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Abstract

To derive physiological data of dinosaurs, it is necessary to determine the volume and the surface area of this animals . For
this purpose, a detailed survey of reconstructed skeletons is required . The skeletons of three dinosaurs in the Museum ftir
Naturkunde in Berlin and two skeletons in the Museum d'Histoire Naturelle in Paris have been surveyed using stereo photo-
grammetry. Two of the Berlin skeletons were also surveyed with the close range laser scanners of the Institut für Navigation
of the Universität Stuttgart . Both data acquisition techniques require a geodetic control network as a geometric reference
system . The surveying methods used, together with results of mathematical approaches for the determination of the volume
and surface of the animals are presented in this paper .
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Zusammenfassung

Zur Herleitung physiologischer Daten der Dinosaurier ist es erforderlich, zunächst Volumen und Oberfläche ihres Körpers zu
bestimmen . Dazu wurde eine detaillierte Vermessung rekonstruierter Skelette durchgeführt . Die Skelette dreier Saurier im
Museum für Naturkunde in Berlin und zweier im Museum d'Histoire Naturelle in Paris wurden stereophotogrammetrisch
vermessen . Bei zwei der Berliner Skelette wurden zusätzlich die Laserscanner des Instituts für Navigation der Universität
Stuttgart eingesetzt . Beide Datenerfassungstechniken benötigen ein Paßpunktfeld als geometrisches Referenzsystem . Die ver-
wendeten Vermessungsmethoden, die mathematischen Ansätze für die Berechnung von Volumina und Oberflächen und die
Ergebnisse werden in diesem Aufsatz vorgestellt.

Schlüsselwörter : Dinosaurierskelette, Vermessung, Photogrammetrie, Laserscanner .

Objective

In order to collect data on the paleobiology of
dinosaurs, the skeletons must be examined in de-
tail. Considerable physiological data can be ac-
quired, using characteristics of extant animals
and methods of comparative physiology based
on the body volume and the body surface area.
This data can employ mathematical models, if
precise data about the skeletons is available .

The Institut für Physiologie der Freien Uni-
versitdt Berlin requested the Fachgebiet ftir
Photogrammetrie and Kartographie der Techni-
schen Universit5t Berlin to carry out a measure-
ment of the skeleton of Brachiosaurus brancai
in the Museum für Naturkunde der Humboldt-
Universitdt zu Berlin . Photogrammetry is a
detailed and precise surveying technique which
allows the collection of a large amount of data

during a short campaign with no contact to the
object .

The skeleton of Brachiosaurus brancai is the
largest museum mounted dinosaur skeleton in
the world . It was discovered at the beginning of
the century in Tendaguru, at that time German
East Africa, today Tanzania . Later it was build
up in Berlin 1937 (Christian & Heinrich 1998) .
The mounted skeleton is a composite. Missing
parts are substituted by either elements of skele-
tons of approximately the same size (e.g., tail) or
by plaster reconstructions (e.g ., right shoulder
blade) . Some of the preserved skeletal elements
have also been replaced by plaster reconstruc-
tions (e.g ., cervical and dorsal vertebrae) owing
to their fragility (for details see Christian &
Heinrich 1998) . The measurement was accom-
plished 1993/94 with conventional stereo-photo-
grammetric methods .
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Table 1
Overview on the Surveyed Dinosaur Skeletons

After experience was developed through the
measurement of Brachiosaurus the skeletons of
two further sauropods were tackled in the
Museum für Naturkunde in Berlin in 1996/97 :
Diplodocus carnegii and Dicraeosaurus hanse-
manni . Dicraeosaurus also originates from Tenda-
guru. The head is also a cast . Diplodocus is repre-
sented by a complete cast of the skeleton from the
USA. As its original has been stored in dark rock,
even the copy was accordingly dark, while both
other Dinosaur skeletons are clearly brighter. In
the case of this two skeletons in addition to the
photogrammetric approach, the two laser scan-
ners of the Institut für Navigation of the Univer-
sitdt Stuttgart were used (Wiedemann & Wehr
1997) .

