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ABSTRACT

Within a Dutch research program on minimally invasive surgery, a large literature survey has been
carried out. This article describes the state of the art in research on observation in laparoscopy. It
gives an overview of factors impeding the surgeon and technical developments designed to over-
come these problems. A large number of journals, proceedings, patents, and books starting from
the year 1991 have been consulted. The survey was completed with a thorough MEDLINE search.
The survey showed that many authors have an incomplete background in the fundamentals of vi-
sual perception. This leads to a lack of understanding and to the design of supporting aids that of-
ten are not very useful. The new aspect of this study is that it gives a complete and structured
overview of laparoscopic observation problems and current solutions. The observation problems are
structured according to visual perception theory. The solutions are critically considered, and their
benefits and drawbacks are identified. The study shows that the benefits of stereo-endoscopes and
motorized endoscope positioners are questionable. The addition of shadows and movement paral-
lax is still a very important research topic.

INTRODUCTION tocols of many procedures are still far from optimal, and
it is difficult to transpose preoperative information from

During the past decade, the number of laparoscopic X-rays, Ultrasound, or MRI images onto the endoscopie
procedures in abdominal surgery has increased sig- camera pictures. Other difficulties concern the indirect

nificantly. The use of a laparoscope and long and slender way of observing and manipulating. They complicate the
instruments that are inserted through small incisions in the surgeon's observation and manipulation activities and dis-
skin reduces tissue trauma and in principle also the risk order the surgeon's eye-hand coordination,
of infection and recovery time. Despite these significant In order to find solutions for these difficulties, a large
advantages for the patient, the technique introduces a research program on minimally invasive surgery tech-
number of difficulties for the surgeon. The operative pro- niques was initiated at the Delft University of Technol-
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ogy in cooperation with the Academic Medical Center in
Amsterdam and several other hospitals in The Nether-
lands. The program is called MISIT, which is short for
Minimally Invasive Surgery and Interventional Tech-
niques.1 The MISIT program consists of six research pro-
jects: task analysis of the surgical process, depth percep-
tion and eye-hand coordination, integration of physio-
logical and anatomic information, mechanical design of
instruments, mechanical steering of catheters, and minia-
turization of sensors in catheters. Within the scope of the
MISIT program, a large literature survey has been car-
ried out.2'3 This review article describes the state of the
art in research on observation in laparoscopic surgery. It
gives an overview of factors impeding surgical observa-
tion and technical developments to help overcome them.

MATERIALS AND METHODS

The literature survey was focused on technical research
and developments in laparoscopic surgery. Going back
to the year 1991, several volumes of a number of jour-
nals, including Surgical Endoscopy and Minimally Inva-
sive Therapy & Allied Technologies, were scanned for
useful information. A number of conference proceedings,
patents, and books about laparoscopic surgery and visual
perception also were consulted. The survey resulted in
about 300 interesting papers and documents that have all
been carefully read and checked. In order to be certain
no valuable information was overlooked, the survey was

completed in the year 1999 with a thorough MEDLINE
search relating to all the impeding effects and supporting
aids that are mentioned in this article.

NEW ASPECTS OF THIS STUDY

The literature survey showed that many authors have
an incomplete background in the fundamentals of visual
perception. This leads to a lack of understanding and to
design of supporting aids that often are not very useful.
For example, many authors confuse three-dimensional
(3D) vision with stereovision and consider stereovision
to be the only depth information source. As a result,
nearly all the research on depth perception in laparoscopy
is focused on stereo-endoscopes. Experiments show,
however, that the benefits of stereo-endoscopes are neg-
ligible.4-7 Furthermore, visual perception theory shows
that stereovision is only one of the many depth percep-
tion cues. This finding indicates that a more thorough
background could lead to much better aids to improve
the surgeon's depth perception.

The unique aspect of this study is that it gives a struc-
tured overview of all of the observation problems and so-

lutions that are currently available. The observation prob-
lems are structured according to visual perception theory.

The solutions are critically considered, and their benefits
and drawbacks are identified. The study ends with a list
of problems that are still unsolved and a discussion of
the direction in which we believe research should go. It
is the authors' wish that the study will give a more fun-
damental insight into laparoscopic observation and that
it will lead to better supporting aids.

RESULTS

In order to structure the information from the literature,
it was decided to subdivide the impeding effects on the
surgeon's observation activities into three main groups:
acquisition, nature, and perception of the visual informa-
tion (Table 1). These groups are discussed in detail in the
various sections of this article. Each section starts with an
overview of impeding effects, followed by a survey of
supporting aids that have been found in the literature. The
article ends with a discussion in which the advantages and
disadvantages of the aids are critically considered and a

number of important research topics are identified.
The article focuses on the effects of the endoscopie cam-

era and the monitor on surgical observation. The funda-
mentals of observation are only briefly described. A thor-
ough treatment of visual perception is given by Gibson,8
Regan and associates,9 and Rock.10 More specific informa-
tion about visual perception in minimally invasive surgery
is described by Cuschieri,11 Sheridan,12 and Wade.13

ACQUISITION OF THE VISIBLE
INFORMATION

Impeding effects
Indirect viewpoint adjustment by camera assistant. It

is common in laparoscopic operations that the surgeon is
not directly in control of the endoscope. The visual in-
formation is collected by a camera assistant, who con-
trols the endoscope by listening to the surgeon's instrac-

Table 1. Overview of Impeding Effects on Surgeon's
Observation in Conventional Laparoscopic Surgery

Acquisition of the visual information
Indirect viewpoint adjustment by camera assistant

Nature of the visual information
Finding and identifying anatomic structures

Perception of the visual information
General effects on visual perception
Dirt and vapor on endoscope lens
Reduced resolution, contrast, and illumination

Specific effects on depth perception
No shadows in endoscopie camera picture
No stereovision
No movement parallax
Misfits of accommodation and convergence
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tions and using a set of empirical rules.14 Examples of
such rules are "the top of the moving instrument should
stay in the middle of the picture" and "the abdominal wall
should stay at the top of the picture." This indirect way
of adjusting the viewpoint is not very intuitive. It can lead
to communication problems between the surgeon and the
assistant and to an unsteady camera picture when the as-

sistant has to stand still for a long time.15 Mohrmann-
Lendla and Fleischer16 showed in an experiment that an
unsteady camera picture decreases the performance of
aimed hand movements.

