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Abstract. This paper investigates how one operator can control a multi-robot 
system for tactical reconnaissance using partly autonomous UGVs. Instead of 
controlling individual UGVs, the operator uses supervisory control to allocate 
partly autonomous UGVs into suitable groups and define areas for search. A 
state-of-the-art pursuit-evasion algorithm then performed the detailed control of 
available UGVs. The supervisory control was evaluated by allowing subjects to 
control either six or twelve UGVs for tactical reconnaissance along the route of 
advance for a convoy traveling through an urban environment with mobile 
threats. The results show that increasing the number of UGVs improve the sub-
jects situation awareness, increase the number of threats that are detected, and 
reduce the number of hits on the convoy. More importantly, these benefits were 
achieved without any increase in mental workload. The results support the 
common belief in autonomous functions as an approach to reduce the operator-
to-vehicle ratio in military applications. 

Keywords: Supervisory Control, UGV, Operator-to-Vehicle Ratio, Reconnais-
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1   Introduction 

Unmanned robotic systems are increasingly used in military operations to reduce the 
risk for military personnel. Typically, unmanned robotic systems are used for strategic 
intelligence, surveillance, and recognizance (ISR). There is, however, a recent interest 
in also using unmanned systems for tactical situations where manned and unmanned 
systems operate together as a team [1], [2]. For example, unmanned robotic systems 
may provide critical information while the manned systems remain in cover or outside 
of lethal range. In urban combat, this may mean that unmanned ground vehicles 
(UGVs) are used to peek around corners or survey areas where the opponent may 
approach [3]. Tactical reconnaissance is especially important in urban environments 
where the defender usually have an advantage. 

Each robotic system in military applications is often controlled by a single or a few 
operators to avoid problems of information overload. This operator-to-vehicle ratio 
hampers the benefit of robotic systems in military applications, where ideally one 
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operator should be able to control a multi-robot system without being overloaded [4]. 
Simply allowing the operator to control multiple robots is usually not sufficient since 
the operator quickly become overload even when only performing a basic navigation 
task [5]. Introducing additional robots may in fact decrease the target detection per-
formance in an urban search and rescue task [4], or decrease the operator’s monitor-
ing performance [6]. One approach to reduce the operator-to-vehicle ratio is to  
develop better interfaces that allow operators to more effectively switch attention be-
tween robotic systems. A better interface may improve performance by supporting 
interruption management when switching between robots [7], executing the switch 
[8], or regaining situation awareness since the last interaction with the robot [9]. 

Another approach to reduce the operator-to-vehicle ratio is to introduce autonomous 
functions that can perform low-level control tasks without operator intervention. For 
example, Crandall et al. [10] show how increasing levels of autonomy for navigation 
can drastically increase the time between operator interventions. The higher levels of 
autonomy for navigation in the form of path planning allow better utilization of UGVs 
for reaching inspection points [11]. Preferably, the autonomous function should be able 
to coordinate multiple robots instead of merely using individual autonomy for each 
robot [12]. The operator can then focus on supervisory control by initiating the 
autonomous function in a way that is appropriate for the situation and allow the robots 
to perform the low level synchronization and coordination. For example, Wang and 
Lewis [12] show how mixed initiative control of three partly autonomous search and 
rescue robots resulted in higher performance than both manual and fully automated 
control. Although the robots autonomously avoided duplicating search efforts, the sub-
jects could intervene any time they preferred and assume manual control or redirect a 
robot. Similarly, Parasuraman et al. [13] found that delegation-type interfaces, where 
subjects can choose manual control or autonomous modes, improve performance in the 
RoboFlag simulation environment compared to using only manual control or autono-
mous modes. In their study, the subjects controlled between four and eight robots using 
the delegation-type interface. Please see Wang and Lewis [12] for further examples of 
supervisory control of multi-robot systems. 

