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Abstract

In cooperative robot teams, communications can speed
up execution, reduce duplication, and prevent interfer-
ence. Although many systems use explicit communi-
cations, persistent intra-team digital communications is
not guaranteed. One approach to this challenge is to use
implicit communication to infer state rather than using
digital messages. We investigate using implicit com-
munication in the form of observation to infer state to
coordinate a robot team in a coverage task. We demon-
strate how pruning and backtracking a search tree can
improve multi-robot coverage. Experiments were con-
ducted to compare team performance of a robot team us-
ing observation-based cooperation to one that uses ex-
plicit communications.

Introduction

In cooperative multi-robot teams, communication is essen-
tial so that work can be divided to speed up completion,
reduce redundancy, and prevent interference. Communica-
tion among team members can be achieved explicitly or im-
plicitly. In explicit communications, messages are deliber-
ately transmitted and received from robot to robot. Some
approaches use messages for synchronous action selection
based on maximizing global utility. Other approaches are
asynchronous allowing robots to use messages to share state
and intent. In contrast, implicit communications allows
robots to leverage observations of behaviors of other robots
or the environment to infer state and intent.

The efficiency of explicit communications is subject to the
limitations of the communications network. For example,
performance is affected by message latency (Dawson, Well-
man, and Anderson 2010) and limited bandwidth (Rybski et
al. 2001). If team members are exchanging large amount of
data, then there is a risk of receiving incomplete information.
In addition, communications in tasks such as surveillance or
hazardous waste cleanup can be even more challenging. De-
ployed wireless communications can be chaotic since they
are unplanned and unmanaged (Akella et al. 2007).

Researchers have presented work on explicit communi-
cations with network constraints and include: (Arkin and
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Diaz 2002) in which robots are required to maintain line-
of-sight with other robots, (Meier, Stachniss, and Burgard
2005) in which message size is reduced by allowing robots
to communicate polygonal representations of the map, and
(Roy and Dudek 2001) where rendezvous approaches allow
robots to meet up to exchange information about the envi-
ronment.

Common approaches to implicit communications include:
ant or swarm robots (Koenig, Szymanski, and Liu 2001)
where robots leave virtual pheromones or trail markings in
the environment to direct robot behavior and potential fields
(Howard, Mataric, and Sukhatme 2002) in which robots are
attracted to the goal and repulsed from obstacles and other
robots. However, both approaches depend on local interac-
tions where after a certain distance they can no longer influ-
ence action choices.

In this paper, we investigate using implicit communica-
tion in the form of observation to infer state to coordinate
a small team of intelligent robots. Rather than using digital
messaging, robots use observation of nearby robots to up-
date state. We also discuss the impact of spatial and tempo-
ral locality of information exchanged and show how pruning
and backtracking of the search tree can improve team per-
formance. Experimental results are presented to compare
observation-based and message-based cooperation.

Related Work

Researchers have proposed approaches for coordinating
robot teams with consideration of network constraints. One
approach involves coordinating robots with potential fields.
Howard et al. (Howard, Mataric, and Sukhatme 2002)
present a distributed virtual field force where robots are sub-
ject to repel other robots and obstacles causing robots to
spread out. This approach depends on local interactions
which after certain proximity no longer coordinate. In the
proposed approach, robots can coordinate after they can no
longer sense each other.

Ferranti et al. (Ferranti, Trigoni, and Levene 2009) in-
vestigate agents that do not communicate directly with each
other but indirectly by leaving information on tags deployed
in the environment. They coordinate by reading and updat-
ing traces on the tags. Similarly, Koenig (Koenig, Szyman-
ski, and Liu 2001) demonstrate coordinating robots to cover
a terrain similar to ants. Robots communicate via markings



Robot A:
Occluded = {a, b}
Open = {c, d, h, ], k}
Frontier = {e, g, [}
Unknown = {f, i, m}
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Figure 1: After the state update, the closest vertex, e, is ex-
panded by moving towards e. Robot A next action selection
is influenced by Robot B. It is not affected by Robot C since
it is not spatially or temporally close. The tree shows nodes
that represent occluded and open area as well as frontiers
(e,g,]) to be expanded.

left by other robots and do not coordinate based on mem-
ory or maps. While these approaches do not rely on direct
communications, they require local interaction to distribute
robots. Instead, in our approach robots are capable of cover-
ing an environment individually or cooperatively.

