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Stereometric Systems
The market is ripe for an improved camera system whose
introduction will surely have an important impact in many
engineering and scientific disciplines.

(II bstract on next page)

1. I NTRODUCTlON

I N STR CTURAL ENGINEERING, experimental
research on model structures is often used

to determine material properties and design
criteria. In the direct approach such criteria
are deduced from strain measurements.
Strain gauges, however, fail to register in the
plastic range of loading, and thus strain mea
surements have to be limited to the elastic
range of loading. Fortunately, under rela
ti:'ely small loads, the tested material (steel,
rell1forced concrete, etc.) can be considered to
have elastic properties (Wood, 1961). Elastic
design criteria, however, are of restricted
value, inasmuch as they are not valid for
greater loads under which the plastic pro
perties of the tested material become pro
nounced. Unfortunately, this is always the
case near the yield point.

This being the case, structural engineering
often makes use of deAection measurements
of the structural model for an indirect and
much more reliable determination of design
criteria. Dial indication gauges of O.OOI-inch
reliability (accuracy) are generally used in de
Aection measurements. Jn a few cases, gauges
of O.OOOI-inch reliability are used. Obviously.
the measurement of deAection should be rapid
to reduce, as much as possible, the unfavor
able effect of changes due to settling of the
structure during the measurement.

Photogrammetry is ideally suited for this
purpose. Photogrammetric techniques have
several important advantages over the meth
ods of direct measurement of deforma
tions: (a) not having to di turb the object by

* Presented at the Annual Convention of the
!\merican Society of Photogrammetry, Wash
II1gton, D. c., March 1967. In the interest of
brevit¥ the complete paper is not reproduced here;
those Interested In further details should request
them from the author.-Edl:lor.

physical measurements; (b) with adequate
preparations, the data acquIsItIOn phase
could be undertaken in a matter of seconds;
(c) the photographs provide permanent
metrical records Il'hich could be consulted at
any ti me for checking purposes or for addi
tional measurements or information; and (d)
having no accessibility problems for the
measurement itself.

2. STEREO~1ETRIC CA~lERASt

Stereometric approaches are especially well
suited for data acquisition in connection with
deformation measurements, particularly un
der dynamic loading. Among the attractive
features of such approaches are the sim
plicity and portability of the system, the
possibility of simultaneous exposures, and the

t Stereometric cameras are essentially composed
of two complete cameras (metric chambers) rigid'"
mounted to a base of definite length. '
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ability to record a situation in a fraction of a
second. Stereometric cameras are, in general
compact instruments and this fact in itself is
an important factor in as much as no elabor
ate arrangements on the test floor are re
quired which sometimes might interfere with
the operations in the immediate neighbor
hood of the test area. In the stereometric
approaches, one or more stereometric
camera(s) is used for data acquisition.

Of the two photogrammetric approaches
currently used for data reduction (the
analogue and the analytical), the latter has
shown an e\'er-increasing promise in recent
years because of two important advantages:

stereometric camera de\'eloped in Poland and
used extensively in precise mine surveys
(Kowalczyk, 1964).

3. THE ORIGINAL MISSION

Fully recognizing the potentialities of the
stereometric approach, the structural group of
the Department of Civil Engineering of the
Uni\'ersity of Illinois requested in 1964 the
cooperation of the photogrammetric group
wi th respect to the use of metrical photog
raphy and the de\'elopment of data acquisi
tion processes for strains and deflections
measuremen t of structural models under
testi ng condi tions.

ABSTRACT: Experimental studies have been conducted at tlie University of
Illinois to assess the potentialities of the stereometric systems in conjunction
with tlie measurement of dtformations of structural models under test condi
tions. Some of the major factors that limit the precision and capabilities of
current stereometric cameras have been detumined. In the light of the results
of experimental tests and theoretical investigations, definite modifications in the
classical stereometric approaches are needed to enhance the precision of such
systems to meet the high level of accuracy generally required in structural ex
perimental research, quality control, and in several other eng·ineering and
scientific fields.

(1) increased accuracy of measurements; and
(2) increased flexibility of procedures.