The results by Wang and Lewis [12] and Parasuraman et al. [13] are promising for 
reducing the operator-to-vehicle ratio. However, more studies are needed to evaluate 
supervisory control of multi-robot systems in military applications. Particularly, re-
garding how interdependencies between levels of control tasks affect the supervisory 
control of partly autonomous functions. For example, Hollnagel [14] and Hollnagel 
and Woods [15] characterize the task complexities facing human-robot systems as re-
quiring four hierarchical layers of control where (1) tracking keeps the system within 
predetermined performance boundaries, (2) regulating achieves short-term goals, such 
as specific maneuvers, (3) monitoring of the system state relative the environment for 
initiation of action or goal setting for the tracking layer, and finally (4) targeting for 
achieving mission goals. Additionally, there are interdependencies between the levels 
of control where tracking may provide input that is necessary for the situation assess-
ment required for targeting. At all levels there are also, typically, interdependent tasks 
for control of the robot and the robot’s sensors. An understanding of these interde-
pendencies is important to avoid problems of automation surprises and out-of-the-loop 
performance when partly autonomous robotic functions are introduced. Therefore, the 
poorer performance with higher levels of autonomy for navigation of ground robots 



328 P. Svenmarck et al. 

may be due to that it is difficult to find a suitable division of subtasks [12]. Further, 
Wang and Lewis [12] discuss how tasks that decompose more readily into weakly re-
lated subtasks may be more suitable for higher levels of autonomy. For example, 
search tasks which may be partitioned into navigation and perceptual subtasks. Simi-
larly, automated systems are usually most beneficial for those aspects that do not re-
quire much interaction between the human and machine [16].  

The present study investigates how the supervisory control of multi-robot systems 
can be applied to tactical reconnaissance using groups of partly autonomous UGVs. 
The study was mainly intended to evaluate how an autonomous search function affects 
the operator-to-vehicle ratio since search may be a suitable task for higher levels of 
autonomy. Increasing the number of partly autonomous vehicles should therefore pro-
vide additional functionality without significantly changing the operator’s task. At least 
when there are weak interdependencies between the operator’s task and the autono-
mous search function. 

2.   Method 

2.1   Participants 

Twelve paid subjects, ten male and two female students from Linköping University, 
participated in the study. All subjects had normal or corrected to normal vision.   

2.2   Apparatus 

A PC workstation with dual Intel® Core 2 Duo CPU 2.66 GHz and 2.0 GB Ram with 
a 20" TFT monitor was used to run the simulation in the Man-System-Interaction 
laboratory at FOI, Linköping, Sweden. A standard keyboard and mouse were used to 
control the simulator interface. 

2.3   Design and Stimuli 

A simulated urban environment was used to create similar types of reduced line-of-
sight as in military operations in urban terrain (MOUT). The task was to escort a con-
voy of 15 vehicles that traveled through the urban environment along a path that was 
about 1.7 km long. Since the convoy traveled at about 18 km/h, the total time until the 
last convoy unit arrived at the destination was about 5 ½ minutes. The interface al-
lowed the subjects to manage the groups of UGVs, monitor the progress of the con-
voy, view the position of the UGVs, designate search areas, and view the position of 
threats within the UGVs detection range.  

Along the convoy’s route of advance, there were 28 mobile threats which moved in 
fixed paths that either crossed or came near the convoy’s route of advance. However, 
the participants were only informed that there were mobile threats in the area, but not 
exactly where nor that they moved along fixed paths. Once a convoy unit was within 
firing range of a threat it received a hit. The convoy unit’s icon then changed color to 
indicate that the convoy was attacked. The threat then continued to fire on additional 
nearby convoy units until it was outside of firing range or the convoy units were in 
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cover from urban structures. The possibility for multiple hits was intended to make 
the convoy sensitive to the total exposure time of a threat. 

Participants had either six or twelve partly autonomous UGVs available for tactical 
reconnaissance along the convoy’s route of advance. Further, a state-of-the-art pur-
suit-evasion algorithm was implemented to enable the autonomous search function of 
the UGVs [17]. The algorithm was based on a representation where the urban envi-
ronment was collapsed into convex cells where any threat is within detection range 
and line-of-sight of a UGV within the cell. This makes the algorithm applicable to 
large complex environments, as in the present study. The convex cells were derived 
from a node link network that describe acceptable trajectories. From a start node, 
nodes within line-of-sight and the UGVs’ detection range, were collapsed into a con-
vex cell. This process was repeated once a node was outside the convex cell until all 
nodes had been investigated. The pursuit-evasion algorithm was designed to minimize 
the expected time of capturing the evader rather than guaranteeing capture. A short 
time of capture was important since the convoy does not wait for the area to be 
cleared of threats. Initially, it was assumed to be an equal probability that the evader 
was in any convex cell. The probabilities were then updated depending on how the 
evader could move between adjacent cells. The most suitable destination for a UGV 
was selected using a heuristic that minimizes the expected entropy cost over five con-
secutive cells. This heuristic had the shortest time of capture in the test by Hollinger 
et al. [17]. An A* path finding algorithm was then used to navigate the UGV to the 
destination. 

