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ON AUTOMATIC MEASUREMENT OF DIGITAL SURFACE MODELS

W. Forstner, Stuttgart

0. Introduction

One of the most important features for the description of an object is the geometric form of its
surface. There are a variety of methods available for the measurement of surface forms. They
differ from one another in many aspects, in particular according to the size of the objects, the
relative accuracy and the physical measuring principles. Of special interest amongst these are
the non-tactile procedures due to their flexibility. Photogrammetric methods present themselves
above all as an economic alternative in many areas of measurement techniques (cf. Wrobel, 1981).
Up to now photogrammetric methods have not generally prevailed in close range applications. The
reason for this might well be the film development, where the time span between the taking of the
photograph and the result is too long for some applications. The television technique and later
the video technique for the recording of photographs have fundamentally altered the situation: the
photogrammetric measurement of surfaces in real time is, in principle, becoming possible. The
existing operational or experimental, automatic and semi-automatic systems admittedly necessitate
in contrast to the visual system of the human being a very long time; it can, however, be clearly
seen that methods will be available in the near future which under not too restrictive conditions
will be able to determine surfaces economically and with an accuracy comparable to that of ana-
logue methods.

There already exist a series of general articles for automatic stereo measurement. Konecny and
Pape (1981) and Case (1981) describe instruments, algorithms and methods for stereo correlation,
as implemented in the field of photogrammetry. Baker (1981) and Barnard and Fischler (1982) give

a summary of the methods existing in the USA for automatic stereo measurement. In addition to this
Barnard and Fischler discuss in detail the individual steps within such methods, in particular the
parameters essential for each step. One can accordingly distinguish the following sequence of
steps within the method:

) taking of the photograph

) calibration and orientation

) feature selection

4) matching the features

5) distance or depth determination
6) interpolation.

1
2
3

Steps 1, 2, 5 and 6 are familiar as standard photogrammetric tasks. The selection of distinct
features (step 3) and the matching process (step 4) take place at photogrammetric instruments,
generally performed by an operator. The automization of these steps is discussed for example by
Forstner (1985) for image pairs and by Kories (1985) for image sequences.

This contribution deals with specific aspects for automatic surface measurement from pairs of
photographs. In particular these are the geometry of the photograph and of the surface (section 2)
the judgement or selection of surface textures (section 3) and the representation of the surface
by the measurement elements (section 4). An attempt is made to illustrate the influence of
necessary decision in individual cases on the method steps and thus also the influence on their
mutual dependence.

1. Model assumptions

1.1 Models for surface description

The difficulty of reconstructing an object surface depends essentially upon its complexity.
According to Hobrough (1978) five degrees of complexity can be discerned (cf. Fig. 1-1). The
transition from class a) to b) can be achieved by an expansion of the mathematical mode. Class c)
can be dealt with by reduction of each of the observed image windows. The treatment of profiles
or areas of class d) presupposes, strictly speaking, the automatic localizatiaon of the discon-
tinuities, can however still be approximated by piecewise linear profiles or patches. C1ass.e)
profiles presuppose firstly that the area sections nearer to the observer - at least pjecew1se -
are transparent and secondly that the method is able to process several heights per po1nt..
Although this class of areas can, circumstances permitting, be approximated by piegewise linear
patches - alternately on one or the other of the surfaces - and although the.solub111ty has been
experimentally demonstrated (Grimson 1981), we want to exclude in-the following surfaces of class

e).
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Surfaces can then be regarded as piecewise smooth functions. The edges of the surface sections do
not need to be closed. The boundaries can be jumps in the height, in the slope or also in the
curvature (cf. Binford 1981).

Apart from being dependent on the macro structure, i. e. the geometry, the reconstructability of
the surf§ce a]sg depends upon its micro structure, i. e. its texture. Thereby are summarily meant
all the in detail generally unknown radiometric characteristics of the surface. They decide how

the object is represented in the photograph in dependence upon the Tighting, the geometry and the
features of the sensor. ‘

Fig. 1-1 - Degrees of complexity - a) plane, horizontal
for surfaces
(according to Hobrough 1978) b) plane, sloping _,,——""—‘
c) continuous ~———
d) not continuous ~—
e) multiple

For the.reconstruction from photographs one generally supposes that the surface is matt, i. e.
that surface points appear equally bright from all sides or that the surface distributes the light
equally in:all directions. These models are for example used to reconstruct the surface - with
certain restrictions - from the shading in one or several photographs (Inverse Shading, Woodham
1981, Ikeuchi/Horn 1981; Photometric Stereo, Woodham 1980). They also implicitly form the

basis of all methods of correspondence which base themselves on the brightness' distribution as
feature of points, as e. g. the classical method of correlation. The justified criticism of these
models leads to the fact that often not the distribution of the brightness itself but the tran-
sitions of areas of equal brightness, i. e. grey value edges, are used as features for matching.
The disturbing influence of local and also temporal (cf. Wiesel 1981) changes of the reflection
behaviour on the correspondence is hereby extensively eliminated (cf. sect. 2). Above all.the
demands on the radiometric calibration are hereby rendered less acute (cf. Binford 1981,

Glilch 1985).