Supporting aids

Passive endoscope positioners. Direct viewpoint ad-
justment can be realized by replacing the assistant by a

passive or an active endoscope positioner that is directly
under the surgeon's control. A passive endoscope posi-
tioner is an endoscope holder with passive joints. Its base
can be attached to the operating table, and its tip contains
a clamp that holds the endoscope. The surgeon can grasp
the holder and move it to the desired location. The friction
in the joints prevents the holder from moving when it is
released, so that the endoscope is locked in the desired po-
sition. Passive endoscope positioners are mentioned in a

number of references.17-21 Their advantages are that they
are directly under the surgeon's control and that they re-
sult in a steady picture. Their disadvantage is that the sur-

geon has to release a laparoscopic instrument to move the
endoscope into another position. This is inconvenient.

Active endoscope positioners. An active endoscope
positioner has joints that are driven by electric motors.
Active endoscope positioners are described in a large
number of references. Most are controlled by using a
hand controller,22-26 but some can be also controlled by
grasping and moving like a passive endoscope posi-
tioner.24,25,27,28 The drawback of these ways of control-
ling is that the surgeon still has to release an instrument
to move the endoscope. This problem can be solved by
using an instrument-mounted hand controller,27-30 a foot
controller,24-26,31'32 voice control,33 or head movements
to control the robot.3,34-38 The disadvantages of foot con-
trollers are that foot switches are already used for other
tasks in the operating room. Adding one more can be con-
fusing. Voice control can be accurate but is subject to
operator-interface failures.33 Head control is probably
most intuitive but is still in an early stage of research.
Taylor and associates27,28 described a robot with an

option to save a number of camera positions in a com-

puter memory. The surgeon selects a viewpoint by using
an instrument-mounted hand controller, and the robot de-
termines the spatial position of the viewpoint by means
of image manipulation techniques. The selected view-
points are saved in the computer memory and shown in
small snapshot images on the monitor. The robot moves

the endoscope automatically to the saved viewpoint when
the surgeon selects one of the snapshots. A similar op-
tion, in which previously selected robot positions can be
restored by pressing memory buttons, is offered by the
Automatic Endoscope System for Optimal Positioning
(AESOP), which is mentioned in a large number of ref-
erences.23-26,31-33,39

Comparison between human and automatic endoscope
control. Commercially available active endoscope posi-
tioners are the FIPS,29,30,40 which is controlled by an in-
strument-mounted hand controller; the EndoSista,36,37
which is controlled by head movements; and the AESOP,
which can be controlled by using a hand or foot con-
troller, by grasping and moving, by voice commands, and
by memory buttons.

Kavoussi and associates32 compared the AESOP with a
human camera assistant in 11 pelvic laparoscopic proce-
dures that required bilateral surgical manipulations. Eight
men underwent diagnostic laparoscopic pelvic lymph-
adenectomy, and three women underwent laparoscopic
Burch bladder suspension. Surgery was performed simi-
larly on the left and right sides of the pelvis except that on
one side, the endoscope was controlled by the camera as-

sistant, and on the other side, the endoscope was controlled
by the AESOP. The robot was controlled via a foot con-
troller. The side (left v right) on which the AESOP was
used was alternated with each case. The AESOP gave a

more stable camera picture, but the difference in operation
time was negligible.

Jacobs and coworkers31 performed an experiment with
31 medical students having negligible laparoscopic ex-

perience. They performed a standardized task in a pelvi-
trainer during 10 minutes of practice, either with hand
control over the endoscope or with AESOP control by
means of a foot pedal. The subjects were randomized by
alternating hand control and AESOP control first. The
use of AESOP resulted in much longer task completion
times than hand control.

These studies show that, apart from stabilizing the pic-
ture, the advantages of the AESOP are questionable. Pas-
sive endoscope positioners, controlled either by the surgeon
or by a camera assistant, can be used as well to stabilize
the picture and are usually smaller, much cheaper, and sim-
pler in construction. New developments are needed to prove
that a robot can be really more convenient than a passive
endoscope positioner or a human camera assistant.

NATURE OF THE VISIBLE INFORMATION

Impeding effects

Finding and identifying anatomic structures. In an

open abdominal operation, the surgeon looks down at the
patient's abdomen, observing a top view of a large part



234 BREEDVELD ET AL.

of the operative area. In a laparoscopic operation, the sur-

geon looks forward at the monitor, observing an enlarged
side view of a small part of the operative area. The na-
ture of the visible information thus differs from what the
surgeon is used to. The endoscope shows a magnified
view of the operative area, with a different line of sight
and with a small field of view.
An advantage of the magnified view is that the picture

of the operative field is larger and more detailed so that
small anatomic structures are easier to discern.41,42 An
advantage of the different line of sight is that it can be
more convenient for some operations. Disadvantages of
the magnification, the different line of sight, and the small
field of view are that it becomes more difficult to find
and to identify anatomic structures.15'41 The small field
of view of conventional endoscopes leads to frequent en-
doscope maneuvers; e.g., to move the endoscope lens to
the abdominal entry point of a newly inserted instrument.
Such maneuvers are not only inconvenient and time con-

suming, but they can also lead to potentially dangerous
situations; e.g., when instruments not in sight injure struc-
tures in the operative area.15'29,43'44

Supporting aids

Graphical overlays, additional endoscopes, and
panoramic endoscopes. In order to assist the surgeon in
finding and identifying anatomic structures, Satava and
Robb45 developed a graphical overlay that visualizes the
position and orientation of the endoscope relative to the
patient. The overlay, which is superimposed on the en-

doscopie camera picture, consists of two icons: a trans-
versal cross-section of a human body and a spatial pic-
ture of a human being in recumbent posture. The
cross-section informs the surgeon about the position of
the endoscope, and the human image informs the surgeon
about the orientation of the endoscope. The image of the
human being rotates when the endoscope is rotated. The
cross-section remains stationary.

Schippers and Schumpelick44 suggested enlarging the
field of view by using an additional endoscopie camera that
gives a total view of the peritoneal cavity. The additional
view makes it easier to find anatomic structures, thus re-

ducing the required number of endoscope movements.
Schurr and coworkers29 performed an animal test with a

135° panoramic endoscope that showed a large part of the
peritoneal cavity. The centerofthepanoramic picture, which
contained the actual operative area, was enlarged and dis-
played on a separate monitor. The endoscope had the draw-
back that sufficient illumination of the whole abdomen was

hardly achievable with conventional light sources. In order
to solve this problem, Schurr and coworkers29 tested a more

sensitive infrared panoramic camera as well. However, this
camera produced a monochromatic picture. The colors of
the different anatomic structures thus were not visible.

