

Case-A Case-B Case-C | Case-D | Case-E

JQw 0.0239 0.2750 0.2303 0.2055 0.2226
vQo 0.0231 0.2749 0.4553 0.6068 0.8750
VQx 0.0098 0.1166 0.1016. 0.0879 0.0973
10000
0,000 —_— )
0,3000 e ] //‘
0,7000 &9 : :
0,6000 ——x /
0,5000 — :
04000 : //.’ v ‘
0,3000 M : ,
02000 T——_ 2 -O—————0
0,000 /: - . |
0,0000 ° — . : —
! Case-A ~ Case-B Case~C Case-D Case-E

: Figure 4: The computed values of the co-factor matrix Q for the rotation angles in the tested cases.
3.1.3.3. - The role of number of lines

'~ As we have seen 3 control lines is the minimum reduiren‘ient for the determination of
~the rotational elements, avoiding the above mentioned critical situations. It is of course
known that the more control lines are available the better the adjustment results are.
However, it is important to study how these results are improved with the inclusion of
additional lines. It is also important to know how this improvement proceeds in the
presence of noise. Typically, this is an optimization problem, which should be solved -
as usual with analytic formulation. Here we confine ourselves to some simulation

results.

Regarding the assumed number of control lines in the different cases studied so far, we
formed the patterns 1,2 and 3 with minimum, medium and maximum control. Fig. 5
shows, fbr example, the different conﬁgurations in Case-B where the control lines
assumed are bolded.
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Case-Bl1
. min. control

Case-B2
medium control

max. control

P

. Figure 5: The formed minimum, medium and maximum control coriﬁguration_s for Case-B.

Besides runhing error-free data, we have aIso‘conta‘minated the measurements with
noise of different Iével. These noisy measuremehts are been Used through out our
~ tests and worth more explanation here. The generated noise is assumed random and

is ’according to the following scenario: In order to achieve results of practical |
importance we ‘assumed that the lines can at least be extracted to sub-pixeléccuracy
(1/2 pixel) from the digital image. AsSuming pixel sizes of 42um and 21um
(corresponding to image resolution of 600dpi and 1200dpi respectively) we then set

o=21um and o=10um as noise level.
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Table 3: RMS values of the w,®,k angles and the trace of their covariance matrix for all tested cases and

for noise level of 0,=10um and o,=21um.Values are in degrees x 10-3

noise level ©).10-3 | Case-A Case-B Case-C Case-D Case-E BUNDLE |
ow 0.649 1.019 0.954 0.878 0.849 0.393
oo=10um oY 0.655 1.018 . 1.905 2.629 3.381 0.393
oK 0.206 0.159 0.239 0.290 0.307 0.768
trZ 0.945 1.449 2.144 2.787 3.499 0.948
ow 1.298 2.038 1.908 1812 -~ 11698 0.786
oo=21um | o 1.311 2.036 | 3.809 5423 | 6765 | 0.786
oK 0.412 0.319 0.478 0.597 0.614 1.535
\ trz 1.890 2.899 4.287 5.749 7.002 -1.895

‘For cormparisbn réasons the variénce—covariance matrix of the adjusted rotational
elements (X) has been calculated together with its trace (eq. 9 and 10). The values of
trL are shown in Fig. 6 for Case-B. Similar figures have been obtained for all other

case.
Z=0pQ - ’ B ‘ | . (9)
tE= [Zackol o | - (10)
Tracé (0).10-3
7. 1 I
15 )\\ —@—oc0=10
B3 \ —QO—oc0=21
! O
9 v ]
7‘\\.\\\\
5 ~ )
3 T3
1
4 6 8 10 12 14

Number of Lines

~ Figure 6: Values of trZ for different number of control lines (see Fig. 5)
and different level of measurement noise for Case-B.

The improvement of the accuracy is an exponential function of the number of contro!
lines (n) regardless of the noise level. It is also clear, as expected, that this improve-
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ment is more profound when the measurement noise is higher. Empirical functions of
such an improvement are shown below:

I ~60.N4 for oo = 10um and trZ in (©).10-3
trz ~ 120. N4 for 05 = 21um and trZ in (°).10-3
3.1.3.4. | Accuracy of rotational elements

In order to assess the accuracy of the attit’ude estimation, the RMS values for the
rotational elements and the trace of the variance-covariance matrix for all tested cases
and for the two noise levels are tabulated in Table 3 and shown in Figs. 8 and 9.

Also shown are the results of the regular resection adjustment for the. above
~ configuration of the 25 points. These results have been obtained assuming point

measurements, and are shown here for comparison purposes.

Trace (0).10-3 ’

7

6 _|@oo =10 B
5.+ Roo=21 -
4 =

Bundle Case-A Case-B Case-C Case-D Case-E

Figure 7: trZ in all tested cases in comparison to that of regular bundle with point measurements.

