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Assessment of Teleoperator Performance 
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Abstract. A study was conducted to evaluate the difference in the performance of a human and a teleoperator. 
The teleoperator with an industrial robot as a slave system and a master system based on an optical position 
measuring system was developed. Fitts' Law was used to evaluate the human and the teleoperator response. 
Empirical data was collected while demanding from the tested participant to accomplish series of arm 
movements of a specific amplitude and accuracy at the highest possible rate. 
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Testiranje zmogljivosti teleoperatorja 

Povzetek. Izvedena je bila Studija obnaSanja Eloveka in tele- 
operatorja. Teleoperator z industrijskim robotom kot izvrSnim 
sistemom in nadzornim sistemom osnovanim na optiEnem mer- 
jenju pozicije, je bil zgrajen v Studijske namene. Fittsov zakon 
je bil uporabljen za doloEitev Elovekovih in teleoperatorjevih 
sposobnosti. Izvedeni sta bili dve vrsti meritev. V prvem 
primeru je bil izmerjen performanEni indeks sistema za nal- 
ogo, ki je zahtevala zadetek mirujoEe tarEe, v drugem primeru 
pa je bilo za izvedbo naloge potrebno sledenje in zadetek pre- 
tnikajoEe se tarEe. Parameter, ki doloca ~Einkovitost sistema, 
je Eas, ki je potreben za izvedbo giba od zaEetne toEke do tarEe. 

An investigation was performed allowing us to assess 
the difference in the performance of a human and the 
developed teleoperator. Fitts' Law, that is commonly 
used in human performance studies, was used to compute 
the system performance indices. An important issue was 
to investigate whether Fitts' Law can equally be used 
both in human and machine studies. 

An experiment represented by a task which was the 
same for both human and the teleoperator was performed 

. . 

enabling us to collect the empirical data. The experiment 
KljuEne besede: teleoperator, Fittsov zakon, mirujoCa tarEa, 
premiEna tarEa was based on series of arm movements of a specific 

amplitude and precision. The time required to complete 
the task determined the performance index. 

1 Introduction 

A teleoperator [3] is a machine that enables a human 
operator to move about, sense and mechanically manip- 
ulate objects at a distance. It usually has artificial sensors 
and effectors for manipulation andlor mobility, together 
with a means for the human to communicate with both. 
The supervisory part of the teleoperator [I]  is positioned 
in a clean and safe master environment. Based on the 
received information feedback from the slave system en- 
vironment, the human operator controls the teleoperator 
task accomplishment. The master system usually makes 
use of a sensor which detects human operator movements 
and transmits them to the slave system device. Joysticks 
or exoskeleton devices are often used as master system 
sensors. In our approach we developed a teleoperator 
with its master system based on an optical position sen- 
sor, enabling us to control the slave system robot without 
using any mechanical device or physical contact. In this 
way the human operator can to a larger extent concen- 
trate on the task he has to perform. 
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2 Description of the teleoperator 

The teleoperator [4] is based on the anthropomorphic 5 
DOFs robot manipulator ASEA IRb6 (Fig.1). The con- 
trol of the system is indirect, integrated and unilateral. 
The unilateral control renders impossible an accomplish- 
ment of a tactile feedback from the slave to the master 
system. The human operator receives only a direct vi- 
sual information feedback. Visual information is suffi- 
cient for the control of the teleoperator, however a tactile 
feedback would considerably improve the efficiency of 
the system. An important difference between performing 
the task manually and by the use of the teleoperator is the 
proprioceptive feedback used during the manual perfor- 
mance, which significantly shortens the task execution 
time. 

The teleoperator master system sensor is a position 
control device. The contactless optical position measur- 
ing system OPTOTRAK is a multiprocessor measuring 
system enabling motion perception and analysis in three 
dimensions with high accuracy. The basic configuration 
comprises a position sensor with three infrared cameras 
and an infrared marker. The human operator controls the 
teleoperator by moving the infrared marker in the mas- 
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Figure 1. The teleoperator system 

ter system work space. The position sensor measures the 
exact position of the marker. The velocity vector of the 
moving marker is computed from two .successive values 
of the measured positions and the sampling time. 

where g(i) is the marker velocity vector in the time in- 
terval t(i - 1: i) or the end manipulator velocity vector 
in the time interval t(i, i + I ) ,  ~ ( i )  is the marker position 
vector at time t(i), ~ ( i  - I) is the marker position vector 
at time t(i - I ) ,  and T, is the positional data sampling 
lime. 