The disadvantage of using two monitors to display the
panoramic and the enlarged central view is that the sur-

geon has to divide attention between two pictures, which
increases the risk of overlooking something. Greguss46
described a novel optical system that combines the two

pictures in one. The picture formed by the system con-

sists of a circular center surrounded by a ring. The cen-

ter shows an enlarged view of the area of interest, and
the ring shows a panoramic view of the environment. The
panoramic view is created by a patented donut-shaped
lens consisting of only one part, making it suitable for
miniaturization and for application in an endoscope.

Besides observers of endoscopie camera pictures, ob-
servers of ultrasound images also have problems in find-
ing and identifying anatomic structures. Bajura and col-
laborators47 developed a supporting aid that projects an

ultrasound image on the patient's abdomen. The scan is
recorded with a 3D ultrasound scanner, filtered, and
transformed into a 3D graphical image. The image is an-

imated online as a stereo overlay on two television
screens before the observer's eyes. The observer's head
position is measured, and the image is rotated such that
its orientation matches the observer's line of sight when
looking at the patient's abdomen. The observer is thus
able to see both the patient and the organs, having the
experience of looking through the patient.

PERCEPTION OF THE VISIBLE
INFORMATION

General effects on visual perception
Dirt and vapor on the endoscope lens. The surgeon's

visual cortex uses the endoscopie camera picture to de-
termine the spatial position of the instruments with re-

spect to the anatomic structures. A potential cause for
general visual perception problems is the quality of the
picture on the monitor. Dirt and vapor on the endoscope
lens is a frequent and irritating event that requires the sur-

geon to interrupt the operation to clean the lens.

Reduced resolution, contrast, and illumination. Be-
sides dirt, and vapor, the camera and monitor properties
have a large effect on the quality of the picture.11'29'44
Comparisons in resolution, contrast, and illumination be-
tween different endoscopie systems have been found in
a number of references.48-50 Psychological experiments
on the effects of resolution are reported by Motoki and
associates,42 Pasman et al,51 Pichler and coworkers,52 and
Sheridan.12 Sheridan noticed that in simple manipulation
tasks, an increase in resolution improved the task per-
formance. However, there was a saturation effect in
which the performance leveled off with further increases
in resolution.
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Supporting aids for visual perception
Automatic lens-cleaning systems. Schurr and col-

leagues29 described a commercially available lens-clean-
ing system consisting of a tube into which the endoscope
can be inserted. The tube contains channels that irrigate
the lens with saline, similar to the irrigation system of a
human eye. Blood or vapor can thus be washed away eas-

ily. A number of surgeons who are cooperating with the
MISIT project mentioned that warming up the endoscope
to body temperature before putting it into the abdomen
can reduce vapor problems. Some surgeons mentioned
also that the problem can be reduced by using another
detergent in the endoscope cleaning procedure. No in-
formation about these solutions has been found in the lit-
erature.

Improved resolution, contrast, and illumination. The
quality of endoscopie systems has advanced strongly in
the past 10 years. The picture quality of modem rigid en-

doscopes is usually very good. The picture quality of flex-
ible endoscopes and stereo-endoscopes, however, is usu-

ally less good because of the use of glass fibers or a

double lens system within the same endoscope diameter.
A luggage inspection experiment conducted by Pasman
and associates51 showed that the negative effects of a low
resolution on the subject's depth perception can be
strongly reduced by using a moving camera that enables
the subject to look around the object. Similar results are

reported by Smets and Overbeeke.53 This pleads for en-
doscopie systems that enable the surgeon to observe the
anatomic structure from different sides.

Specific effects on depth perception
One of the largest problems in the determination of

spatial information concerns the perception of distances
and movements perpendicular to the image on the retina.
A human can use three depth information sources to de-
termine such distances and movements: pictorial infor-
mation, parallax, and visuomotor ewes.8-11
Pictorial information concerns the cues in the retinal

image that give information about distances and move-
ments perpendicular to that image. Examples of such cues

are "an object that overlaps another object is closer to the
observer" and "an object touches a surface when it
touches its shadow on the surface."11,12 The last cue is
very helpful for accurate spatial positioning tasks.
Parallax concerns the changes in the mutual positions

of objects in the retinal image when the viewpoint of the
eye changes. Two kinds of parallax can be distinguished:
stereovision and movement parallax. Stereovision con-

cerns the disparity between the two pictures seen by the
left eye and the right eye as a result of the distance be-
tween the two eyes. Objects with a different distance from

the observer are shifted with respect to each other in the
two pictures. The size of the shift gives information about
their spatial position. The disparity between the two reti-
nal images is reduced when the distance to the objects
increases, and at distances >9 m, the two images are al-
most equal. The retinal cortex is then no longer able to
detect a difference between them.11 Movement parallax
concerns shifts in the picture seen by one eye when the
observer moves his or her head. The head movement
causes the visible objects to shift with respect to each
other, and this shift gives information about their spatial
position. Motion parallax is a shift in the retinal image
not caused by the observer's head movement but by an

external influence; for example, the movement of a cam-
era when the observer watches a camera picture.
Visuomotor cues concern the movements of the eye-

balls and the eyelenses to focus on an object. Accommo-
dation is the adjustment of the eyelens to focus on an

object, and convergence is the horizontal and inward
rotation of the two eyes to point them to the object.
In normal life, a human can use all these depth infor-

mation sources to perform a spatial manipulation task. In
conventional laparoscopic surgery, however, many of
these sources are not available.

1. No shadows in the endoscopie camera picture. In all
standard endoscopes, the light source is located at the tip,
creating a ring of light around the lens. This is advanta-
geous for the brightness of the picture but disadvantageous
for the surgeon's depth perception, because the endoscopie
camera picture contains in principle no shadows.29

2. No stereovision or movementparallax. Conventional
endoscopes are monocular and controlled by a camera as-

sistant. The surgeon is thus not able to use stereo-
vision and movement parallax as depth information
sources. When the assistant moves the endoscope, motion
parallax is present to some extent, but the amount of in-
formation is limited, because the endoscope movements
are limited. The endoscope incision point acts like a spher-
ical joint that limits the degrees of freedom (DOFs) of the
endoscope from six to four (Fig. 1). This makes it im-
possible to observe the anatomic structure from different
sides while keeping the viewpoint in focus. Many la-
paroscopic surgeons experience this as a handicap.54

3. Misfits ofaccommodation and convergence. When
the surgeon looks at the monitor, the eyelenses focus on
the surface of the television screen, not on the visible ob-
jects behind the screen. This makes the information com-

ing from visuomotor cues useless for depth perception.

Especially the absence of shadows, stereovision, and
movement parallax makes it difficult for a surgeon to de-
termine spatial distances and movements accurately. The
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aw

FIG. 1. Four degrees of freedom of standard endoscope, aw
abdominal wall.

next section describes a number of aids that have been
found in the literature to support the surgeon in estimat-
ing depth.

Supporting aids for depth perception

Creating shadows in the endoscopie camera picture.
Research on pictorial information has been found in two
references.29'38 Schurr and associates29 described two
methods to introduce shadows to the endoscopie camera

picture. In the first method, shadows are introduced by
using illumination cannulas. These are trocars with light
bundles integrated into their shafts that can be used as
additional light sources. In the second method, the ring
of light around the lens of a standard endoscope is re-

placed by a half moon of light beside the lens that illu-
minates the scene from one side. Both aids are already
commercially available. Voorhorst38 developed a shadow
endoscope with two separate light bundles instead of one.
The ring of light is divided into two half rings with vari-
able intensity. An animal test showed that a variation in
the balance of intensity was hardly visible in the endo-
scopie camera picture. This was caused by the fact that
the distance between the light sources and the endoscope
lens was very small.

Stereo-endoscopes and shutter-glass systems. Stereo-
vision can be introduced by using a stereo-endoscope in-
stead of a standard monocular one. In the literature, many
applications of stereo-endoscopes have been found. De-
tailed information about their construction is given by
Frank and associates,55 Jones and colleagues,56 Melzer
and coworkers,20 and Zobel.57
The two images of a stereo-endoscope must be dis-

played such that the left eye sees only the picture from
the left lens and the right eye sees only the picture from

the right lens. Griffin58 and Motoki and associates42 give
a detailed overview of stereo television systems that can
be used for this purpose. A frequently used stereo tele-
vision system is the shutter-glass system, which displays
the two pictures from a stereo-endoscope alternately on

one monitor at a switching rate of 120 Hz. The observer
uses a special kind of eyewear that separates the two pic-
tures into one for each eye.

Shutter-glass systems can be subdivided in two groups:
active eyewear and passive eyewear systems.5&'59 In an
active eyewear system, the observer wears a pair of liq-
uid crystal shutter-glasses that are fixed in front of the
eyes. The two shutter-glasses are synchronized with the
monitor. They switch alternately from transparent to dark
at the switching rate of 120 Hz, so that each eye sees only
the matching picture. In a passive eyewear system, the
two small shutter-glasses are replaced by one large shut-
ter-glass that is fixed to the television screen. The shut-
ter-glass polarizes the two pictures on the screen into a

left-polarized picture for the left eye and a right-polar-
ized picture for the right eye. The observer wears a pair
of passive glasses with opposite polarization that allows
each eye to see only the matching picture. Shutter-glass
systems have been applied in robotic systems for eye
surgery60 and for telepresence surgery,61,62 in advanced
simulators for open surgery,63 and in many other appli-
cations.56'59-64'65

Comparisons between monocular and stereo-endo-
scopic systems. Monocular and stereo-endoscopic systems
are compared in a number of references, most concerning
pick-and-place, knotting, sewing, or threading experi-
ments in a pelvitrainer. The results are ambiguous. Some
experiments show significant improvements in execution
time, error rate, or accuracy with stereo-endoscopes over
conventional monocular systems,52,66-69 whereas other
experiments show no significant benefits.4'5'7

Hanna and colleagues6 performed a randomized study
to investigate the effect of Stereovision on the perfor-
mance of a laparoscopic surgeon in clinical practice. Four
specialist registrars performed 60 laparoscopic cholecys-
tectomies using either a conventional mono-endoscope or
a stereo-endoscope with shutter-glasses (30 operations by
each method). The operation time and the errors made
during the procedure were measured, as well as the sur-

geon's subjective response. There was no difference be-
tween the mono-endoscopic and stereo-endoscopic sys-
tems in median operation time or error rate. The scores
for visual strain, headache, and facial discomfort were

higher with the stereo-endoscopic system.
These studies show that with the current technology,

the advantages of stereo-endoscopes are questionable.
Disadvantages of shutter-glasses are that the eyewear is
annoying for the surgeon, there is poor lighting because
of the use of a stereo-endoscope and polarized glasses,
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and there are imperfections of the shutter-glass system,
resulting in flicker, interocular cross-talk, and conflicts be-
tween accommodation and convergence that can produce
eyestrain. A general disadvantage of using stereovision as

the only depth information source is that many human ob-
servers have problems in the perception of stereoscopic
depth.68 It is questionable whether stereo-vision is really
so important for the surgeon's depth perception.

Independent and head-coupled movement parallax
systems. In the literature, different movement parallax
systems have been found. They can be subdivided into
two groups: independent and head-coupled movement

parallax systems.
In an independent movement parallax system, the ob-

server's head movements are not measured. The image
is displayed on a special kind of screen that shows a 3D
image of the picture. Stereovision is automatically in-
cluded, and the system can be used by different observers
who all experience movement parallax. Detailed infor-
mation about independent movement parallax systems
has been found in a number of references.42,70-72 Inde-
pendent movement parallax systems are complex and ex-
pensive and are therefore hardly used in practice. One of
the very few commercially available systems is the var-
ifocal mirror display.70,71 This system presents an image
as a 3D dataset of points. The dataset is divided into a

set of 2D slices that are projected one by one on a mir-
ror. The mirror is mounted on a loudspeaker, which
moves forward/backward with a frequency of approxi-
mately 30 Hz. The projection of the slices is synchro-
nized with the mirror movement such that the slices ap-
pear to be floating in 3D space. The resulting image thus
appears to be three-dimensional.
In a head-coupled movement parallax system, the ob-

server's head movements are measured and transformed
into movements of a camera or a graphical image. This
is done such that the picture on the monitor moves op-
posite to the observer's head movement, thus giving the
observer the experience of looking through the monitor.
Stereovision is not automatically included. Only the ob-
server in control experiences movement parallax; others
experience motion parallax. Head-coupled movement

parallax systems are relatively simple and cheap and are
therefore used in many applications.

Head-coupled movement parallax systems without
stereovision. Dowler and Holland36 and Finlay and Orn-
stein37 developed a commercially available head-coupled
movement parallax system for laparoscopic surgery. The
system, called EndoSista, measures the surgeon's head
movements and transforms them into movements of an
active endoscope positioner that holds the endoscope.
The endoscopie camera picture is displayed on a moni-
tor. Stereovision is not present. A similar system was de-

veloped by Voorhorst.38 These systems enable the sur-

geon to position the endoscope directly without having
to release an instrument or to use a foot controller. Their
main disadvantage is that they do not compensate for the
endoscope's limited freedom of movement. Movement
parallax is realized only to some extent, because it is im-
possible to observe the anatomic structure from different
sides while keeping the viewpoint in focus.
This problem can be solved by replacing the standard

endoscope by a flexible endoscope38 or by a 90° endo-
scope that looks around a comer3,34 (Fig. 2). Advantages
of the 90° endoscope are that its construction is more

simple and that it can be used to improve the surgeon's
eye-hand coordination.3 Another advantage is that it of-
fers the ability to look around the abdomen by rotating
the endoscope around its shaft. Both endoscopes can be
controlled by an active endoscope positioner, which is
controlled by the surgeon's head movements.

Head-coupled movement parallax systems with stere-
ovision. An example of a system that combines head-cou-
pled movement parallax with stereovision is a Cave Au-
tomated Virtual Environment or briefly CAVE. A CAVE
is a room with walls and a floor on which a stereoscopic
animation is projected. The observers in the room wear

active shutter-glasses that separate the two stereoscopic
pictures into one for each eye. The head movements of
the observer in control are measured and transformed into
movements of the graphical image to simulate movement

parallax. This gives the observer the experience of being
within the displayed world. Only the observer in control
experiences movement parallax; the others experience
motion parallax. About 100 CAVEs have been built
worldwide, among them the CAVEs in Amsterdam and
at the University of Tokyo. A table model of a CAVE
was developed by Djajadiningrat.73 No medical applica-
tions of CAVEs have been found in the literature.

FIG. 2. Use of flexible endoscope (left) and 90° endoscope
(right) to observe anatomic structure from side such that view-
point remains centered in picture, vp = viewpoint.



238 BREEDVELD ET AL.

Another, more frequently used, system that combines
head-coupled movement parallax with stereovision, is a
head-mounted display (HMD).47'74"77 A HMD displays
the two pictures from a stereo-endoscope or a graphical
animation on two small liquid crystal displays (LCDs)
that are mounted in a helmet in front of the observer's
eyes. The observer's head movements are measured and
transformed into opposite movements of the pictures to
simulate movement parallax. Drawbacks of HMDs are

the computing time delays between the observer's head
movements and the movements of the pictures and con-

flicts between the simulated depth information sources,
which can result in eyestrain and dizziness.35'74'78 A dis-
advantage of displaying endoscopie camera pictures in
a HMD is that it provides an immersive environment
that gives the surgeon the experience of being within the
peritoneal cavity. This is unnatural to human beings, who
are onlookers by nature and interact with the environ-
ment in a nonimmersive external way. Furthermore, it
isolates the surgeon from the medical team and the pa-
tient.35'78

The isolation problem can be solved by not only show-
ing the surgeon the endoscopie camera picture but by pro-
jecting the picture on the patient so that the surgeon can
see them both. Bajura and colleagues47 developed an ad-
vanced HMD system that projects an ultrasound image
on the patient's abdomen. The image is recorded with a

3D scanner, filtered, and transformed into a 3D graphi-
cal image. The image is animated online as a stereo over-

lay in a see-through HMD with transparent LCDs. This
enables the observer to see both the animated organs and
the patient, having the experience of looking through the
patient. Movement parallax is simulated by measuring
the observer's head movements and transforming them
into opposite movements of the animated organs. This
enables the observer to inspect the organs from different
sides by moving the head.

Restoration of accommodation and convergence. Un-
like the research on parallax, not much research on vi-
suomotor cues has been found in the literature. Shutter-
glass systems and HMDs usually suffer from conflicts
between accommodation and convergence. In both cases,
the eyeballs are pointed at objects behind the television
screen. In a shutter-glass system, however, the eyelenses
usually focus on the surface of the television screen,
whereas the optics in an HMD are usually constructed
such that the eyelenses focus on infinity. Motoki and as-

sociates42 performed a psychological experiment with
shutter-glasses to investigate the effects of such misfits.
The results showed that amisfit between accommodation
and convergence causes eyestrain.

The only system that causes no conflicts between the
depth perception cues is the commercially available var-
ifocal mirror display described earlier in this section.70,71

Movement parallax, stereovision, accommodation, and
convergence are in harmony, and the observer has the ex-

perience of observing a real 3D object. The disadvantage
of the system is that it was developed for spatial anima-
tion: it cannot be used to visualize camera pictures.

DISCUSSION

The objective of this article was to give an overview
of factors impeding surgical observation and technical
developments to help overcome them. The impeding ef-
fects are largest for a resident surgeon who is not used
to the laparoscopic technique. The absence ofmany depth
information sources necessitates an intensive and time-
consuming training period in which the resident learns to

compensate for the absent sources by increasing sensi-
tivity to the sources that are still present. For example,
the resident learns to compensate for the absence of shad-
ows by replacing the pictorial cue "the instrument touches
the tissue when it touches its shadow on the tissue" by
the cue "the instrument touches the tissue when the tis-
sue starts to deform." Because of the intensive training
period and the large adaptability of the human percep-
tion system, relatively simple laparoscopic procedures
such as cholecystectomies and hernia repairs can be car-

ried out successfully despite the reduced depth informa-
tion. It is likely, however, that the development of use-
ful supporting aids can greatly reduce the training period
and extend the applicability of laparoscopic surgery tech-
niques to procedures that are as yet too difficult to carry
out in a minimally invasive way.

The article describes a large number of supporting aids,
such as passive and active endoscope positioners like the
AESOP and the EndoSista, shadow, half-moon, and
stereo-endoscopes, and movement parallax systems such
as a HMD. Some of these aids are commercially avail-
able, but not all of them have proven to have advantages
over a conventional equipment. Nearly all the research
on depth perception in laparoscopy is focused on stereo-
vision. Many authors have an incomplete background in
visual perception and do not seem to be aware of other
depth information sources, such as shadows and move-
ment parallax. Many references confuse stereovision with
3D vision and refer to stereo-endoscopes as 3D endo-
scopes. However, stereovision is only one of the many
depth information sources and probably not the most

important one. Experiments reported by several
groups51,73,79-81 have proven movement parallax to be a

very important depth information source. It is the authors'
belief that the addition of shadows and movement paral-
lax may have amuch larger impact on the surgeon's depth
perception than the use of a stereo-endoscope. However,
systems that realize shadows and movement parallax are
still in their infancy.
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The advantage of the half-moon endoscope29 and the
shadow endoscope38 is small, as the distance between the
light source and the endoscope lens is too short. The il-
lumination cannulas29 could not be evaluated because
they are not used in the hospitals that are cooperating
with the MISIT program. Movement parallax can in prin-
ciple be realized by means of an active endoscope posi-
tioner that is controlled by the surgeon's head move-

ments. The only commercially available head-controlled
endoscope positioner is the EndoSista.36,37 Although it is
controlled by head movements, this robot realizes move-
ment parallax only to a limited extent because it does not
compensate for the endoscope's limited freedom of
movement. This makes it impossible to observe the
anatomic structure from different sides while keeping the
viewpoint in focus.

Compared with a human camera assistant, the only real
advantage of current active endoscope positioners is that
they stabilize the picture. This can be very useful in time-
consuming operations, but a passive endoscope positioner
can also be used for this purpose, and these systems are

smaller, much cheaper, and simpler in construction. The
only real drawback of a passive endoscope positioner is
that the surgeon has to release an instrument to move the
endoscope into another position. It is arguable whether
this drawback is more important than the advantages and
whether the strongly technologically driven research on
active endoscope positioners is really as useful as it seems.
A more extensive background on visual perception, as

given by Gibson8 and Rock,10 can lead to a better un-
derstanding of surgical observation and to more useful
aids than stereo-endoscopes or current active endoscope
positioners. It is the authors' opinion that active endo-
scope positioners will become really useful only when
they can be used to realize movement parallax with a cen-

tered viewpoint in the camera picture. The development
of a smoothly working movement parallax system and
the addition of shadows to the endoscopie camera pic-
ture are considered by the authors to be two of the most

important topics for future research on observation in lap-
aroscopic surgery. The development of such aids is one
of the spearheads of the MISIT program.

REFERENCES

1. Stassen HG, Dankelman J, Grimbergen CA, Meijer DW.
Man-machine aspects of minimally invasive surgery. Proc
7th IFAC Symp Analysis, Design and Evaluation of
Man-Machine Systems. Kyoto, Japan, September 1998, pp
7-18.

2. Breedveld P. Observation, manipulation, and eye-hand co-

ordination problems in minimally invasive surgery. Proc
16th European Annu Conf Human Decision Making and
Manual Control. Kassel, Germany, 1997, pp 219-231.

3. Breedveld P, Lunteren T van, Stassen HG. Improvement

of depth perception and eye-hand coordination in laparo-
scopic surgery. Proc 7th IFAC Symp Analysis, Design and
Evaluation of Man-Machine Systems. Kyoto, Japan, Sep-
tember 1998, pp 509-514.

4. Chan ACW, Chung SCS, Yim APC, Lau JYW, et al. Com-
parison of two-dimensional vs three-dimensional camera
systems in laparoscopic surgery. Surg Endose 1997;11:
438^140.

5. Crosthwaite G, Chung T, Dunkley P, Shimi S, Cuschieri
A. Comparison of direct vision and electronic two- and
three-dimensional display systems on surgical task effi-
ciency in endoscopie surgery. Br J Surg 1995;82:849-851.

6. Hanna GB, Shimi SM, Cuschieri A. Randomised study of
influence of two-dimensional versus three-dimensional
imaging on performance of laparoscopic cholecystectomy.
Lancet 1998;351:248-251.

7. Pietrabissa A, Scarcello E, Carobbi A, Mosca F. Three-di-
mensional versus two-dimensional video system for the
trained endoscopie surgeon and the beginner. Endose Surg
1994;2:315-317.

8. Gibson JJ. The Ecological Approach to Visual Perception.
Boston: Houghton Mifflin, 1979, 332 pp.

9. Regan D, Beverley K, Cynader M. The visual perception
of motion in depth. Sei Am July 1979, pp 136-151.

10. Rock I. Perception. New York: Scientific American Li-
brary, 1995, 256 pp.

11. Cuschieri A. Visual display technology for endoscopie
surgery. Minim Invas Ther Allied Technol 1996;5:427-
434.

12. Sheridan TB. Human factors in telesurgery. In: Taylor RH,
Lavallée S, Burdea GC, Mösges R (eds): Computer Inte-
grated Surgery: Technology & Clinical Applications. Cam-
bridge, MA: MIT Press, 1996, pp 223-229.

13. Wade NJ. Frames of reference in vision. Minim Invas Ther
Allied Technol 1996;5:435^39.

14. Danis J. Theoretical basis for camera control in teleoper-
ating. Surg Endose 1996;10:804-808.

15. Champion JK, Hunter J, Trus T, Laycock W. Teaching ba-
sic video skills as an aid in laparoscopic suturing. Surg En-
dose 1996;10:23-25.

16. Mohrmann-Lendla H, Fleischer AG. The effect of a mov-

ing background on aimed hand movements. Ergonomics
1991;34:353-364.

17. Berci G, Sackier JM, Paz-Partlow M. New ideas and im-
proved instrumentation for laparoscopic cholecystectomy.
Surg Endose 1991;5:1-3.

18. Buess G, Cuschieri A. Training in endoscopie surgery. In:
Cuschieri A, Buess G, Périssat J (eds): Operative Manual
of Endoscopie Surgery. Berlin: Springer-Verlag, 1992, pp
64-82.

19. Cuschieri A. Minimal access surgery and the future of in-
terventional laparoscopy. Am J Surg 1991;161:404-407.

20. Melzer A, Buess G, Cuschieri A. Instruments for endo-
scopie surgery. In: Cuschieri A, Buess G, Périssat J (eds):
Operative Manual of Endoscopie Surgery. Berlin:
Springer-Verlag, 1992, pp 14-36.

21. Munro MG. Automated laparoscope positioner: Prelimi-
nary experience. J Am Assoc Gynecol Laparoscopists
1993;1:67-70.

22. Begin E, Gagner M, Hurteau R, Santis S de, Pomp A. A



240 BREEDVELD ET AL.

robotic camera for laparoscopic surgery: Conception and
experimental results. Surg Laparosc Endose 1995;5:6-11.

23. Docimo SG, Moore RG, Kavoussi LR. Telerobotic surgery
is clinical reality: Current experience with telementoring in
adults and children. Presence 1997;6(2): 173-178.

24. Sackier JM, Wang Y. Robotically assisted laparoscopic
surgery: From concept to development. Surg Endose 1994;
8:63-66.

25. Sackier JM, Wang Y. Robotically assisted laparoscopic
surgery: from concept to development. In: Taylor RH,
Lavallée S, Burdea GC, Mösges R (eds): Computer Inte-
grated Surgery: Technology & Clinical Applications. Cam-
bridge, MA: MIT Press, 1996, pp 577-580.

26. Wang Y, Laby KP. Automated Endoscope System Opti-
mal Positioning. US Patent Number 5,657,429. Issued Au-
gust 12, 1997, 24 pp.

27. Taylor RH, Funda J, Eldridge B, Gomory S, et al. A tele-
robotic assistant for laparoscopic surgery. IEEE Eng Med
Biol, May/June 1995, pp 279-288.

28. Taylor RH, Funda J, Eldridge B, LaRose D, et al. A tele-
robotic assistant for laparoscopic surgery. In: Taylor RH,
Lavallée S, Burdea GC, Mösges R (eds): Computer Inte-
grated Surgery: Technology & Clinical Applications. Cam-
bridge, MA: MIT Press, 1996, pp 581-592.

29. Schurr MO, Buess G, Kunert W, Flemming E, et al. Hu-
man sense of vision: A guide to future endoscopie imag-
ing systems. Minim Invas Ther Allied Technol 1996;5:
410-418.

30. Schurr MO, Kunert W, Neck J, Voges U, Buess G. Tele-
matics and telemanipulation in surgery. Minim Invas Ther
Allied Technol 1998;7:97-103.

31. Jacobs LK, Shayani V, Sackier JM. Determination of the
learning curve of the AESOP robot. Surg Endose
1997;11:54-55.

32. Kavoussi LR, Moore RG, Adams JB, Partin AW. Com-
parison of robotic versus human laparoscopic camera con-

trol. J Urol 1995;154:2134-2136.
33. Allaf ME, Jackman SV, Schulam PG, Cadeddu JA, et al.

Laparoscopic visual field: Voice vs foot pedal interfaces
for control of the AESOP robot. Surg Endose 1998;12:
1415-1418.

34. Breedveld P, Lunteren T van, Stassen HG, Meijer DW.
Compensation of misorientations to improve the eye-hand
coordination of the laparoscopic surgeon [abstract]. Minim
Invas Ther Allied Technol 1998;7(suppl 1):10.

35. Cuschieri A. Whither minimal access surgery: Tribulations
and expectations. Am J Surg 1995;169:9-19.

36. Dowler NJ, Holland SRJ. The evolutionary design of an
endoscopie manipulator. IEEE Robot Automation Decem-
ber 1996, pp 38-45.

37. Finlay PA, Ornstein MH. Controlling the movement of a
surgical laparoscope. IEEE Eng Med Biol May/June 1995,
pp 289-291.

38. Voorhorst FA. Affording Action: Implementing Percep-
tion-Action Coupling for Endoscopy [PhD thesis: ISBN 90-
9011715-6]. Delft University of Technology, Faculty of
Design, Engineering and Production. Delft, the Nether-
lands, 1998, 204 pp.

39. Hoenig DM, Shalhav AL, Arcangeli CG, Ostrander DD, et
al. Under-table mounting for AESOP robot for laparoscopic

flank surgery. Minim Invas Ther Allied Technol 1997;6:
460-462.

40. Gumb L, Schaf A, Trapp R, Buess G, Schurr M. Device
for Guiding Surgical Instruments for Endoscopie Surgery.
International Patent, Anmelder: Forschungszentrum Karls-
ruhe GMBH Germany, Int Veröffentlichungsnummer: WO
96/28107, Int Veröffentlichungsdatum: issued September
19, 1996, 17 pp.

4L Cuschieri A. General principles of laparoscopic surgery. In:
Cuschieri A, Buess G, Périssat J (eds): Operative Manual
of Endoscopie Surgery. Berlin: Springer-Verlag, 1992, pp
169-179.

42. Motoki T, Isono H, Yuyama I. Present status of three-di-
mensional television research. Proc IEEE 1995;83:1009-
1021.

43. Pellegrini CA, Sinanan MN. Training, proctoring, creden-
tialing in endoscopie surgery. Minim Invas Ther Allied
Technol 1997;6:26-30.

44. Schippers E, Schumpelick V. Requirements and possibili-
ties of computer-assisted endoscopie surgery. In: Taylor
RH, Lavallée, S, Burdea GC, Mösges R (eds): Computer
Integrated Surgery: Technology & Clinical Applications.
Cambridge, MA: MIT Press, 1996, pp 561-565.

45. Satava RM, Robb RA. Virtual endoscopy: Application of
3D visualization to medical diagnosis. Presence 1997;6(2):
179-197.

46. Greguss P. Humanoid machine vision system for space re-
search and robotics. Proc 8th IEEE Int Conf Adv Robotics
(ICAR '97). Monterey, CA, July 1997, pp 833-838.

47. Bajura M, Fuchs H, Ohbuchi R. Merging virtual objects
with the real world: Seeing ultrasound imagery within the
patient. In: Taylor RH, Lavallée S, Burdea GC, Mösges R
(eds): Computer Integrated Surgery: Technology & Clini-
cal Applications. Cambridge, MA: MIT Press, 1996, pp
245-254.

48. Berci G, Wren SM, Stain SC, Peters J, Paz-Partlow M. In-
dividual assessment of visual perception by surgeons ob-
serving the same laparoscopic organs with various imag-
ing systems. Surg Endose 1995;9:967-973.

49. Lange T. State of the art of video technique for endoscopie
surgery. Endose Surg 1993;1:29-35.

50. Wolf H, Möller G, Liegel J. A comparison of the resolu-
tion provided by different imaging systems and display me-

dia in surgery. Endose Surg 1994;2:305-310.
51. Pasman W, Smets GJF, Stappers J. Effects of image qual-

ity, number of selectable viewpoints, and way to select the
viewpoint in X-ray luggage inspection. Presence 1997;6(3):
268-281.