©).10°

35 {—@—ow :
25 ~—f— oK ' :

, [ |momtrace e
15 : .//()' -

1% F_-F———-O
05 ‘ N
e — & 8

Case-A Case-B Case-C Case-D Case-E

Figure 8: RMS values for the rotation angles and the trZ for all tested cases
for measurement noise of 6,=10pm level.
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(©).10°3 | ‘
T L : A?
) :_ + ow T
| —O—op ; &
s || —l—ox ptad
| s trace }7/
) e i
3 “ ,

Case-A Case-B Case-C Case-D Case-E .

Figure 9: RMS values for the rotation angles and the trX for all tested cases
for measurement noise of 0,=21um level.

The strength of the geometry of the orthogonal lines (Case-A) is evident and the
compatlble accuracies for the rotational elements for lines parallel! to the axes (Case-

~ A) is clear.

Compared to regular bundle approach, Fig. 7 shows clearly that the proposed
approach prov1des equally accurate results when some basic precautlons are
respected (see also Strunz 7992 for similar conclusions). Needless to say that the
quoted bundle conﬂguratlon is quite strong and the obtalned results are rarely met in

practical situations.

" 3.2. Determination of sensor location

3.2.1. Critical configurations - Dege-neracies

The location of the perspective center O (X,, Yo, Zo) is geometrically determined as -
“the intersection of the three projection planes E;, E,, and E3 formed by three object
lines Ly, Ly, and Lg, respectively; thus three lines known in object space is the
minimal requirement. However, a degeneracy leading to an infinite number of solutions
emerges when the three proJectlon planes E; have further points in common besides
the projection center, i.e. when the determinant of the coefficients of the planes
vanishes. This happens when : ' |
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» Lines L;generating planes E; are parallel to each other, i.e. they intersect at infinity.
In this case the projection center O lies somewhere on a line parallel to three
object lines L;.

o Lines L;have a common point of intersection. In this case O lies on the ray through

this common point.

'Both Mulawa (1989) and Strunz (1993) have pointed to the above two cases. However,

a third case of degeneracy is to be found, namely :

e When the three lines L; are skew to one another but there exist points T; one on
each of them, lying on the same ray passing through O. This configuration is to be

seen in Fig. 10 below.

Figure 10: The three lines ; are skew to one another but there exist points T; one on each of them,
lying on the same ray passing through O. .

The above three critical cases can be summarized in one :

The location of the perspective center O cannot be determined when there exists a ra y

through O intersecting all object lines, including intersection at infinity.

And phrased otherwise : location of O is impossible when the lines intersect in object

space and/or image space.
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3.2.2. Minimum control requirements

The above degeneracy gives rise to an infinite number of solutions in the case of the
generalized critical configuration mentioned above. In this case the problem is subject
to indefiniteness. With this exception, Three known lines in object space suffice
for uniquely locating the image perspective center. :
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o 4

RELATIVE ORIENTATION
USING

STRAIGHT LINE FEATURES

- The typical photogrammetric problem of relative orientation consists in using as sole.
information at least 5 homologous points of a stereopair in order to determine a
rotation matrix R and a tranélation vector t expressing the relative positions of the two
images. The rank deficiency is accounted for by fixing the 7 parameters of similarity
transfoimation (ébsolute orientatio‘n) by using an arbitrary scale and referring, for
instance, to the system of the first ‘image. The condition to be satisfied ié that the .
homologous projection rays of the two images intersect. Shape and relative position of
objects can be found simultaneously thereafter.

4.1. The case of the stereopair .

Skewness is the "natural” relative position of homologous rays of stereopair with
arbitrary relative orientation, i.e. mtersection of rays. |mposes an actual constraint on
relative orlentation It is seif—ewdent that this is not so when homologous lines rather
than points are employed : the two projection planes defined by corresponding
|mage lines on the two images, and in fact all pairs of corresponding projection
planes, will always. intersect (when not parallel or coincident) irrespective of the
particular relative orientation. The intersection of planes that imposes no constraint on
orientation. The problem is inherently (i.e. geometrically) insolvable regardless
of the numbei' of image lines correspondences used.' '
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~ Bven the use of known angular relations among space lines doés not provide a full
answer to the probiem of relative orientation of the stereopair. Such angular
inforrhation may in fact allow recovery of the rotations (as it is also the case with the
determination of the rotational elements of the exterior orientation). If the rotations are
thus established, however, the projections centers of the images can still slide flreely
without'affecting the directions of the intersections of the corresponding projection
plahes. since these planes will remain parallel to their former positions. Thus angular
relations among object lines do not suffice for the recovery of the
translational parameters of relative orientation. It seems that the problem might
be solved if also positional relations, e.g. intersections, equal distances etc., are

available. -

4.2. The case of image triples

Contrary to the above, three planes generally intersect in a point : the reqUirement of a
common line of intersection thus poses an actual constraint on relative orientation. The
equivalent of the 5 homologous points in a stéreopair is 6 lines in triple of images
allowing the recovery of the 11 elements of ‘relative orientation, with one redundancy.