In spring 1998 two further dinosaur skeletons
were surveyed in the Museum d'Histoire Natu-
relle in Paris, France : Iguanodon bernissartensis
and Allosaurus fragilis . Here only stereo photo-
grammetry was used, based on the experiences
of the former campaigns. In the Table 1 the most
important data of the dinosaur skeletons, the
photographs and the results are summarized .

Geodetic measurements

Both for photogrammetric and laser scanner work
a network of geodetic surveyed control points is
necessary. About 10-20 control points have been
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Brachiosaurus Diplodocus
brancai carnegii

Dicraeosaurus Iguanodon Allosaurus
hansemanni bernissartensis fragilis

signalized at and around each skeleton using
polystyrene balls of about 20 mm diameter . The
survey has been done using a Sokkia total sta-
tion and an automatic data registration and data
flow to the network adjustment software.

First a polygon was measured to determine
the location of the instrument stations by mea-
suring angles and distances with the theodolite
system and the electronic distance measurement
system in the total station . Then each control
point has to be measured from at least two dif-
ferent stations to allow the calculation of the
points by ray intersection . These points were
measured sides with an accuracy of ±10-20 mm.
The geodetic measurement of the required con-
trol points lasts a few hours, depending on the
circumstances . Measurements in a cramped en-
vironment are problematic, because other ob-
jects may obstruct important views.

Further tie points in the form of glued on pa-
per marks of about 5 mm in diameter were at-
tached to the skeletons and the background.
These were not geodetic measured, but can be
clearly identified and precisely measured in the
metric images.

Photogrammetric measurements

The dinosaur skeletons consist of many indi-
vidual bones, whose position and form must be

Horizontal Length
Height
Control Points

18 m
12 m
20

23 m
4 m
29

13m
3m
17

8m
4m
13

8m
3m
13

Stereophotogr.
Surveyed Sides 2 1 1 1 1
Image Scale ca . 1 :200 ca . 1 :100 ca . 1:100 ca . 1 :100 ca . 1 :100
Bases 2 3 1 1 1
Polygons 572 993 322 298 280
Points on the Object 6518 15059 8367 2817 5190

Laserscanner
Data Sets - 21 8
Points - 861021 589824

Results
Segments 50 75 50 64 55
Volume 74,4 m3 32,4 m3 12,8 m3 8,4 m3 3,3 m3
Surface 140 m2 93,4 m2 46,4 m2 36,1 m2 21,2 m2
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Fig . 1 . Principle of stereophotogrammetry

determined . Because of the absence of clearly
identifiable points only a stereo photogram-
metric measurement was applicable. The stereo
photogrammetric approach is based on the use
of two images, acquired from two different loca-
tions. The line between these two projection cen-
ters (O', O") is called base . The viewing direc-
tions should be parallel and perpendicular to the
base (Fig . 1) . This image arrangement is compar-
able to the arrangement of our eyes. If each im-
age is arranged to an other eye, we are able to
see a 3D model . This is used in an analytical
stereo photogrammetric instrument, such as the
Kern DSRll at the Technical University of Ber-
lin (Fig. 2) . In such an instrument a 3D measure-
ment mark can be moved in three dimensions
and the movement can be stored to build up a
3D CAD wire model .

Fig. 2 . Analytical Instrument Kern DSR11

Fig. 3 . Metric image of Brachiosaurus brancai

The Brachiosaurus skeleton is located in the
center of the main hall of the Museum für
Naturkunde and was imaged from both sides .
The photographs were acquired from the gallery
with the terrestrial metric camera Zeiss TMK 6
(Fig. 3) . The selected base-to-distance relation-
ship of approx . 1 :1 led to very large parallaxes,
which proved problematic during the restitution .
The stereoscopic view was very difficult to inter-
pret, since the skeleton has no closed surface but
intersecting rays had to be evaluated .