The velocity control was applied to the teleoperator 
slave system. The robot inanipulator repeated the human 
movements in the task environment. A major limitation 
not allowing to reconstruct an identical robot movement 
path was the limited manipulator velocity. Therefore, 
fast human operator movements resulted in shorter tra- 
jectories of the robot manipulator. 

which the movements have to be terminated. An ad- 
ditional error plate was mounted around each terminal 
target plate. The error plate is wide enough to assess 
all error movements. The initial target is a square plate 
with a side length of 20 mm. 

ERROR 
PLATE 

3 Method Figure 2. Fitts' experiment 

PITTS' LAW Fitts' Law [5]  was used to evaluate the human's and 
A special experimental apparatus based on a system teleoperator's response. Fitts' Law is commonly used 

01' targets [5]  was developed to assess the teleoperator in human manipulation studies and describes human re- 
and human performance (Fig.2). The system comprises sponse in terms of speed accuracy trade-offs occurring 
of' four square plates of different sizes (widths:IO, 20, during the task performance. Fitts' Law was used to 
50 and 100 ~nni)  used as terminal targets. The widths of compute the task difficulty and the system performance 
the targct plates establish the range of tolerance within index. Fitts' index of difficulty ( I d )  quantitatively de- 
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scribes the task difficulty according to the movement 
amplitude and the range of tolerances. It defines the min- 
imal information required for one dimensional movement 
trajectory planning and control. It is determined with the 
terminal target plate size (W) and the distance between 
the initial and the ter~ninal target (A). Fitts' index of per- 
formance (I,) describes the information capacity of the 
human neuromotor system. Equations (2), where t is the 
average movement time, are valid for one dimensional 
translational visually supervised movements. 

The relation between the average movement time 
A,IT and the index of difficulty is defined by the fol- 
lowing equation: 

where a, and b are empirical constants. 

EXPERIMENT I: Fixed targets 
The four square terminal target plates of different 

sizes with f'our various distances between the initial and 
the terlllinal target (100, 300, 500 and 700 mm) en- 
abled the accomplishment of experiments with 16 dif- 
ferent Fitts' indices of difficulty. The electronic clock, 
used for the movement time measurement, was triggered 
when the initial target was hit. The clock was stopped 
when the terminal target plate or the error plate was 
contacted. When the error plate was hit, an error was 
recorded. The following instructions were read to each 
participant: "Complete the motion that consists in strik- 
ing the initial target with a stylus, moving the stylus to 
the terminal target with the highest possible speed and 
striking it with the maximum possible accuracy. Empha- 
sise accuracy rather than speed." 

First, the human perfornlance was assessed. Initially, 
experiments were executed with the largest terminal tar- 
get, and the distances between the targets increasing from 
the shortest to the longest. Three male participants were 
tested. All of them werc first given a possibility to learn 
the task. 111 all, sixty trials were made for each of the 16 
conditions. The results showed that there is no need for 
further experiments as the performance measured in all 
participants remained almost constant. This was nlainly 
due to the relatively simple task that the participants had 
to acconiplisl~. 

Next, the teleoperator performance was assessed. Ex- 
pcri~nental conditions werc identical. The human oper- 
ator's task was to guide the robot manipulator from the 
initial to thc ~erminal target using the sensor in the mas- 
ter. syste~n space while receiving only direct visual in- 
forniatioli feedback Srorn the slave system. Forty trials 
wcrc made for each of the 16 conditions. All trials were 
executed by the same person. 

EXPERIMENT 11: Moving targets 
Thc apparatus with the targets was placed on a con- 

veyor belt. The direction of the conveyor belt motion 

was defined so that the distance between the initial and 
the terminal target was decreasing linearly as a function 
of time. Two different conveyor belt velocities were 
used in the experiments. The four different terminal tar- 
get plate sizes (10, 20, 50 and 100 mm), with the four 
different distances between the initial and the terminal 
targets (100, 300, 500 and 700 mm), and the two con- 
veyor belt velocities (33 mmfs and 66 mmfs) enabled 
an accomplishment of experiment with 32  different task 
difficulties. 

First, human performance was assessed. Three sub- 
jects were tested at each of the 32 conditions. The 
following instructions were read to each subject tested: 
"When the conveyor belt is in a home position put the 
stylus into the initial point that is determined by the ini- 
tial target. As soon as the conveyor belt starts moving, 
bring the stylus as fast as you can to the terminal tar- 
get and strike it. Wait for the conveyor belt to return to 
home position and repeat the task. Emphasise accuracy 
rather than speed." The subject tested was about 0.5 me- 
ter distant from the conveyor belt. The first part of the 
experiment was executed with the lower conveyor belt 
velocity, while decreasing the terminal target plate size 
and increasing the motion amplitude. In all, sixty trials 
were made for each task condition. 

