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Abstract

The work reported here describes a novel method for carrying out full dynamics simulations
of mobile robots. The technique assumes to define a simulated robot at different levels of
abstraction and to use, every time it is required during simulation, the model description
which is most suitable for the situation at hand. The application of this method greatly
improves simulation performance while keeping the inevitable accuracy loss acceptable.

The technique, although being tested within a particular simulator (Swarmbot3d) and on
a particular type of robot (s-bot), is also applicable to other kinds of robot having different
sizes and morphology.

1 Introduction

Research in robotics has always made an extensive use of simulators for analysing specific mechan-
ical parts or for investigating control algorithms. Most of these simulating environments, however,
have been able to deal just with simplifications of the real world, thus any results obtained had
always to be validated against real robot hardware.

The advancement and accuracy reached by current physics engines and the availability of high
performance computing hardware has made simulators nowadays a much more powerful tool. It is
now possible, in fact, to model the physics of any type of mobile robot as well as any environment
to place it in at a very high level of detail and to use such a description for analyzing the outcoming
behaviour with a high level of realism.

It is clear that using a very detailed model for a robot implies quite considerable computing
overheads, which might be more or less noticeable in a simulation depending on the computing
power available. The problem becomes even more crucial when investigations have to deal with
more than one robot in a complex environment. Researchers have in these cases to settle from the
beginning for an appropriate compromise between simulation accuracy and performance. Clearly,
having a fixed model description considerably limits the investigating power potentially offered by
a simulator. A much better approach would be given by having robots defined at different levels
of refinement. This would allow researchers to employ for each robot the most suitable model
description with respect to type of environment and type of task to be carried out.

The work reported here describes the implementation of such a characteristics using a special
3D dynamics simulator (Swarmbot3d) which is capable of replicating closely the real behaviour of
a specific type of mobile robot (s-bot).
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Figure 1: S-Bot first its three description approximations (from left to right: basic, medium, and
detailed models) and then its real form.

2 Related Works

Robot simulation has extensively been used in industry and in academia because it offers engineers
and researchers the possibility of creating controlled and repeatable environments with which to
test new design ideas or new algorithms. The result is the avalability of commercial simulating
tools for rapid prototyping (e.g., CAD systems) and research environments for carrying out control
investigations.

CAD systems are expected to be as close as feasibly possible to reality because they have to
evaluate how a specific design would behave in the real world. However, the level of realism has
very high cost in terms of computational load and time. This last can be quite crucial in those
cases requiring big amount of computations over a large population of robots, such as in controls
developed using evolutionary algorithms.

The work reported here falls in two main topics: simulation of multiple robots and multi-level
modeling. Concerning the first category, most of the research has mainly focussed on the fields
of multi-agent system, artificial life, distributed AI, and autonomous mobile robotics. The tools
developed for these areas, depending on the abstraction level, have been ranging from simple
cellular automata to highly distributed realistic environments.

A work example in multiple robot simulation is MissionLab [3]. It supports execution of
multiple robots both in a 2D simulation environment and on actual robotics platforms. Another
simulation package for large multi-agent systems is Swarm [5] developed at the Santa-Fe Institute.
A simulation in Swarm consists of scheduling the interactions among agents. Although Swarm
simulates multiple agents, this discrete-event simulator is not appropriate for simulating mobile
robots. MuRoS is a simulator developed at the University of Pennsylvania [1]. Such a simulator
allows simulation in 2D of several multi-robot applications such as cooperative manipulation,
formation control, foraging, etc. Overall it is a good package but its restriction to a bi-dimensional
world greatly limits its predictions to simple environments.

A commercial 3D simulating package worth of mentioning is Webots [4], a simulator originally
developed for the KepheraTM robot but now able to support any type of mobile robots including
wheeled, legged, and flying robots. However, Webots does not include any multi-level modeling as
presented here. Thus, once models are created, a simulation uses them statically.

Concerning the second topic (multi-level modeling), works have mainly concentrated CAD
design optimizations. An example is the work of Ellman et al. [2]. They propose several strate-
gies that use multiple model definitions for unconstrained optimization of engineering designs.
Although their main concern is optimizing the model approximation of a system, the idea they
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advocate of defining a physical system at different levels of abstraction forms the basis for the
model exchange technique presented here.