The fusion of the two models permitted the
development of one CAD wire model (Fig. 4),
consisting of the outlines of the, edges of the
bones in lateral view. For this reason, the evi-
dence of the bone outlines in other views is lim-
ited . A parallel projection of the data set into
one vertical plane along the longitudinal axis of
the skeleton was used to form a diagram of the

Fig . 4 . Restitution result of Brachiosaurus brancai in three
views
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Fig . 5 . Result of the stereophotogrammetric restitution
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skeleton (Fig . 5) . From this physiologists were able
to derive considerable data (Gunga et al 1995) .
Due to the length of the specimen we had to

acquire Diplodocus carnegii in three photogram-
metric models . Dicraeosaurus hansemanni was
acquired in only one photogrammetric model,
ignoring the last 4 meters of the tail . Both skele-
tons can be accessed only from one side. During
this second photograph campaign the back-
ground of glass proved as disturbing for optimal
lighting conditions for the photogrammetric pic-
ture recording . Reflections made a balanced
illumination more difficult . In particular on the
darker Diplodocus skeleton it was difficult to de-
tect the structures on the bones on the photo-
graphic material . Nevertheless more details
could be captured due to the larger image scale
and the more suitable base-to-distance relation-
ship compared to the measurements at Brachio-
saurus.

Based on the experiences in Berlin some ac-
celerated and improved techniques have been
used during the measurement campaign in Paris .
The windows and showcases in the Museum
d'Histoire Naturelle around the skeletons have
been covered using paper and blankets . A prob-

6m

Laser scanner

------------------ ------------------------------

lem was the build up of the skeletons, which are
very close to other objects . For backup reasons
we acquired a few stereo pairs, but only one pair
per object was required to survey most of the
skeletons .

To support the photogrammetric data acquisition
and to evaluate new technologies the two smal-
ler dinosaur skeletons in Berlin were also sur-
veyed with the two laser scanners (Fig. 6) of the
Institut für Navigation der Universität Stuttgart
(INS) . With this system a laser beam is directed
over a room segment by two rotating mirrors to
scan the surfaces. Apart from the intensity of the
reflected signal the phase of two measurement
signals is also recorded . From these phase meas-
urements the distance between the system and
the reflecting surface can be derived . The two
skew angles and the object distance define a set
of polar coordinates for the object points. The
intensity of the reflected signal supplies addi-
tional information . Distances and intensity are
stored in raster files, the vertical skew angle de-
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Fig. 6 . Laser scanner

fines the lines and the horizontal skew angles
represent the columns. From these polar coordi-
nates cartesian coordinates in a local system can
be computed with simple formulas (Wehr 1997) .

The survey of the skeletons took place in seg-
ments of 400 x 400 points with a field of view of
approximately 30° x 30° in azimuth and eleva-
tion . The range was limited to a few meters, de-
pending on the reflectance of the objects surface .
The control points signals could be identified in
the distance image and in the intensity image,
signalized tie points only in the intensity image .
With the help of the geodetic control points the
individual spatial point clouds were transformed
into the common coordinate system of the geo-
detic network .

Fig. 7 . Data of Dicraeosaurus composed from 8 data sets showing intensity (upper) and distance (lower) images

As with the photogrammetric image acquisi-
tion, the glass background proved problematic .
The laser signal was reflected by the glass, or
bent or passed through and reflected from the
neighbor room. Apart from other interferences
this led to measurements greater than 10 m,
which resulted in ambiguities. In order to pre-
vent this, we covered the glass plates with paper
or linen sheets.

Whereas the data acquisition at Dicraeosaurus
required eight data sets, 21 data sets were neces-
sary to scan Diplodocus. After the measurement,
the data sets were filtered and merged to one
data set for each of the two skeletons . From this
data sets, the depth map and parallel projections
can be deduced (Fig. 7) . The gap in the tail of
Dicraeosaurus results from an area occluded by
a showcase.