To simplify the entire process of data ac
quisition and data reduction, the few stereo
metric cameras currently commercially a\'ail
able are generally Ii mi ted to the condi tions of
the normal case of stereophotogrammetry:
camera axes horizontal, parallel, and ortho
gonal to the base connecti ng the two camera
positions. Among the commercially available
stereometric cameras are: \iVILD C-120,
WI LD C-40, ZEISS SM K-40, ZEISS SM K
120, the GALl LEO Veroplast, and the
GALl LEO Technoster.

I n general, the use of stereometric cameras
has been limited to fields involving medium
and low-precision requirements. Stereometric
cameras are currently regarded as standard
tools in such fields as traffic accident in
\'estigations, criminology, archeology, archi
tecture, animal husbandry, etc.

Because of the attractiveness of the stereo
metric camera systems and, perhaps more
important-the relative inexpensiveness of
such cameras, efforts have been made in
recent years to adapt these systems fOl' use in
fields of high accuracy requirements. One of
the fine examples in this connection is the

The specific initial task was in conjunction
with the structural group's research on"Yield
Criteria of Reinforced Concrete under Biaxial
Moments and Loads," and involved the pre
cision determination of the z deformations
and the x- and y-i n-plane displacemen ts of a
reinforced concrete slab 84X42 X4 inches
being loaded until failure under two schemes
of loading as shown in Figure 1 and 2. The
accuracy requi"ement specified maximum
standard deviations of ±0.1 mm in x; y; and
z-coordinates of points throughout the slab.

Because of the attractiveness of the stereo
metric camera approach, and in spite of our
awareness that recent results obtained by
Konecny (1965), \\'asil & Merchant (1964),
and others, seemed to indicate that such an
approach migh t not fully satisfy the accuracy
requirements in our case, it was decided to
start wi th a stereometric camera and modify
it, if needed, to fulfill the requirements. A
base of 40 cm length was deemed more sui t
able than that of 120 cm. This constraint
narrowed the choice to three com mercial
cameras (WILD C-40, ZEISS SMK-40, and
Galileo Stereoau tographic Camera). I twas
further considered that glass plates would be
preferable Q\'er films in \'iew of e\'entual
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FIG. 1. Load scheme in bending tests. The arrows
ind icate the direc tion of for~es appl ied.

FIG. 2, Load scheme in torsion tests, The arrows
indicate the direction of forces applied,

irregular film distortion, Thus, the field was
limited to a choice between ZEISS SMK-40
and \\" LD C-40. In 1964, the ZElSS SMK
40 was the only one of the two cameras
which could be promised for deli,'ery within a
reasonable period of ti me, and this played a
decisive role in our decision to choose it as the
core of our data acquisition system.

3.1. TEST APPARATUS

A sketch of the slab-testing apparatus is
given in Figure 3. The stereometric camera
was posi tioned atop the structure ina
mounting yolk approximately 2.5 m abo"e
the slab which was to be tested. The optical
axes of the camera were held ina vertical di
rection, with the Y axis (Figure 6) pointing
downwards, The camera has a base of 40 cm
and the lenses have nominal focal lengths of
60 mm, and a fixed aperture of fill. Syn
chronized shutters ,'ary exposures from 1 to

FIG. 3, Loading and supporting system for the bending tests (after Lenschow & Sozen, 1966).
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model undenl'ent deformations in x. y, and z
under the different loads (Figure 3). Taking
these two factors into consideration and in
~'iew of the fact that the structural g:oup was
lIlterested only in the deformations in x, y,
and z, it seemed to our group that there was
no point in securing fixed control beyond the
slab bei ng tested.

I n each series of tests, a stereomodel was
taken before any load had been applied (zero
lo~d) and after each step of loading until
faIlure. In order to determine the deforma
tions for each step of loading, the spatial
model coordinates for every load were trans
formed into the model coordinate system of
the zero load.

Because of the lack of fixed con trot the
regular photog ram metric orthogonal t~ans
formation (absolute orientation) could not be
used in this case. I nstead, a three-di mensional
conformal transformation based on a system
of. axes which could move or float together
11"1 th the slab was chosen. This type of
coordinate transformations, used often by
structural engineers, is based on one point,
to be used as origin, and two lines intersecting
a~ this point (Appostol, 1962. pp. 246-270). In
Figure 7, the transformation system is de
fined by Lines 1 and 2 passing through points
Band C, and intersecting in point A which
will be considered as origin. Point P is a
gener~l point whose coordinates X p, Yp, Zp in
the onglnal (camera space) coordinate system
are to be transformed into the new system of
coordinates x', y', z'. Formulas in the refer
ence publication (Karara et at.. 1968) ex
plicitly define the relationship between the
two systems of coordinates.

