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Université Libre de Bruxelles

Av F. D. Roosevelt 50, CP 194/6
1050 Bruxelles, Belgium

Technical report number TR/IRIDIA/2006-005

Revision history:

TR/IRIDIA/2006-005.001 February 2006
TR/IRIDIA/2006-005.002 March 2006

The information provided is the sole responsibility of the authors and does not necessarily
reflect the opinion of the members of IRIDIA. The authors take full responsability for
any copyright breaches that may result from publication of this paper in the IRIDIA –
Technical Report Series. IRIDIA is not responsible for any use that might be made of
data appearing in this publication.



Swarmod : a 2D s-bot ’s simulator

Federico Vicentini
�

federico.vicentini@polimi.it

Elio Tuci

�
etuci@ulb.ac.be

�
Politecnico di Milano, Milano, Italy�
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1 Introduction

This document provides a description of the implementation details of a 2D robot-environment
simulator, called Swarmod. The robot is a model of an s-bot, and it is represented as a differentially
driven circular object whose morphology is specified with respect to a planar geometry. The paper
illustrates the model of the infra red sensors and the kinematics of the robot used in Swarmod,
including the algorithms used to remove interpenetration between geometrical objects.

S-bots are small autonomous robots with a number of sensors and motors, basic communication
devices, and limited computational capabilities (see Figure 1a). Additionally, these robots are
endowed with aggregation mechanisms that allow them to form collective physical structures
and disband at will. We call these collective physical structures swarm-bots : a swarm-bot is an
aggregate of s-bots that has the potential to exhibit capabilities that go beyond those of a single
s-bot. A swarm-bot forms as the result of self-organising rules followed by each individual s-bot
rather than via a global template and is expected to move as a whole and reconfigure along the
way when needed. For example, it might have to adopt a different shape in order to go through a
tunnel or overcome an obstacle (see Figure 1b). It is beyond the scope of this document to provide
a detail description of the s-bot ’s hardware. This information can be found on the SWARM-BOTS
project’s web page (see http://www.swarm-bots.org/) and also in [6].

Swarmod models only a subset of all the structures and functionalities of an s-bot, and it
does not simulate the rigid body dynamics. In Swarmod, the geometrical entities are not allowed
to intersect. When this happens, a re-position algorithm re-establish conditions that do not
present intersections. Swarmod has been specifically designed to develop artifical neural network

(a) (b)

Figure 1: (a) An s-bot close to a 1 Euro coin; (b) A group of s-bots physically connected to each
other, that moves on rough terrain.
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(a) (b)

Figure 2: (a) the traction system of an s-bot ; (b) the s-bot ’s gripper.

controllers (see [5]) shaped by evolutionary algorithms (see [4]). This method is generally referred
to as Evolutionary Robotics (ER, see [7]). The source code of the simulator, written in C++, can
be obtained by sending a request to the authors of this document.

1.1 Structure of the paper

This paper is organised as follows: section 2 provides a brief description of the s-bot ’s morphology;
section 3 describes the algorithm used in Swarmod to update the s-bot ’s infra red sensors reading
in presence of obstacles of various nature; section 4 describes the algorithm used to update the
position of the robots within the environment; section 5 describes the algorithm used in Swarmod
to re-position the agents in case of intersections between geometrical entities.

2 The s-bot

The s-bots are mobile autonomous robots with the ability to connect to and to disconnect from
each other (see [6] for a detailed description of the s-bot hardware). An artifact composed of a
swarm of physically connected s-bots is referred to as a swarm-bot.

