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Abstract. In this paper, stereoscopic image visualization for teleoperated robots 
is studied. The use of stereo vision systems shows some difficulties: image 
disparity is the main problem. It affects the correct image fusion process by the 
brain. Disparity curve calculations are shown and a method to calibrate 
stereoscopic images for telerobotics is explained. Experiments have been 
carried out to obtain the limits for a proper image fusion. The use of 
stereoscopic image has been assessed to execute teleoperated robot guidance 
tasks. The performance of stereoscopic and monoscopic image is compared. 
Stereoscopic images have shown a guaranteed depth perception.  
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1   Introduction 

There are two ways to improve a teleoperated system performance: the first consists 
of increasing the automation level, and the second is the increase of operator 
presence level. The first way implies a greater system complexity since more 
sensors are required to obtain information regarding the remote environment and 
more computers processing such information. The second option goals the human-
machine interaction improvement in order to show a more accurate teleoperation 
environment. In this way the operator can carry out teleoperated tasks more 
skillfully. For this purpose, on the one side, spatial perception of the remote 
environment can be improved and, on the other side, the applied strength can be 
reflected during the manipulation. 

The described work in this article focuses on the stereoscopic vision for 
teleoperation. The way to calculate the space required for a proper perception of 
blended stereoscopic images is described. This result has been proved to be very 
interesting for teleoperation since operator’s tiredness is avoided. 

According to the authors’ opinion, achievements in teleoperation interfaces are of 
great interest. In this way, teleoperated task productivity can be considerably 
improved and, at the time, number of telerobotics applications. Nowadays, there are 
few new applications apart from the classical teleoperation areas. 
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2   Binocular Disparity 

Depth perception through binocular images requires that the received images by each 
eye have a natural aspect so that a proper blending of the images takes place in the 
brain. The main factor for a suitable image fusion is the disparity among the images. 
This depends on the camera convergence angle and on the distance between the 
objects and the camera. In this section the human binocular field and its disparity 
development is analysed. This will allow to later study the scene visual fields in 
remote environments for teleoperation.  

2.1   Binocular Field of Vision 

The binocular field is the area that both eyes reach to see objects (114º). A horizontal 
section of the human visual field is shown in Fig. 1. Within the stereoscopic visual 
field, points with positive, or crossed, disparity and points with negative, or 
uncrossed, disparity can be distinguished. Points indicating crossed disparity are those 
located beyond the place where the optical axes of our eyes intersect. Uncrossed 
disparity is shown by those located before such place. 

Each point in the binocular field is represented only by a corresponding point 
on each retina. Images that fall on these points have zero binocular disparity. 
However, images that fall on noncorresponding points are disparity images. The 
locus of spatial points that project images to the corresponding points on both 
retinas is known as horopter. This depends, evidently, on the position of both 
eyes. More details are given in [1]. The study of the binocular visual field 
provides the required criteria for the display of stereoscopic video images. To 
begin with the stereoscopic visualization, the images should be placed in the 
binocular field. For this reason, wide-angle lenses are not recommended for 
stereoscopic images. Secondly, stereoscopic images must respect crossed and 
uncrossed disparity limits. A further requirement is the front placement of the 
display inside the binocular field, but usually this is the normal position of a 
screen.  
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Fig. 1. Binocular visual field: crossed and uncrossed disparity regions 
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2.2   Binocular Disparity Evolution 

Fig. 2 shows two points visualisation (A and B). In the case the eyes converge on 
point A at a distance d forming the angle α, and that point B is at a distance x 
under an angle β. Then point B does not have non-corresponding projections on 
each eye. In the right eye there will be a θ1 disparity, with a θ2 disparity in the left 
eye, with opposite values. The total angle disparity will result to be µ and 
corresponds to the addition of both disparities. If the distance between the eyes is 
o, then:  
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Fig. 2. Angular disparity from A and B 
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The graph appearing in Fig. 3 is obtained representing the disparity value 
according to the equation (4). The graph shows that uncrossed disparity increases 
faster than crossed disparity. It means that there is a greater variation for those objects 
which are nearer to the observer than for those which are further away. In the same 
way, it can be seen that the greater the value d is the slower the disparity variation 
results. This demonstrates the reduction in the disparity mechanism as distances 
increase.  