In similar work, Arkin et al. (Arkin and Diaz 2002) in-
vestigate how a team of robots can self organize during ex-
ploration by maintaining line-of-sight communications. Ex-
periments involved robots searching for hazardous materials
with varying degrees of prior knowledge. The line-of-sight
approaches work well when there is a requirement for robot
cohesiveness, but in general will not be as efficient in a large
environment when a small number of robots have to spread
out more to cover the environment.

Meier et al. (Meier, Stachniss, and Burgard 2005) present
a technique for assigning targets to robots and deciding what
information to transmit when using communication with
limited bandwidth. Each robot explores an unknown envi-
ronment and creates a polygonal approximation of a map.
To reduce message sizes, polygonal representations of the
map are communicated. Using their approach, they were
able to effectively coordinate a team of robots under band-
width limitations. Nevertheless, communicating polygonal
representations of a map can still result in an overhead of
communication efforts.

Background

The greedy algorithm, frontier-based exploration (Yamauchi
1997), is often used for robot exploration. In the frontier-
based algorithm, robots recursively explore an unknown
area while building a cellular representation of a map (Elfes
1989). Frontiers, or boundaries between open and unex-
plored area, are detected and visited to gain more knowledge
about the environment. Frontiers, unknown, open, and oc-
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Frontier = {f, g}
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Figure 2: After Robot A visits vertex e, it is removed and a
new adjacent vertex f is added to the exploration queue. The
tree shows the next frontiers are now at vertex f or g.

cupied space are represented with occupancy grids. Robots
use a distance sensor to determine whether a space is occu-
pied, open, or a frontier cell. As a greedy algorithm, a robot
chooses the unvisited vertex, p;, with the shortest path from
its current location. Therefore, information that is shared be-
tween robots that are close in space (spatial) and time (tem-
poral) is more useful in determining subsequent actions. We
demonstrate how spatial and temporal locality can be lever-
aged in observation-based cooperation.

Temporal and Spatial Locality

Vertices that are frontiers and adjacent to vertices within the
robot’s sensor footprint will be referred to as a. These ver-
tices are added to the unvisited vertices list during the cur-
rent time step. For example, in Figure 1, vertices e, g, and
[ are o nodes because they are frontiers and adjacent to the
nodes (a, b, ¢, d, h, j, and k) that are in the robot’s sensor
footprint.

To affect action selection via intra-team communication,
a message must indicate the current goal vertex has been
visited. Robot, rbt;,i € I, determines its closest unvisited
vertex is p;. If a robot receives a message denoting p; is
open or occluded then it would remove it from the unvisited
vertex list. This message is only generated when that vertex
falls within the sensor range of another robot. If p; is an
« vertex then removing p; from the unvisited list of robot;
results in a new goal set to the next closed unvisited vertex.
For example, in Figure 1, communications from Robot B
to Robot A results in Robot A removing vertex [ from its
frontiers to an open vertex (Figure 2). Subsequent action
selection is affected when Robot A chooses the next closest
vertex as its goal.

Since robots select the closest vertices in which are nor-
mally adjacent vertices, the next action selections are af-
fected by information received from robots that are close.
If they are not close, the selection of « vertices is not af-



fected. For example, communication about vertex m from
Robot C to Robot A would not affect subsequent action se-
lection since they are not close (Figures 1 and 2).

Information that is close in both time and space is useful
in immediate action selection. In the case that digital mes-
saging in not available, one approach is to use observation
to infer state. Observation is likely to occur when robots are
close when information is more useful.

Observation-based Cooperation

With observation-based cooperation, robots do not depend
on digital messages. Instead, robots update their state with
predicted actions of other robots. In observation-based co-
operation, we consider spatial and temporal locality of nodes
in determining which events will affect action selection. The
most important change is the replacement of the message
functions with observation-based functions. A brief expla-
nation of this change follows.