1.2 Models fof projection

The geometric projection for photographs with area sensors is sufficiently described by the cen-
tral perspective. With amateur or partially metric cameras a suitable geometric calibration serves
to reduce the geometric projection-properties “to those of the central perspective. The parameters
of the exterior, at least of the relative orientation of the photographs are assumed in the
following to be known. -

For the radiometric projection the decisive parameters are the resolution, the distance hetween
the pixels and the sensitivity of the sensor elements. Apart from the texture of the object they
also determine the accuracy of the correspondence (cf. Forstner 1985). The resolution can be
represented in detail by the modulation transfer function of the light path from the object .to
the sensor element. We want to suppose that these parameters are known and adapted to each other.

2. Geometry of photograph and surface

The geometry of the photograph and of the surface determines the efficiency of the whole proce-
dure.: In particular the correspondence algorithm must be able to allow for geometric
distortions caused by ‘the relative slope of the surface to the photograph coordinate system.
Conversely the surface ‘slope derivable from the distortions should go into the concluding inter-
polation. The use of epipolar geometry and suitable transformations between the various coordi-
nate systems is of decisive importance for the efficiency and it-is for this reason that we will
discuss.-it first of all. " -

2.1 Epipolar Geometfy

After the relative orientation of the photographs the rays of correspondiqg 1magg poin@s intert
sect at the object point, if one disregards minor photographic errors. Object points, image points
and projection centres lie on one plane, the epipolar plane (cf. Fig. 2-1).
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Fig 2-1 Normal images according to Kreiling

(1978)

1 2 . .
b”, b” image coordinate system

1 2 . .
p ., p~ normal image coordinate system
n natural model coordinate system
m model system

x 3

The advantage of this geometric condition for the automatic correspondence of image windows Ties
in the fact that the otherwise area type search space for the correspondence, as it is the case
with the relative orientation, is reduced to a Tine, namely the epipolar line assigned to the
point (cf. Helava 1972). Not only the computation time is considerably Tessened by this. More
importantly changes in the grey value running diagonal to the epipolar lines, say, grey value
edges, can be used for correspondence which otherwise would not allow a transfer, say, along the
edge. The differential perspective projection is restricted to three parameters, which correspond
to the height and the two surface slopes. In order to simplify the representation or the calcu-
lations, too, one proceeds to a pair of normal images (see Fig. 2-1, Kreiling 1978). It is
achieved by projecting the images with general orientation in space onto a plane parallel to the
base. The position of this plane is in principle arbitrary, it is, however, useful to choose the
distance from the base equal to the focal Tength and the orientation of the plane symmetrical to
the two images. The epipolar lines 1ie parallel to one another in the normal photographs. In
addition, the perspective relations between the image and object coordinates are reduced to simple
relations, if one refers to the natural coordinate system n of the relatively oriented image pair.
Epipolar geometry is used by nearly all correspondence procedures for surface determination.

2.2 Homogeneous Coordinates and Coordinate Transformation

A large number of different coordinate systems occur with the practical realisation, amongst
which the most advantageous according to the respective problem is selected for the represen-
tation or calculation. Apart from shifts, rotations and affinities, also perspective transforma-
tions occur. Fig. 2-2 shows the relations between the coordinate systems in the form of a
commutative diagram, such as they can occur with image correspondence when using an analytical
plotter. In detail there are the following systems in

b(2) image (see Fig. 2-1)

c(2) photo carriage Window Sensor window

s(2) sensor, CCD camera i /

t(2) sensor window

t(2) projected normal image

g(2) normal image window

£(2) surface point (x-axis on the epipolar plane)

n(3) normal model (see Fig. 2-1)

m(3) model, object (see Fig. 2-1)

Image 1, left image 2, right

Sensor

Sensor _calibration

Photocarriage
camera calibration
Image

Tansformation

Normal image {projected}

Fig. 2-2 Coordinate systems and trans-
formations for image corres-
pondence with an analytical
plotter (commutative diagram)

——  Transformation

Surface Normal image window

Normal model

Similarity transformation
Model
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The bracketed figures specify the dimensions of the respective system. Systems related to images
are signified by the image number (1, 2...) (cf Fig. 2-1). The transformations between the indi-
vidual coordinate systems result partially from calibrations, from the relative orientation or
from the correspondence algorithm. E. g. from the geometrical sensor calibrations (cf. Glilch
1985) one obtains the transformations:

1% . (:) °. r$ {'(:) s} = S (;) " a_ (2-1)

If the correspondence relates to the windows ql and ql from the normal images the transformation
T% is required for the interpolation of the grey values from the sensor windows & and 2 It is
not directly available, but can be obtained from known transformations:

4 _ .9 P c .S -
T, = Tp Ty Ti T, T, (2-2)
and apart from the two transformations 1@ and Ttfor the formation of the windows contains the

calibration transformations T: and Tg of the CCD and of the photogrammetric camera and the pro-

Jjective transformation TE from the image into the normal image. If T is regular, then

_ -1
= (1)

The projective transformations cannot be represented in the form of eqn. (2-1), then one could
obtain compounded transformations by matrix multiplication. With image windows of size 5 x 5
mm2 a linearization would lead to inadmissable errors. A concatenation with matrix multipli-
cation can, however, be achieved by the application of homogenous coordinates. They are stan-
dardly used in the field of CAD and are also commonly used in robotics (cf. Haralick 1980,
Ballard/Brown 1982).