 

Fig. 3. Disparity evolution as to the object-to-camera distance, obtained from different 
convergence angles  

2.3   Teleoperation Working Field 

Fig. 3 shows disparity development of three different curves, being their focus axes at 
40, 60 ad 80 cm. The horizontal line represents the maximum value of the accepted 
disparity. By looking at the curve intersections, the boundaries of the scene to be 
visualised can be calculated. For the central curve, that crosses the axes at 60 cm and 
its limits are set at 3 (as the marked lines show), it would be possible to view all 
objects at a distance ranging between 40 and 120 cm. 

The teleoperation working field will be placed within the limits that allow a proper 
stereoscopic image blending. The calculation of the area where images blend requires 
knowing the maximum angular disparity limits. No consensus has been reached about 
where this limit might be in the different works. Most restrictive studies set the limit 
for crossed disparity around 27 min-arc and 24 min-arc for uncrossed disparity [2]. 
Lipton from SterooGraphics Corp., one of the main stereoscopic device 
manufacturers, suggests a maximum disparity of around 1.5º [3]. In other experiments 
carried out by Ian Howard [1] limits between 4º - 7º for crossed disparity and between 
9 - 12º for uncrossed disparity are given. According to Howard, the variability of 
these findings result from the numerous factors affecting the correct image blending,  
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like scene lighting conditions, contrast between objects and the time that images are 
exposed. In the fifth section, these results will be used to obtain an approximate value 
of the teleoperation working field.  

3   M3D for Visualization of Stereoscopic Images 

M3D is a system for stereoscopic image visualisation on a computer screen developed 
by the authors [4] and [5]. The objective of this system is to insert stereoscopic 
images into a window on a computer screen which displays all graphical interfaces. 
Stereoscopic systems are usually independent from the other computers in the 
teleoperated system interface. This task involves the use of numerous computer 
screens showing video, graphics, etc., which increases considerably the complexity of 
the operator’s interface. A specific stereoscopic device with a smart and integrated 
teleoperation device was considered to be useful and consequently designed. 

Fig. 4 shows the four main elements of this system: a 3D-video camera, a 
stereoscopic image processing device known as M3D, a computer to display the 
images, and shutter glasses. M3D receives stereoscopic video signals from the 3D-
video camera and the VGA input signal from the CPU. Both signals are multiplexed 
so that the VGA output signal can be sent to the computer monitor showing 
sequentially the stereoscopic video images on a window. The screen space left is used 
for the visualisation of other processes taking place during teleoperation. To see the 
stereoscopic images properly the observer should use liquid crystal shutter glasses 
which are synchronised with the display refreshment of the screen.  

 

Fig. 4. Stereoscopic system for teleoperation interface 

The 3D-Camera has two synchronised CCDs which are 6 cm horizontally 
separated, and have a variable convergence. In this way human sight mechanism is 
simulated. The device is designed as a computer peripheral, used to insert 
stereoscopic images on a computer screen window. It has two kinds of video inputs: 
on the one side, the VGA video signal coming from the computer; and on the other 
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side, stereoscopic video signals coming from the 3D-Camera. The signal coming out 
of the DISTREC has the same VGA format as the one received by the computer. The 
stereoscopic video signal is reconstructed over the computer signal. The functioning 
is similar to a video image card but with this device stereoscopic images are 
processed. 

The use of external equipment, apart from the computer, makes handling easier and 
also reduces the use of computer resources, such as the CPU or memory. Some 
integration costs are also eliminated because no driver is necessary to run the 
equipment. It is an external peripheral that blends images from the 3D-Camera and 
the VGA input, showing the stereoscopic image on a rectangular computer window, 
as shown in Fig. 5.  

 

Fig. 5. M3D, shutter glasses and PC screen to visualize the stereoscopic images 

The stereoscopic video signals are reconstructed and multiplexed in a synchronised 
manner according to the computer VGA frequencies. The VGA vertical frequency 
determines the reading memory. The left memory contains the images coming from 
the left CCD. It is read when the right eye is hidden by the shutter glasses and so on. 
The VGA horizontal frequency indicates the number of image lines. Using a pixel 
generator the column number is calculated. Information coming from the computer is 
shown on the remaining screen, which is very useful for the telerobotic system 
interface. The stereoscopic video window takes up from 30% to 70% of the screen 
depending on the monitor resolution. For the display of the corresponding image to 
each eye, the shutter glasses cover each one alternately, synchronised with the image 
reconstruction. When the monitor refreshment is lower than 70 Hz flicking problems 
may appear. Therefore, it is recommended to use monitor vertical frequencies higher 
than 75 Hz. 