Initialization and Updates of State

In observation-based cooperation, each robot knows its
physical position, X7, and state, W, The state, W, in-
cludes the occupancy map (occ — map) and frontier map
(f — map). Possible states for the occ — map are unknown,
open, and occluded. Possible states for f —map include un-
known, frontier, visited, and pruned. The visited state refers
to visited frontiers and the pruned state refers to area covered
by other robots. The occ — map and f — map are initially
set to unknown. The state-transition function updates the
state based on local sensing of open and occluded area and
maintains the frontier map (Algorithm 1, lines 4 - 22).

Implicit Communication (Observation)

The OBS-REC function maps observations to state updates
by prohibiting points covered by the observed robot from
becoming frontiers (lines 23 - 32). In addition, if the ob-
served is already in the FRONTIER state, then the robot
updates the state of the area as being PRUN ED. Pruning
involves removing subtrees, or search area, that may be ir-
relevant at the time (Skiena 2008). This indicates that the
area is assumed to be covered by another robot and needs to
be backtracked to later. Observations affect frontiers but do
not affect occupancy maps.

Goal Selection

The CTL function creates a path from the robot position to
its next goal or unvisited location. The closest goal to the
current robot position is selected (lines 33 - 40). Previous
work suggests that observation errors affect coverage com-
pletion. As a robot observes another robot it makes assump-
tions that are at times inaccurate resulting in a degradation
in performance at the end of a coverage task (Wellman et al.
2010).Therefore, first the robot attempts to choose the clos-
est vertex in the FRONT I ER state. If there are no vertices
in the F RONTIE R state left, then the robot backtracks the
closest vertex in the PRUN ED state. Backtracking cor-
rects some observation errors by illuminating the possibility
that it was not searched by another robot (Skiena 2008). As

Algorithm 1: Observation-based Cooperation

1 Robot Network Robot team with range-limited

sensing, r, in unknown bounded environment, p € R? ;

2 Alphabet A: p x {Open, Occluded} U {null} ;

3 Processor State W = (occ-map, f-map), where
occ-map: p x {OPEN, OCCLUDED, UNKNOWN,
f-map: p x {FRONTIER, VISITED, PRUNED,
UNKNOWN}, initially unknown for all p

4 function stf(W, A.,w);
5 foreacho € A,,, do
6 if occ-map(o) is UNKNOWN then
7 if f~-map(o) is FRONTIER then
8 f-map(o) is VISITED
9 end
10 if perimeter(o) and dist(X", 0) < r then
11 occ-map(o) = OCCLUDED;
12 else
13 occ-map(o) = OPEN;
14 foreach a € adjacent(o) do
15 if f-map(a) is UNKNOWN and
occ-map(a) is UNKNOWN then
16 f-map(a) = FRONTIER
17 end
18 end
19 end
20 end
21 end
22 return (W),
23 function obs-rec( W, A,4);
24  foreach obs € A, do
25 {0bSyegion } = proximity(obs);
26 foreach o, € {0bs,egion } do
27 if f~-map(o,.) is FRONTIER then
28 f-map(o,.) = PRUNED
29 end
30 end
31 end
32 return Wi,
33 function ctl(XW W, A,,.):
34 pGoal={null}; pLength=00;
35 foreach pt € {f-map(p)==FRONTIER} do
36 if pLength < pathLength(X ", pt) then
37 pLength=pathLength(X " pt);
38 pGoal=pt
39 end
40 end
41  if pGoal==null then
42 foreach pt € {f-map(p)==PRUNED} do
43 if pLength < pathLength(X " pt) then
44 pLength=pathLength(X 7 pt);
45 pGoal=pt
46 end
47 end
48 end

49 return followPath(X " ,p ,q1,Acp0);
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Figure 3: Simulation environments 1 and 2 were 16x16 me-
ters with four obstacles. Simulation environment 3 was 6x6
meters with obstacles representing two rooms and a hallway.

a result, robots return back to the frontiers they marked off
as being covered by other robots (lines 41 - 49).