In principle the coordinate vector (x, y)' or (x, vy, z)' is expanded for this purpose by one co-
ordinate, which corresponds to a scale factor. In this way one obtains the vectors (u, v, t)' or
(u, v, w, t)'. The coordinates x, y, and perhaps z can be caluculated from the homogenous coordi-
nates u, v, t and perhaps also w:

v oz=% (2-3)

_u
X:E_/ y

A common scale within homogenous coordiantes does not alter the related 3D-coordinates. Homo-
geneous coordinates are redundant.

The perspective projection with the centre of projection at the origin and the image plane at
the level z = ¢

L X r = Y ! = -
e,y et z c (2-4a)

can be written in homogenous coordinates as the matrix product

u 1 0 0 0 u u’ 1000 u
] =
vit_]0 1 0 olfv or v 001 |v (2-4b)
w' 0 0 1 0offw t’ 010l }|w
¢! o o 1 oll\1 € 1
c

as can be verified by matrix multiplication. The form 2-4b shows that a reduction in dimensioq
can also be clearly represented. As was to be expected, the inverse transforamtion does not exist
since the transformation matrix is-singular.A projective transformation such as qg has the form

b
u a b c u
vy = _é__f—‘__if) (V) (2~5a)
t 9 h ilp 1
and corresponds to the known equations

yb _dxP+eyP +f (2-5b)
+ i gxp+hyp+i

b—-axp+byp+c

X =
gxp+ hyp
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whereby the marking of the coefficients with respect to the chosen coordinate system was
surpressed.

The elements of the general transformation matrix for four homogenous coordinates

X S X
M \Y
T = vy Yy (2'6)
S M \'
__________ Z_..2.
P P P M
b4 y z

can be d1rect1y interpreted as individual scales M. M, M , as a general scale (M) , as shifts
(Vo ) as shears or as perspectives p) . For a pure similarity transformation the
upper 1ef% 3 x 3 matrix contains the rota%1oﬁ matr1x, the elements P, are zero.

In case of practical application a Targe part of the transformation remains unchanged as it is
only dependent upon the calibration and the relative orientation. The transformation compounded
from these transformations, therefore, only needs to be calculated once. The different transfor-
mations for each point, which are caused by the different sensor positions and the varying
positions and orientation of the observed surface area, can be added to the left or the right of
the constant transformation. Changes in calibration can easily be incorporated. Altogether an
efficient instrumentation for the representation and calculation of geometric relations thus is
available, which can be adapted to each individual situation. In the following, however, we
nevertheless refer to the classical representation as it is clearer in the case of only two or
three coordinate systems.

2.3 Geometric distortions of the projection

A decisive factor when selecting a method for automatic surface measurement form images is

which distortions in the projection have to be expected. The distortions between the photographs
can be quantatively described by the scale factor m and the shearing s of the two small fmage
windows which are related to the normal image system q. In principle occlusions and thus values
for the scale smaller than or equal to zero can occur even with smooth surfaces, for example at
the contours of the surfaces. Even if one avoids occlusions when taking the photograph,
considerable differences in scale and relative shearings can occur between the photographs.

If one starts from a normal image pair, one obtains from the projection relations x, = c (X+B/2)/2z,
X, = ¢ (X-B/2)/ 2 and ¥, =¥, =y =c¥/2 the following expressions for the scale factor m and the
relative shear if one takes into consideration for m only the longitudinal slope zy = 82/ 92 and
for s only the lateral slope z, = &

- d_Xg. i} Z - (x-B/2) ZX (2_7)
dx, Z - (x+B/2) Z,
. dx2 - dxl . B ZY (2-8)
dy Z-~-Y ZY

Here x, v and z are the object coordinates in the normal model (n), B the base Tength, (xy, v,)
and (x,, y,) the coordinates in the left and r1ght normal image respectively and 2z, and 2, the
Tongitudinal and lateral slope respectively in the normal model.
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The most unfavourable scale factor is obtained with x = B/2 as (within the model):

1

m(z, ) = 1—-——____._ yn » (2-9)

the most unfavourable shear with v =8B as

S B/Z 2y :
Z D oe—— = VA -1 -
% ¥ 1-8/2 2, " () (2-10)

The most unfavourable scale distortions for varying base-height ratios B/z -and slopes z. are
compiled in Table 2-1. . *
o
B/Z _ Type | 0.1 0.2 0.5 0.7 1.0 2.0 Tab. 2-1 Scale distortions m according
to Equ. 2-9 in dependence up-
. 1.1 . . . - - . :
1.1 swa 2 1.28  2.22 4.35 on the base-height relation
0.6 WA 1.06 1.14 1.43 1.72 2.50 - B/z of current aerial photo-
0.3 Na 1.03 1.06 1.18 1.27 1.43 2.50 graph sensors and the terrain
slope Z = tana. The maximum
shears “as to be expected are
smaller by 1.

When using a wide-angle camera (B/z = 0.6 ) scale differences of up to 1 : 2.5 and shears of up to
1.5 can Le expected for slopes of the surface of 45° (z_ = 1). An angle of 73° between the images
of the y-axis in the surface system (f) corresponds in the most disadvantageous case to a shear of
1.5. As surface slopes of this size can readily occur in close range applications, also, however,
during the measurement of aerial photographs on steep slopes and house rooves, a correspondence
method must be capable of processing such large distortions. Neglection of the distortions leads
at the very ieast to a considerable reduction of the correspondence accuracy, if it does not make
the correspondence fail. A correspondence method must, therefore, either have reliable approxi-
mations available for the distortions, such as by prediction from earlier measurements, or it must
rely on features which are invariant against affine distortions (cf. sect. 4).

2.4 Measurement of Surface Slopes

Conversely one can derive the surface slope from the estimated values for the affine distortions.
Let the general linear transformation (without taking the epipolar geometry into consideration)
for the image windows be in differential form

dxi = a) 9 + a, dy2 (2'118)

ay) = aj) dx; + ay; dy, (2-11b)

dax

If the x-axis of the photograph coordinate system approximately (z 30°) coincides with the epipolar
1ine, the surface slopes can be derived from the coefficients ay and a5 (egn. 2-1la). since the
two coefficients approximately correspond to scale and shearing. ’

a a"2+a-?_yz_3"_1_ ix ., By By

5 = 113X 1238 " 3% g -113Y "33V "5y

X 9%y 9%y, 3 X Y 3x2 8y2 axl (2-12)
31182 T*123Z 3% 132 %1232 T3z

The partial deviations in eqn. 2-12 can be derived from the parameters of the exterior
orientation (cf. Schwidefsky/Ackermann 1976).

With a good surface texture one can obtain the parameters a and a,, with an accuracy of
approximately 0.02. The derived sTope angles of the surface with respect to the object coordinate
system then have a standard deviation of approximately 1-3°. The slopes measured in this way -~
should be used for the interpolation of the surface.
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2.5 Interpolation

The measured points resulting from the correspondence are generally not identical with the digi-
tal §urface model. Even if they are planned to ly in a grid in general, individual points will
be missing, because the texture does not permit a measurement. An interpolation is practically

always necessary in order to arrive at a final surface model (see sect. 4 on the choice of point
distribution).

Basically we have greatly varying information about the surface, which can be used for the
interpoTation

- surface points

- surface slopes

- lack of shading which suggest smoothness of the surface

- grey value edges which suggest possible object edges

- accuracy data about the measurements

- non-matched points which suggest occlusions

~ contour lines

- a mathematical mode]l for the surface form, e. g. planes, surfaces of the second order,
general cones, symmetry axes, smoothness requirements etc..

There is presumably no method which uses all the named information for the derivation of the
digital surface modetl. .

According to the data used one can distinguish amongst other things the following approaches:

a) The surface is assumed to be smooth.
The smoothness of the surface can most easily be determined by its curvature. The second
derivations of the surface can be summarized for each point Pyy in the Hessian matrix

A2 2 :
i3 (ZXX ZW) (2-13)
YX b 44

If one negiects the surface slope, the principle radii of curvature result from the
values of the Hessian matrix: r, =1/,¥ . There now exist two measures for the total curvature
of the surface which are both invariant against rotations of the coordinate system

1- 1.2 2 2,2 2
L= EZ (== + =)= Z% (Zgy * Zy,)° = LI (V“2)° =3I3 (spH,,) -
5Ty i ety i 1 ij (2-14)
and
R U 2 2 _ 2 )
Q—"Z.Z‘ ( + y = .Z‘Z ZXX*ZZXY + 2 —21§ sp (Hij) (2-15)
1) ra rb 1]

L is the Laplacian curvature, ¢ the so-called Quadratic Variation of the surface. A1l other
rotation-invariant measurements for the curvature can be represented as the weighted sum of
the two values.Theoretically and practically the Quadratic Variation has turned out to be
superior for the purposes of interpolation, as is shown by the investigation of Grimson (1981).

Interpolation can be achieved by minimization of the weighted sum of the quadratic deviations
z, - £, at the given points and of the Quadratic Variation:
2

0@ s I -7 & Ba (82,) > min (2-16)

The factor B2 weights the measured values against the smoothness requirement. The optimi-
zation problem can either be solved iteratively (Grimson 1981) or directly (such as by Ebner
1979},

b) The surface is assumed to be partially smooth.
In this case egn. 2-16 is no longer suited for interpolation. However, by individual weighting
of the curvatures one can remove the smoothness requirement at those places where-~grey value
edges appear in the image, and hence one can presume that there is an object edge. In this
way we obtain

- A
¢2 (z,) =E (zg - ?k)z + EJE Bij sp (szlj) - min (2-17)
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Egn. (?~17) is related to the statement of Nagel (Nagel/Engkelmann 1984) who for image sequence
an§1ys1s along the grey value edges weights down the smoothness requirement for the field of
shifts according to the sharpness of the edges.

c) The accuracy of the measured values is taken into consideration.

The precision of the measured values is not used for the optimization problem egns. 2-16 and
2-17. The consistency of the solution i. e. the fulfillment of the smoothness requirement by the
measured values is likewise not used for the improvement of the interpolation.

Both is possible if one slightly modifies eqn. 2-17

(z, - 2,)° (H2,)
PN zZ, - 2 sp(HS .
b,(z,,0..)= 1L ok + ¥y —3— > nin
37k T A3 Ko 52 ij A2
K Y

On one hand the standard deviations 0, of the measured values can then be taken into considera= -
tion, and on the other hand the standard deviations o,, of the curvatures at the grid points in

dependence upon both the grey values (cf. Nagel) and alo upon consistency of the solution, i. e.
upon the curvatures after the estimation. The weights By = 1/ 02, are then estimated in the sense
of a variance estimation, or a robust estimation (cf. LY 1984), an automatic edge detection

(see Fig. 2-2).

d) The measured slopes are used.