The M3D is made up by three modules connected to one another through 
independent buses and controlled by a CPLD. The modules are the following: 

• Digitalisation 
• Storage 
• Reconstruction 
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A VHDL-programmed Xilinx CPLD is used for the control of the whole M3D 
system. This IC is the “system brain” and is in charge of programming and 
monitoring the remaining devices. The employed IC reaches working frequencies up 
to 80 MHz 

4   Experiments for Stereoscopic Image Calibration 

This section focuses on stereoscopic image visualization on a computer screen using 
shutter glasses, using the above mentioned M3D system. This kind of system is the 
most frequently used in teleoperation [6], and [7] and when a proper transmission 
speed is reached it will probably be also the most common system for future 
applications based on networks. 

As it has been previously explained, disparity is the key factor for depth perception 
and for image blending in the brain. There are some additional factors to be taken into 
account for the correct visualisation of stereoscopic images. First of all, image 
similarity is necessary; they must have the same orientation and both images must 
have the same colour and brightness. Careful attention should be given to these 
factors so that the images can be easily fused in the brain. Possible colour 
discrepancies can hinder the matching process. This effect is further explained in [8] 
and [2]. 

4.1   Experiment Description 

Depth perception when visualizing stereoscopic images depends highly on each 
person. It is thus necessary to give a test to users so that they can say how “natural” 
the stereoscopic images appear to them. The test has been given to 30 people and the 
results obtained are significant enough to be considered applicable to the general 
population. 

The following test was developed to evaluate the limits of disparity. An object is 
placed at 14 different distances from the 3D-C and 10 seconds of images are recorded 
in each position. This process is repeated for different convergence angles of the  
3D-C. The sequence of images has been repeated for angles of 12.5º, 7.5º and 5º, 
which correspond to intersections of the optical axes at a distance of 30, 50 and 70 cm 
respectively. Fig 6 shows a sequence of the captured and recorded stereoscopic 
images. The advantage of recording these images lies on the fact that all the 
participants used the same stereoscopic images under the same conditions, thus 
eliminating possible uncertainty regarding the experimental conditions.  

30 participants can see then the recorded images. The test consists of showing the 
14 images for each convergence angles. The user can state if the image visualized is 
perceived in a coherent way or if double images are perceived, i.e. the latter images 
correspond to those that cannot be fused in the brain. Participant’s behavior is quite 
similar; some stop perceiving stereoscopic images before others do, but there is a 
region in which all participants perceive stereoscopic images and another region in 
which all of them perceive double images. When it comes to define disparity limits 
differences among participants arise. One interesting data is that in the transition area 
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some individuals say that they either do or do not perceive in stereo depending on 
where they focus. This suggests that disparity limits depend on the progressive 
accommodation of the eyes without an abrupt break. In order to assess the perception 
of stereoscopic images, a scale with three different values was developed, as follows: 

• 10 points, if stereoscopy is perceived clearly  
• 5 points, if it is necessary to re-focus the images, or if stereoscopy is perceived ith 

doubts  
• 0 points, if double images are perceived. 

The “stereoscopic assessment of each image” is the average number of points 
given to each image by the 30 participants. The point values given by all the 
individuals to each stereo image have been added up. The average is a measure of 
how easy or difficult it is to perceive the depth in the scene. The angular disparity of 
each image has also been calculated; i.e. the angle formed by corresponding points of 
each image seen from the viewer position, who is at a distance of 70 cm from the 
computer screen. Fig. 5.2 illustrates the angular disparity and the stereoscopic 
assessment of each image, with respect to the distance of the object visualized from 
the C3D. It shows that ordinate axis have the same scale, both for the angular 
disparity and for the stereoscopic image assessment. 
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Fig. 6. Captured image sequence to detect visual disparity limits. Video camera axes intersect 
at 60 cm (picture e), pictures a to d reveal uncrossed disparity and crossed disparity in pictures  
f to i.  

4.2   Analysis 

It was taken 8 points as the minimum stereoscopic image assessment means that most 
individuals can see clearly the stereoscopic images. An analysis of the results shown 
in Fig. 7 reveals that if 8 are taken as the minimum stereoscopic image value, the limit 
for binocular disparity is 2º for the three graphs, while a minority may still have some 



30 M. Ferre et al. 

doubts. Furthermore the limits of the scene can be significantly increased, which is 
realistic since work in the scene limits is not performed continuously, but only in 
particular moments. Taking 10 as an assessment value as a suitable work region 
would restrict the limits excessively, since when limits of perception are exceeded 
within the working field, the brain will admit images with a slightly higher disparity, 
at the cost of producing fatigue if the images persist for a long time.  