This algorithm is referred to as OB-BASED COOPERA-
TION W/ BACKTRACKING. The algorithm in which robots
do not backtrack is referred to as OB-BASED COOPERA-
TION.

Simulations and Physical Experiments

We compare performances between NO COMM, DIRECT
CoMmM, OB-BASED COOPERATION, and OB-BASED Co-
OPERATION W/ BACKTRACKING in simulation and physi-
cal experiments. The performance was measured for each
approach by examining two metrics: coverage or the area
visible by the robots’ distance sensor and the amount of time
to cover an area. In DIRECT COMM, robots transmit open
cell information once.

Simulation Setup and Results

Simulations were conducted in the 3-D physics-based sim-
ulator, Webots (Michel 2004). In Webots, a wheel encoder
noise of based on a Gaussian distribution was added to re-
semble error in the real world. Global positioning sensor
(GPS) was used for localization as well as a laser range
finder. The controller was written in the C programming lan-
guage and experiments were performed on a Dual Core 2.33
GHz machine running Linux with 2GB of RAM. Twenty
trials for each approach were conducted with a three-robot
team in both large and small environments for comparison
(Figure 3). The two large environments include cluttered
and open areas that represent large outdoor areas. The small
indoor environment is used for comparison to the real world
environment.

Results are summarized in Table I and graphed in Figures
4,5, and 6. Results suggest that OB-BASED COOPERATION
W/ BACKTRACKING performed the best in the cluttered out-
door and indoor environments. However, it performed com-
parable to DIRECT COMM in the open outdoor environment.
Note that OB-BASED COOPERATION performance degraded
and was worse than all approaches towards the end of exe-
cution but OB-BASED COOPERATION W/ BACKTRACKING
improved.

Physical Experiments Setup and Results

Experiments were conducted using K-Team Koala robots
equipped with a Dual Core 1.60 GHz machine running
Ubuntu with 2GB of RAM. The 802.11b wireless card on
each machine allowed for wireless communications. The
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Approach 50% Cover | o 90% Cover | o
Time (m) Time (m)
No Comm 11.27 4.10 | 34.13 11.89
Cluttered Direct Comm | 7.51 3.35 | 23.70 12.01
Ob Coop 7.19 2.80 | 18.58 4.68
Ob Coop w/ | 9.07 221 | 22.84 6.26
Backtracking
No Comm 13.24 2.98 | 34.41 2.90
Open Direct Comm | 7.51 1.23 | 19.99 2.79
Ob Coop 9.19 2.27 | 25.40 6.76
Ob Coop w/ | 7.81 1.39 | 20.46 3.39
Backtracking
No Comm 1.02 0.08 | 2.94 0.85
Indoor Direct Comm | 0.67 0.02 | 2.79 0.58
Ob Coop 0.68 0.02 | 2.94 0.66
Ob Coop w/ | 0.71 0.06 | 2.45 0.78
Backtracking

Table 1: Averages for 50% and 90% coverage for each ap-
proach in all environments in simulation.
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Mo Carmm H
I #*  Direct Comm
1048 2 Ob-based Cooperation H
< Ob-based Cooperation w/ Backtracking

’
o 08 1 15 2 25 3 as 4
Time (ms) o’

20 |

Figure 4: Coverage over time for all approaches in the sim-
ulated cluttered outdoor environment.
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Figure 5: Coverage over time for all approaches in the sim-
ulated open outdoor environment.
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Figure 6: Coverage over time for all approaches in the sim-
ulated indoor environment.

real robots were augmented with a Hokuyo URG laser range
finder.

The environments used in the experiments included a 6x6
open area and an area similar to the indoor environment in
simulations (Figure 3). Five trials with a three-robot team
were executed. The environment was augmented with the
Hagisonic Stargazer localization system to gather ground
truth positioning.
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Figure 7: Coverage over time for all approaches in the clut-
tered real world environment.

Results are illustrated in Figure 7, Figure 8, and Table
II. In the cluttered environment, DIRECT COMM performed
the best overall by covering quicker. However, OB-BASED
COOPERATION W/ BACKTRACKING was comparable and
performed better at times (Figures 7 and 8). In addition,
OB-BASED COOPERATION W/ BACKTRACKING covered
quicker than OB-BASED COOPERATION.
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Figure 8: Coverage over time for all approaches in the open
real world environment.

Approach 50% Cover | o 90% Cover | o
Time (m) Time (m)
No Comm 1.77 0.43 | 5.96 1.34
Cluttered Direct Comm | 1.57 043 | 3.71 0.74
Ob Coop 1.56 0.05 | 4.68 1.42
Ob Coop w/ | 1.23 0.48 | 4.50 1.08
Backtracking
No Comm 0.60 0.11 | 3.17 0.43
Open Direct Comm | 0.57 0.60 | 2.72 3.20
Ob Coop 0.73 0.07 | 3.57 0.70
Ob Coop w/ | 0.75 0.06 | 2.96 6.26
Backtracking

Table 2: Averages for 50% and 90% coverage for each ap-
proach for the real environments.

In the open environment, OB-BASED COOPERATION W/
BACKTRACKING performed the best covering the most to-
wards the end. Similar to the simulations results, OB-
BASED COOPERATION performance degraded below Di-
RECT COMM and OB-BASED COOPERATION W/ BACK-
TRACKING towards the end.

Discussion

In simulations and physical experiments, results suggest that
using observation to infer state coordinates robots compara-
bly to message-based communications. In previous work
(Wellman et al. 2010), with OB-BASED COOPERATION,
robots make assumptions that areas are being covered by
other robots. As a result, the average of coverage degrades
towards the end because some of those assumptions are in-
accurate. However, with OB-BASED COOPERATION W/
BACKTRACKING, after a robot visits all the frontiers on
its list, it continues by backtracking to frontiers that were
pruned as being covered by other robots. For example, in
Figures 4, 5 and 6, the simulated robots using OB-BASED
COOPERATION W/ BACKTRACKING improved at the end
of coverage due to backtracking. Backtracking results in a
more complete coverage by providing some redundancy to-



ward the end of the search.

Although the cluttered indoor environment was config-
ured similarly in simulations and physical experiments, the
results did not track the same (Figures 6 and 7). In addi-
tion, in the real open environment, OB-BASED COOPER-
ATION W/ BACKTRACKING performed better towards the
end in the open environment but not with the cluttered en-
vironment (Figures 7 and 8). Previous research shows that
when using multiple robots, results can differ significantly
between simulations and physical experiments. Environ-
mental configuration and communication paradigms effects
on robot interference are more prominent in real robot ex-
periments (Dawson, Wellman, and Anderson 2010). In the
real environments, interference slowed the progress of robot
teams using DIRECT COMM. With OB-BASED COOPER-
ATION W/ BACKTRACKING, robots interfered less because
they repelled one another.

OB-BASED COOPERATION W/ BACKTRACKING shows a
three slope search by repelling, pruning, and then backtrack-
ing. Robots repel each other allowing for the fastest initial
coverage. Then as they prune their search trees they search
in different areas allowing for comparable search coverage.
At the end of coverage, backtracking has slower coverage
but robots continue to make progress.

Overall, DIRECT COMM and OB-BASED COOPERATION
W/ BACKTRACKING had comparable results. Both ap-
proaches have elements that affect team performance. DI-
RECT COMM is subject to communication network limita-
tions and OB-BASED COOPERATION W/ BACKTRACKING
is sensitive to observation errors. However, results sug-
gest that OB-BASED COOPERATION W/ BACKTRACKING
approach can be a good alternative to DIRECT COMM.

Future Work and Conclusion

An approach that uses observation to infer state to coordi-
nate robots is presented. Observation is used to direct imme-
diate action selection through state updates. We show how
observation can leverage spatial and temporal locality and
use pruning and backtracking to improve coverage. Exper-
iments illustrate the usefulness of observation-based coop-
eration to coordinate robots in exploration. Results suggest
that observation can provide an alternative to direct com-
munications. Future work includes performing exploration
just-in-time message exchange through rendezvous.
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