3.3 EVALUATION or THE SYSTE~f

To evaluate the overall accuracy of the sys
tem, three sets of Ii ve stereo models each were
taken at three successive loadings in one of

FIG. 6. Camera coordinate sYstem. ]n the test
apparatus d.escr~bed ill Section 3.1 the Y-axis took
a vertIcal dIrectIon pointing downward.

LOE
..... 0

'1
0.6
em.

o
FIG. 5. Markers (targets).

1/400 sec. 9 cm X 12 cm metallographic
glass plates of 1.25 mm thickness ASA = 50
were used. The photographs we:e observed
on a WILD STK-l Stereocomparator, which
has a least read-out count of 1 micron. The
stereocomparator provided the data typed
on paper and simultaneously punched on
IBM cards.

The loading and supporting systems in
case of bending tests (refer to Figure 1) are
shown in Figure 3. \\'ith minor modifications
in the loading and supporting systems, the
same apparatus was used for the torsion tests
(refer to Figure 2).

A matrix of 81 points was marked on a 40
inch square on the surface of reinforced con
crete slab as shown in Figure 4. Gummed
reinforcements, as shown in Figure 5, of an
off-white color were used as targets.

3.2. THREE-DI;IfENSIONAL THAl\SrORMATIO~

It might be of interest to discuss brieRy the
matters of control and absolute orientation in
this project. The slab was not rigidly fixed in
any position, and it actually moved (changing
its posi tion and attitude) as the loads were
being applied. Moreover, the structural
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thc tests. The first stereomodel taken for zero
load was chosen as reference, and the spatial
coordinates of all other models were trans
formed to this referencc coordinate system
using the previously described method. The
yariations in the deduccd x-, yo, and z-co
ordinates of the 81 points were used to esti
mate the standard errors in the determination
of the spatial coordinates (in model co
ordinate system). The results wcre as follows:

Even though the results fell far short of
the required accuracy level, the attainable
precision permitted the use of the photo
gram metrically deduced data for the de
termination of the x- and y-in-plane dis
placements in all ranges of loading, and the
z-deformations in the plastic range only.
The structural group considered the accuracy
of z much too coarse for use in the evaluation
of the deformations and the deduction of the
curvatures in the elastic range of loading.

4. THEORETICAL STUDIES

Theoretical investigations were conducted
in an effort to explore all the avenues to in
crease the accuracy of the stereometric sys
tem to allow full utilization of the photo
gram metrically deduced deformations. I twas
ob\'ious from the start that the rather weak
BID ratio (Base +-Object Distance) in the
SlVI K-40 system (approxi mately 1 +- 6 at best)
played a major part in the rather poor results
obtained. Of interest to us in the theoretical
studies was to explore the effect on the pre
cision of the observations and the overall
accuracy of the system caused by: (a) change
in base length ; (b) con vergence between the
optical axes of the stereometric camera cham
bcrs; and (c) tilt in the optical axes of the
stereometric camera.

The theoretical studies were based on
mathematical models si m ulati ng stereometric
CO\'eragcs computed for a fictitious stereo
metric camera (essentially composed of the
metrical chambers of thc Zeiss SMK-40 and
allowing degrees of freedom for convergence,
tilt and base length). The object lI'as assumed
to have the same dimensions (S4X42 inches)
as the slab mentioned in Section 3, and was
given a vertical position rather than the
horizontal position under which the slab was
tested and photogmphed. The convergence
angle (1' in Figure 8) was varied between 0

flc;. 7. "Floating" control for coordinate
trallsforIlla tion.

and 120° at 10° inten'als by \'arying the
<p-tilt angles (<PL and <P/I in Figure 8) between
o and 60° at 5° intervals, keeping <PL=<PR
=1'/2, and DL=D/I in all cases. The Q-tilt
angle (Q in Figure 9) lI'as yaried bet\I'een 0
and 90° at 10° inten'als. :\ormal cases were
investigated with base lengths (B in Figure
10) of 40, SO, and 120 em.

The geometrical characteristics of the
metrical chambers of the ZEISS S:\I K-40,
the mll1lmUm focussing distance recom
mended by the manufacturer, and depth per
ception of the chambers, as lI'ell as the
dimensions of the object lI'ere considered for
the determi nation of the base length Band
the object distance Din cach situation. In the
convergent cases, the shortest ray to the
object was emperically placed at half the
cOI1\'ergent angle. For each case. the standard
errors of parallax measurements rna, and that
of pointing mt were experimentally deter
mined on actual photography.

It was of interest to note that our equa
tions diller only slightly from the equations
derived by Zeller (Baschlin and Zeller, 1934,
pp. 209-222) for the same purpose, Even
though the results obtaincd by our equations
did not show a su bstan tial increase in ac
curacy to lI'arrant the replacement of Zeller's
equations, we did use our equations in the
error analysis for thc sake of statistical per
fection.

In case of convergent photography, our
cquations were used after properly deducing
the angle <P", (Figure 11). In such cases. the
camera coordi nate systcm lI"as redefi ned as
ha\'ing its xz-planc formcd by the .I·-axis of
the left platc and the Icft chamber optical
axis. (See Figure 12 also.) In casc of this
oblique photography, our equations ob-
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Object
(Blackboard)

/. B

FIG. 8. Convergent stereometric coverage.

\'iously are referred to an inclined coordinate
system (x, y, z in Figure 13), The \'alues for
mx", m.", and m/' \\'ere determined through
the well knO\nl "pedal curve" (J ordan- Eggert
1948) .

For each case, the theoretically expected
standard deviations in x, y, and z were de
termined. A full account of the results are to
be given in a publication currently in prepa-

t-----+--- B ---->,...---<4

FIG. 10. The "normal case" of stereometric
photogrammetry.

OBJECT

(BLACKBOARD)

D

ration (Karara et aI., 1968). A su m mary of the
results is given in a table in that publication
and partially shown graphically in Figures 16,
17 & 18,

As mentioned above, estimates for ml and
m2 were obtained experimentally. These
values were deduced for each case from 25
independent STK-l observations on each of
3 targets. A table in the reference publication
lists the results obtained in the nine cases
tested. For the other 23 cases, which have not

.7:
!

~J

. I

I ~
IQ I

J I
/ I

FIG. 9. Tilted photograph.
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M
L~~--------~--------~R

FTG. 1I . .A schematic diagram relating the position of a general point P to the camera stations Land
R. The base L-R is assumed to be horizontal. M is the mid-point of the base, and LR 1\1' is a horizontal plane
through L, R, and 11l. 1" is the foot of the perpendicular from l' on the plane LRM'.

These assumed values are actually the a\"er
ages of the experimentally determined \"alues
in the tested cases.

yet been experimentally tested, the \"alues
given in the table were derived on the basis of
assumed \'alues for the parallax and pointing
standard errors:

y

zitz

targets totalling 195 in number (Figure 14).
The targets varied in type and size such that
data wi th regard to the opti mum target
characteristics could also be gleaned
through this ex peri men 1. Figure 15 shows
the \"arious types and sizes of the target
used. Various sizes of identification (shown
in Figure 15) were also used to experimentally
settle the question of the optimum size of
such numbers.

The ZEISS Si\II(·40 \\'as used in the ex
peri men t. Normal cases wi th b = 80 cm and
b = 120 cm, as well as the convergen t photog
raphy, was simulated using only one of the
S M I(-cham bers at a ti me. The distances and

111/ = 1.581'

lila = 1.23 ,u

JJlI = 5.4"

Jn2 = 4.2"

5. EXPER IMEl\TAL I 1\ VESTlGATlO~S

(THE BLACKBOARD TEST)

In order to substantiate the drastic in
crease of accuracy caused by convergence.
tilt, and base-length increase as suggested by
results of the theoretical investigations, a
series of experimental tests were conducted.
A portion (42 X 84 inches) of a vertical black
board (eq ui \"alen t to the size of the model
slab mentioned in Section 3 of this paper)
was CO\'ered with a multitude of indi\'idual

FIG. 12. The ellipsoid of errors. Point l' corre
sponds to point l' in Figure I I, and III'm is in the
direction of .~fP in Figure 11.

