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Summarz

The analytical restitution of a stereo-photo-pair is a met-
hod which has been developed and applied as a consequence of the
recent development of computers.Using the Stereocord G-2,Direc 1,
HP9845 S of the N.T.U. Photogrammetric Laboratory,a software for
analytical restitution and plotting has been devised,written and
tested.Some architectural terrestrial applications are presented
and their results are discussed.

RE&sumé

La restitution analytique d”"un couple de cliché&s est une
méthode développée et appliquée recemment beaucoup,comme une su-
ite normale du dé&veloppement des Ordinateurs.En utilisant le sys-
téme Stereocord G2+Direc 1+HP9845S du Laboratoire de Photogramme-
trie de 1°UTN,on a creé& et controllé un "software",pour la resti-
tution analytique et la representation graphique.Quelques appli-
cations de Photogrammetrie Architecturale sont présentées,tandis
gu” on discute leurs résultats.

Zusammenfassung

Die analytische stereophotogrammetrische Auswertung wurde,
wadhrend der letzten Jahre,in steigendem Masse und im Rahmen der
Computerentwicklung entwickelt und angewendet.Mit Benutzung des
Systems Stereocord G-2,Direc 1,HP9845 S hat man im Photogrammet-
rischen Institut der N.T.U. Programmen analytischen Auswertung
und graphischen Darstellung vorbereitet,mit deren Hilfe Anwendun-
gen im Bereich der terrestrischen Photogrammetrie stattgefunden
haben.Die Ergebnisse dienten als Grundlage flir eine allgemeine
Wertung der Methoden.



1. The existing software for analytical restitution with the
Zeiss Stereocord-G2.

Zeiss"™ (Oberkdchen) medium accuracy analytical system Stereo-
cord-G2, has the ability to measure the %,y coordinates of the
left-hand image and the P_-parallax of the right-hand image of
a stereo-pair. These measfired values are recorded onto a DIREC-1
and then transmitted to a desktop computer for the necessary
calculations. The manufacturer supplies the system with a set
of programmes suitting Hewlett Packard 9810 and 9830 computers.

The calculation of coordinates of points (also associated
distances, slopes, areas, etc.) observed stereoscopically on the
Stereocord, can be computed using the programmes mentioned above.

The procedure is as follows:

a) removal of LA rotations by appropriate placing of the pho-
tos.

b) relative orientation and calculation of ©y,0, and W, rota-
tions.

c) absolute orientation.

d) calculation of object coordinates (X,Y,2) of any observed
point by space intersection.

The mathematical model is a simplified one and thus several
approximations have been incorporated.

The Laboratory of Photogrammetry of the National Technical
University of Athens has used Stereocord in conjuction with an
HP 9845 S desktop computer, since this computer is used for as-
sisting other photogrammetric instruments too. It was then nece-
ssary to modify the programmes given by Zeiss for HP 9845 S.
This closer examination and the use of them for several projects
(see § 3), showed the need and the possibility for improved pro-
grammes capable of overcoming certain deficiences such as, the
low accuracy due to the use of approximate formulas and the li-
mitations of graphic plotting and print-out.

2, Modification and improvement of analytical restitution.

A special programme based on the approximate mathematical
model, which had been used by the manufacturer, was written for
the HP 9845 S and given the name "RECORD", The program performs
first a relative orientation based on 10 monoscopic observatiors
Then for the absolute orientation 4 control points are observed
stereoscopically.

After that, the coordinates of each stereoscopically obser-
ved point, are calculated by using the same approximate formulas.
The results of an investigation of the mathematical model of
this programme and the results of its practical applications are
given in section 3.

