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Abstract — The paper briefly recalls the concepts of 
photogrammetric analysis of video sequences for the study of 
human movements. The concepts of real-time processing, 
calibration and orientation and multi-image correspondences are 
outlines. Standard multi-camera systems as well as monocular 
approaches are reported and discussed.  
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I.  INTRODUCTION 

The first pioneering studies at the end of 19th century by 
Muybridge and Marey concerning human and animal 
movements initialized the motion analysis science. From these 
first laborious and time consuming studies based on manual 
measurements of joints, scientific and technologic 
developments allow nowadays the use of powerful computer 
and high-speed cameras for fast marker identification and 
measurement, 3D data computation and real-time movement 
visualization.  

Nowadays movement analysis is generally performed with 
motion capture (MOCAP) systems. They can be classified 
according to the employed sensors (optical, magnetic or 
mechanic) and proved an effective and successfully means to 
replicate any kind of movement. They are used in 
biomechanics, for precise measurements of the human joints 
movements but also in computer animations, to increase the 
level of realism in the movements and generate special effects 
in the movies. In particular, optical systems are mostly based 
on photogrammetric algorithms which allow to recover with 
very high accuracy the trajectories of signalized points on the 
human body. 

II. PHOTOGRAMMETRY &  V IDEOGRAMMETRY 

Photogrammetry is defined as the science of making 
accurate measurements from images (photos), or, thanks to the 
recent interest in 3D modeling and cultural heritage 
documentation and digital preservation, as the art of converting 
2D images into 3D models. Digital photogrammetry deals with 
any kind of digital images, also infrared and x-ray data.  

On the other hand, the term videogrammetry, now used 
almost since 20 years, implies the simultaneous recording and 
displaying of images using video devices and their processing 
with photogrammetric algorithms and systems. A 
photogrammetric system is generally defined as (i) flexible in 
the 3D reconstruction problem, (ii) capable for high precision 

and reliability and (iii) able to perform quality control on 
measurements and results �[1]. Whereas machine and robot 
vision mainly focus on industrial application and computer 
vision deals more with image processing and qualitative scene 
analysis, photogrammetry and videogrammetry try to derive 
precise and reliable 3D metric information from multiple 
images acquired mainly with CCD/CMOS (video-)cameras.  

Over the past years, videogrammetry proved to be a very 
appropriate measurement technique for applications like 
particle tracking �[2], wind tunnel measurements �[3], industrial 
inspections �[4], marine science �[5], forensic analysis �[6], 
mobile mapping �[7] and of course motion analysis. In motion 
analysis, when optical systems are employed, the analyzed 
body should wear some targets, located in the crucial joint 
positions, to allow the automated and real-time measurement of 
the movements. This can be sometimes cumbersome, therefore 
the development of markerless systems is a great topic of 
research.  

In applications where videogrammetry is employed, the 
object to be measured or tracked is imaged simultaneously with 
different cameras, located in different positions. A minimum of 
two cameras is required, but generally much more sensors are 
used (up to 20) (i) to provide higher redundancy of 
observations to the system for the detection and location of 
blunders in the measurements; (ii) to handle occlusions of 
moving objects; (iii) to be able to image large objects and long 
movements. 

All the cameras (i.e. the network) image the object points 
according to the perspective projection law. Each image point 
provides for two non-linear equations (i.e. collinearity 
equations) which express the fact the a straight line connects 
the camera perspective center, the image point and the object 
point. Collecting all the equations of all the points, a system of 
equations is built and generally solved with the Gauss-Markov 
model of the least squares estimation (bundle method). The 
bundle adjustment takes as input the image coordinates of 
some object points (as well as the interior parameters of the 
cameras) and provides as output the camera poses (exterior 
orientation parameters) and the 3D coordinates of the imaged 
object points. Generally all the unknown parameters are treated 
as stochastic variables, therefore a priori information about 
these parameters can be included in the estimation. The used 
cameras are generally non-metric cameras, e.g. their interior 
parameters (camera constant and principal point position) have 
to be determined. This procedure is called camera calibration 
and in human motion analysis is generally performed at the 



beginning of the measurement session using a calibration frame 
(with known 3D coordinates) or a reference bar moved in the 
area of interest �[8]. Usually the calibration procedure estimates 
also other parameters (i.e. additional parameters) to determine 
the deviations of the bundle of imaging rays from a truly 
perspective model �[9]. If the bundle method determines 
simultaneously camera positions, object points and all the 
calibration parameters, the procedure is called self-calibration 
�[10] �[11]. 