The second part of the experiment consisted of testing 
the teleoperator performance. Experimental conditions 
were identical. The human operator task was to guide the 
teleoperator from the initial to the terminal target while 
controlling its motion with the use of the int'sared marker 
in the master system space. Forty trials were made f'or 
each of the 32 conditions. All trials were executed by 
the same person. When the target or the error plate was 
hit, the slave system robot and the conveyor belt were 
automatically moved to the home position so that the 
task could be repeated. 

The time required to complete the motion was lnea- 
sured electronically. The clock was triggered when the 
conveyor belt was turned into operation. The clock was 
stopped when the terminal target or the error plate was 
hit. If the error plate was hit an error was recorded. The 
time was measured only during the conveyor belt mo- 
tion. If, after four seconds of the conveyor belt motion 
the terminal target was not hit, the conveyor belt stopped 
automatically and an error was recorded. 

A modification of Fitts' Law f'or the moving targets 
was used to evaluate the empirical results. Jagacinski 
[9] proposed an equation (4) for the movement time A4T 
prediction and an equation ( 5 )  Sol. the modified index of 
difficulty Id,,: 

where A is the initial motion amplitude at time t = 0 
expressed in degrees of visual angle, T/V is the tolerance 
region in degrees of visual angle, V is the target velocity 
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in degrees of visual angle per second and c, d and e arc 
empirical coefficients. 

4 Results and discussion 

RESULTS OF EXPERIMENT I 
r 

Fitts' index of difficulty increases both by increas- 
ing the distance between the targets and the accuracy 
required by the task. 

0.00 
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Figure 4. The performance index as a function of tlie index of 
difficulty 

causes that the movement termination points are not 
U i { evenly distributed over the entire tolerance region but 

0.0 2.0 4.0 6.0 8.0 are converging to the vicinity of the target centre point. 
I , ,  @iUre~ponse) The average value of the human's performance index is 
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Figure 3. The motion time as a function of the index of diffi- 
culty 

Figure 3 shows that the time required to complete 
the task is linearly increasing with the task index of dif- 
ficulty. The relation between the index of difficulty and 
the movement time is expressed by the following equa- 
tions: 

The time required for the teleoperator to complete 
the task is about 7 tirnes the time required for the human 
to accomplish the same task. The last colun~n in Ta- 
ble 1 shows the times required for the pre-programmed 
robot manipulator to execute a motion with a trajectory 
that is an approximation of a human guided teleoperator 
motion. The T ,  times amount from 45% to 75% of the 
M T  times. The speed of the teleoperator task execu- 
tion was greatly limited by the low execution velocity of 
the slave system. The human operator had to adapt the 
speed of the task execution to the velocity of the robot 
manipulator used. 

Figure 4 shows the relation between the performance 
index and the index of difficulty. According to the Fitts' 
Law the performance index, related to the information 
capacity of the motor system, should be constant over 
a wide range of difficulty indices. Figure 4 shows that 
the hulnan's indcx of performance slightly increases with 
the index of difficulty. It can be hypothesised that with 
smaller indexes of difficulty, the human operator gener- 
ates more information than required by the task. This 

about 14 bids. 
The teleoperator performance index is considerably 

more constant. Its value is about 2 bids. The teleopera- 
tor index of performance slightly decreases by increasing 
the terminal target plate size and is almost independent 
of the distance between the initial and the terminal tar- 
get. The impact of the terminal target plate size on the 
motion time is mainly related to the velocity of the slave 
system which is low enough to enable the human oper- 
ator an adequate visual supervisory feedback of the task 
execution. The human operator has enough time to com- 
plete the required task with high accuracy which causes 
the motion end points to converge to the vicinity of the 
target centre point. Therefore, the tolerance limits have 
only minor influence on the motion times which causes 
the performance index to decrease with the increasing 
terminal target size. 

The number of errors increases by increasing the in- 
dex of difficulty. The terminal target plate size has a 
greater influence on the occurrence of errors than the 
distance between the targets. The number of errors also 
depends on the velocity with which the tasks are exe- 
cuted. At higher motion velocities the number of errors 
increases. The experiments with the teleoperator showed 
that errors are mostly related to the visual form of the 
information feedback. Considering this infonnation, the 
human operator had to establish the velocity and the di- 
rection of the slave system robot motion and to complete 
the trajectory extrapolation for the next time interval. At 
the same time all motion corrections had to be made tak- 
ing into account the slave system dynamics, causing time 
delays between the master system command perception 
and the slave system command execution. 