The implementation of the measured slopes z_  and z_Teads to a stabilization of ‘the surface
(cf Forstner 1983) and can be be realised gy an additional term in ean. 2-18:

~ A ~ A~ A
04 (g, 0440 = ® 2 0t Az, - 2y )2+ (Zy 1 - Z‘Y,l)z}/of > min (2-19)
1
Fig. 2-2 Effect of the automatic weighting during 4 R
interpolation according to egn. 2-18
5 given points (x)
21 interpolation points ( e ) : e,
A ‘without adaption:
bending, smoothing : .
B with adaption: - B
bends recognized at the 2nd and
4th point, no smoothing, * x
nearly no bending

3. Surface texture

The surface texture is decisive for the quality of the result. Above all its high treguencies in
the form of sharp grey value edges or alternatively changes in the grey value contribute
considerably to the precision (cf. Forstner 1985). The long wave parts, the coarse structure,
influences the determination of approximate values. Here we went to discuss the special proper-
ties of natural and artificial textures with respect to fine and coarse machting.

3.1 Natural textures

By the term natural textures we understand here all surface structures which appear in the image,
for which one can make 1ittle or no allowance when carrying out the measurement, for example in
the case of terrain surfaces or objects which are not accessible. Here one must reckon with two
difficulties, namely with reflections or shiny surfaces or surfaces without or with too fine
structures.

Only a few materials reflect ideally, i. e. matt. Natural terrain as appearing in photographic
scales customary for applications is, therefore, as its reflection qualities is concerned, well
suited for correspondence since a pixel receives Tight from a relatively large area due to the
comparatively small scale and because the reflection characteristics, individually possibly
unfavourable, compensate one another during the averaging process. The situation is different in
close range applications. Here surface shiny to a greater or lesser extent, although locally
bounded, can lead to additional grey value changes, which appear either only in one photograph
or even in both photographs but which - in relation to the surface- are at non-correspondent

points.
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Reflections which only appear in one photograph can generally be easily recognized and removed,
since no matching is possible. On the other hand refiections in both photographs can generally
Tead to a highly weighted match due to the contrast, which, however, does not correspond to a
surface point but a reflection point (generally behind the surface). This match, a false match
from the point of view of the surface, can only be detected during testing for consistency

during the surface interpolation, for example with respect to the smoothness of the surface. A
detailed analysis of the reflections can nevertheless in the case of a known light source play an
important role in a very good reconstruction of the surface (cf. Burkhardt 1985).

Far more awkward are surfaces with insufficient texture, which can occur in all applications. The
geometry of the surface can indeed be reconstructed from the shading of an image in case the
surface texture is homogeneous. The information derived from the grey values about the surface
curvature may also be of value for interpolation. The necessary assumptions, especially about the
the reflection behaviour, are generally only approximately true and, therefore, only allow an
inexact determination of the form if one does without further back-up information. For surfaces
without sufficient texture one has to rely on object edges. They generally appear in the photo-
graph as grey value edges, too. Not only can they be very preciselylocalized, but they also
motivate the linear interpolation between object edge points within the epipolar planes applied
in many cases (cf. eg. Ohta/Kanade 1985). Most of the correspondence methods are for this reason
based on grey alue edges. The interest operator suggested by Férstner (see Paderes et al 1984)
when transferred to epipolar lines also yields edge points, which accordingly are at the same
time the points in a grey value profile, at which the matching relatively is most precisely - as
was clearly to be expected. Accordingly the evaluation of an existing texture can be based upon
accuracy to be expected for matching.

3.2 Surfaces with an artificial texture

For a number of close range applications one is able to specially prepare the possibly reflecting
surface for stereo measurement, for example by the spraying-on of colour. Here the question arises
which texture is favourable for automatic matching.

Regular structures cannot be considered, on the one hand because they are difficult to produce
with curved surfaces, and on the other hand because the regularity can lead to incorrect corres-
pondence. Random patterns as they occur by the spraying-on of colour, are suitable if certain
criteria are adhered to, which we want to illustrate here by means of an example.

Let the random pattern consist of black circular discs on a white background, which generally

do not overlap, vary in size and are irregular arranged. The sharp contrast provides for a high
degree of accuracy for correspondence and, circumstances permitting, makes a processing of binary
images possible. The circles are generally represented as ellipses. As stated in paragraph 2.4
one can derive the slope of the surface from the parameters of the ellipse, possibly after
averaging several measurements. Three geometric conditions for the size and the distribution of
the circles are obvious:

1) In order to be able to recognize and exactly localize the individual circular discs they should
have a diameter a of at least 4 pixels: a > 4 Ax.Hereby it-is guaranteed that the circles remain
recognizable even with large distortions.

2) In order to be able to separate the circles from one another the space £ between the edges
should at least be 4 pixels wide: £ > 4 Ax. This requirement together with the following one
restricts the size of the circles and prevents too many circles overlapping one another:

3) In order to prevent too Targe gaps resulting between the circles and in this way in order to

be able to record the surface densely enough the distance between the centres of neighbouring
circles should not be greater than 16 pixels. One can also make this Tlimit dependent upon the
surface curvature. Here we wish to assume a < 16 Ax.