In trying to avoid systematic errors due to the approximate
formulas of the mathematical model of this particular programme,
two new solutions were developed, which used "full" formulas.
The first, allows only monoscopic observations on the Stereocord
although the second has the flexibility of allowing stereoscopic



observations as well. Two corresponding programmes were written
for HP 9845 S and named "RACOPL" (Relative-Absolute-Coplanarity)
and "SDAOE" (Simultaneous Ditermination of All Orientation Ele-
ments). The programme which uses monoscopic observations is
structured as follows:

a) The five parameters of relative orientation (w ,mz,uz,b ,bz)
are calculated by observing more than five poirts, £first ofi
the left-hand and then on the right-hand photo. Using the co-
planarity condition as observation-equation a least square
system of equations is formed. Its solution gives the unknown
orientation parameters from which model coordinates are calcu-
lated.

b) The absolute orientation is achieved by adjusting the model
to the ground system, by applying a similarity transformation
to at least three control peoints according to the observation
equations:

axis X: X—Xo—x=0.d9+ z.d¢+(—y).dK+x.du+1.dx0+0.dYo+0.dZO
axis Y: Y—Yo—y=(-z).dQ+0.d<D+x.dK+y.du+0.dXO+1.dYo+0.dZO
axis Z: Z-Zo—z=y.dn+(-x).d¢+0.dK+z.du+O.dXo+0.dZo+1.dZO

where x,y,2z the model-coordinates
X,¥Y,2 the ground-ccordinates

¢) Now, the ground-coordinates of each monoscopically observed
point in both photos, are calculated using the collinearity
equation.

With this programme, the question of low accuracy of
"RECORD" due to the use of simplified equations was adequately
answered. However, the lack of recording y-parallaxes (or Py)
onto a forth display on DIREC-1, deprived the system of the in-
formation of y-image-coordinate of the right-hand photo and con-
sequently "RACOPL" of the ability to use a stereoscopic oObser-
vation. As a result of this, plotting tock much longer than it
would otherwise since the observation of the homologue images
of each point had to be done twice; one on the left-hand and one
on the right-hand photo.

This deficiency was in fact overcome by the second approach
adepted for the programme "SDAOE" which has the following chara-
cteristics:

a) a space resection ig solved using monoscopic observations on
the images of at least 3 control points. A simultaneous com-
putation of all 12 parameters of exterior orientation is per-
formed by least squares using the collinearity equation.

b) Ground-coordinates of each stereoscopically observed point
are now computed using the collinearity equation. For each
unknown observed point 3 e%u%tions are created one for each
measured value of xleft, y+€ t and xri9ht yith 3 unknowns,
the ground-coordinates:
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where X', ¥', Z' are the approximate values of the unknowns
X, Y, Z respectively.

These approximate values are calculated by an initial solu-
tion where the unknown element is considered to be:

n .
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where n= the number of control points used.

The development of the system for analytical plotting was
considered as another area where some improvements could be ma-
de. The capability of the graphic display on the HP 9845 S, al-
lowed the writing of a number of programmes for the graphic re-
presentation of the results.

In on-line plotting, special subroutines have been made for
plotting, coding and storing the coordinates of the points which
have been computed analytically. These subroutines can also be
joined with "RECORD" and "SDAOE".

In off-line plotting, a programme by the name "REPLOT" was
made, which has the capability of replotting an initially plot-
ted portion, either by "RECORD" or by "SDAOE", without any ope-
rator™s assistance.

To perform a correction or a completion of a previous plot-
ting, a programme by the name of "CORCOM" (Corrections-Comple-
tions), which runs in combination with "REPLOT", was written.
This programme consistsof two main parts. The first, purges, by
digitizing on the C.R.T. all the unwanted portions of the plot-
ted object and stores them, while the second, makes and stores
the necessary completions.

Finally, the manipulation and the classification of data on
the tape cartridge is achieved by a new programme named "GREADY"
("Graphics are ready"), which runs before "REPLOT". Like "REPLOT"
"GREADY" also runs without any operator™s assistance.

The use of these three programmes for plotting, allows the
storage of the object-coordinates determined analytically which
might be useful for future use.



3. Applications and results of the analytical restitution
programmes.,

To calculate the systematic errors, which are due to the
use of the approximate mathematical model, of "RECORD", a theo-
retical test field, of 25 points of known coordinates, was con-
sidered. Changing the heights of the field points and the rota-
tious w and ¢ of simulated images several stereopairs with
different characteristics were obtained.