RESULTS OF EXPERIMENT I1 
The results showed that the motion time linearly in- 

creases with the modified index of difficulty. 
Prediction of the human and teleoperator mo 
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Table I .  Tdsk conditions and performance data for the huma~l and the teleoperator, where 1/1/ is the width of the terminal target 
plate, A is the distance between the initial and the terminal target, Id is the index of difficulty, AdT is the movement time, E is 
the proportion of errors, I, is the index of performance, T, is the pre-programmed robot movement time 

800 T 3500 T 

I ,,,,, (empirical) I ,  (empirical) 

Figure 5. Thc Iiurnan motion time as a function of the modified Figure 6. The teleoperator motion time as a function of the 
index ol' dilficulty modified index of difficulty 

limes are determined by the following equations: only an empirical constant used to assess the impact of 
target motion velocity on the time required for the task 
accon~plishment: 

H u m a n  : 
V = 0 mm/s + A,fT = 48.01,: + 11 8.7 

V = 33 mm/s + AdT = 60.91d + 215.4 
(1 0 )  

V = 66 mm/s + M T  = 62.21d + 255.3 

Teleoperafor. : 
Ad?' = 37. [Id,, + 1253.5 Teleoperr~tor : 
AdT = 1253.5 + 37.1A + 127.8(V + 1 )  ($ - 1) V = 0 mm/s AdT = 321 .91d + 994.5 

(9 )  v = 33 mm/s + A ~ T  = 334.71d + 679.0 (1 I j  

Ecluations (10) and ( I  1) determine the motion time V = 66 mm/s =+ AdT = 339.71,[ + 357.8 
f'or the human opcrator iuld the [eleoperator as a function 
ol' Fitts' inclcx of' difficulty for different velocities of Equations (10) and ( 1  1) show that the time rcquired 
target motions. In this case Fitts' index of difficulty is for the teleoperator to accomplish the task is about 5 
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times the time required for the human to complete the 
same task. The human's motion time was increased by 
increasing the velocity of the terminal target motion, 
even though the distance between the initial and the ter- 
minal point of motion decreased with time. The time 
required for the teleoperator to complete the task was 
decreased by increasing the velocity of the terminal tar- 
get. The main reason is in a shorter effective distance 
between the initial and the terminal point because of the 
longer time needed to accomplish the task which caused 
the distance to decrease for about 30% to 50% of the ini- 
tial value. The number of errors increases by increasing 
the Fitts' index of difficulty. Most mistakes were made 
with the smallest terminal target. In the teleoperator's 
case the number of errors reached about 40% of all tri- 
als when experiments were performed with the smallest 
target and highest conveyor belt velocity. 

5 Conclusions 

Teleoperation presents the extension of human percep- 
tive and manipulation capabilities to a distant location. 
Therefore, it is important to assess the difference in per- 
formance of a human and a teleoperator while perform- 
ing an identical task. A criterion was proposed for the 
teleoperator performance assessment, that is commonly 
used in human performance studies. The proposed Fitts' 
task is only one of many possible performance tests and 
was chosen because of its simplicity and frequent use 
in human performance evaluation. The conclusions we 
have attained, are valid only for one dimensional trans- 
lational visually supervised movements. 

In the present investigation, the first experiment was 
performed with fixed targets. The results showed that 
the time required for the teleoperator to complete the 
task is about 7 times the time required for the human 
to accomplish the same task. The teleoperator index of 
performance if relatively constant over a range of indexes 
of difficulty from 1 to 7.1 bitlresponse. Its value is about 
2 bitls. The human's index of performance increases 
slightly with the task difficulty. Its average value is about 
14 bi t/s. 

The second experiment was performed with moving 
targets. The results showed that the time required for 
the teleoperator to accomplish the task is about 5 times 
the time required for the human to complete the same 
task. The time required to complete the task increases 
by increasing the motion amplitude and the required ac- 
curacy. 

The difference in performance is quite substantial. 
Even though the teleoperator was much slower than the 
human in performing an identical task, which was mainly 
due to the low performance of the robot manipulator, we 
showed that the proposed control by optical sensor is 
a possible solution for the teleoperator master system. 
This way of controlling the teleoperator does not in any 
way constrain the human operator petiorrnance while the 
precision of the operations remains at a high level which 
was proved by a low number of errors. Another possible 
benefit of the proposed control by the optical sensor is the 

possibility of teaching robots by human demonstration. 
Finally we showed that Fitts' Law can not be used 

only in human but also in machine performance stud- 
ies where different types of manlmachine interfaces and 
difi :s of slave systems can be compared. 
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