 

 

Fig. 7. Angular disparity and stereoscopic assessment vs. objet-to-camera distance for three 
convergence angles (5º, 7.5º and 12.5º)  

The limits obtained in a 12.5º-angle are at a distance ranging from 25 and 50 cm 
with respect to the C3D. In the case of a 7.5º-angle, the area of stereoscopic vision is 
between 45 and 100 cm. For a 5º convergence angle only a lower limit exists at 55 
cm. There is no upper limit because such a small angle means that disparity is not 
above 2º in the stereoscopic images. This result comes to be very valuable since it 
indicates that if a greater range of visualisation is desirable, it is necessary to work 
with small convergence angles. The disadvantage is that they have a lower limit 
which is relatively high. This means that the C3D must be placed relatively far from 
the scene. Consequently, the larger the convergence angle, the smaller the possible 
work space is. In the light of these test findings it can be concluded that the suitable 
working field will be one in which the disparity of the objects is less than 2º and that 
the greater the area is required the further away the camera must be from that field. 
The exact calculations must take into account the disparity graphs. 
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5   Conclusions 

The need for suitable interface design for stereoscopic image visualisation has been 
analyzed. For this purpose, the key factors which are disparity and image quality have 
been studied. Disparity limits have been calculated in the stereoscopic image 
displayed on a computer screen. A method that calibrates stereoscopic image in 
remote environment teleoperations have been described. When monoscopic images 
are used, the degree of image quality provides spatial information about the location 
of the objects. Data such as shadows and reflections inform about 3D position. Such 
information could be sufficient in some cases but stereoscopic images always 
guarantee the proper depth perception. 

The experiments have shown the proper performance of the developed 3D-Camera 
and M3D. The 3D-Camera determines convergence calibration. It has to be in 
accordance with the remote working environment in order to achieve an acceptable 
image disparity. Disparity limits for the proper calibration have been obtained around 
2º. The M3D system allows stereoscopic image visualisation on a PC screen frame 
while the rest of the screen can be used for different processes involved in the 
teleoperated system. The integration of stereoscopic images on a computer screen has 
notably simplified the teleoperation interface. This fact improves performance of the 
teleoperated system and a seamless visual interface has been obtained, due to the use 
of a common screen for the visual interface. 

References 

1. Howard, I.P., Rogers, B.J.: Binocular Vision and Stereopsis. Oxford University Press, 
Oxford (1995) 

2. Yed, Y.Y., Silverstein, L.D.: Limits of fusion and depth judgement in stereoscopic color 
displays. Human factors 32(1), 45–60 (1990) 

3. Lipton, L.: The Crystal Eyes Handbook, StereoGraphics Corporation, San Rafael, CA 
(1991) 

4. Ferre, M., Aracil, R., Navas, M.: Stereoscopic video images for telerobotic applications. Int. 
Journal of Robotic Systems 22(3), 131–146 (2005) 

5. Ferre, M., Aracil, R., Navas, M., Escalera, J.A.: Real Time Video Image Processing for 
Teleoperation: Image Blending and Stereoscopy. In: 9th IEEE Inter. Conf. on Emerging 
Technologies and Factory Automation. Lisbon, Portugal (2003) 

6. Aracil, R., Ferre, M., Hernando, M., Pinto, E., Sebastián, J.M.: Telerobotics system for live-
power line maintenance: ROBTET. Control Engineering Practice 10, 1271–1281 (2002) 

7. Brunner, B., Hirzinger, G., Landzettel, K., Heindl, K.: Multisensory shared autonomy and 
tele-sensor-programming – Key issues in the space robot technology experiment ROTEX. 
In: Proc. IEEE/RSJ Int’l Conf. on Intelligent Robots and Systems, Yokohama (1993) 

8. Hsu, E.J., Pizlo, J., Chelberg, Z., Babbs, D.M., Delp, C.F.: Isssues in the design of Studies 
to test the effectiveness of stereo imaging. IEEE Trans. on systems, man and cybernetics, 
Part A 26(6), 810–819 (1996) 


	Introduction
	Binocular Disparity
	Binocular Field of Vision
	Binocular Disparity Evolution
	Teleoperation Working Field

	M3D for Visualization of Stereoscopic Images
	Experiments for Stereoscopic Image Calibration
	Experiment Description
	Analysis

	Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.01667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice




