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Abstract: A space manipulator is a lightweight robotic arm mounted on a space station or a spacecraft. If 
the manipulator is manually controlled from a remote site (teleoperation), the pictures front caméras in the 
neighbourhood of the manipulator are the only aids the hurnan operator can use. Besides, manipulator 
dynamics and the possible présence of tirne delays in the control loop also complicate manual control. 
In space manipulator positioning tasks, the manipulator hand (the end-effector) has to be positioned 
accurately in front of a known (physical) target. Here, the human operator can only use the caméra picture 
from a caméra attached to the end-effector. In that picture, hardly any spatial eues are présent. Therefore, 
it is difiicult to assess the attitude of the end-effector relative to the target. This paper évaluâtes two 
graphical caméra overlays that visualise the actual end-effector attitude. The first overlay, the lndicator 
Display, shows the exact position and orientation of the end-effector with a set of smart two-dimensional 
display indicators. In the second overlay, the spatial Pyramid Display, spatial information is presented by 
means of the intersections of three spatial graphical objects. The results of man-machine experiments 
show that the positioning task can be performed remarkably fast with both displays. Also, it appears that at 
the end of the task, the 'Pyramid operator' is more aware of the actual manipulator environment than the 
'lndicator operator'. 
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1. INTRODUCTION 

1. 1 The manual control ofa space manipulator 

At Delft University of Technology (DUT), Department 
of Mechanical Engineering and Marine Technology, 
manual control of a space manipulator is an object of 
study (Bos, 1991). A space manipulator is a lightweight 
robotic arm mounted on a space station or a spacecraft. 
There, it perforais inspection and maintenance tasks, e.g. 
the repair of a damaged satellite. Figure 1 shows an 
example of such a manipulator: the new European Robot 
Arm ERA 1 (van Woerkom et al, 1994). The ERA is ten 
mètres long and has six Degrees-of-freedom (Dof s). At 
the end of the 20th century, it might become operational 
on the new global space station Alpha. 

Récurrent tasks of a space manipulator (e.g. the replace­
ment of Orbital Replaceable Units containing scientific 
experiments) may well be automated and performed 
under supervisory control. This does not seem plausible 
for tasks that are not well defined in advance (e.g. repair 

tasks). Here, the inventiveness of the human Operator is 
required more often. Then, teleoperation (Sheridan, 
1992) seems a suitable control method. With this method, 
the human Operator controls the manipulator by hand 

The European Robot Arm is developed at Fokker Space and Systems 
|B.V. in Leiden, The Netherlands. Figure 1 The European Robot Arm (ERA) 
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from a remote location (e.g. a space station's manned 
module or a grourvd station on earth). Astronauts do not 
have to go outside their spacecraft to control the 
manipulator; the manipulator movements are controlled 
with the help of the pictures from caméras installed in the 
neighbourhood of the manipulator. 

The mentioned teleoperation task is a hard job for the 
human operator. First, task exécution suffers from the 
manipulator dynamics: because of the lightly constructed 
limbs, the manipulator will be flexible. Besides, when the 
operator controls the manipulator on earth, time delays 
are introduced in the control loop. These delays are 
caused by the transmission of control signais from earth 
to space, and back again. Finally, the lack of spatial 
information in the camera pictures complicates manual 
control. This paper focuses on that specific problem: 
because of the loss of the third dimension, it can be 
difficult to detect whether the moving manipulator may 
soon collide with one of the objects in its environment. 
Also, it can be difficult to assess the orientation of the 
manipulator-hand (the end-effector) relative to an object 
that has to be grasped and displaced. 

A solution for the mentioned problem is available when 
position sensors are installed that measure the position of 
the manipulator relative to the objects in its environment. 
Then, the measured data can be presented in a graphical 
display shown on the man-machine interface console at 
the remote site. At DUT, new concepts for such displays 
are being developed. Current research is aimed at the 
development of a graphical display for an elementar/ 
subtask of a space manipulator: the positioning task. 

1.2 The space manipulator positioning task 

Before a space manipulator is able to grasp and displace 
an object, the end-effector must be positioned accurately 
in front of the object without damaging it. If this 
positioning task is performed in teleoperation, all end-
effector Dofs (three translations and three rotations) 
have to be controlled manually. When the distance 
between the end-effector and the object has decreased to 
less than a few centimetres, it is difficult to detect 
whether the end-effector and the object collide. 

Figure 2 shows an outline of the generalised positioning 
task currently investigated at DUT. In this task, the end-
effector has to be accurately positioned upon a generic 
object. Here, the human operator can only use the 
information in the picture from the camera attached to 
the end-effector. If the end-effector is approaching the 
object that has to be grasped, this picture contains three 
characteristic elements: the top-side of the end-effector, 
the target and the vision-target. The target marks the area 
in which the front side of the end-effector must be placed 
to be able to grasp the object safely. The vision target 
consists of three cylinders in one line (the cylinder in the 
middle is taller than the others). From the position and 
size of each cylinder in the camera picture, a computer 
calculâtes the acrual position and orientation of the target 
relative to the end-effector. These measures are used in 
the graphical display for the positioning task. 

Spaceball Control Device 

F i g u r e 2 The space manipulator positioning task 

In the investigated positioning task, the human operator 
controls the translatiotial and angular velocity of the end-
effector with a commercially available, force activated 
input device with six Dofs: the Spaceball®. If the 
operator grasps the Spaceball as if he grasps a car's gear 
lever, he might feel it as if he grasps the end-effector 
(yirtual grasping; see also (Buiël and Breedveld, 1995)). 

1.3 The graphical display for the positioning task 

In fact, a conventional graphical display that simply 
shows the actual values of the position and orientation 
misfits might well suffice for fulfïlling the task consid-
ered here. Then, to finish the task, the human operator 
only needs to drag six position and orientation indicators 
to zero one by one. However, the mentioned 'one-sensor-
one-indicator interface' (Goodstein, 1981) enlarges the 
distance between the operator and the system to be 
controlled figuratively. With the introduction of the 
display, the operator acts like an automatic controller in a 
sense. If the end-effector positioning task is considered 
as a subtask in a much more comprehensive task, it 
seems wiser to develop a display that assists the operator 
in mamtaining his spatial awareness of the manipulator 
environment. This spatial display can either be a spatial 
graphical camera overlay that visualises spatial cues that 
are missing in the end-effector camera picture, or a 
synthetic computer-generated image of the actual 
manipulator environment (an artificial camera picture). If 
it is well designed, the operator might feel it as if he is 
actually present in a three-dimensional environment 
(telepresence, (Sheridan, 1992)). 

Currently, the pros and cons of the usage of a spatial 
display for the end-effector positioning task are inves­
tigated at DUT. This paper presents the outcomes of a 
laboratory man-machine experiment with two graphical 
displays. The first one is a typical example of a non-
spatial, two-dimensional graphical camera overlay: the 
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Figure 3 The Indicator Display 
(® moving square, © lateral position misfit, © vertical 
position misfit, @ distance indicator, ® speed indicator, 

© example of a digital misfit meter) 

Indicator Display. The second display is a spatial display 
developed at DUT: the Pyramid Display. Detailed 
information about the work presented here can be found 
inBuièl(1995). 

2. TWO GRAPHICAL DISPLAYS FOR SPACE 
MANIPULATOR POSITIONING TASKS 

2.1 The Indicator Display 

Figure 3 shows the Indicator Display in the end-effector 
camera picture. For this display, display technology that 
is quite conventional in current Aerospace Engineering 
has been applied to visualise the actual position and 
orientation of the end-effector.2 Just like the artificial 
horizon in an aéroplane's primary flight display, a 
moving square near the middle of the Indicator Display 
(©: the 'horizon') represents the target's orientation 
relative to the end-effector. For the lateral and vertical 
position misfit resp., two moving pointers are displayed 
along the sides of the display (© and ®). A fixed pointer 
or moving scale altimeter visualises the distance between 
the end-effector and the plane the target is attached to 
(©). Next to that indicator, the end-effector velocity can 
be read from a second moving scale indicator (©). 
Finally, the exact value of each position- and rotation 
misfît can be read from digital meters (©). 

All moving elements in the various misfit indicators of 
the Indicator Display move 'inside-out' (Wickens, 1992). 
This means that, the movements of those elements in the 
camera overlay correspond to the movements of the 

The général design ideas for the Indicator Display came from the 
U.S. patented graphical display for remotely Controlling an assembly of 
two objects, as developed at Aérospatiale Société Nationale Indust, 
Paris, France (U.S. Patent Number 5.119.305, dated June 2,1992). 

target in the end-effector camera picture. Each moving 
element changes colour at the moment it moves into (or 
out of) the safe région for the indicated misfit. At the 
moment all elements are coloured green (the 'safe' 
colour), the middle cylinder of the vision target is exactly 
in the middle of the display. Then, the operator can 
reduce the remaining distance between the end-effector 
and the target cautiously, and finally he can place the 
end-effector upon the target. 

2.2 The Pyramid Display 

The Pyramid Display (Breedveld, 1994 and 1995) em-
phasises the spatial cues that were hardly perceivable in 
the original end-effector camera picture (see Figure 4). 
First, to improve the sensation of depth, rectangular grids 
are projected on objects in the manipulator environment 
(®). Second, three spatial graphical objects are intro-
duced to simplify the perception of the actual end-
effector attitude: the frosted glass (©), the insert-box (®) 
and the pyramid (©). To the operator, each of these 
objects seems to be present in the manipulator environ­
ment. The insert-box and the pyramid seem to be 
attached to the vision-target; the frosted glass seems to be 
attached to the end-effector, just like the sight of a gun. 
To finish the positioning task, the human operator has to 
move the frosted glass towards the insert-box and the 
pyramid. When the end-effector approaches the target 
closely, the frosted glass intersects the insert-box and the 
pyramid successively. Then, the end-effector position 
and orientation can be perceived from these intersections. 

Figure 5 shows the Pyramid Display at the moment the 
frosted glass intersects the pyramid. The size of this 
intersection is an accurate measure for the remaining 
distance between the end-effector and the target. The 
shape of the intersection visualises the orientation of the 
end-effector relative to the target. If a small orientation-
misfit is present, the shape will be an irregulär quadran-

Figure 4 The Pyramid Display (® rectangular grid, 
® frosted glass, © insert-box, ® pyramid) 
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F i g u r e 5 The frosted glass intersects the pyramid 
(© vertical gridline in the environment, © longitudinal 

gridline upon the insert-box; see 4.1) 

gle. When the intersection is almost square, orientation 
and position misfits are all within the desired accuracy. 
Then, the pyramid changes colour and the operator can 
place the end-effector upon the target. 

2.3 Discussion 

Without doubt, an operator using the Pyramid Display 
will be more aware of the three-dimensional environment 
the space manipulator is moving in than an operator 
using the Indicator Display. According to Gibson (1979), 
the optie flow patterns in the retinal picture of the human 
eye form an essential cue for spatial perception in daily 
life. To 'obtain a spatial impression of the space mani­
pulator environment, the operator sfaould utilise the flow 
patterns in the end-effector camera picture (i.e. the 
movements of the target and the other objects visible in 
that picture) in a similar way. This is more difficult for 
the operator using the Indicator Display, than for the 
operator using the Pyramid Display. In the display men­
tioned last, the présence of textured spatial objects results 
in a clearer motion perspective. Consider the insert-box 
to explain this. This box is much longer and bigger than 
the vision-target. Also, rectangular grids are projected on 
its sides. Because of this, it is easier to estimate changes 
in the attitude and position of the insert-box, than to do 
this for the vision-target. In this way, the insert-box acts 
more or less like an enhanced vision-target. 

Despite the increased spatial awareness of the operator, 
the usefulness of the Pyramid Display for the end-
effector positioning task is not known beforehand. To 
finish the task with this display, an operator can rely on 
spatial information only. No additional exact information 
about the actual end-effector velocity or the translation 
and rotation misfits in spécifie directions is provided; the 
'Pyramid operator' is forced to estimate these quantifies 
from the end-effector camera picture. Here, the 'Indi­
cator operator' is in favour. This operator can always use 

the exact information in the Indicator Display. All the 
time, he can find the current velocity of the end-effector, 
and see which misfits are too large. 

However, the question is whether the Pyramid operator 
really needs additional exact information like that 
provided by the Indicator Display. By nature, humans are 
very well capable to perceive spatial information from 
the outside world. The Pyramid Display capitalises on 
thèse capabilities. Here, the intersections of the frosted 
glass with the insert-box and the pyramid resp. may well 
provide sufficient information to be able to estimate the 
actual position and rotation misfits enough accurately. 
Also, the actual end-effector velocity may well be 
estimated from the optic flow in the caméra picture. To 
verify this, in a laboratory experiment, the task perfor­
mance with the Indicator Display has been compared to 
the task performance with the Pyramid Display. 

3. A LABORATORY EXPERIMENT WITH 
THE TWO GRAPHICAL DISPLAYS 

To measure the task performance with both displays, the 
members of two groups of six subjects have ail been 
trained for a simulated space manipulator positioning 
task. The first group has been trained to perform this task 
with the Indicator Display; the second group has been 
trained to do this with the Pyramid Display. All subjects 
were students in Mechanical Engineering, without any 
expérience in tasks like the simulated positioning task. 

3.1 The simulation facility 

Figure 6 shows the Simulator that was used in the 
experiment. In this simulator, the movements of the 
European Robot Arm ERA (see the introduction to this 
paper) are simulated by means of a Silicon Graphics 
graphical workstation (©). This computer animâtes a 
simplified end-effector caméra picture in real time (©); 
Figure 3 through Figure 5 show examples of that 
picture). At the start of the simulated positioning task, the 
end-effector is at one mètre distance from the target. To 
finish the task correctly, the subject has to position the 
front side of the end-effector straight in front of this 
target, without coming into collision with the target 
itself. Here, position-misfrts have to be reduced to less 
than 3.0 millimètres; orientation-misfits have to be 
reduced to less than 1.5°. The end-effector movements 
are controlled with a Spaceball (®). 

F i g u r e 6 The simulation facility 
(© graphical workstation, © end-effector camera 

picture, CD Spaceball control device) 
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In the experiment discussed here, a simple mathematical 
model was used for the computation of the ERA 
movements. The model describes the ERA end-effector 
as an object with six Dof s, of which the movements are 
constrained by the upper limits for its translational and 
angular velocities only (0.1 m/s and 10°/s resp.). The 
end-effector movements are not hindered by the mani­
pulator dynamics. In this way, the outcomes of the 
experiments do not only demonstrate the usefulness of 
both display concepts for ERA; they are also valid for 
other situations in which an object has to be positioned 
accurately in front of another object in teleoperation (e.g. 
in dredge technology (Jonkhof, 1995), or in laparoscopic 
surgery). Of course, for the ERA case, after this 
experiment more experiments will be needed to 
determine the influence of the slow ERA dynamics on 
operator performance with both displays. 

3.2 The task training 

At the start of the training for the simulated positioning 
task, each subject read the fundamentals of one of the 
displays in a manual first. After that, a large number of 
task runs had to be performed with the help of that 
display (at least 25 runs). Here, the subject was asked to 
search for a control strategy that results in fast task 
execution, but that guarantees safe task execution above 
all. Here, 'safe' means that no collisions between the 
end-effector and the object to be grasped were allowed to 
take place, except for the final intended contact between 
end-effector and target at the moment the end-effector is 
correctly positioned. The task had to be practised until 
the subject was able to perform it with sufficient and 
almost constant performance. This performance level had 
been attained at the moment the subject was able to 
perform eight successive task runs without any hazardous 
collisions between the end-effector and the target taking 
place. Also, the standard deviation of the completion 
times of these eight task runs had to be less than 3.5 
seconds. To prevent the subject from becoming tired, a 
break was taken after each cluster of 25 practice runs. 

3.3 Measurements 

The task performance finally attained by every subject 
has been measured in a concluding experiment. In this 
experiment, each subject was asked to perform 24 task 
runs with the graphical display he or she had been trained 
for. Task demands were exactly the same as those in the 
training sessions. 

After the experiment, the first part of a questionnaire was 
handed out. In this part, the subject was asked to express 
his or her opinion about the graphical display he or she 
had been trained for. Other questions dealt with the 
subject's control strategy for the end-effector positioning 
task and the mental load the subject experienced while 

erforming the task. At last, the subject was confronted 
with the display he had not been trained for. After he had 
erformed a large number of test runs with that display, 
he second part of the questionnaire was handed out. In 
his part, the subject was asked to draw a comparison 
etween both display concepts. 

4. THE RESULTS OF THE EXPERIMENT 
4.1 Control strategies 

The control strategies with both graphical displays are 
visualised in Figure 7 and Figure 8 resp. Both Figures 
show two high-low graphs; one for the rotation misfits 
and one for the lateral and vertical translation misfits. 
Each graph shows the number of runs in a single 
experiment in which the considered misfits are within the 
requested accuracy at the moment the end-effector is at a 
specific distance from the target. In each graph, eight 
values of the distance between end-effector and target are 
considered. The horizontal dash in each of the eight high-
low bars indicates the mean value for the mentioned 
number of runs (i.e. the mean of the six experiments); the 
top and bottom of each bar show the extreme values that 
were found for this number. 

Control strategy for the Indicator Display 
Generally, task execution with the Indicator Display can 
be split up in four stages. In the first stage, the subjects 
moved the end-effector towards the target at maximum 
speed. While the end-effector moved towards the target, 
the end-effector orientation was corrected gradually. At 
the moment the end-effector had approached the target 
up to about 40 to 60 cm, the subjects corrected the 
remaining orientation misfits with the help of the moving 
square in the middle of the display (2nd stage). After the 
rotation misfits had been reduced to acceptable values, 
the lateral and vertical position misfits were controlled 
with the help of the two moving pointers displayed along 
the sides of the display (3rd stage). Figure 7 confirms that 
the lateral and vertical position misfits were controlled 
after the rotation misfits had been corrected: when the 
distance between the end-effector and the target is in 
between 40 and 10 cm, the mean number of runs with 
'accurate' rotation misfits is always (much) larger than 
the mean number of runs with 'accurate' lateral and 
vertical position misfits. When the rotation misfits and 
the lateral and vertical position misfits were small 
enough (distance < 5 cm in Figure 7), the end-effector 
was placed upon the target (4th stage). 

Most subjects said that they had found some problems 
with the arrangement of the indicators in the Indicator 
Display in the last task stage. Here, a large number of 
indicators have to be checked sequentially. Of course, the 
subject has to take care that each misfit indicator 
indicates a value that is within the desired accuracy 
margin for that misfit. Also, the distance indicator has to 
be checked from time to time. Almost all subjects 
mentioned that it is almost impossible to read out these 
indicators at a single glance. Here, especially the distance 
indicator caused problems. If their eyes focused on the 
centre of the large circle in the middle of the display, 
subjects were just able to read out the orientation 
indicator and the lateral and vertical translation misfit 
indicators. The distance indicator was not clearly visible 
if the eyes focused on the middle of the display. Since 
that indicator is placed on the very left side of the 
display, the subject's eyes had to turn to the left to be 
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Rotation Accuracies for 8 distances between the 
end-effector and the target (Indicator Display) 
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a) Control of rotation misfits 

Translation Accuracies for 8 distances between the 
end-effector and the target (Indicator Display) 
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b) Control of translation misfits 

Figure 7 Indicator Display control strategy 

able to read out the remaining distance between the end-
effector and the target. 

The above problem clearly shows that subjects really 
needed the distance indicator in the final stage of the 
positioning task performed with the Indicator Display; in 
this task stage, they were not able to assess the remaining 
distance between the end-effector and the target from the 
actual end-effector camera picture only. This indicates 
that with the Indicator Display, subjects are not enough 
aware of the spatial properties of the environment of the 
end-effector at the end of the positioning task. Because 
of this, most subjects assessed the probability of a 
collision with the Indicator Display to be larger than the 
probability of a collision with the Pyramid Display. 

Control strategy for the Pyramid Display 
The subjects that were trained with the Pyramid Display 
also guided the end-effector towards the target at 
maximum speed first. At the same time, they roughly 
corrected the alignment of the insert-box with the frosted 
glass. At the moment the frosted glass was about to 
intersect the insert-box for the first time (distance =10 
cm in Figure 8), the subjects considered the remaining 
position and orientation misfits. Here, two distinct 
stratégies were found. Three subjects applied the 
'pyramid strategy'. They moved the frosted-glass slowly 
towards the pyramid (distance = 1.5 cm in Figure 8), and 
corrected the remaining position and orientation misfits 

Rotation Accuracies for 8 distances between the 
end-effector and the target (Pyramid Display) 
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Translation Accuracies for 8 distances between the 
end-effector and the target (Pyramid Display) 
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b) Control of translation misfits 

F i g u r e 8 Pyramid Display control strategy 
(insert-box height =10 cm; pyramid height =1.5 cm) 

with the help of the intersection between the frosted glass 
and the pyramid. The orner subjects applied the 'insert-
box strategy'. They corrected the remaining misfits by 
looking consciously at the rectangular grids projected 
upon the insert-box and the environment of the target. 
Consider Figure 5 to explain this. Because the inter­
section of frosted glass and pyramid is not square, the 
end-effector is not perfectly aligned with the target in this 
figure. This can also be concluded from the fact that the 
vertical grid line marked © (a part of the rectangular grid 
projected on the target object) is not in one line with the 
longitudinal grid line marked© (a part of the rectangular 
grid projected on the insert-box). At the moment the end-
effector is perfectly aligned with the target, both gridlines 
will be in one line. 

The observation of two distinct control stratégies for the 
Pyramid Display influenced the length of the high-low 
bars in Figure 8 (especially the bars in Figure 8a). At the 
moment the frosted glass has not intersected the pyramid 
yet (distance > 1.5 cm), the mean number of runs with 
'accurate' misfits is (much) larger for the 'insert-box 
subjects' than for the 'pyramid subjects'. 

4.2 Task performance and mental load 

Task performance has been analysed by means of two 
performance measures: the number of collisions occur-
ring in a single experiment and the mean completion time 
of the 24 task runs in a single experiment. At the end of 
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îhis analysis, the attained level o f task performance has 

been related to the mental load the subjects experienced 

while performing the positioning task. In this way, the 

suitability o f both displays for the end-effector position­

ing task was investigated. 

N u m b e r o f collisions 

The number o f collisions occurring in the twelve 

concluding experiments was very small. In a i l Pyramid 

Display experiments, only three collisions occurred (each 

one was caused by a différent subject). In the experi­

ments w i t h the Indicator Display, four collisions 

occurred (two o f thèse collisions were caused by a single 

subject; two other subjects caused one coll ision only). 

Task completion time 

Figure 9 shows 9 5 % confidence intervais for the mean 

completion time o f the 24 task runs performed b y each 

subject (each set o f 24 completion times is assumed to be 

a sample from a normal distribution). Relatively large 

performance différences are présent between the subjects 

trained for the Pyramid Display. In (Buiël, 1995) it is 

shown that thèse différences may w e l l be explained from 

the Operator's capability to perceive the spatial 

information i n the Pyramid Display. For the Indicator 

Display, the performance différences between the six 

subjects are small . Apparently, the control strategy for 

this display caused almost equal problems to ai l subjects. 

F r o m Figure 9, it can already be concluded that with both 

graphical displays the positioning task can be performed 

quite fast. The grand mean run completion time for a i l 

subjects trained for the Pyramid Display is 23.9 sec ; for 

the subjects trained for the Indicator Display this is 24.7 

sec. (the m i n i m a l time necessary to complete a task run 

was 10 sec; this value can be computed from the upper 

limits for the translational and angular end-effector 

velocities). A two-sample student's t-test with d f = 10 

indicares that this différence is far from significant on the 

5 % significance level ( t I 0 = 0.38, two-tailed p = 0.71). 

T a b l e 1 
Mental load experienced by the 12 subjects 

95% confidence intervais for the mean run completion time 
of the 12 subjects [s] 

Pyramid Display Indicator Display 

P strategy Ib strategy 

9S% confidence infervaf fortjw mean run comple\ 
15 

ion tin» [s] 

P1 P2 P3 P4 P5 P6 11 

Subject 

F i g u r e 9 9 5 % Confidence intervais for the mean run 

completion time o f the 12 subjects 

Display Menta l load 

(Large values indícate large mental load) 

1 2 3 4 5 6 7 
Pyramid Display 1 3 2 

Indicator Display 3 1 1 1 

The table shows the number of subjects that experienced a specific 
level of mental load. Level 1 indicates that the positioning task is 
not mentally fatiguing; level 7 indicates that the task is mentally 
very fatiguing. 

Therefore, it has been concluded that a possible perform­

ance différence between both displays is so small , that it 

is not worth mentioning. W i t h the Indicator Display, as 

w e l l as with the Pyramid Display, the end-effector posi­

tioning task can be performed very fast. 

Mental load 

Irnmediately after the experiment, each subject was 

queried for the mental load that he had experienced while 

performing the positioning task. The mental load was 

assessed by means o f a discrète rating scale w i t h seven 

levéis at equal distances. Table 1 shows the mental load 

ratings of the twelve subjects. A g a i n , no substantial 

différences are found between both graphical displays. In 

both groups, four subjects selected an option that 

indicates a low level o f mental load (i.e. options 1, 2. and 

3); the mental load experienced by the others was larger 

(options 4 or 5). 

I f the outcomes o f the analysis o f task performance and 

mental load are combined, it can be concluded that both 

graphical displays are suitable for the end-effector 

positioning task. W i t h both displays, the task can be 

performed quickly and with smal l mental effort. 

4.3 Subject opinions 

After the training with the second display, each subject 

was asked to choose his favourite graphical display. 

Final ly , eight subjects preferred the Pyramid Display, 

and three subjects preferred the Indicator Display. One 

subject l iked the Pyramid Display just as m u c h as the 

Indicator Display. The opinions o f the subjects hâve been 

influenced by the order in which both displays were 

presented to them. Five o f the six subjects that were first 

trained with the Pyramid Display preferred that same 

display i n the end. The six subjects that were first trained 

with the Indicator Display were more divided about the 

choice o f the best display. 

M o s t subjects d id not expérience large difficulties with 

both graphical displays. This is illustrated i n Table 2. 

This table shows the means and standard déviations resp. 

of the marks that each subject has assigned to both 

displays. In the same way as a Dutch school teacher 

judges his pupils, each mark had to be a whole number 

between 1 and 10. A number between 1 and 5 indicates 

that the display is unsatisfactory; other values indicate 

that it is satisfactory ( i f a display is marked with a 10, it 

is perfect). The table shows that both displays are marked 
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T a b l e 2 

The assessment of both displays by the 12 subjects 

Graphical display Training order Grand 

PD/ID ID/PD mean 

Pyramid Display 8.3 
(sd 0.5) 

7.7 
(sd 0.7) 

8.0 
(sd 0.7) 

Indicator Display 6.5 
(sd 1.5) 

7.5 
(sd 0.5) 

7.0 
(sd 1.2) 

The table shows the mean and standard déviation resp. of the 
marks that each subject has assigned to both displays. Each mark 
had to be a whole number between 1 and 10. A large value 
indicates that the display was highly appreciated. 

as satisfactory. The appréciation for the Pyramid Display 
is a little larger than the appréciation for the Indicator 
Display. Again, the final assessments of the displays 
have been influenced by the order in which both displays 
were presented to the subjects. 

In gênerai, the subjects who preferred the Pyramid 
Display liked the amount of spatial information in this 
display. They said that with the help of these spatial eues, 
the actual attitude of the end-effector and the actual 
distance between end-effector and target can roughly be 
estimated in short time. With the Indicator Display, this 
takes more time, because here, especially at the moment 
the end-effector is very close to the target, hardly any 
useful spatial cues are present in the end-effector camera 
picture. Next to this benefit, those who preferred the 
Pyramid Display also mentioned that they found the 
Indicator Display much more crowded than the Pyramid 
Display. One of them said: "The Pyramid Display is 
simple, but it is also compréhensible; the Indicator 
Display is full of different indicators and numbers." 

The subjects who preferred the Indicator Display liked 
the amount of exact information in this display. They 
said that with the Pyramid Display, it takes some time to 
find those misfits that are not within the desired accuracy 
margins at the very end of the positioning task. This is no 
problem in the Indicator Display, because each misfit 
value is displayed separately in that display. 

5. CONCLUSIONS 
The outeomes of the experiment show that with the 
spatial Pyramid Display, as well as with the two-
dimensional Indicator Display, a non-flexible tele-
manipulator can be positioned accurately in very short 
time, and with small mental effort. With the experiment, 
the pros and cons of the usage of a spatial display in 
teleoperation tasks have become more clear. With the 
Pyramid Display, the human operator should be able to 
perceive spatial information in the same way as he does 
in daily life. Indeed, most of the subjects that participated 
in this experiment liked the amount of spatial 
information in the Pyramid Display. Different stratégies 
were applied to utilise this information. The experiment 
also shows that to some extent, the task performance 
with this display dépends on the operator's capability to 
perceive that information. This was indicated by the 

relatively large performance differences found among the 
subjects that were first trained with the Pyramid Display. 

The experiment also demonstrates the usefulness and 
vulnerability of conventional display technology for 
teleoperation tasks. The major benefit of the Indicator 
Display is that the human operator can always exactly see 
what is wrong (i.e. which position and rotation misfits 
are not within the desired accuracy margins). The display 
does not capitalise on the human's natural capabilities to 
perceive spatial information. Especially at the end of the 
positioning task, hardly any spatial cues are present in the 
end-effector camera picture. In the experiments, this 
resulted in a diminishing spatial awareness: the subject's 
eyes had to turn to the left of the display from time to 
time, to find the remaining distance between the end-
effector and the target. 

ACKNOWLEDGEMENTS 
This research is supported by the Dutch Technology 
Foundation STW (Utrecht, The Netherlands) and Fokker 
Space and Systems B.V. (Leiden, The Netherlands). 

REFERENCES 
Bos, J.F.T. (1991). Man-Machine Aspects of Remotely Controlled 

Space Manipulators. PhD Thesis. Delft UT, Dept. of Mechanical 
Engineering and Marine Technology, Delft. ISBN 90-370-0056-8. 
177 p. 

Breedveld, P. (1994). The Design of an Optimal Man-Machine 
Interface for a Manually Controlled Space Manipulator. Delft UT, 
Dept. of Mechanical Engineering and Marine Technology, Lab. for 
Measurement and Control, Internal report N469, Delft. 75 p. 

Breedveld, P. (1995). The Development of a Man-Machine Interface for 
Telemanipulator Positioning Tasks. Proc. 6th IFAC Symp. on 
Analysis, Design and Evaluation of Man-Machine Systems, 
Cambridge, Massachusetts. 6 p. 

Buiël, E.F.T. (1995). A Man Machine Experiment with two graphical 
displays for Space Manipulator Positioning Tasks. Delft UT, Dept. 
of Mechanical Engineering and Marine Technology, Lab. for 
Measurement and Control, Intemal report N485, Delft. 

BuiSl, E.F.T. and P. Breedveld (\995)A Laboratory Evaluation offour 
Control Methods for Space Manipulator Positioning Tasks. Proc. 
6th IFAC Symp. on Analysis, Design and Evaluation of Man-
Machine Systems, Cambridge, Massachusetts. 6 p. 

Goodstein, L.P. (1981). Discriminative display support for process 
supervisors. Human detection and diagnosis of system failures,a 
NATO symposium, Roskilde, Denmark (eds. J. Rasmussen and 
W.B. Rouse), Vol. 3, pp. 21-36. Plenum Press, New York. 

Gibson, J.J. (1979). The ecological approach to Visual perception. 
Houghton Mifflin, Boston. ISBN 0-395-27049-9. 

Jonkhof, M.N. (1995). Design of a graphical display with spatial 
information for the manual control of a dredge crane. Delft UT, 
Dept. of Mechanical Engineering and Marine Technology, Lab. for 
Measurement and Control, M.Sc. Thesis A687, Delft (in Dutch). 
82 p. 

Sheridan, T.B. (1992). Telerobotics, Automation, and Human 
Supervisory Control. The MIT Press, Cambridge, Massachusetts. 
ISBN 0-262-19316-7. 415 p. 

Wickens, CD. (1992). Engineering Psychology and Human 
Performance. 2nd Edition. HarperCollins Publishers, New York. 

Woerkom, P.Th.L.M. van, A. de Boer, M.H.M. Ellenbroek and J.J. 
Wijker (1994). Developing algorithms for efficiënt simulation of 
flexible space manipulator operationsA5th Congress of the Int. 
Astronautical Federation, Jerusalem. 13 p. 

S E S S I O N 7-2 p a g e 8 