A dynamics 3D simulating package for s-bot mobile robots (Swarmbot3d) has been developed
by the authors [7] as part of a E.U. and Swiss sponsored research project (SWARM-BOT1). This
simulator addresses a particular all terrain wheeled mobile robot called s-bot. It is calibrated to
replicate very closely the mechanical behaviour as well as the sensing capabilities of the real s-bot.
A robot is defined within Swarmbot3d at different levels of abstarction. This implies that the
simulator can be used for different types of investigations from those requiring fine details to those
requiring large amount of computations.

This paper presents a novel technique extending this package to optimize any simulation by
employing always the most suitable robot model abstraction with respect to the task to be carried
out and to the terrain the robot has to face. Within the research field of robotics simulation, as
far as the authors are aware of, the multi-model switching has not previously been applied.

3 Multi-Level Simulation

As introduced at the beginning (section 1), the simulator employed (Swarmbot3d) is able to
replicate very well all the mechanical parts as well as the sensory capabilities of a special type of
all terrain mobile robot (s-bot). Validating experiments showed that the detailed representation
of one simulated s-bot match very closely the real one [6].

It is clear that any simulation employing such a fine description is very computing demanding
with respect to collision detection and to the computation of the dynamics involved. As soon as
also the environment is modeled in very fine details, the use of a simulator as an investigating tool
loses soon its edge. Reducing the level of model refinement is not a good solution since it implies
a loss in the accuracy of the predictions obtained running a simulation.

The idea presented here tackles the problem from a different perspective. The trade-off bet-
ween performance loss and results accuracy is not regarded as a static choice, but rather as a
dynamic optimization which substitutes a robot representation (model) with an opportune level
of description during the simulation itself so as to reduce any possible accuracy loss to the mini-
mum.

The key to the whole idea is the availability of a hierarchical model description for a robot.
Based on the environment condition encountered (i.e. smooth plane, obstacle cluttered environ-
ments, outdoor rough terrain), the appropriate robot model is chosen among those available in
the hierarchy. By doing so, it is possible to employ a very simplified description as long as a
robot moves onto a very smooth terrain, while scaling up or down the hierarchy each time the
environment conditions require a higher or lower level of accuracy.

To implement this idea, three abstraction models for one s-bot were designed: basic, me-
dium, and detailed (Figure 1). Each representing a different level of description of the real robot.
Given the different level of refinement, each model implies a different computational overhead as
summarized in Table 1.

A more detailed discussion of each s-bot approximation is briefly reported in the following
subsections.

3.1 Basic Model

This model (Figure 1) is a mere functional representation of a real s-bot. It is made of a coarse
treels and a coarse turret. It can move about, rotate on the spot, rotate its turret with respect to

1Project web page can be found at www.swarm-bots.org
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Table 1: S-Bot approximation models analysis: ’x’=present, ’-’=absent .
s-bot elements basic medium detailed

wheels # 2 6 6
wheels type sphere sphere teethed cylinder
turret type simple detailed detailed
IR proximity sensors x x x
ground sensors - x x
camera - x x
sound module - x x
type of front-gripper coarse1 coarse1 detailed
flexible side-arm - - x
dynamic bodies # 4 9 23
mechanical joints # 3 8 24
average RTM2 99 31 3

1. A simple sticking box.

2. Real Time Multiplier is the ratio between simulated real time and simulation time (the
higher, the better). Values have been measured for a single s-bot on a flat plane using dual
3.06GHz Xeon PC with one nVidia QuadroFx 1000 graphics card.

its treels, and it can use its turret IR sensors. The box protruding outwards is used as a simple
form of connecting/disconnecting device.

Given its morphology, the basic model can cope very well with smooth planes but it starts
being unsuitable already with mildly rough terrain. This means that this model can be more than
sufficient to approximate the locomotion of one s-bot as long as the terrain onto which it navigates
is a smooth plane.

3.2 Medium Model

This is a much more complex definition for one s-bot than that given by the basic model (Figure 1).
It is made of a lower part (treels) composed of 6 driving wheels, and an upper part (turret). The
latter is described in fine details, whereas the former approximates the wheels with a spherical
shape.

This model description lacks the extendible side arm present on the real robot and shows just
a functional representation of the front arm. Connection and disconnection is carried out exactly
as in the previous model approximation.

The medium model increments the capability of one simulated s-bot by allowing the use of its
omnidirectional vision camera, by having 6 wheels of the same size as in the real robot, and by
allowing the front arm to have a compliace when moving connected to another robot on rough
terrain.

Since this model is more refined than the basic one, it implies higher computational overheads,
but it becomes necessary when the simulator has to deal with a rough surface which requires
locomotion capabilities beyond those of the basic s-bot representation.



Technical Report No. IDSIA-20-03 5

Figure 2: From left to right: the 3 s-bot models while traversing a gap of 9mm, 40mm, and 60mm,
respectively.

3.3 Detailed Model

This is the most complete description of one s-bot (Figure 1). It replicates all the mechanical
parts and all the dynamics data (masses, inertias, motor torques, forces, etc.) characterizing the
real robot. It also accurately models the extra mechanical sub-system (side arm) not available on
the lower end descriptions.

Because of its level of details, this s-bot model is very computationally demanding, however it
is the only one in the hierarchy which was entirely calibrated to behave as close as feasibly possible
to the real robot.

4 Experimental Tests

To understand the accuracy in behaviour offered by each abstraction model several preliminary
comparison tests were carried out. By using these data, the model exchange technique is then
applied to the problem of navigation on different types of terrains. An experimental test presented
at the end shows the improvements gained by a simulation in terms of time performance and
results’ accuracy with respect to a simulation employing a static predefined robot model choice.

4.1 Motion Comparison

This experiment compares how different models differ during forward linear motion on terrains
with different levels of roughness. The four different simulation models were placed with random
position and random heading on the terrain. In the simulator, the terrain roughness was controlled
by specifying a height range (HR) parameter, where the HR values correspond to descriptive values:
1=almost flat, 2=minimal rough, 4=little rough, 8=mildly rough, 16=rough, 32=very rough.
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Figure 4 shows the motion errors which are obtained by letting each s-bot models run at
medium speed (15.24 cm/s) for 10 seconds. The vertical axis plots the projection of the travelled
distance onto the randomly selected intial direction. Depending on the terrain roughness this
distance decreases because the s-bot is not able to retain a straight course. The small differences
in distance on flat terrain must be due to calibration errors of the velocity due to differences in
the wheel diameter.

4.2 Gap Passing

With this experiment (Figure 2) the basic and medium models are compared with the detailed
one in relation to the problem of passing a gap. Given the close similarity between detailed s-bot
model and real robot, the former is used as a reference.

The gaps were defined by using two planar surfaces placed at a given distance. Table 2
summarizes the tests obtained by varying the size of such a gap. Each table entry corresponds to
the modal value of 12 observations. All experimental tests were carried out by using a low speed
of 2.8 cm/s.

4.3 Slope Tackling

This experiment (Figure 3) shows how the 3 s-bot models compare when they encounter a slope.
The navigation skills of the detailed model are also in this case used as a reference. To quantify
how the 3 models behave with respect to a sudden change in the evenness of the ground, three
simulated s-bots, each expressed at a different level of refinement (detailed, medium, and basic),
were placed on a plane and then let them move forward until an uphill slope was encountered.

Once the event occurred for each robot model, their ability to cope with it was observed. By

Figure 3: From left to right: the 3 s-bot models tested for upward slope with inclination angle
0.2, 0.8 and 1.0 radians, respectively.
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Figure 4: Comparison of linear motion errors of the three s-bot simulation models with respect to
different terrain roughness.

Table 2: Gap passing comparison of the three s-bot approximations used.
Gap (cm) basic medium detailed

3.0 overcome overcome overcome
4.0 overcome overcome overcome

4.5
overcome (70%) overcome (90%)

overcome
stuck (30%) stuck (10%)

5.0 stuck stuck overcome

5.7 stuck stuck
overcome (50%)
stuck (50%)

6.0 stuck stuck stuck

changing then the inclination of the slope with respect to the ground plane, the maximum tilting
angle each model was able to cope with was then measured. The speed of all s-bots was also in
this case set to 2.8 cm/s for the same reason pointed out in the gap passing experiment. Results
are summarized in Table 3: each entry corresponds to the modal value of 12 observations.

4.4 Complex Terrain Navigation

Having characterized the different models in the s-bot hierarchy, the final step is now using such
information for testing the multi-model simulation technique with respect to a complex navigation
task.

The terrain, onto which the experiment is set, has three gaps, one slope, and two rugged area.
The simulation of the navigation task of one s-bot onto such a terrain is first carried out using the
detailed model and then repeated using the model exchange technique. The gain obtained in the
second case is expressed as a reduction of total simulation time.

The experiment consists in letting one s-bot navigate along a path and in switching its model
representation according to the kind of terrain encountered (Figure 5). The simulation starts with
one s-bot in its basic form on a plane. As long as the s-bot motion occurs onto such a ground, this
simple robot representation is retained. However, as soon as a harder terrain is encountered (e.g.,
a gap smaller then 5 cm, a slope, or even a rough terrain), the representation of the simulated
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Table 3: Slope climbing comparison of the three s-bot approximations used.
Angle (rad) basic medium detailed

0.02 overcome overcome overcome

0.04
stuck (60%)

overcome overcome
change course (40%)

0.20 stuck overcome overcome
0.70 stuck overcome overcome
0.80 stuck slipping slipping
0.90 stuck slide back topple over
1.00 stuck topple over topple over

s-bot is immediately switched to the medium model. When also this one is not sufficient anymore
(e.g., gaps larger than 5 cm but smaller than 5.5-5.7 cm), the most complex model description
is then used and retained until the situation requires it. As soon as a smooth plane is detected
again, the simulator switches s-bot representation back to the basic model.

Figure 6 on the left plots the aforementioned complex path followed by the detailed model
repeated 10 times. The diagram on the right in the same figure plots the same path carried
out using the model switching technique. The two plots show that using model switching the
simulated robot reaches the final position of the detailed robot within an acceptable range. It
can be observed that the detailed model is not very accurate in making right angle turns due to
occasional slippings of the teethed wheels. The other two models do not have this problem, thus
the plots using model switching show a more compact clustering.

The simulated real time for completing complex navigation task was 59 real world seconds.
The total simulation time required using the detailed model alone was about 64 seconds, whereas
using the model switching technique was less than 28 seconds. This means that using model
switching allows to reduce simulation time by more than half.

It should be pointed out that any gain using the technique presented here is obviously de-
pendent on the combination of terrain types. In the example discussed above, the more the
environment allows to use the simpler models, the more gain is expected in terms of simulation
time.

5 Discussion

The experimental data reported in the previous section show that the three s-bot model descrip-
tions (basic, medium, and detailed) offer an increasing approximation of the real robot.

A simulator employing the sophisticated detailed model replicates very closely how the real
s-bot behaves. The price to pay to have such a realism is an increased simulation time, which
can be a crucial limitation for control algorithms implying large amount of computations, such as
those developed using evelutionary techniques. Specifically for these type of investigations, having
a less demanding robot model can be of great help for synthesizing a control within a reasonable
time. However, a simpler model representation affects the accuracy of simulation predictions as
observed in the comparison experiments reported earlier.

The simulation model exchange technique presented here is an answer to the right trade-off
between model accuracy and simulation speed. The possibility during a simulation of dynamically
changing the robot representation by using the least demanding model considerably constrains the
accuracy loss while greatly enhancing the simulation performance. In the experiments presented,
model switching has been triggered manually, however, the plan is in the future to let the simulator
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automatically decide when and where to switch optimally among the models.
This idea onto which this technique is based, although being developed and tested using a

particular simulator (Swarmbot3d) and a particular type of robot (s-bot), can in principle be
easily extended to other similar simulating environments and to other kinds of robots.

6 Conclusion

The dynamic model switching simulating technique presented here is a novel approach to the
problem of increasing robot simulation performance while keeping any accuracy loss caused by the
use of simplified models within acceptable limits.

This method assumes a robot to be defined in a hierarchy of increasing approximations. By
selecting within such a hiearchy the simplest model capable of coping with a given situation, a
simulator is able to use always the least computing demanding robot model. The result is a gain
which minimizes simulation time by introducing complexity only when it is strictly required.

The technique reveals to be very valuable in investigations requiring large amount of compu-
tations such as in the development of evolutionary robot control algorithms.
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Figure 5: From left to right and from top to bottom: one s-bot navigating onto different terrains
and switching its model representation.
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Figure 6: Tracked path of the simulation using just the detailed s-bot model (left) and that of the
simulation using the model switching technique.