The autonomous function enabled participants to define areas for search along the 
convoy’s route of advance. Groups of UGVs could thereby search user-defined areas 
without intervention. At the start of a trial, the UGVs were positioned near the con-
voy’s starting position and not allocated to any group. The subjects could then allo-
cate UGVs into suitable groups using a pane on the left side of the screen by dragging 
icons of the UGVs. A maximum of six color coded groups where available in both 
experimental conditions, irrespective of the number of available UGVs. The UGVs 
could be reallocate between groups anytime during a trial. The groups of UGVs were 
controlled by selecting a group in the control pane, designating a search area on the 
map by drawing a search area box, and then confirming the search by hitting the 
spacebar. The convoy started moving when the first search area was confirmed. A 
search area box could be drawn anytime during a trial. However, the UGVs only went 
to the new search area after they have reached their destination. Some care was there-
fore need when choosing search areas to avoid unnecessary movement by the UGVs 
over long distances. 

Any time a threat was within detection range of an UGV, the threat’s position was 
shown on the map. Further, the UGV’s icon in the control pane changed to a red 
color, and an auditory signal was presented. The stand-off detection of threats may 
seem far fetched but technologies are currently being developed for detection of con-
cealed weapons and explosives from more than 10 m. All the currently detected 
threats could be neutralized by clicking on the threats icon on the map using the right 
mouse button. The threats then disappeared. However, a new threat was introduced 
using the same fixed path after some delay. The delay was set so that the threat could 
approach the convoy again before it had passed. A threatening area could therefore 
not be left unsupervised until after the convoy had passed. Although neither the  
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behavior of the convoy or threats, nor the UGVs’ autonomous search were optimal in 
any way, the overall task appears to be representative of the asymmetric threats that 
are common in current conflicts. 

The design included controlling either six or twelve UGVs with the order of pres-
entation counterbalanced between participants. Each number of UGVs were con-
trolled twice in two blocked trials. Thus, the experiment used a within-subjects design 
with two number of UGVs (six or twelve) and two trials, were the trials were nested 
within the number of UGVs. Finally, after completing each trial, the participants 
completed three questionnaires for mental workload using the National Aeronautics 
and Space Administration (NASA) Task Load Index (TLX) [18], situation awareness 
using the three dimensional (3-D) Situation Awareness Rating Technique (SART) 
[19], and trust in the autonomous search in terms of overall trust and three compo-
nents of trust, that is predictability, capability, and reliability [20][21]. All questions 
were rated using a 7-point scale. 

2.4   Procedure 

The participants where informed about the experiment’s purpose, and allowed to ask 
clarifying questions. They were then instructed on how to use the keyboard and 
mouse to control presentation of the map, allocate UGVs into groups, designate 
search areas, monitor the progress of the convoy, and neutralize the threats. All par-
ticipants were then trained for about 15 minutes in two scenarios with first six and 
then twelve UGVs available. Participants were then allowed to view a printed map of 
the area and encouraged to reflect on how to use the available UGVs, before begin-
ning a trial. Since the experiment was fairly fast-paced, the participants where en-
courage to draw all initial search area boxes first and then confirm them one by one. 

3   Results 

A repeated measures ANOVA shows that the convoy received significantly more hits 
when the subjects only controlled six UGVs compared to when they controlled twelve 
UGVs (F(1, 11) = 18.6, p < 0.01). Figure 1 shows that convoy received a mean of 233 
hits with six UGVs and 176 hits with twelve UGVs. The convoy thus received about 
24 % fewer hits when subjects controlled twelve UGVs instead of only six UGVs. 
The high number of hits shows that the subjects were not consistently able to neutral-
ize the threats before they approached the convoy. However, the subjects were still 
reasonably successful since the convoy could receive as many as 496 hits if no threats 
were neutralized. The improved performance with twelve UGVs was primarily due to 
that the subjects detected more threats (F(1, 11) = 12.3, p < 0.01), and more impor-
tantly neutralized more threats (F(1, 11) = 76.1, p < 0.001). A mean of 186 threats 
were detected with six UGVs and 235 threats with twelve UGVs. There was also a 
significant difference in the number of detected threats during the first and second 
trial (F(1, 11) = 5.59, p < 0.05). A mean of 223 threats were detected during the first 
trial and 199 threats during the second trial. The subjects may therefore have used a 
slightly less efficient strategy during the second trial, although the effect was week. A 
mean number of 46 threats were neutralized with six UGV and 61 threats  
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Fig. 1. Mean number of hits on the convoy with six and twelve UGVs. The bars denote ± Stan-
dard Errors. 

with twelve UGVs. The 33 % increase in the number of neutralized threats shows that 
the subjects had the capacity to cope with the additional threats that were detect when 
twelve UGVs were available. The higher number of detected threats relative to neu-
tralized threats was due to that the threats often only appeared with the UGVs detec-
tion range or remained within line-of-sight for a short period of time before they  
disappeared. Therefore, the subjects often did not have enough time to neutralize the 
threat. This was particularly prevalent when the convoy traveled through a market 
area where there were many small structures that provided opportunities for cover. 
Further, it was advantageous to focus the attention on threats that posed or was about 
to pose a threat to the convoy. 

The analysis of how the subjects used the search areas shows that there is a signifi-
cant difference in the average number of search areas that were used simultaneously 
(F(1, 11) = 9.94, p < 0.01). A mean number of 5.2 areas were used simultaneously 
when using six UGVs and 5.6 areas were used simultaneously when using twelve 
UGVs. The subjects therefore used slightly less groups with six UGVs available. 
With twelve UGVs available, the six predefined groups were generally all in use. No 
significant difference was found for the number of defined search areas. A mean of 
18.7 areas were defined. This shows that the subjects were overall quite active in 
changing the search areas. Neither was there any significant difference in the average 
size of the search areas. The mean size of the search areas was 13.263 m2. However, 
there was a significant difference in the average time that the search areas were used 
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(F(1, 11) = 6.09, p < 0.05). The mean time for using a search area was 101 seconds 
when using six UGVs and 120 seconds when using twelve UGVs. Further, there was 
a significant difference in the standard deviation of the time for using the search areas 
(F(1, 11) = 22.6, p < 0.001). The mean standard deviation was 50.1 seconds with six 
UGVs and 59.9 seconds with twelve UGVs. This shows that the subjects had slightly 
more differentiation in the time for using the search areas when twelve UGVs were 
available. There was also a significant difference in the standard deviation of the time 
for using the search areas between trials (F(1, 11) = 6.50, p < 0.05). The mean stan-
dard deviation was 58.0 seconds in the first trial and 52.1 seconds in the second trial. 
The subjects were therefore slightly more consistent in the time for using the search 
areas during the second trial. 

Naturally, the subjects allocated less UGVs to the search groups when they only 
controlled six UGVs compared to when they controlled twelve UGVs (F(1, 11) = 867, 
p < 0.0001). The mean numbers of UGVs  in the search groups were 1.14 with six 
UGVs and 2.06 with twelve UGVs. However, there was also a significant difference 
in the standard deviation of the number UGVs in the search groups (F(1, 11) = 10.8, p 
< 0.01). A mean standard deviation of 0.40 was used with six UGVs and 0.70 with 
twelve UGVs. This shows that the subjects generally allocated the UGVs evenly to 
the search groups when six UGVs were available. When twelve UGVs were avail-
able, the subjects had slightly more differentiation in allocating the UGVs to the 
search groups although they commonly used two UGVs in the search groups. Further, 
the were no significant differences in the number of reallocation of UGVs between 
search groups. A mean of 4.65 number of reallocations were performed. However, the 
standard deviation of the number of reallocations was fairly large at 8.17. This shows 
that some subjects performed quite many reallocations. Only two subjects did not 
perform any reallocations. These overall statistics of the number of reallocations pro-
vide further support for that the subjects had sufficient capacity to cope with the addi-
tional number of UGVs since the reallocations would probably have been reduced if 
the subjects were overloaded.  

The analysis of the subjective measurements are consistent with the results from 
the objective measurements. Overall subjective mental workload was computed by 
averaging the six NASA-TLX subscales and submitted to a repeated measures 
ANOVA. There were no significant differences in subjective mental workload when 
using six and twelve UGVs. The mean overall subjective mental workload was 4.5 
which can be characterized as a moderate mental workload. The subscales for mental 
demand and time pressure received the highest mean ratings with 5.15 and 5.02, re-
spectively. The subscale physical demand received the lowest mean rating with 3.77. 
Further, there was a significant difference in subjective situation awareness when us-
ing six and twelve UGVs (F(1, 11) = 11.5, p < 0.01). The overall subjective situation 
awareness was 4.88 with six UGVs and 5.71 with twelve UGVs. The higher situation 
awareness with twelve UGVs shows that the subjects had the capacity to cope with 
the additional threats that were detected without being overloaded. However, since the 
scale for the computed overall situation awareness range from -5 to 13, there is still 
considerable room for improvement. Finally, there were no significant differences in 
the overall trust in the autonomous search function when using six and twelve UGVs. 
The mean overall trust was 4.48. The result shows that the subjects had a moderate 
trust in the autonomous search function irrespective of the number of UGVs available.  
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Table 1. Standardized beta weights, t-values, and significance levels for a multiple regression 
analysis of trust 

Component Beta t(43) p-level 
Capability 0.735 7.45 0.000 
Unexpected behavior 0.274 2.62 0.012 
Reliability 0.257 2.48 0.017 
Predictability 0.127 1.25 0.219 

A multiple regression analysis for how the subjects’ trust ratings are predicted by the 
components of trust show that the components explain about 62 % of the variance in 
trust (R = 0.79, R2 = 0.62, F(4, 43) = 17.7, p < 0.0001). Table 1 shows that capability 
was the best predictor of trust as in many other studies of trust in automated functions 
[22]. It is unclear why the two predictability components were positively related to 
trust when they usually lower trust.  

4   Discussion 

The results show that for the tactical reconnaissance task used in the present study, 
increasing in the number of partly autonomous robots does not significantly change 
the operator task. Increasing the number of robots only provide benefits in the form of 
better situation awareness from detection and neutralization of more threats, which 
reduce the number of hits on the convoy. These benefits of increasing the number of 
robots were achieved without any significant effects on the subjects’ mental workload 
nor their behavior when interacting with the simulator. For example, the number of 
reallocations between search groups would probably be reduced if the subjects were 
overloaded when controlling more robots. Clearly, increasing the number of robots in 
the search groups does not significantly change the operator’s task since the autono-
mous search function manages the additional control requirements. The lack of effect 
on the operator’s task is not entirely surprising since the number of available search 
groups was the same in both conditions. However, the results show that autonomous 
functions can reduce the operator-to-vehicle ratio in military applications of robotic 
systems.  

The positive effect of the autonomous function in the present study was only pos-
sible since the subjects largely perceived their task as independent from the autono-
mous function. Overall, the rater large search areas and uniform distribution of the 
number of UGVs in the search groups show that the subjects have difficulty in adapt-
ing to an intricate urban environment. More experienced subject would probably at-
tempt a more detailed control which would have increased the relationship between 
subtasks and reduce the effects of the autonomous function for improving the opera-
tor-to-vehicle ratio. Therefore, the strength of the relationship between subtasks de-
pends on both the subjects’ level of expertise and the formal properties of the task as 
in the study by Wang and Lewis [12].  

The operator’s decision to direct, or cede or regain initiative when using autono-
mous functions is from a theoretical perspective partly based on a judgment of both 
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the operator’s own and the autonomous functions’ capacity for coping with future 
task demands. However, more research is needed on how to analyze interdependen-
cies between subtasks and what the decision actually means in terms of control re-
quirements for conceptual autonomous systems. For example, Wang et al. [23] show 
how the coordination demands can be estimated from data of user interaction with 
robots. Empirical investigations of operator interaction with autonomous systems will, 
however, remain important until more complete theories are developed. Additionally, 
such theories can be used to estimate the optimal interaction with partly autonomous 
robots. Crandall and Cummings [24] provide one example of how the optimal interac-
tion can be estimated for individual autonomous robots. The optimal interaction can 
then be used for comparison with actual operator behavior, as well as to develop deci-
sion support systems for guiding the operator’s control decisions. An evaluation of 
successful and less successful strategies in the present study may provide some in-
formation about the optimal interaction. Further studies may also investigate inter-
faces for mixed-initiative control. For example, by allowing different degrees of  
freedom in using free designation of search areas and fixed search areas along the 
convoy’s route of advance. Future studies will also investigate the effects of using 
advanced autonomous robotic surveillance functions in a fictive layout of the Swedish 
Camp in Afghanistan.  
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