The hardware design of an s-bot is particularly innovative, both concerning its actuators and
its sensing devices (see figure 4). The s-bot is equipped with an innovative traction system which
makes use of both tracks and wheels as illustrated in figure 2a. The wheel and the track on a same
side are driven by the same motor, building a differential drive system controlled by two motors.
This combination of tracks and wheels is labelled Differential Treels � Drive.1 Such a combination
has two advantages. First, it allows an efficient rotation on the spot due to the larger diameter
and position of the wheels. Second, it gives to the traction system a shape close to the cylindrical
one of the main body (turret), avoiding in this way the typical rectangular shape of simple tracks
and thus improving the s-bot mobility and stability. The s-bot ’s traction system can rotate with
respect to the main body—i.e., the robot’s turret—by means of a motorised joint. The turret
holds a gripper for establishing rigid connections between two s-bots or between an s-bot and an
object (see figure 2b). The gripper is mounted on a horizontal active axis, and it has a very large
acceptance area allowing it to realize a secure grasp at a wide angle range. The s-bot gripper can
grasp another s-bot on a T-shaped ring placed around the s-bot turret (see figure 3a, b, and c).
If it is not completely closed, such a grasp lets the two joined robots free to move with respect
to each other while navigating. If the grasp is firm, the gripper ensures a very rigid connection
which can even sustain the lifting up of another s-bot. An s-bot is provided with many sensory
systems, useful for the perception of the surrounding environment or for proprioception. Infrared
proximity sensors are distributed around the rotating turret, and can be used for detection of

1Treels is a contraction of TRacks and whEELS
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obstacles and other s-bots. Four proximity sensors are placed under the chassis, and can be used
for perceiving holes or the terrain’s roughness. Additionally, an s-bot is provided with eight light
sensors, two temperature/humidity sensors, a 3-axes accelerometer and incremental encoders on
each degree of freedom. Each s-bot is also equipped with audio and video devices to detect and
communicate with other s-bots, such as an omni-directional camera, coloured LEDs around the s-
bot ’s turret, microphones and loudspeakers. Eight groups of three coloured LEDs each—red, green
and blue—are mounted around the s-bot ’s turret, and they can be used to display colours. The
colour emitted by a robot can be detected by other s-bots by using an omni-directional camera,
which allows to grab panoramic views of the scene surrounding an s-bot.

In addition to a large number of sensors for perceiving the environment, several sensors provide
each s-bot with information about physical contacts, efforts, and reactions at the interconnection
joints with other s-bots. These include torque sensors on all joints as well as a traction sensor to
measure the pulling/pushing forces exerted on the s-bot ’s turret. The traction sensor is placed
at the junction between the turret and the chassis. This sensor measures the direction (i.e., the
angle with respect to the chassis orientation) and the intensity of the force of traction (henceforth
called “traction”) that the turret exerts on the chassis. The traction perceived by one robot can
be caused either by the force applied by the robot itself while pulling/pushing an object grasped
through the gripper element, or by the mismatch of its movement with respect to the movement
of other robots connected to it, or by both the previous circumstances at the same time. The
turret of an s-bot physically integrates, through a vector summation, the forces that are applied to
it by another s-bot, as well as the force the s-bot itself applies to an object grasped. The traction
sensor plays an important role in the context of coordinated movement of a group of physically
connected s-bots—i.e., a swarm-bot. In particular, it can be employed to provide an s-bot with an
indication of the average direction toward which the swarm-bot is trying to move. More precisely,
the traction sensor measures the mismatch between the direction in which the s-bot ’s own chassis
is trying to move and the direction in which the whole group is trying to move (see [1, 2]).

3 A model of the behaviour of the infra red proximity sen-

sors

Each s-bot can perceive objects (obstacles of other s-bots) in its world through its infra red proxim-
ity sensors. Swarmod models objects by representing their 2D surfaces using polygons. Thus, the
perception of objects via infra red sensors is essentially based on geometrical rules.2 In particular,
the polygonal model computes the distance of objects with respect to the robot infra red sensors
using a ray-tracing algorithm as shown in figure 5. The distance of an object corresponds to the
proportion of beam segment which (i) starts at the centre of the circle of radius (R = 5.8 cm)
describing the robots; (ii) intersects the perimetric circumference the robot at the point where

2See http://astronomy.swin.edu.au/∼pbourke/geometry/ for an introduction to geometrical rules to compute

distances and intersection points between two segments and between a segment and a circle.

(a) (b) (c)

Figure 3: (a) Two connected s-bots ; (b) and (c) detailed view of a connection between two s-bots.
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- Diameter of the main body 116 mm, 100 mm in height

- All-terrain mobility using a treels � drive mechanism
- Rotation of the main body with respect to
the motion base

- One degree of freedom rigid arm with gripper
- Three degrees of freedom flexible arm with gripper
- Optical barriers on grippers
- 15 IR proximity sensors around the s-bot
- 4 IR proximity sensors on the bottom of the robot
- 8x3-colour LEDs around the robot body
- 8 light sensors around the robot body

- Force sensor between treels � base and main body
- Torque sensor on wheels and body rotation
- 3-axes accelerometer
- Humidity sensor
- Temperature sensor
- One speaker and four microphones
- Omnidirectional camera
- Main board with 400 MHz x scale processor
running Linux

- 15 microchips pic processor 20 MHz running
real-time task

- Wireless communication
- The force of the rigid gripper is 14.72 N
- The elevation force of the rigid gripper is 6.87 N

Figure 4: On the left, mechanical drawing of the s-bot ’s hardware components. On the right, a
list of the technical characteristics of the s-bot.

the infra red is located (i.e., the angle βIRn
with respect to the robot face direction); (iii) and

eventually ends at the point of intersection (if any) with an object. If the beam intersects a 2D
“segment object”, then the distance of the object to the robot is computed by firstly finding the
intersection point between two segments (i.e., the beam and the “segment object”), and secondly
by computing the proportion of beam which goes from the infra red to the intersection point. If
the beam intersects a 2D object whose side correspond to a circular shape then we firstly apply the
algorithm to compute the intersection point between a segment (i.e., the beam) and a circle, and
secondly we compute the proportion of beam which goes from the infra red to that intersection
point (see dashed lines in figure 5). The distance of an object from the robot through a specific
infra red sensor is subsequently used to search in a look-up table the corresponding reading of this
sensor. In the following subsection, we illustrate how this look-up table is built.

3.1 The infra red look-up table

The use of look-up tables is an efficient way to speed up the computation time required to update
at any time-cycle the robots’ sensors readings during simulation. As far as it concerns infra red
sensors, these tables have to return values which match the readings of real robot’s sensors when
it is located in the proximity of obstacles or other robots. In our case, the table is meant to
be a faithful model of the behaviour of an s-bot ’s infra red sensors. That is, the table should
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βIR0
= 34◦

βIR1
= 56◦

βIR2
= 79◦

βIR3
= 101◦

βIR4
= 120◦

βIR5
= 140◦

βIR6
= 160◦

βIR7
= 180◦

βIR8
= 200◦

βIR9
= 220◦

βIR10
= 240◦

βIR11
= 259◦

βIR12
= 281◦

βIR13
= 304◦

βIR14
= 326◦

(a) (b)

Figure 5: (a) The circles represent two s-bots. The tick lines at the top of the picture represent two
objects. The s-bots at the centre of the picture is depicted with beams projecting from the centre
of the robot through the infra red sensors (the grey squares), for a distance corresponding to the
range of the sensor’s sensitivity to objects. If a beam intersects an object then the corresponding
sensor reading is affected by that object. (b) Positions of the infra red sensors on the robot body,
given by the angular displacement βIRi

with respect to the robot face direction.

return values that approximately correspond to the readings of a real s-bot for any possible spatial
relationships the robots might end up with respect to the geometrical objects that are situated in
its world. This look-up table is created as follows.

First, we sample the reading of the infra red sensors of an s-bot placed at 25 different distances
di ∈ [8, 33] cm from a wall. The first distance d0 = 8 cm is the one that let the gripper in front side
of the robot to brush the wall. For each distance di with i ∈ [0, 25] the robot is rotated m = 36
times (i.e., orientations), to let the whole set of sensors to face the wall (see figure 6a).

For each orientation (m∆θ), every sensor (IRn) faces the wall according to distance (read =
(m, IRn)) and angle (Φ(m, IRn)) which depends on the relative position of the infra red sensor
on the robot turret (βIRn

)—see figure 6b.