FIG. 13. Ellipse of errors and Pedal Curve for
oblique photography.
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FIG. 1-1. View of the blackboard test with the Zeiss s:'"rK-·W Stereometric Camera in the foreground"

FIG. 15. Types of targets and identification
numbers used in the blackboard test. All targets
were photographically reproduced, with the ex
ception of Target :\"0. 3 which was a gummed re
inforcement for notebook paper. The actual sizes
were 3.5 times that shown here.

Figure 19 shows the standard errors experi
enced in photogrammetrically determined
distances in the various cases tested so far.
These \'al ues are based on ten distances de
termined fiye times each in each of the nine
tests. I n this case, the first normal-case model
taken with B = 120 cm was chosen as refer
ence and the coordinates obtained in all the
other models were transformed into the refer
ence coordinate system. This transformation
simulates the I"egular absolute orientation.

FIG. 16. Theoretically expected and experi
mentally obtained standard error,; in .Y (model co
ordinate system).

m
c•BA

7+

angles were observed. For each case, fi\'e in
dependent stel"eomodels were obtained.

In order to include some indications in this
paper abou t the experi men tally experienced
increase of accuracy, ten targets of type Ko. 1
(refer to Figure 15) were chosen out of the 195
targets for a partial test. These targets were
located throughout the test area. Three inde
pendent obsen"ations were made in the
WI LD STK-l Stereocomparator on each of
ten targets in each of the five models in each
of the ni ne cases tested (three normal cases
and six COI1\"ergen t cases). The model co
ordinates of the first model of each case were
considered as reference, and the successive
models were transformed into the reference
model using four points chosen as fixed control.
The standard errors are shown graphically in
Figures 16, 17, and 18.

r-- - ----iiil
E;1 c ~ II:'

2 3 ~ I
1+ ' • I

6
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Currently (mid-December 1966), a tri
lateration of high precision is bei ng cand ucted
to determi ne the reJati ve posi tions of the
various test points. The photogrammetrically
determined distances between the various
test points will then be compared to the
trilaterated ones in order to determine the
absolute accuracy of photogram metrically
determi ned distances.

It might be of interest to point out that the
data processing was undertaken on the

FIG. 17. Theoretically expected and experi
mentally obtained standard errors in Y (model
coordinate system).

FIG. 18. Theoretically expected and experi
mentally obtained standard errors in Z (model co
ordinate system).

IlJiac IT ultra high-speed computer designed
and built at the niversity of Illinois. The
computer program included phases fOl- image

FIG. 19. Experimentally obtained standard errors
ill photogral1lmetrically determined distances.
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coordinate refinement, relative orientation,
absolu te orien tation (or three-di mensional
conformal transformation), and error analy
sis. To eliminate the influence of round-off
errors and the loss of significance, double
precision arithmetic was employed at critical
points in the program (image coordinate re
fi nemen t, three-di mensional transformation,
and com pu tations of distances). It shou ld be
noted that computer programs used on the
Illiac II could be used also for IBM 7094
without major changes. Full details about
the program are to be incl uded ina report
currently in preparation (Karara et at.,
1968) .

5.1. DISCUSSION OF THE RESULTS

Ob\'iously no fi nal conclusions could be
made at this time with only a part of the
obsen'ational program completed, and with
the bulk of the analysis of the data still unac
complished. However, it might be of interest
to note the following indications suggested by
the results obtained so far, keeping in mind,
of course, that no generalization is possible
at the presen t stage, particularly because
practically only one operator has been in
voh'ed so far (a second obsen'er was used
only to check on key measuremen ts bu t not
to reundertake the entire program of obsen'a
tions; this, however, is planned for a later
c!ate) .

:\5 fully expected, a substantial increase in
precision of coordinates and distances is experi
enced with the improvement of the B -+- D ratio.

A substantial increase in precision of the sys
tem is experienced as the convergence ("y) is in
creased from 0° to 60°.

Convergence angles of more than 60° do not
seem to be recommendable in view of the ap
parent decrease in accuracy in these cases. This
might be mainly due to the unfavorable angle
at which the circular targets are photographed.
This tendency, however, has not been detected
either in the pointing and parallax errors or in
the theoretically expected results partially
shown in Figure 16, 17, and 18.

The optimum angle of convergence in our
specific case seems to be in the neighborhood of
60°.

No satisfactory explanation could be given at
this time for the apparently big differences be
tween the theoretically expected and the experi
mentally determined values for the standard de
viations of the photogrammetrically deduced
coord inates. The trends in both approaches,
however, seem to satisfactorily confirm each
other.

6. U"IVERSAL STEHEO\1ETRIC SYSTE\1

Based on the above listed indications, anc!
assuming that the results of the full test will
confirm the results anc! indications of the

partial test, and keeping in mind some of the
difficulties encountered in operating the
ZEISS SM K-40, the following characteristics
and capabili ties are deemed very desirable in
an ideal universal stereometric system.

• Base length changeable at will.
• Convergence between the chamber optical

axes to be introduced and changed at will.
• General and differential tilt of the chambers

optical axes to be introduced and changed at
will.

• Possibility of rotation of the stereometric
camera around its vertical axis. Also important
is a possibility of locking and retaining the
base at any desired position.

• I nterchangeable metrical chambers for various
ranges of object distance (e.g., a set for dis
tances between 50 and 5 meters, another set
for the range 10 to 2 meters, and other sets to
cover the very short range, say 2.5 to 0.5
meters).

• The individual chambers and lenses should be
of very high quality. The characteristics of
such items should be made known to the user
of the camera. (This is usually not the case
with the currently available stereometric
cameras).

• Provisions for a viewfinder in each of the two
metrical chambers, and the incorporation of
both view finders in a binocular-type viewing
device that would allow accurate assessment
of the stereoscopic coverage before the photo
graphs are taken.

• The price of such a universal stereometric sys
tem does not need to be astronomically high.
\Yith the exception of the metrical chambers,
which should be of the highest quality and
performance, the provisions suggested and
listed above do not need to be of ultra-high
precision. In the phase of data reduction,
analytically or according to an analogue ap
proach, it suffices in most cases to have good
approximations for the parameters of the
outer orientation. This remark is, of course,
not valid in case of the few simplified restitu
tion equipment designed specifically for the
normal case of photogrammetry.

The eight capabilities listed above al'e
presented from the point of view of the user
of stereometric cameras, wi thou t bei ng
restricted by eventual manufacturing difficul
ties or policies. These ideas are presen ted
with the hope that a universal stereometric
system will be materialized in the not too
distant future.

I t is our com'ierion that the market is ripe
for a universal stereometric system, and that
the introduction of such "a camera will have
far reaching impact in many engineering and
scien tific discipli nes.
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Here are brief samples of the package tours
that are described more completely on page
1193 of the October issue of PHOTOGRAMMET
RIC ENGINEERING:
PACKAGE No.1, July 6. Depart New York, N. Y.;
July 8-19, XI Congress Lausanne; 20-27 July,
Genoa, Pisa, Florence, Rome, Sorrento, Naples;
July 27, N. Y. $695.00; Children (2-12 years)
$523.00
PACKAGE No.2, July 6. Depart New York,
N.Y.; July 8-19, XI Congress Lausanne; July
20-27, Blackforest, Heidelberg, Luxembourg,

Brussels, Amsterdam, Hook of Holland, Har
wich, London; July 27, N.Y. $665.00; Children
(2-12 years) 519.00.
PACKAGE No.3, July 6. Depart New York, N.Y.;
8-19 July, Xl Congress to Montreux, Castle of
Chillon; 21 July, N.Y. $450.00; Children (2-12
years) $305.00.
PACKAGE No.4, July 5. Depart New York, X.Y.;
July 7-19, XI Congress Lausanne; 20-28 July,
make your own arrangements at your own ex
pense; 28 July, board flight for N.Y. in either
Geneva or London. S525.00; Children (2-12
years) S335.00.

RESERVATION REQ EST FORM

TO: Mrs. Walter H. Katherman, Jr., American Express Tour Department
622-14th Street, N. W., Washington, D. C. 20005

Zip:State:

Please confirm reservations for package no. .

Enclosed is deposit* in the amount of $ as requested.

For: Mr.
Mrs. _

Miss _

Please indicate ages of children if applicable.
* (Checks to be payable to AMERICAN EXPHESS CaMPA, y)

Travel arrangements covered by:

Government or AGU grant or Government Contract

Government T jR

Personal or other funds.

Please confirm connecting flight reservations for persons.

From to New York (J.F.K.)

From N ew York to

In connection with package selected.

Name:

Address:

City:


