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Abstract— This paper presents USARSim, an open source

high fidelity robot simulator that can be used both for research

and education. USARSim offers many characteristics that

differentiates it from most existing simulators. Most notably,

it constitutes the simulation engine used to run the Virtual

Robots Competition within the Robocup initiative. We describe

its general architecture, describe examples of utilization, and

provide a comprehensive overview for those interested in robot

simulations for education, research and competitions.

I. INTRODUCTION

In the past years there have been continuous efforts to
foster robotics at the earliest stages of education. Figures
depicting a constant decrease in the number of students
entering engineering and science programs in the USA
stemmed a wide range of initiatives to revert this alarming
trend. Due to its intrinsic interdisciplinary and hands on
nature, robotics seizes the students’ interest as few other
topics can. The success of initiatives like Robocup, an annual
student-centric competition that attracts thousands of enthu-
siastic practitioners from all over the world, testifies that
robotics plays a vital role in getting students involved. It is
worth noting that the basin of attraction spans from children
involved in the Robocup junior competition, to doctoral
level students immersed in soccer and rescue competitions
offering formidable scientific challenges. However, it is also
evident that robotics education requires a significant amount
of resources in terms of dedicated equipment, specialized
supporting personnel, lab space and so on. In this paper we
illustrate Urban Search and Rescue Simulation (USARSim),
a high fidelity multi-robot simulator that proved to be an
excellent research tool within the Robocup community, and
that has the potential to become a first-class tool in robotic
education. We expect USARSim to be an attractive possi-
bility to complement activities with physical robots when
resources are scarce or heavily constrained. USARSim offers
a set of interesting characteristics currently not matched by
any other simulator available:

1) it builds upon a widely used and affordable state of
the art commercial game engine. Every improvement
driven by the ever improving gaming industry trans-
lates into USARSim’s advantages. This is particularly
true for hyper realistic rendering and physical simula-
tion.

2) the simulator itself is available for free under the GPL
terms.

3) it is highly configurable and extendible. Users can
easily add new sensors, or model new robots. This has
already proven to be a viable development path, since
some of the robot models currently bundled with the
simulator were contributed to by end users modeling
their own custom designed robots.

4) USARSim can be interfaced with Player [1], a popular
middleware used to control many different robots. It
follows that code developed within USARSim can
be transparently moved to real platforms without any
change (and viceversa).

5) USARSim seemlessly interfaces with the Mobility
Open Architecture Simulation and Tools framework
(MOAST) [2][3], a fully functioning hierarchical con-
trol system. MOAST privides a fully functional mod-
ular control system that users can immediately use
to control robotic platforms. The user may then cre-
ate more capable robots by adding commands to a
module’s vocabulary or may experiment with novel
algorithms by rewriting any individual module.

6) quantitative evaluations show a close correspondence
between results obtained within USARSim and with
the corresponding real world system or sensor.

7) USARSim has been chosen as simulation infrastructure
for a recently started competition held within the
Robocup initiative. This creates a basin of highly
skilled users that eventually release their developed
code to the scientific community for its widespread
dissemination.

8) although USARSim was originally developed aiming
to Urban Search And Rescue simulation (hence the
name), it is a general purpose multi-robot simulator
that can be extended to model arbitrary application
scenarios.

9) USARSim is platform independent and runs on Win-
dows, Linux and MacOS.

The paper is structured as follows: in section II we illustrate
current alternatives in the field of robot simulators. Then,
in section III we briefly report on USARSim’s technical
design and in section IV we summarize validation results that
illustrate encouraging findings. The Robocup Virtual Robots
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Abstract— Effective robotic simulation depends on accurate

modeling of physics and the environment as well as the robot,

itself. This paper describes validation studies examining feature

extraction, WaveLan radio performance, and human interaction

for the USARSim robotic simulation. All four feature extrac-

tion algorithms showed strong correspondences between data

collected in simulation and from real robots. In each case data

extracted from a well lit scene produced a closer match to data

extracted from a simulated image than to camera data from

a poorly lit scene. The radio simulation also performed well

in validation showing levels of attenuation due to intervening

walls that were similar to signal strengths measured in the

modeled environment. The human-robot interaction experiments

showed close correspondence between simulator and robots in

performance affected by robot model, control mode and task

difficulty.

I. INTRODUCTION

USARSim is a high fidelity robot simulator built on top of
a commercial game engine [1] with a wide range of possible
applications. USARSim is currently being used to investigate
human robot interfaces (HRI), to develop and tune robot
algorithms, and to study cooperative behaviors. USARSim has
recently been adopted by the Robocup Federation [2][3] as the
software infrastructure for a new Urban Search and Rescue
(USAR) competition that models robots and environments
from the USAR Robot League. It joins an earlier Robocup
Rescue simulation that focuses on a higher level of logistics
and emergency management. Although robot simulators have
been widely used since the field’s inception there remain
widespread reservations about their usefulness. There are a
variety of reasons behind these concerns. First, robot simu-
lators have often offered application program interfaces that
were inconsistent with those found on real robots. This made
it difficult to move software between robot and simulator
for code development and debugging which was often the
primary purpose for using simulation. This problem has been
largely overcome by hardware neutral middleware such as the
widely used player/stage software [4][5]. A more damaging
criticism concerns discrepancies that may be found between
results obtained from simulation and those obtained with real
robots. A prime tenet of modern behavior-based robotics [6] is
that effective systems can be designed by eliminating internal
representations and focusing instead on the direct relation
between stimulus and action [7]. From this perspective a good
simulation must simultaneously supply an accurate model
of the robot’s geometry and kinematics, accurate models of

sensors, an accurate model of the environment, and an accurate
model of the robot’s interaction with that environment. If
any one of these constituents breaks down the simulation can
no longer provide an adequate model of the process being
studied. Simulation requirements were far more relaxed for an
earlier generation of robots that relied on planning and many
robot simulators still provide only schematic or 2D models
of the environment and pay little attention to the physics of
the interaction between robot and environment. USARSim, by
contrast, provides detailed models of both the environment
and the physics of interaction making accurate simulation for
behavior-based robotics a possibility.

In this paper we provide a quantitative evaluation of the
accuracy of USARSim, paying particular attention to the
validation of robot performance, as well as the perceptual
processes. Specifically, we define a set of perceptual tasks to
be studied both in simulation and in reality, as well as metrics
to compare the obtained results. The goal is to provide quanti-
tative indices that indicate to which degree it is possible to ex-
trapolate results obtained in simulation. Additional validation
data are reported for disruption of radio communications and
human control of robots. The overall USARSim architecture
is described in section II, with an emphasis on the specific
components devoted to perception and action. One of the tasks
more relevant in mobile robotics is visual perception. Section
III presents a set of algorithms commonly used for robotics
oriented image processing, as well as performance indices.
In multi-robot systems, inter-robot communications based on
wireless channels play a relevant role, but up to now few
simulators explicitly model aspects like signal degradation and
the like. These topics are addressed in section IV. Section V
presents data for two robots controlled by operators using two
control modes showing correspondences in behavior between
simulated and real robots. Finally, conclusions are offered in
section VI.

II. USARSIM SOFTWARE ARCHITECTURE

USARSim uses Epic Games’ UnrealEngine2 to provide
a high fidelity simulator at low cost. The current release
consists of models of standardized disaster environments,
models of commercial and experimental robots, and sensor
models. USARSim also provides users with the capability of
building their own environments and robots. Its socket-based
control API was designed to allow users to test their own
control algorithms and user interfaces without additional pro-
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Abstract We present a new algorithm for merging occu-
pancy grid maps produced by multiple robots exploring the
same environment. The algorithm produces a set of possi-
ble transformations needed to merge two maps, i.e transla-
tions and rotations. Each transformation is weighted, thus
allowing to distinguish uncertain situations, and enabling
to track multiple cases when ambiguities arise. Transfor-
mations are produced extracting some spectral information
from the maps. The approach is deterministic, non-iterative,
and fast. The algorithm has been tested on public available
datasets, as well as on maps produced by two robots con-
currently exploring both indoor and outdoor environments.
Throughout the experimental validation stage the technique
we propose consistently merged maps exhibiting very dif-
ferent characteristics.

Keywords Multi-robot systems · Mapping · Hough
transform

1 Motivation

Research in multi-robot systems is motivated by multiple
rationales (Parker 2000). Among them is the possibility to
build systems that exhibit superior performance in terms of
robustness and time needed to complete assigned missions.
Despite the fact that these goals drove a lot of research on
the topic in the last two decades, the design and implemen-
tation of truly robust multi-robot systems is still a challenge.
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Many difficulties arise while putting together various com-
ponents. One of the main problems is the integration of in-
formation collected by different robots operating in different
parts of the environment. Information integration can hap-
pen at different levels, but in order to overcome possible
communication bottlenecks, an appealing approach consists
in merging high level information extracted from raw low
level data collected by sensors. In this paper we address one
of these problems, namely the integration of occupancy grid
maps produced by various robots exploring different parts of
the same environment. Simultaneous localization and map-
ping (SLAM) is a well established field of research that still
draws significant attention due its enormous practical impor-
tance. Most research, however, focuses, on the problem of
building a single map, either from data coming from a single
robot, or from multiple robots. In both cases, however, the
map being built is unique. In many situations this approach
is not practical at all. Besides the problems arising from the
increased dimensionality of the composed map, when ro-
bots are exploring large environments continuous commu-
nication may be unavailable, and robots may be able to ex-
change data only during sporadic rendezvous. As detailed in
Sect. 2, research in map merging is still at its dawn, despite
its acknowledged importance.

In this paper we present a novel algorithm for merging
multiple maps that is both fast and accurate. The algorithm
can be used to merge maps represented as occupancy grids.
This technique advances the current state of the art, includ-
ing our previous work in the area, in various ways. First, it
is extremely fast. Grid maps with more than 250 thousands
of cells can be merged in about 500 ms on common desk-
top PCs. This is orders of magnitude faster than approaches
based on iterative stochastic searches. Secondly, the algo-
rithm is deterministic. Therefore its results are repeatable,
and its computation time predictable. This later aspect is



Current expectations for robots 
Human-like behaviors are 

anticipated Robots	  must	  have:	  

• Understanding of intents or goals from a human operator 
through natural language. 

• Human performance. 

•  Enter an unknown environment and quickly find a place 
of interest. 

•  Topological and semantic representation of the space. 



Challenges 

•  Understanding	  the	  rela6onship	  
between	  the	  elements	  of	  a	  
specific	  environment.	  

Topology	  of	  
the	  

environment	  

•  Being	  aware	  of	  the	  
environment	  and	  behave	  
accordingly.	  

Seman6cs	  

•  Topology	  
•  Seman6cs	  
•  Planning	  under	  constraints.	  

Hierarchical	  
Naviga6on	  



Objective 

•  Navigate safely through a office building in order to reach 
a goal, solving a CMDP under Temporal and 
performance-based constraints. 



Oriented 
Semantic 
Topologic

al Map  

•  Topology of the environment 

–  Oriented Graph. 

•  Semantics 

–  Tagging and labeling of an 
environment. 

 
•  Hierarchical Navigation 

–  Building expanding Oriented 
Graph. 

–  Exploration strategy. 
–  Navigation using CMDP model.  



Oriented Graph 

Add orientation and 
connect each node. 



Building the Oriented Graph 
(Office Building) 

Corner Intersection Straight Intersection  Room Corridor Intersection 



Oriented Topological Map (Office Building) 

Office	  Building	  Map	  



Semantics: Tagging and Labeling 

•  Office 
building: 
–  Rooms: 

•  Office 201 
•  Bathroom 1 
•  Storage Room 
•  Copy Room 

–  Corridors 

–  Elevator 

–  Stairs 

•  Intersections 
(edges per 
node) 

•  1 Edge 
•  2 Edges 
•  3 Edges 
•  4 Edges 

Oriented 
nodes in 

graph 



Hierarchical 
Navigation: 

Building 
expanding 

Oriented Graph. 



Hierarchical 
Navigation: 
Exploration 

strategy. 



Hierarchical 
Navigation: 
Navigation 

using CMDP 
model.  



Framework 



Experiments 

• Real	  case	  scenario	  (3D	  Model	  of	  Office	  building).	  
• Uncertainty	  (Sensor	  and	  control	  noise).	  
• Pioneer	  3at	  equipped	  with	  laser,	  compass	  and	  
logical	  camera.	  

Environment	  

• ROS	  (Python,	  C++)	  
• Matlab	  
• Modular	  func6on	  system.	  
• Independent	  Graph	  builder,	  Naviga6on	  and	  
Explora6on	  methods.	  

• Direct	  use	  of	  graph	  builder,	  Naviga6on	  and	  
Explora6on	  methods	  with	  real	  robot.	  

SoSware	  	  



Simulation 



Results 

•  Random Strategy 
–  Pros: 

•  Assures visiting at 
least one time 
each node. 

•  Measure time and 
performance base 
line 

–  Cons: 

•  Slow performance. 
•  High risk of 

collision. 

Star%ng	  Posi%on	   Success	  Rate	   Time	  

A	   94%	   From	  4	  to	  20	  minutes	  

B	   47%	   From	  30	  minutes	  to	  +1h	  

C	   9.7	   >1	  hour	  



Objective 
●  Ensure long term replicability with minimal overhead for all users 

○  Long term: well beyond typical lifespan of distributions, releases 
(e.g., two decades) 

○  Author user: lean process to provide everything that is necessary, 
but not more 

○  Reader user: “one click” to replicate, “one click” to download 



Possible approach 
●  “Freeze” environment and push it to the cloud 
●  Environment consists of 

○  OS 
○  Libraries, languages, etc. 
○  Code (source/binaries) 
○  Datasets 
○  More? 

●  Develop script that once environment is re-booted automatically rebuilds code 
(if needed) and reruns experiments. 

 

Talk to the cloud computing community 



Technical Solutions 
Virtual Machine 

VirtualBox/VMware 

Containers 

Docker 

source:	  h^p://www.electronicdesign.com/	  



Challenges 
●  Should be platform agnostic 
●  Must be well documented 
●  Must “standardize” protocol/workflow 

We need to get going 