With a pixel size for example of 0.02 mm and & + a = f there results for the diameter of the
circular discs a range of

4 Ax £ d < 12Ax or 0.08mm < d& < 0.24 mm (3-1)

and for the distance between the circle centres a range of

B Ax <a < 160x.or 0.16m <a 0.32m (3-2)
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With an average distance a of the circles from one another of a = 12Ax = 0.24 n there are approxi-
mately 20 circles in amm2, which cover approximately 40 % of the surface. With a photograph

sga]e of 1 : 20 (distance to object: 2 m) there are under these circumstances approximately 5
circles in aem2. Fig. 3-1 illustrates an example. It resulted from a random choice of 20 centres
and the related diameters between 4 and 12 Ax . The smallest distance was not directly taken into
consideration. The average distance does, however, Tie roughly within the above-mentioned range.
Analogously other random patterns can be produced and adapted to the individual task at hand.

Fig. 3-1 Random pattern with circular
discs, Surface: 1 mm? or
50 x 50 pixels

3.3 Surface with a projected texture [ —

Specially projected structures are a well-known aid to enable the measurement of surfaces which
are poor in texture. One can distinguish here two ways of taking of the photograph:

1) One of the two sensors is replaced by a projector, which contains the pattern in the image
plane. In this case it is enough to take only one photograph from another visual angle in order
to be able to carry out a stereo measurement. Matching consists in finding the features contained
in the projected image. In order to obtain a geometrically precise measurement it is necessary to
measure the mask and to calibrate the projector.

2) The second possibility consists in staying with a stereo photograph and in projecting a
pattern onto the surface from a third location - somewhere between the sensors. In principle
nothing changes with automatic measurement since the natural texture is replaced by an artificial
one. In contrast, however, to the first situation the geoemtric calibration of the mask and of
projector is not necessary.

Since a calibration of the cameras is necessary anyway for precision measurements and since this
is also carried out using standard methods the second situation is preferablie to the first.

The measurement, in particular the correspondence, can be cosiderable simplified by the choice of
a favourable mask. The frequently used grid or line rasters are suitable for a precise corres-
pondence due to their fine structure. They do, however, present difficulties for a coarse corres-
pondence because of their rigorous regufarity.

The following requirements have to be met by a projected mask in order to make automatic corres-
pondence as simple as possible:

a) Because of the assumed knowledge about the epipolar geometry a Tine pattern at right angles to
the base is sufficient. The position on the lines is determined by the epipolar line.

A mask with straight lines allows the recording of all jumps in the surface. The lateral slope
of the area can be directly derived from the differences in slope of the projected lines. If
the lines are the same distance apart from one another, or if the distances are known, one can
also determine the local longitudinal slope of the surface. In order to avoid a calibration

of the pattern line maks with random distances are not taken into consideration. Since lines
of random direction are easy to recognize in the image surfaces of any given slope can - at
least theoretically - be measured.
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b) A11 lines should be numbered.
In this way a clear correspondence is possible. The searching for a particular line takes place
by direct access, possible in 2 or 3 stages. The search area is not restricted to the visual
field of digital camera or alternatively to each of the observed possible small windows.
Occlusions do not Tead to identification errors as possibly the case with patterns, where only
every tenth Tine is numbered. Several images can be treated one after another.

c) The.numberigg should be clearly legible for both the computer and the operator. In this way a
rapid decoding by the computer is possible and also = with analytical plotters - a transition
to manual measurement.

d) The'numbering should require as Tittte space as possible and should as regards its structure
assist the stereo measurement. The image window necessary for the recognition of the line is
thus kept small.

e) The Tines should not be further apart from one another than 16 or 20 pixels (see circular
pattern). In this way it is guaranteed that a suffiency dense recording of the surface is
possible even for highly curved areas of the surface.

f) The space between the lines should be at least 4 pixels wide (see above). An identification of
the Tines is thus possible even if there is a sharp longitudinal slope or if Tocal exposure
effects are present.

g) The pattern should to a certain extent enable the‘recognition of the natural surface
texture.

For this reason only a black and white texture can come into question. The mask then also
allows a local adjustment of the Tine detectors. A detailed radiometric calibration of the
digital camera thus becomes superflous.

The masks in Fig. 3-2 fulfi1l all the named requirements. They consist of two components: the
measurement lines, which have a regular structure and the coded numbers which vertically repeat
themselves and which are equally suited for the purpose of measurement. The patterns represent
the lines 80 to 92. The numbers are binary coded, whereby the consecutive number of the bits,
counting from right to left, is also represented in the figure: e, g, 89d'=101um1T The last bit
(the 9th in 3-2a and the 8th in 3-2b) serve in each case as a control bi% (parity check). An even
number of bits was assumed here as the last bit is set as e. g¢. 91,4 = 1011011,. The pattern in Fig.
3-2a contains the line numbers in the narrowest space, on the other side thé distance between the
measurement lines in Fig. 3-2b, therefore, is smaller. When identifying the number of a line

the computer can rely on the measurement lines and can very accurately predict from their geo-
metrical arrangement the positions at which the coding of the lines (in this case left of the
lines) is placed. In this way the suspectability to disturbance is greatly reduced, since no
positioning is involved in the decoding. Should a number be not decodable due to disturbances or
occlusions one can find a usually readable number in the vicinity within a small image window.
Thus the selection of only a small sensor section is necessary for the recognition of the momen-
tary position on the surface. The horizontal Tines primarily serve the purpose of determing the
position of the coded numbers. They can, however, also be advantageous of the measurement if the
mask 1S projected diagonal (+ 200 ) to the base.

(DR CA . .
LB AT o2
CENCAEIS L

)

measurement line’ subsidiary Tine measurement 11'm;s subsidiary Tine

Fig. 3-2 artificial patterns for projection )
measurement 1in§s numbered, left of the line, binarily coded, parity bit underlined
10th 1ine (9. = 90) marked
distance of the measurement Tines: a) 16 pixels b) 16 pixels for counting lines

8 pixels for subsidiary Tines
size of the bits: a) 9 pixels b) 4 pixels
word length: a) 8 bits b) 7 bits

S
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The distances and the breadth of the measurement Tines as well as the size of the coding are
individually variable; similar patterns as in Fig. 3-2, which show the same advantages, are thus
conceivable. In particular, the numbering area can be enlargened by changing the word length. A
coding of the vertical coodinates is also possible.

Altogether means are available for projection with coded patterns, which are easily produced with
a precision drawing table. They remove a large number of the difficulties, which occur with
natural patterns. Above all the searching for given positions and the treatment of any given
slopes of the surface are made considerably easier.

4. Representation of the surface by measurement elements

4.1 Criteria for the selection of surface features

As image matching the recording of surfaces in the conventional sense consists of two stages (cf.
Makarovic 1984): the extraction of features of the surface and the determination of the exact
position on the surface. Only in the case of complex surfaces, however, are the two steps carried
out separately.

The precision of the digital surface model is determined to a large extend by the distribution of
the measurement positions. The quality of the measurement is determined not so much by the preci-
sion as by its ability to represent the surface; the interpolation method is only of secondary
importance (see Ackermann 1980). The recording of surfaces by means of measurement points and
measurement Tines, in particular break Tines, has been intensively examined in the last few years.
On the one hand the investigations concentrated on optimal point density (cf. Tempfli 1982), the
automatic adaptation of the point density to the surface form (Progressive Sampling, Makarovic
1973) and on the other hand the adaptive recording of the surface information, which is connected
with 1ine information (Composite Sampling, Makarovic 1984). A1l investigations are based on the
ability of the operator to interprete the surface form before the actual measurement or rely on
the information on the surface, derived from a coarse grid measurement, as progressive sampling.
The situation regarding surface measurement presents itself anew with automatic stereo, namely
for two reasons:

a) the stereo model which is available to the operator for feature extraction is not yet
available for the computer for this task.

b) the hitherto existing programmes for the interpretation of individual photographs are not by
a long way developed to such an extent that the extraction of surface features can attain a
sufficiently satisfactory quality under not too restricted conditions.

In principle there thus exist three alternatives for the extraction of surface features:

1) The measurement elements are selected, placed and coded according to the surface for, as in
terrestrial surveying (incl. break lines), structure lines (spot heights).

2) The measured points are arranged in a grid and circumstances permitting are locally condensed -
in grid form' (progressive sampling).

3) The position of the measuring elements are derived from the interpretation of a single image.

Manual measurement can follow all three strategies. The feature extraction, depending upon the
surface form, is not possible with automatic measurement (see above). The second alternative has
certain disadvantages. As with every other grid-related selection method the point selection
according to the method of progressive sampling presents difficulties when the points fail on - -
areas of poor texture or on objects which do not represent the surface (e. g. trees, houses,
ditches etc.). The reaction of the operator namely to select and measure a point in the vicinity
suitable for stereo measurement can be copied on the computer as long as it can be guaranteed
that the point, found possible by an interest operator, really does represent the surface. Since
this has in any case to be tested by measuring further surrounding points one can no longer

talk of a raster measurement. A rudimentary singly image interpretation is actually carried out
because interest operators usually search for very simple characteristics, possibly points with
pronounced grey level transitions. With automatic systems the measurement points will, therefore
- at Teast for the time being - be restricted to points which are recognizable in one image and
which are suitable for correspondence. The system measures where it expects to be able to carry
out a measurement.
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The areas between the measurement spots which are either without texture or poor in texture point
to the fact that the surface is very smooth, in the sense of slightly curved, so that a simple
interpolation is not only allowed but justified. A1l non-photogrammetric automatic methods for
surface measurement are based on these facts (cf. examples 1 and 2, pgh. 5)

4.2 Characteristics for surface measurement

There exist a number of image features for the purpose of correspondence, of which one expects
that they represent essential surface features. Grey value edges are the most wide-spread for
correspondence. They can easily be extracted - as Tong as they do not have to serve as a basis for
an interpretation, and they are to a large extent invariant against geomeric and radiometric
changes (cf. Grimson 1981, Ohta/ Kanade 1984, Baker 1983, Smith/Wolf 1984).

In order to diminish the number of possible correspondence, image segments derived from edges

are sued for correspondence. The theoretically higher reliability is obtaiend at the cost of a
greater comptexity of the correspondence algorithm, which is justified by the suspectability

of the segmentation to small disturbances. On the other hand topographic characteristics of the
grey value function, such as high and Tow points, that is light or dark points, or ridge and
valley lines, that is light or dark lines in the image, seem to be well suited for correspondence,
since they are in particular invariable against monotone transformations of the grey values (cf.
Haralick et al. 1980, Zimmermann/kories 1984).

5. Examples for surface measurement from image pairs

Three examples are to represent the efficiency and the diversity of the solutions of surface
measurement.

Example 1:

The investigations for understanding the human visual system at the MIT aim at a computer simu-
Tation of stereopsy. The underlying model was developed by Marr and Poggio and realised and
worked out by Grimson (1981, 1984). The system for surface measurement which thus originated is
able to handle highly different object forms and surface textures.

Fig. 5-1 shows a random stereogram and the digital surface model derived from it.

The correspondence algorithm is based on grey value edges, which are - in total four - band-pass
filtered images with varying degrees of smoothness. Two of these are shown in Fig. 5-2. The
correspondence takes place hierachically, beginning with the edges of the most highly smoothed
image. As one can clearly see neither the human visual system nor this algorithm needs clues from
the single image in order to obtain a stereoc impression. Fig. 5-3 shows that this same method can
also successfully handle aerial photographs.

Example 2:

The method of Ohta and Kanade (1985) is similarly based on grey value edges. The photographs are,
however, hardly smoothed. The correspondence algorithm uses methods of dynamic programming and
works at one level. The correspondence algorithm uses not only the consistency condition within
the epipolar Tines but also the compatability of the solution between the lines, as it occurs

at edges across the epipolar lines. In this way the percentage of incorrect correspondence is
lessened by one order.

Fig. 5-4a shows an aerial photograph pair of the Pentagon, Fig. 5-4b all the extracted edge
points within the epipolar Tines and the related grey value edges derived from them (Fig. 5-4c).
The result is represented in Fig. 5-4d. It shows that the method is able to stereoscopically
measure buildings. The walls which in reality are perpendicular appear slanting in the figure.
since only a linearinterpolation takes place between the correspondent edges within the epipolar
lTines.

Example 3:

The Tast example is to show that an accuracy is obtainable with correspondence algorithms, which
is usfficient for some applications where precision is not of the highest priority. A photograph
of a specially prepared surface of a carbody was stereoscopically taken at photo scale 1 : 20.
A section was firstly measured manually, secondly with least squares matching (cf. Pertl 1985)
and also with a feature based matching procedure (Forstner 1985). The points selected by this
correspondence algorithm are shown in Fig. 5-5a. The surface model derived from this is represen-
ted in Fig. 5-5b.An editing of the data was not necessary. The comparison with the manual

Forstner II1/13



Photogrammetrische Woche 1985 .
Institut fir Photogrammetrie 150
Schriftenreihe, Heft 11, 1986

measurement ( Fig. 5-5c) shows that the main structure was correctly recorded. The histogram of
the differences in altitude between manual and automatic measurement demonstrates a systematic
error of - 0.4 mm. The standard deviation of 0.6 mm at the object corresponds to a measurement
accuracy of approximately 10 pmm, or with a pixel size of 40 pm, to a standard deviation of a
1/4 pixel size. This error is approximately as Targe as the rounding errors of the of the
coordinating of the selected points.

The examples clearly show that the automatic methods for surface measurement have reached a point
which bears the promise of practical application in the near future. The representation of the
digital surface model is, however, only the first step towards automatic interpretation of the
data, possibly for the video-steering of machines or automatic mapping.

Fig. 5-1 Random dot stereogram and
surface model derived from
it. The individual pictures
do not give any indication
of the surface form.

(from Grimson 1981)
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Fig. 5-2

Fig. 5-3

a.

151

Extraction of characteristics

according to Grimson (1981)

a) random dot image

b) highly smoothed image
(band pass)

c) slightly smoothed image
(band pass)

d) edges of b.

e) edges of c.

The edges are selected per epi-
polar line, the sign of the
changes in grey value and the

w———

direction of the edge are used

for the preliminary corres-

pondence.

Pair of aerial photographs,
area of Phoenix, and the
contour lines derived from
them (from Grimson 1984)
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Fig. 5-4

[o a1

stereo pair

edge points extracted
within the epipolar Tines
connected edges

derived from b.

digital surface model
(from Ohta/Kanade 1985)
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Abstract

One of the most important features for describing an object is the geometric form of its surface.
The paper discusses aspects which are specific for the automatic mensuration of surfaces from
stereo images. Specifically these are the geometry of the design in relation to the surface, the
evaluation and choice of surface textures and the representation of the surface by measuring ele-
ments. Three examples demonstrate the efficiency and versatility of existing solutions for auto-
matic surface determination.

AUTOMATISCHE ERFASSUNG VON DIGITALEN OBERFLACHENMODELLEN

Zusammenfassung

Eines der wichtigsten Merkmale zur Beschreibung eines Objektes ist die geometrische Form seiner
Oberfldche. Der vorliegende Beitrag behandelt fiir die automatische Oberflichenmessung aus Bildern
spezifische Aspekte, insbesondere die Geometrie der Aufnahme und der Oberfliche, die Beurteilung
oder Auswahl von Oberfldchentexturen und die Repridsentation der Oberfliche durch MeBelemente.
Drei Beispiele stellen die Leistungsfdhigkeit und die Verschiedenartigkeit vorhandener Lésungen
dar.
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