The quality of the input data (image coordinates) for a 
photogrammetric adjustment generally reflects the final 
accuracy of the results. Therefore precise measurements must 
be performed. One of the most used measurement technique for 
sub-pixel accuracy is the Least Squares Matching (LSM) �[12], 
which is able to achieve an accuracy of 1/25th of a pixel on well 
defined targets.  

III.  MARKERLESS VIDEOGRAMMETRY 

Motion analysis based on optical MOCAP systems 
generally requires that targets are located on the captured body 
in the place of interest, primarily to automatically derive 
precise movement information. New developments in the 
markerless domain would bring some advantages, e.g. in the 
movie industry, where the primary goal is the animation and 
not the high accuracy required in biomechanics. Furthermore, 
markerless videogrammetry can allow the determination, at the 
same time, of 3D shapes and 3D movements. Markerless 
methods are not yet completely reliable for precise movement 
analysis. Most of the systems rely a on probabilistic approaches 
(model-based) and they are employed for people identification 
or tracking �[13]�[14]�[15]�[16] while deterministic methods �[17] 
�[18] are generally less used, in particular in the monocular 
case. 

In the next two sections, we report two deterministic 
markerless approaches, based on multi-image and monocular 
sequences, developed at the Institute of Geodesy and 
Photogrammetry (ETH Zurich) to retrieve 3D human 
movements. 

A. Multi-camera markerless videogrammetry 
Multiple cameras are generally employed to increase the 

reliability of the approach and avoid problems with self-
occlusions. 

The approach is composed of five steps: (1) acquisition of 
video sequences, (2) calibration of the system, (3) surface 
measurement of the human body in each frame, (4) 3D surface 
tracking and filtering, (5) tracking of key-points.  

Multiple synchronized progressive scan CCD cameras 
acquire sequences of a scene from different direction e.g. in a 
triangular arrangement. The imaged person does not 
necessarily need to be naked; the image texture can be pre-
processed for radiometric equalization and especially contrast 
enhancement. After the system calibration, performed with the 
bundle method, a surface measurement, based on multi-image 
LSM with the additional geometrical constraint of the matched 

point to lie on the epipolar line, is performed. The automatic 
matching process �[19] determines a dense and robust set of 
corresponding points in the images starting from few seed 
points selected in the region of interest (spatial matching). The 
3D coordinates of the matched points are then computed by 
forward ray intersection using the orientation and calibration 
data of the cameras. This process is performed for each image 
triplet of the multi-image sequence, resulting in a dynamic 
surface measurement (Figure 1).  

 

 
Figure 1: A triplet of images (above) and the measured surface, shown as 3D 
point cloud (center). The 3D point clouds of other frames determined with 

the dynamic surface measurement algorithm (below). 

As next step, a tracking process is applied. Its basic idea is 
to track the corresponding points of each triplet through the 
sequence and compute their 3D trajectories (temporal 
matching). The spatial correspondences between the triplets 
acquired at the same time are therefore matched with the 
subsequent frames. The results of the automated tracking 
process are the coordinates of a point in the three images 
through the sequence, thus its 3D trajectory is determined by 
forward ray intersection. Velocities and accelerations are also 
computed. The advantage of this tracking process is twofold: 
(i) it can track natural points, without using markers and (ii) it 
can track local surfaces on the human body. In the last case, the 
tracking process is applied to all the points matched in the 
region of interest. The result can be seen as a vector field of 
trajectories (position, velocity and acceleration).  



  
Figure 2: Example of key-points manually placed on the human body (left) and extracted 3D trajectories of the key-points (right). 

 

 
Figure 3: Tracking of the key-points: some frames of the sequence (above) and view of the tracked key-points (below). 

 

      
Figure 4: Some frames showing the automated fitting of an H-ANIM character onto the recovered 3D data using the extracted key-points. 

 

Afterwards, to extract general motion information from the 
dense sets of trajectories, some ‘key-points’ are introduced. A 
key-point is a 3D region manually defined in the vector field of 
trajectories, whose size can vary and whose position is defined 
by its centre of gravity. The key-points are tracked through the 
sequence computing the mean value of the displacement of all 
the trajectories inside its region. Key-points can be placed in 
such a way that their trajectories can describe complex 
movements. An example is shown in Figure 2. 