Basjc data of this experiment were: camera constant
¢=100 mm, base to object distance ratio : B _ %5 image scale
Y 157’
1:100. For the distribution of the 4 control points on the left-
hand image see Fig. 1.

Ground-coordinates of the 21 check points were calculated
by "RECORD" for each case. This way, a large number of diagram-
mes for the observed discrepancies were plotted. From these dia-
grammes it may be said that an increase of more than a few grads
in rotations results in a considerable increase in the discre-
pancies of object-coordinates. Part of the results of the inve-
stigation are given in the Table 1,2 and 3 (page 1p). Specifi-
cally the maximum wvalues of discrepancies at the 21 check points
are included.

Besides the systematic errors due to the simplified mathe-
matical model, accidental errors due to the instrument, to the
observer and to other sources, interfere as well. To calculate
the scale of these errors, terrestrial stereopairs, close enough
to the normal case in order to eliminate errors from the mathe-
matical model, were used. The computed ground-coordinates of the
check-points had the following errors (on image scale of about
1:100):

ground (cm) image {(um)
r.m.s. X 0,62 62
r.m.s. Y 0,33 33
r.m.s. Z 0.62 62

In the same way, a digital restitution of a stereopair of a
neoclassical building in Pireus was undertaken to test the accu-
racy of the new programmes: "RACOPL" (for monoscopic observation
and "SDAOE" (for stereoscopic observation) with the "full" mathe-
matical models.

This particular stereopair deviates from normal case since
a general f-rotation of about 169 exists. The results for image
scale 1:120 are the following:



Programme "RACOPL" Programme "SDAOE"
Ground (cm) { Image (um) Ground (cm) | Image (um)
r.m.s. X 1,49 124 0,55 46
r.m.s. Y 0,57 48 0,61 50
r.m.s. 2z 0,48 40 0.42 35

It may be seen that the errors are smaller than 50 um
on image scale except for the error on the X-axis in programme
"RACOPL".

In addition, the plotting capability of the points, by
means of the graphic mode of the C.R.T. of 9845 S, was tested.
For this purpose, the coordinates of a net of 72 points were
measured on Stereocord. The distance between the points was 2 cm.
This net had been plotted by means of the graphic mode of the

HP 9845 S.

The standard error of all measurements, along x and y axes,
was equal to 0.19 mm, which is the graphic accuracy of the HP
9845 S.

Finally, a detailed restitution and plotting of an Athenean
neoclassical house was undertaken, on a scale of 1:20. The pho-
togrammetric stereopair had been taken with a galileo B stereo-
camera witha photo scale of about 1:100. The programme "RECORD"
was used for its analytical restitution. This programme is sui-
table only for a normal case (such as this). A total of 18400
points were observed and used for the plotting.

In order to produce the plotting-jmage on the computer C.RI.
whose useful dimensions are 18.5x15 cm“ the total ared of the
model was divided into 9 portions. Each one was displayed on the
C.R.T. and printed on the thermal printer of the 9845 S. The com-
plete output of this plotting, properly reduced is given in this
paper (page 11).

The errors of the final plotting were calculated by checking
the distances between the control points. The expected accuracy
was a function of:

a) errors due to the computation of coordinates by programme
"RECORD" (0,=63 um on the photo scale).

b) errors due to the graphic representation of the points using
graphic mode (o _=0.19 mm-on the plotting scale).

c) errors due to the measuring procedure of the distances on
the final plotting (cu=0.125 mm on the plotting scale).

So the total error is:

1 2, 2 2 2, 2 2 . 2, 2 RV
os—i g-M/AX (cx +o” }Y+AY (0y +cy )-t\/cx+cy (8=\/ AX“+AY ")

1 %2 1 Y2




7.

2 2 2 2
Ox_(GR)x+(°g)x+(cu)x
where: : O.=0
2 2 2 2
Oy~ (Op) y* (o) g* (o)) ¢

Finally, the expected and achieved accuracies derived from
measurements taken from plottings both in scale 1:20 and 1:50
which was also produced off-line, are:

Og (mm)
expected errors achieved errors
1:20 10.99 13.45
1:50 18.38 18.28

Their differences can be considered to be negligible.