52. Pichler C von, Radermacher K, Boeckmann W, Rau G,
Jakse G. Stereoscopic visualization in endoscopie surgery:
Problems, benefits, and potentials. Presence 1997;6(2):
198-217.

53. Smets GJF, Overbeeke CJ. Trade-off between resolution
and interactivity in spatial task performance. IEEE Comp
Graphics Appl, Sept. 1995, pp 46-51.

54. Treat MR. A surgeon's perspective on the difficulties of
laparoscopic surgery. In: Taylor RH, Lavallée S, Burdea
GC, Mösges R (eds): Computer Integrated Surgery: Tech-
nology & Clinical Applications. Cambridge, MA: MIT
Press, 1996, pp 559-560.



OBSERVATION IN LAPAROSCOPY 241

55. Frank TG, Hanna GB, Cuschieri A. Technological aspects
of minimal access surgery. Proc Instrum Mech Eng 1997;
211(H):129-144.

56. Jones ER, McLaurin AP, Mason LJ. A three-dimensional
imaging laparoscope. Proc SPIE (Stereoscopic Displays
and Applications II) 1991;1457:318-321.

57. Zobel J. Basics of three-dimensional endoscopie vision. En-
dose Surg 1993;1:36-39.

58. Griffin WP. Three-dimensional imaging in endoscopie
surgery. Biomed Instrum Techn May/June 1995, pp 183-
189.

59. Becker H, Melzer A, Schurr MO, Buess G. 3-D video tech-
niques in endoscopie surgery. Endoscopy 1992;25:40-46.

60. Hunter IW, Doukoglou TD, Lafontaine SR, et al. A tele-
operated microsurgical robot and associated virtual envi-
ronment for eye surgery. Presence 1993;2(4):265-280.

61. Green PS, Hill JW, Jensen JF, Shah AS. Telepresence
surgery. IEEE Eng Med Biol May/June 1995, pp 324-329.

62. Hill JW, Green PS, Jensen JF, Gorfu Y, Shah AS. Tele-
presence surgery demonstration system. Proc '94 IEEE Int
Conf Robotics Automation. San Diego, 1994;3:2302-2307.

63. Playter R, Raibert M. A virtual surgery simulator using ad-
vanced haptic feedback. Minim Invas Ther Allied Technol
1997;6:117-121.

64. Delp SL, Loan P, Basdogan C, Rosen JM. Surgical simu-
lation: An emerging technology for training in emergency
medicine. Presence 1997;6(2): 147-159.

65. McLaurin AP, Jones ER, Mason LJ. Three-dimensional en-
doscopy through alternating frame technology. Proc SPIE
(Stereoscopic Displays and Applications) 1990;1256:307-
311.

66. Bergen P van, Kunert W, Schurr MO, Buess G. Vergle-
ichsstudie endoskopischer 2-D und 3-D Sichtsysteme. Lan-
genbecks Arch Chir Suppl II (Kongreßbericht) 1996:634-
637.

67. Dion YM, Gaillard F. Visual integration of data and basic
motor skills under laparoscopy: Influence of 2-D and 3-D
video-camera systems. Surg Endose 1997;11:995-1000.

68. Pichler C von, Radermacher K, Rau G The state of 3-D
technology and evaluation. Minim Invas Ther Allied Tech-
nol 1996;5:419-426.

69. Rau G, Radermacher K, Thull B, Pichler C von. Aspects
of ergonomie system design applied to medical work sys-
tems. In: Taylor RH, Lavallée S, Burdea GC, Mösges R
(eds): Computer Integrated Surgery: Technology «& Clini-
cal Applications. MIT Press, 1996, pp 203-221.

70. Enderle G. Schwingspiegel-Display. Informatik Spektrum
1987;10(1):43^15.

71. Foley JD, Dam A van, Feiner SK, Hughes JF. Computer
Graphics: Principles and Practice. City: Addison-Wesley,
1990, 1199 pp.

72. Little GR, Gustafson SC, Nikolaou VE. Multiperspective
autostereoscopic display. Proc SPIE (Cockpit Displays)
1994;2219:388-394.

73. Djajadiningrat JP. Cubby: What You See is Where You
Act—Interlacing the Display and Manipulation Spaces
[PhD thesis, ISBN 90-9011724-5]. Delft University of
Technology, Faculty of Design, Engineering and Produc-
tion, Delft, The Netherlands, 1998, 240 pp.

74. Geis WP. Head-mounted video monitor for global visual
access in mini-invasive surgery: An initial report. Surg En-
dose 1996;10:768-770.

75. Geis WP, Kim HC, McAfee PC, Kang JG, Brennan EJ.
Synergistic benefits of combined technologies in complex
minimally invasive surgical procedures: Clinical experi-
ence and educational processes. Surg Endose 1996; 10:
1025-1028.

76. Rosen JM, Lasko-Harvill A, Satava R. Virtual reality and
surgery. In: Taylor RH, Lavallée S, Burdea GC, Mösges R
(eds): Computer Integrated Surgery: Technology & Clini-
cal Applications. Cambridge, MA: MIT Press, 1996, pp
231-243.

77. Satava RM. Virtual reality surgical simulator: The first
steps. Surg Endose 1993;7:203-205.

78. Cuschieri A. Shape of things to come: Expectations and re-

alism. Surg Endose 1994;8:83-85.
79. Smets GJF, Overbeeke CJ, Stratmann MH. Depth on a flat

screen. Percept Motor Skills 1987;64:1023-1034.
80. Stappers PJ. Scaling the Visual Consequences of Active

Head Movements: A Study of Active Perceivers and Spa-
tial Technology [PhD thesis; ISBN 90-9005605-X]. Delft
University of Technology, Faculty of Design, Engineering
and Production. Delft, The Netherlands, 1992, 248 pp.

81. Stassen HG, Smets JF. Telemanipulation and telepresence.
Control Eng Pract 1997;5(3):363-374.

Address reprint requests to:
Paul Breedveld, M.Sc, Ph.D.

Man-Machine Systems & Control Group
Faculty of Design, Engineering & Production

Delft University of Technology
Mekelweg 2

2628 CD, Delft, The Netherlands

E-mail: P.Breedveld@wbmt.tudelft.nl