The intensity of the reflected signal is a func-
tion of the reflection characteristics of the ob-
jects surface, the wavelength of the carrier wave
and the exposition of the surface in relation to
incident light . For example in the darker head of
Dicraeosaurus (Fig . 7), the gypsum reflects the
carrier wave of the measuring signal less effec-
tive than the petrified bones of the neck . Dark
surfaces reflect more poorly than light surfaces.
The combination of these two reflection charac-
teristics caused problems with Diplodocus. A suf-
ficient signal could only be achieved using a
shorter distance, so that more data sets were ne-
cessary than planned . Owing to the high albedo
of the dust on the skeleton it could nevertheless



Fig. 8 . Stereophotogrammetric restitution superimposed on the intensity image

be measured . Figure 8 shows the superimposi-
tion of a stereophotogrammetric restitution re-
sult upon the intensity image of the laser scan-
ner.

Results and interpretation

The results of all stereophotogrammetric restitu-
tions are shown in Fig . 9 at the same scale to
give an indication of the relative size of the dif-
ferent skeletons . The next step was to deduce
the body forms of the dinosaurs . For this pur-
pose a flesh layer, reconstructed by the physiolo-
gists was added to the wire model of the skele-
ton, and three-dimensional geometric primitives
have been selected to adjust the form of the 3D
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model. Most of them were truncated cones and
spherical caps. Thus a barrel form resulted for
example for the torax . With the help of these
primitives the volume and the surface of the
dinosaur were computed .
New calculations based on numerical integra-

tion of the cross section area through the CAD
model of Brachiosaurus brancai resulted in an
overall volume estimation of 15-20 m3 less than
in the recent calculations.

The results serve palaeo-physiologists as ini-
tial values for the determination of a multiplicity
of further physiological data. A lot of them can
be found in the paper of Gunga et al . (1999) in
the same volume .

The evaluation of the results must consider
the following possible sources of error :

Fig. 9 . Comparison between Brachiosaurus (upper left), Diplodocus (lower left), Dicraeosaurus (upper right), Iguanodon
(middle right) and Allosaurus (lower right) showing their skeletons in the same scale
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0 Incorrect construction of the skeleton : Such
error influences can be avoided only by a
careful preparation of the skeleton and a
scientifically based reconstruction. The struc-
ture of the skeletons in Berlin is considered as
scientifically based .

. Inaccurate measurement: The adjustment of
the geodetic measurement resulted in mean
errors of 10-20 mm. With an image scale of
approx . 1 :100 to 1 :200 the expected photo-
grammetric inaccuracies are within the range
of a few millimeters. These are usually more
exact than the point definition on the skele-
ton .

0 Estimation of the flesh layer : The thickness of
the flesh layer varies in the food supply and
must therefore have varied considerably. While
the influence of this on the surface can be ne-
glected, it is substantial for the computation of
volumes . In particular in the lower belly area,
where no bones are present the shape is un-
certain .

0 The mathematical model used for the calcula-
tion of surface and volume : The use of a circu-
lar cross sections appears somewhat question-
able in the region of the thorax . In particular
if one views the skeleton of Brachiosaurus
from above and from the side, one recognizes
that the trunk is clearly higher than broad
(Fig . 4) . This is problematic particularly because
of the enormous portion that the trunk contri-
butes to the total volume of the dinosaurs .

Conclusions

The photogrammetric work consists of two main
phases - first preparation, measurement of con-
trol information and image acquisition . This has
to be done during the campaign and lasts about
one or two days per skeleton. This is fast in con-
sideration to the enormous amount of data ac-
quired . The second phase is much more time
consuming and consists of the adjustment of the
geodetic measurements, the development and
orientation of the images and the tedious restitu-
tion work with the stereo photogrammetric in-
strument . The required time for this work lasts
weeks, but can be carried out independently
from the campaign at any time at home.

It has been shown already that the results of
the work with the laser scanner were more
quickly available than the results of the photo-
grammetric evaluation . However the techniques
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