More generally, the minimal\req,uirements for the reiative orientation of n
images are m = 5 + 6(n-2) lines.

As indicated above, translations of the perspectivé benters cause projection plane
intersections to move parallel to themselves. In this sense, recovery of R and t may
well be separated in a two-step procedure. The condition for the recovery of the
rotations is that homologous projection planes intersect by two in parallel lines (see‘
also Fig. 11). That lines have a point in common is the condition for recoVering the
linear parameters. At the other end, relative orientation may simultaneously proceed
with objectvreconstruction (in the normalized coordinate system, i.e. the model system)

in a unified procedure.

The problem of relative orientation using straight line features has been initially
inVestigated by Sebastian Finstemialder, who has given the basic equations for the
rotational parameters (Finsterwalder, 1937). Several decades later the very same
problem was first re-encountered in computer vision. In fact relative orientation and
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object reconstruction are tasks équivaient to those of "motion" (moving camera or |
rigidly moving scene) and "structure” frorh image sequences. Also in fhis respect,

photogrémmetry has much to benefit from research in computer vision where, in the

last decade, several algorithms for determining motion have been developed (Liv and
Huang, 1988, Mitiche and Habelrih, 1989, Huahg 1990; Weng et. al., 1992, 1993;

Strunz, 1993, Navab, 1993). : '

4.3.‘ Determination of relative orientation parameters

- 4.3.1. Rotational parameters

; Referrlng to F|g 11, let the perspectlve centers of an image triple be Oy, 02, O and

o con31der homologous image lines £ i=1, 2,3 WhICh are represented in thelr lntercept\

form x/a; + y/b; + 1= 0, whereby x, y refer to the partlcular image coordinate system of
each image. If by & the projection planes of lines £ are denoted, the normal vectors j;
of these planes can be written in the following form (see also section 2):

jT=[-cb -ca , ab+ bx,+ ayo]

| in which ¢, xo, Yy, are the interior orientation parameters of the respective image. Let
R; t; be the rotation matrices and the translation vectors, respectlvely, which describe
the orientation of the three images in the normalized coordinate system XYZ of the first
image (i.e. Rj =1 and t, = 0). In this system, the equations of the three homologous

‘ p'rojection planes &; can be expressed in the form :
TR (X+t) =0 | | ST
in which XT=[ XY Z]is the coordinate vector of a point of the respective projection

plane g. If 8T=[L MN1]is the direction vector of model line L, the projectiori planes
&, are parallel with it when for all three of them holds :e respective cthehthtttt

jTR'8=0 (12)
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Figure 11: Basic geometry of (rotatxonal) relative orientation of i image triples using straight lines. The three
homologous projective planes intersect in the model line L.

The homogeneous system of three equations in L, M, N expressed by eq. '(12) has
non-trivial solutions when the determinant of its coefficients vanishes. This is the
condition that the three projective planes intersect in lines parallel to mode! line L (Fig.
11). Thus expreésion of the normal vector of each of the three projection planes &
through the directional coefficients of the same plane in the model systemas jTR = ['
uvw]and introduction of these expressions in eq. (12) will finally yield : ‘

Uq (VoW3 - WoVa) + Vq (Walg - UpWg) + Wy (Upvg - Voug) = 0 ' - (13)

Thé condition equation connects the 6 relative image rotations with the parameters a;,
b; of the image line £. These latter parameters are regarded as the observables with
'variance-covariance matrices known from the image line fitting process. 6 triples of
homologous image lines suffice for the détermination of the rotations of the two images
with respect to the first. These are conventionally denoted by (w, @, K)o, (W, @, K)a.
Since the condition equation is non-linear initial approximations are required; they can
be obtained by partial space resection if the directions of three model lines are only
roughly known (see also section 3).
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Finally, the directions & of the employed model lines L can be determined from eq. (12)
using an appropriate constraint (see eq. (1a), (1b)) to express the fact that only two of :
the L, M, N direction numbers are independent.

4.3.2. Translational parameters

Eq. (13) is not sufficient for the condition that the homologous projection pklanes have a

- common line of intersection, i.e. line L. Therefore, besides ea. (13) a further condition

s

is needed to make all three planes have a point in common for which eq. (11)vhol'ds. To

this end the point of line closest to the origin of the model coordinate systemk may be
considered, say point X, = [ X¢, Y¢. Z¢] Hence, this would satisfy the condition : -

X8 =0

This equaﬁ‘on, can be conﬁbined with eq. (11), thusrresulting in a condition linear in the

_ translational parameters of the other two images relative to the system of the first,

which are conventionally denoted by (bx, by, bz), and (bx, by, bz)z .

A considerably simpler solutlon ‘however, can be obtained |f one of the points of
intersection of mode! line L w1th the three planes of the coordinate system is chose. If,

~ for instance, L2> (M2, N2) point X;=[0, Y, Z] can be used. If

¢ =jTR t ,i=23
in this case eq. (11) yields :
d2 (V1W3 - W1V3) - d3 (V1W2 - W1V2) =0 (14)

From eq. (14) it is obvious that the translations t2‘ , t3 cannot be recovered
|ndependently A constraint has to be lmposed on them to flx the scale, for instance,

by giving an arbitrary value to one of the lt2| ts.

Here, this latter approach has been adopted by fixing the bx, basis component.

Thus, eq. (14) allows the recovery of the two translation vectors when 5 line
correspondences in an image triple are known. Here again, the two image line
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parameters with their variance-covariance matrices are used as observations. This
equation is linear in the translations. From eq. (11) and the imposed constraint for the

reference point of the line, its coordinates can be recovered.

4.4. Critical configurations - Degeneracies

With a minimum of 6 lines appearing on 3 images and a total of 11 independent
parameters,‘the photogrammetric problem of relative orientation using lines is
significantly more complex to analyze theoretically than the corresponding one with
~ points. It is not known, for example, how many solutions there may be when the
minimum of six ‘Iines are used (Huang, 1990; Navab, 1993; Weng etal., 1993);
Faugeras (1993), however, expects the solution to be in fact unique due to the one
redundancy available. The important theoretlcal studles of Buchanan (7992(a) (b))
have revealed critical line sets beating all available algorithms by leading to a -
multiplicity of solutions, a point which has been further elaborated upon in a framework
more familiar to photogrammetrists (Névab, 1993: Navab etal, 1993). Also the
remarks of Faugeras (1993) on this subject are very illuminating indeed. |

Finsterwalder (19417) has early identified two cases of indefiniteness when all three

perspective centers are collinear :

o An object line coplanar with the line ’-of the perspective ,cenfers, whence the

homologous projection planes coincide.
e Object lines are coplanar.

Both cases, and mainly the second one (flat terrain), are of particular interest to aerial
photogrammetry where images of the same strip are usually used. Based on this,
Strunz (1993) has concluded that the method is not suitable for aerial imagery.

Initiated by the need for a guide for practical situations of terrestrial applications, the
~ simulations carried out here have encountered several _other, relatively simple,
configurations apparently leading to lack of solutions. These simulations were based
on a simple object involving three. planes, two perpendickular to each other (a cube cut
across one of its diagonal planes of symmetry). A total of 52 lines were created
defining several directions in space. The described algorithms were used with no
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perturbations of image line parameters and minimal line 6ontrol. A distinction was
made between total lack of solution and recovery of rotational elements only.
Conﬂguratio‘ns were Checked with reasonable initial approximations as well as the true
values, and were chosen by both geometric reasoning and guessing. The patterns
studied here can be summarized as : special configurations of lines with both random
and particular position and orientation relative to the perspective centers while the
latter were either all collinear or randomly distributed. Once a conclusion appeared as
likely, it wés checked with otherwisé totally random configurations, i.e. retaining only
the assumed source of degeneracy. The following conclusions are thus based on a
total of more than 300 simulations. Examples of simple géometries not giving solution
for particular perspective center distributions are given in Fig. 12.

A distinction has beeh made here between indeﬁniteness and multiplicity of solutions.
A pattern was considered to be "degenerate" either if it led to no solution at all
(singularity) or if it gave rise to convergence only to solutions other than the true one.
Cases treated here as "non-degenerate” may, pbviouSIy, give multiple solutions (ahd
several actually did). Needless to stress that the conclusions to follow are only
provisional, founded basically on s_imulated examples. A certain consistency they
- display, however, indicates that they are ‘Iikély to be valid. |

Additionally to the two cases cited above, collinearity of the three perspective
centers does not allow solution with : ' '

» Five coplanar object lines, one random. The rotational parameters can separately

" recovered.

- Thus, collinearity of all perspective centers results in the restriction of at most 4 lines

lying on the same plane.

Four, out of six, coplanar lines generally allow solution. The degenerate cases

encountered are as follows :

e Four lines on plane m, two lines perpendicular to ri. The rotational elements are not.
recovered separately, either (see Fig. 12a).

e Four lines on plane m, two lines /hz‘ersecz‘/hg\on 11, intersection at infinity included.
Rotations can be solved for separately (see Figs. 2b, 2c).
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Generally, no solution is found in the following case :

o Six lines on planes it ‘and ' with the latter intersecting in a //he coplanar with the
line defined by the three perspective centers. The rotations can be found
separately. (For instance, the configuration of Fig. 2d prbvides no solution with

perspective centers lying on the vertical line).

Further, for lines lying in threes on two planes, the following degenerate cases
were encount- ' ’ '

ered :

e Two line triples on planes rr and ' each three having the same common point,
intersection -at infinity included. Here, rotations were recovered separately only
when both triples did not consist of parallel lines (see Figs. 2e, 2f; cf. Fig. 29).

« Two line triples on planes m and r' with the one triple /hteréect/hg on the
intersection of it and rt', infersection at /hﬂh/'b/ included. Here again, rotations could

not be solved for in the case of paralleiism (see Figs. 2g, 2h, 2i).

Finally, two more cases were met, in which no solution was possible for collinear

perspective centers, namely :

e Lines on planes it and 1, with 11 paralle/ and ' perpendicular to the line defined b y
the persbect/ve centers. The rotational parameters are not found separately (eg.
the configurations of Fig. 2j with perspective centers on a vertiéal line).

e Lines on three planes intersecting in a line coplanar with that defined by the

perspective centers. Here, it is possible to solve separately for the rotational

parameters.

The only case met in which in which a line configuration would deny solution,
regardless of its position and orientation with respect to the randomly/positiohed
- (not collinear) perspective centers, was the following :

e Five para//e/ lines, one random.
A separate recovery of rotations is not possible either.
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’Figure 12: Examples of simple line distributions not allowing solutions for particUlar configurations.. -

However, certain interesting intermediate cases have been also identified With non- .

collinear perspective centers. Thus, no solution exists for :

e Coplanar lines.in two directions (either 4 + 2 or 3 + 3, since 5 + 1 has been Jjust
rejected) with the one direction parallel to the :

- plane defined by the perspective centers; ;

- line defined by two of the perspective centers. In this case the rotations are not ’
found séparately. (E.g. the configuration of Fig. 2k for perspective centers lying on
a plane parallel to the diagopal plane of the cube or two perspective centers lying

on a vertical or a horizontal line).

o Coplanar lines, of which four are parallel having either of the above two particular
relations to the perspective centers. Rotations again cannot be recovered

separately (see Fig. 2I).

These are the basic provisional conclusions of this study regarding non-existence of
solution in relative orientation using straight line correspondences. It is evident that
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many simple line configurations, which would seem suitable for this task in terrestrial
applications, in fact are not. Space does not allow to present other, equally simple
patterns, which would allow solution. Instead indicative results using simulated data for
an elementary line configuration are given next.

4.5. Simulated example

Photography of a house corner was simulated considering a camera of rﬁiddle format
and wide-angle lens. Imaging distance is 6m and the object's dimensions are about
6x6x6 m3. The cameras of two convergent images are placed at approximately 1: 5 of
the imaging distance on either sides of the central camera and are not very far from
been collinear differing from it by 20cm in height and 50cm in depth. The seven lines

shown in'Fig. 13 were used.

Figure 13: The three simulated images used in relative orientation with respect to the lower image.

‘Edge points on the fictitious image lines were densely sampled, perturbed with ¢ =
12um and subject to line fitting resulting in the a, b parameters and their variance-
covariance matrix. The results of the above described algorithm, in which parameter

bx, was kept fixed, are seen in Table 4.

The differences from the correct values are compatibie with the standard errors. These
results are comparable with the solution obtained using points; Finally, regarding object
reconstruction the problem of accessing the accuracy of the estimated lines will not be
discussed here (refer eg. to Wenzhong and Temphli (71994) for an interesting
discussion. It may be simply mentioned that the orthogonalities between lines have
been recovered with an RMS of 0°.003, while the distance between lines with an RMS
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been recovered with an RMS of 0°.003, while the distance between lines with an RMS

of 1.6cm.

Table 4: Simulation results of relative orientation parameters using 7 object lines.

Estimated values

Differences from
correct values

Standard errors
of parameters

| 032 ©) |

92 (°)
K2 (°)
w3 (°)
¢3 (°)
K3 (°)

bxo (m)
bya (m)
bz, (m)
bxz (m)
bys (m)
bzz (m)

of Parameters
0.284
4.012
-5.974
-0.429
-6.022
-2.067
(1.093)
-0.267
v -0.483
© 0 -1.402
-0.093
-0.526

-0.004
-0.022
-0.035
0.009
0.037
10.045

-0.001
-0.001
0.001
-0.001
-0.002

0.028
0.035
0.038
0.035
0.044
0.049

0.004
0.002
- 0.002
0.005
0.002
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A PRACTICAL EXAMPLE
5.1. The Objéct

The test object chosen is one of the Otto Wagner's Stadtbahn Station buildings on the
Karlplatz in Vienhé, Austria (Fig. 14). Its dimensions are 15x8x10m3. A 6-station
surveying network has been established around the building and the polar coordinates
of 44 non-signalized (but well defined in majoritY) control points have been measured.
- After the adjustment of the surveying measurements, the local cartesian coordinates of
~ the control points have been determined with an rms values of 2mm. These points
cover all four exterior faca’des. Based On these cohtrol points k‘and the a\/ailable =
imagery, a coarse CAD—model (CAD—sketCh) has been obtained through a regular - |
bundle adjustment. This coarse model contains major Structure lines of the building, to
be used in the following analysis as "contro/ lines”. Furthermore, it helps both in the
detection of the correspbn’ding image lines and in the correspondance of these
detected lines in the different images, asitis explained later on.

Figure 14: Otto Wagﬁer's Pavillion. The four images used in the test.




Digital Line Photogrammelry - Patias, Petsa, Streilein 40

5.2. Image acquisition

In Digital Photogrammetry images are Capturéd either with film-based cameras and
subsequent digitization, or with cameras with solid-étate sensors. Devices of the latter
type can be standard solid—stat’é cameras with a video recorder or a computer with a
framegrabber, still video cameras, video cameras, and several types of high resolution
CCD cameras. Conventional film-based cameras still provide an - unsurpassed
photographic photographic resolution, but the film must be developed and digitized
before its data become available for photogrammetric processing. vSoIid‘-state cameras,
on the other hand, provide immediate access to the image data, with the drawback of a
cdarser resolution. Today a variety of solid-state imaging systems, ranging from
‘inexpensive camcorders to spécialized high resolution systems, is available at the
" market (Luhmann, 1992). '

Although camcorders are not intented for photogrammetric use, they excibit many
useful characteristics. ‘They are inexpensive and widely used for ,other"pursposes as
well, they are (portable and free-hand, they need no special equipment, the’y offer the
ability of on-site quality control. Furthermore they provide a very inexpensive méans
for storage of huge amount of data in video tapes. Their major disadvantage is their
low resolution, which poses some limitation on the number of méasurable details, and
of course their geometrical instability. However, previous studies (Streilein, 1994,
"Streilein, et. al., 1993) have shown that with proper calibration sufficient accuracy for
architectural tasks can be otained under normal_practicél situations. '

Figure 15: The JVC GR-S77E camcorder.

The JVC GR-S77E Camcorder is an inexpensive consumer product (Fig. 15). It is a
free-hand portable camera and the on-site control for the acquired imagery is achieved
by the internal monitor. It incorporates a 1/2" (6.4mm x 4.8mm) color sensor with ca.
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420.000 sensor elements. The imagery can be directly transmitted to a ffame grabber

or recorded on a S-VHS C tape. The digitized images have a size of 728x568 pixel,
~ which results in a pixel spacing of 8.5um in the horizontal and 8.3um in the vertical
direction.

The whole building was covered by 24 images taken by the JVC GR-S77E camcorder.
However, for the purpose of this test only 4 photographs corresponding to the first:
facade have been used (see Fig. 14). ‘ ' ’

| 5.3. | Extraction and correspondanée of straight lines

- The DIPAD system (Digital Photogrammetry and Architectural Design) devoped in ETH
(Streilein, 1994) has been used in this test. DIPAD consists of a Digital
Photogrammetric Station (DIPS, (Gruen and Beyer, 1990)) and a Computer Aided
‘Architectural Design (CAAD) module and allows for automatic and semi-automatic
\measurement of image coordinates (template matching (Gruen, 1985)), or manual

measurements.

The mentioned before CAD-sketch roughly (Usi_ng initial approximate values for e.0.)
transformed into image space is used as sfarting point for the automating feature
extraction algorithm. This algorithm is based on local gradient operators to determine
local intensity' variations in the image signal. It |s based on the assumption that
- discontinuities or rapid changes in the intensity of the image signal often occur at the
physical eitent of objects within the image. The localization of an edge in the image
domain is equivalent to finding the maximum of the first partial derivatives (gradients) of
the image intensity function. Gradients for the discrete image function are
approximated by filter operators in orthogonal directions. In this algorithm, a row
gradient g,(j,k) and a column gradient gc(j’,k) are determined by the convolution of the
image signal with the Sbbel operators Vr and Vc (eg. 15). The following convolution
kernels are used:

{—1‘ 0 ﬂ] ‘ |T1 2 1] |
Vr=:1—|—2 0 2| Vc=:11-10 0 o] . - (15)
L-1 0 1J -1 -2 —1J
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Every pixel is aSsigned a gradient values (see Fig. 16) which is a vector containing a
magnitude G(j,k) and a direction ©(j.k) : ‘

G(j.k) = (gr(i.K)? + goi.k)?) V2 ©(.k) = arctan (g(i.k) / g¢(i.))

Figure 16: Gradient values derived by the Sobel operator. The original image is shown at the left.
Magnitude of the gradient is shown at the middle. Direction of the gradient is shown at the right.

The position of the edge is then determined with subpixel precision by fitting a second—
order polynomial in the direction of the gradient. The maximum point of the fitting curve
cOrfespo‘nds to the subpixe! position of the edge (see Fig. 17). The covariance matrix
of the estimated polynomial parameters represents the accuracy of the edge point. ’

Figure 17: Zoom of the extracted image edge points at subpixel precision.
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At the end of this process, a list of single edge points with subpixel precision is
obtained. All edge pb_ints belonging to the same edge are then used to determine the
edge parameters. The underlying edge mode! used in this test is a straight line. The
observation values are given by the subpixel position of each edge point and its weight
is proportional to the precision of this position. The parameters for the image straight -
line are determined by a Least Squares Estimation and their covariance matrix

represents the accuracy of the extracted straight line.

Besides the precision of the detected edge, another important aspect for feature
extraction is the significance of the detected structures. In real world problems typically
occur due to occlusion, illumination effects (e.g. shadow edges), feature fading into
background, or. varying backgroUnd. In order to handle such cases and to exclude
insignificant structures, the algorithm rejects all edge points, from the list of points
contributing to the entire edge, which do not fulfil the following two criteria :

e The orientation of the gradient shound not deviate more than a user defined
~ threshold from the orientation of the entire edge. : _ o
e The magnitude of the gradient should be higher than a user defined threshold.

- An example of the performance of these criteria can be seen in Fig. 18. The occluding
structure of the bush at the foreground dqes not disturb the estimation of the straight

lines at the background.

Figure 18: Example of the feature extraction algorithm.
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Figure 19: Straight fine extraction. {pper image shows the 20 extracted lines used for the determination
of e.0. elements. The same lines (provided they appear) have been used in all four images. Lower image
shows the 10 control points also used for the e.o. determination, for compariison reasons.
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5.4. Determination of exterior orientation

From all the automatically extracted lines only 20 of them have been chosen to be
used as "control lines" (Fig. 19) for the determination of the exterior orientation of the
four images. These 20 lines have béen ,chosen;r‘egarding mainly their geometry.
Unfortunately not all of them appear in all four images. Theréfore from these 20 lines,
ohly those appearing in every image have been actually used. ’

The accuracy of their extraction has been estimated to 1cm»leveyl in planimetry (on the
- facade) and 2.5cm in'héight (perpendicular to the facade). Having in mind that the
average scale of the four images is about 1:2,000 and the pixel size about 8.5um, the
“extraction accuracy is approximately the pixel size (2 000x8.5um=1. 7em on the
ground)

Additionally, for checking purposes, 10 of the available control points (Fig. 19) have
been used also for the detemlnatlon of the e.o., according to the regular

B photogrammetnc practice.

in the following tables the determination of the e.0. using only the control points (Table‘
5) or only the control lines (Table 6) is shown.

Table 5: Exterior orientation using N control points

Photo | @ () @) k() X (m) Yo(m) Z,(m)
_ Oy [ O« Oxo Oy, Oz o, (pm)
1 v 9.198 1.914 | -4.236 20.398 2.887 22.375
N=10" +0.430 +0.389 +0.092 +0.145 +0.163 +0.093} 8
7.374 -9.108 -0.912 11.535 ~ 3.706 23.526
N=10 +0.931 +0.522 +0.108 +0.216 'i0.380 +0.059 11
3 6.978 0.252 -2.380 12.106 3.798 23.734
N=10 +0.676 +0.395 +0.081 +0.165 +0.277 i0_039‘ 9
4 6.976 -20.564 0.932 2.831 3.693 22.996
N=1O +0.616  +0.460 +0.134 + 0.175 +0.238 +0.115 10
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Table 6: Exterior orientation using N control lines

Photo | @ () @)  K()  Xe(m) Yo(m)  Zo(m)

Oy Oy O« - Oxo Oy, Oz O,
1 0.080 12177 -4381 20491 2907 22.299
N=14 | $0.178 0195 +0.063 =0.071 =+0.069 +0.055| 1.5
2 8.801 -9.054 -1.098 11580  3.022 23.347
N=13 | +0.739 $0.840 +0.099 +0.339 _+0.298  20.119| 2.9
3 | 10.837 0721 -2486 12325 2170 23.665

N=13 | $0.421 0454 +0.083 0191 =+0.182 30.042 25
7.320 -20.828  1.358  2.754 = 3553 22.829
N=11 | £0.904 0.564 +0.166 + 0.211 +0.352 0.165| 2.4

N

From the above results it is obvious that the same parameters differ much in the two
- cases. Such differences are profound especially in Photo #3 (Aw =~ 4° kat AY, = 1.6m).
'However, the. high correlation between such parameters is very much noticable (Table
7. | | | |

Table 7: Correllatidnb coefficients for e.0. elements of Photo #3.

E.o. using points ‘ E.o. using lines

P K\ ~ Xo Yo 20 w {7 ok Xb Yo 2o

1.000 - 0.216 -0.013 0214 -1.000° -0.365| w 1,000 -0.629 -0.592 -0.608 -0.999  0.351
1.000 -0.095 0.999 -0.210 -0.471f '@ 1.000 ‘-0.1534 0.999 0642 -0.716
1.000 -0.104  0.017 .0.047 K 1.000 -0182 0583 0.206:

' 1.000 -0.208 -0.464| Xo 1000 0620 -0.690
1000 0355 Yo \ 1.000 -0.377

1.000] Zo | ' 1.000

This fact is not exceptional when the control points do not cover adequately the whole
image format. In such cases, high correlations between the pairs [w,Y.] and [¢,X,]
can be observed. In our case for the first pair the correlation was -1 < p <-0.995 (in

the case of points) and -0.999 < p < -0.995 (in the case of lines). Regarding the

second pair of parameters, the correlations were 1> p = 0.997 and 1> p 2 0.991
respectively. It should be also noticed that Z, is correlated (correlation p < -0.85) to @
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and X, in the three of the four images (except Photo #3). Therefore, it is clear that
since the e.o. parameters are correlated, they should be faced as a group and they

can not be compared individualy.

~ In order to properly compare the results from bundle adjustment (using points) to those
using lines, the following strategy has been followed: A regular grid of 12x6 = 72 image
points x, y (Fig. 20) has been back projected on the facade (Z = 0), through the

collinearity equéti_ons:

X = Fy(X,Y,C; 0,9,K,X5, Yo, Zo; Z) Y = Fy(x.Y.C; 0.9,K.Xo,Y0,Zo; Z)

Figure 20: A sythetic regular grid of 72 image points have been projected back to the object assuming
knowne.o.. ,

For all grid nodes the object space coordinates have been computed twice. First, using
the e.o. parameters computed through points (Xe, Ys, 0). Second, using the e.o.
parameters computed through lines (X;, Y., 0). The comparison of the two projected

grids of the N=72 points

SXp -X1)? > (Yp - V)P
Sx = ——T— Sy = “_I\I_—

shows how well the two group of e.o. parameters “fit” the image to the object space.

The results are shown below (Table 8).
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Table 8: RMS (s) and Average (u) differences in object space coordinates obtained through the two
procedures. : )

sx (cm) sy (cm) Mx (cm) . py(cm)
Photo#1 | 0.7 2.7 0.2 2.5
~ Photo #2 2.5 2.7 -0.2 24
Photo #3 2.3 25 | -14 2.2
Photo #4 14 3.0 0.2 1.2
Averaggs | 1.9 27 ‘

'From the above resuits it is obvious that the accuracies depend mainly on the
geometries of the used lines in the specific images. At average, the computed rms.
differnces are s < 3 cm, which is according to the expectations, we stated in the

beginning.

Therefore, safely one can state that the determination of the e.o. using lines is
kcompaf/b/e accuracywise with the e.o. determined by the regular phofégramme‘tn’c

kpfo‘cedures using point data.
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6

CONCLUDING REMARKS

Although photogrammetric procedures are based on observations of points on images
it is apparent that points are entities of weak description power In the man- -made
env1ronment obJects are. certalnly descnbed best by other features such as stralght
lines, arcs, circles, ellipses or other mostly analytically describable functions (e.g.
“higher order polynomlals splines, etc.). In natural environment, point has never existed
" not even as an entlty, it is rather a mathematlcal abstraction like the ' pomt mass”, the

"white noise' and so on, which helps in descrlbmg natural phenomena, like for instance
_breaklines, possibly even not in the best way.

This weakness of point-based prOcedures is often apparent in photogrammetric tasks,
-where although enough features exist, the number, the position, the distributidn, or the
quality of intersection points may result to ill-conditioned solutions. This is especially
important if the aim is to automate the photogrammetric’ procedures, where certainly
the desire is that no human inspection or interference during the proCess should be
involved.

' Of course there are difficulties and limitations with this approach too. One could argue
that there may be not enough straight lines, not of sufficient length, or not in suitable
!ocations in the different images. It is true that in certain situ‘atibns that may be the
case, as for instance, in satellite images. But even in this case, what actually is the
alternative procedure? To identify control points as welly defined junctions of roads or
other linear features and to make sure that these points are aiso well identified (or
even exist) in the next images, and are properly located. It is obvious, therefore, that at
least Line Photogrammefry does not impdse further limitations. On the contrary,
instead of identifying poihts (with all the accuracy degradation this may involve) generic
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line features are used. Furthermore, even if only a part of this line appears in the next
images, this is sufficient to proceed on. And most importantly, Line Photogrammetry is

a more natural model for non-frame sensor, like the satellite sensors.

In this work we have only dealt with the use of straight' linear features. Certainly, other
.higher order features like arcs, circles, ellipses, parabolas, splines,l etc. could be used
as suited, especially for industrial applications. The reason we have restricted our
discussion to straight lines is because this is the most generic element and all other
types of features can be generated as compositions of straight' line segments. This is
actually anyway how all engineer have been brought up: divide a non-linear problem to
small linear parts and solve them easily; then iterate to take care for the non-linear .
. part. In any case, all the problems, degeneracies, and obtainable results discussed
here are valid; only the analytics involved may be a little more complicated.

Although as it has been shown‘ such an approach provides cbmpatible accuracy with
. that obtained thus far by the classical point-based methodologles it has several
’advantages and appllcatlons some of which may not be immediately apparent
Pragmatic ' possibility to fully automate the photogrammetrlc procedures, improved
measurement accuracy in the context of full automation, universal apphcatlon in fields
ranging from mapping to motlon estimation and robot vision. More apparent
applications are such as better recognltlon of man-made objects, better modeling of

non-frame sensors, automating map updating.
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