4, Comparisons of methods and results.

By comparing the three detailed programmes, for a computa-
tion of coordinates of individual points, the following conclu-
sions may be drawn: the method of mono or stereo-observation of
points counts most in the whole function of each programme, be-
cause this determines the way of placing the photos, the computer
time, the accuracy and, above all, the usefulness of each program-
me. The programme "RECORD" based on the mathematical model sugges-
ted by Zeiss, has the advantages of Stereoscopic observation, it
regquires a moderate working time and can be use for plotting. The-
re exist some shortcomings,K however. A special preparation of the
photos is needed before their placing on the photo-carriage which
dissipates almost all the advantage of moderate working time.

The more a stereopair deviates from normal case, the less accu-
racy is achieved. This second characteristic drastically reduces
the number of applications for "RECORD",

On the other hand, the programme "RACCPL" has all the neces-
sary facilities enabling it to be used in any steropair orienta-
tion; assuming that all the points which have to be determined
are either clearly distinguishable natural points or presignaled
ones.

Admittedly, since only monoscopic observation can be made,
no plotting can be achieved by "RACOPL".

No special preparation is needed for the placing of the pho-
tos which could contribute errors to the final results (in con-
tradiction to "RECORD" where the special preparation affects the
restitution™s accuracy). It takes only a few minutes for orienta-
tion and the achieved accuracy reaches the maximum of Stereocord.

Finally, the programme "SDAOE" not only can be used for any



sterecopair orientation, as "RACOPL", but it allows stereoscopic
observation as well. The achieved accuracy is better than 50 wum
at the image scale (section 3). The remaining probable sources
of errors are:

a) the observation system (diameter of the flying mark =100 um,
magnification system) and the measuring system of Stereocord
G2.

b) the inevitable use of photo paper-prints and

c) the observer™s experience and capability.

The Zeiss serial Stereocord system has no graphic ability.
Yet, the programmes "REPLOT", “CORCOM" and "GREADY" which are
mentioned above make graphic representation of an analytically
restituted object readily available.

The main characteristics of graphic restitutions are:

- Their easy realization due to the simplicity of the instruments
and the easiness of using the programmes.

- The limited working time, resulting from the analytical methods
which are used in combination with the speed of the computer.

- The great flexibility of the programmes.

—~ The off-line plotting capability, since the plotting is stored
in a tape-cartridge.

- The ability of producing the output of the plotting at any re-
guired scale.

Finally, the accuracy that can be achieved in a graphic re-
stitution depends on the programme used and on the scale of both
photos and plotting; with regard to its applied application to
the neo-classical house the accuracy is quite sufficient (appro-
ximately 1 cm on the ground, for a plotting scale 1:20), and the
r.m.s. is given generally by the equation (in programme "SDAOE"):

2 2 2 2

where: Kim - the scale of the photos

Kpl - the scale of the plotting

5. Conclusions.

The analytical medium accuracy instrument, Zeiss Stereocord
G2 equiped with a desktop computer of type HP 9845 5, is a very
powerful system for many applications.

The new software developed above can reach the maximum ac-
curacy of the instrument for metric photographs. Nevertheless
non-metric photographs can also be processed with a little modi-
fication to the existing programmes, in order to exclude disto-
rtion.

Improvements of the system can be:
a) the use of a special photo-carriage for negative or diaposi-
tive plates or film (provided by the manifacturer).
b) the improvement of the observation system concerning magnifi-
cation and flying mark
¢} the connection of the computer to a line-plotter in order to



increase direct plotting capabilities.

d) the addition of a measuring device for the P_ parallax. This
could establish the stereocord as a medium accuracy stereo-
comparator for on-line and off-line analytical restitution
and plotting.

e) an unlimited mumber of programmes and improvements could be
added to the existing software of the system such as, corre-
ctions for distortions, perspective and axonometric views and

plotting.
It is obvious that this system is among the first of a new

era in which computer technology and electronics are rapidly
speeding all aspects of life and conseguently Photogrammetry,

too.
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