The key-points represent an approximation for the joint 
trajectories. The final result of the tracking process is shown in 
Figure 3 together with the corresponding frames. The key-
points can afterwards be used for further visualization 
purposes. Using an H-ANIM human model and the freeware 
raytracer Povray (Persistence of Vision Ray-TracerTM), the 
different limbs of an H-ANIM character can be automatically 
posed in the correct position described by the recovered key-
points (Figure 4). 

B. Monocular markerless videogrammetry 
A moving character, imaged with one (moving) camera, 

represents the most difficult case for the deterministic 3D 
reconstruction of his/her poses. Existing videos give the 
possibility to retrieve motion information of characters who are 
not available for other measurement techniques. In our case, to 
avoid copyright problems, existing sport videos are considered 
(Figure 5). They are usually acquired with a stationary but 
freely rotating camera and with a very short baseline between 
the frames. Due to lack of information on the image data and 
on the imaged character, some assumptions must be done 
during the photogrammetric processing. 

The reconstruction and modeling process from the 
monocular video consists of (1) calibration and orientation of 
the images, (2) pose estimation and human skeleton 
reconstruction and (3) character modeling and animation.  

The photogrammetric calibration and orientation of the 
monocular video is performed with a photogrammetric bundle 
adjustment. The procedure is required to achieve the camera 
parameters necessary for the determination of the scene’s 
metric information and for the deterministic human’s poses 
estimation. Once the images are oriented (Figure 6), the human 
body is firstly reconstructed in a skeleton form, with a series of 
joints connected with segments of known relative lengths �[20]. 
The human joints are measured semi-automatically through the 
frames with LSM. Then a scaled orthographic projection, 
together with constraints on joints depth and segment’s 
perpendicularity, is applied to obtained accurate and reliable 
3D human models. Finally, for each key-frame, the recovered 
3D human skeleton is transformed into the absolute reference 
system with a 3D-conformal transformation, refining the 3D 
coordinates within a bundle solution.  

To improve the visual quality and realism of the model, an 
H-ANIM virtual character [http://www.h-anim.org] or a laser 
scanner polygonal model [http://www.cyberware.com] can be 
fitted onto the recovered 3D data (Figure 7). The fitting and 
animation processes are performed with the animation features 
of Maya [http://www.aliaswavefront.com/]. 

The recovered virtual character can be used for augmented 
reality applications, person identification, movement studies or 
to generate new scenes involving models of characters who are 
dead or unavailable for common modeling systems. 

 



     
Figure 5: Some frames of the original monocular video sequence (720x576 pixels), digitized from a VHS tape. 

   
Figure 6: Recovered camera positions, 3D environment and human skeletons (left). Some views of the fitted polygonal model onto the recovered skeleton (right). 

     
Figure 7: Some frames of the animation created fitting an H-ANIM model onto the recovered 3D poses. 

 

IV. CONCLUSIONS 

We have presented a quick review of the basic 
videogrammetry concepts, from the calibration and orientation 
of the images to the 3D point determination. Videogrammetry 
has matured on the hardware and software sides, introducing 
smart sensors and real-time capabilities. These improvements 
have broadened the technology for different metrology 
applications and nowadays videogrammetry is the basic idea 
behind human motion analysis (if performed with optical 
systems). Optical MOCAP systems require reflective or pulse-
LED targets attached to the joints of a character. Generally a 
single person is captured but recently multi-person MOCAP 
sessions were also performed. Ethernet connections allow the 
capturing and processing of up to 500 frames/sec with a 
resolution of 1 Megapixel while, in some systems, the signal 
processing is embedded into the camera. Full automation is 
achieved from the system calibration to the recovery of the 3D 
joint coordinates and movements while the skeleton creation is 
generally performed manually. 

In the research community, markerless videogrammetry for 
human motion analysis and tracking is still a great topic of 
investigation. Single- or multi-stations markerless 
videogrammetry offers an attractive alternative technique, 
requiring cheap sensors, allowing the tracking of features or 
surfaces and, at the same time, for 3D shape and movement 
reconstruction. In fact, if performed with a deterministic 
approach, the shapes and movements can be simultaneously 
recovered, once the camera poses are determined. Model-based 

approaches are much more common, in particular with 
monocular video streams, while deterministic approaches are 
generally neglected. Markerless methods are still challenging, 
in particular due to the limitations in the automated joint and 
limb identification. Shape-from-silhouette approaches compute 
directly the human’s visual hull, but still they have to interact 
for the joints definition. Training or learning sessions would 
help but, so far, fully automated ‘one bottom’ approaches still 
require markers. 
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