Φ(m, IRn) = θ0 + (m − 1)∆θ + βIRn
with βIRn

∈ [
−π

2
,
π

2
]; (1)

read(m, IRn)
di − Rsin(Ψ(m, n))

sin(Ψ(m, n))
(2)

For each position (di, θm) and for each sensor IRn, 100 samples (S) reading are collected. The
last distance d25 = 33 cm is the one in which the infra red sensor do not detect any objects. The
resulting raw data, stored in a three dimensional table, are processed by averaging the samples.
In this way, we have the readings (valIRn

) for each infra red sensor (IRn) for each distance to the
wall (read(m, IRn)), for each robot orientation (Φ(m, IRn))—see figure 7.

Once this three-dimensional table is filled in, we calculate the average readings only by taking
into account distances and angles. Therefore, we moved from a three-dimensional to a two-
dimensional table which gives the surface IRreadingn = f(read(m, IRn), Φ(m, IRn)) shown in
figure 8a). Subsequently, we calculate the average only by taking into account distances. Therefore,
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(a) (b)

Figure 6: (a) IR sampling set up. (b) Sampling geometries

we moved from a two-dimensional table to a vector which gives the distribution of points shown
in figure 8b. The resulting averaging process reduces the dimensions of function domain and let
the sampled values to be interpolated by a polynomial function. The interpolation technique is
the least squares regression. The resulting function is:

readint,erp(di) = 35.76− 16.01d2 +6.15d3 − 0.8072d4− 0.0632d5 +0.0261d6− 0.0026d7 +0.0001d8;
(3)

The choice of the order of interpolating polynomial is due to the effect on near field values. The
chosen polynomial is the best among the low order ones in giving account of the readings of
the sensors at short robot-wall distances. The sensors reading per distances as resulted by the
polynomial, are coded into a one dimensional look-up table which is used to update readings of
the the s-bot ’ infra red sensors. This table is composed of 151 readings, which cover a range of

Figure 7: Representation of the three-dimensional table which contains the sample readings.
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Table 1: Main modelling parameters used in Swarmod
(R) robot radius 5.8 cm
collision distance 3.0 cm
safety radius 8.8 cm
wheel distance 9.5 cm
wheel radius 2.0 cm
speed ∈ [−4.0, 4.0] rad/s
IR noise 0.15 (%)
(IRn) IR sensors IRn ∈ [0, 14]
(di) s-bot to wall distance di ∈ [8.0, 33.0] cm
(∆d) Distance displacement step ∆d = 1 cm
(θm) Robot orientation θm ∈ [−180◦, 170◦]
(∆θ) Rotation step ∆θ = 10◦

(S) Number of samples per di per θm S = 100

s-bot-object distances from 0 cm to 15 cm, with a precision of 1 mm. If a beam does not intersect

(a) (b)

(c)

Figure 8: (a) This graph shows the infra red readings per distances (read(m, IRn)) per angles
(Φ(m, IRn)), (b) This graph shows the infra red readings per distances (read(m, IRn)). (c) Ex-
ponential model by Levenberg Marquardt interpolation from samples, and distribution of sampled
readings per distance.
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any object while the adjacent beams intersect an object, then 30% of the reading of the adjacent
beams is assigned to the blind one. During simulation, 15% of noise is added to the readings
returned by the table to compensate for discrepancies due to sensor differences and intrinsic noise
of the sensors.

4 Differential Drive system

Concerning the function that updates the position of the robots within the environment, we
employed the Differential Drive Kinematics equations, as presented in [3]. In particular, the robot
has right and left motors which can move independently forward or backward, allowing it to turn
fully in any direction. The robot is assumed to have negligible mass, so that the motor output can
be taken as the tangential velocity of the robot at the motor mount point. The current heading
θt and the position (xt, yt) of the virtual s-bot within its environment are calculated at each time
step according to the following equations:

IF (Vr 6= Vl)




xt+1

yt+1

θt+1



 =





cos(µ∆t) −sin(µ∆t) 0
sin(µ∆t) cos(µ∆t) 0

0 0 1









xt − ICCx

yt − ICCy

θt



 +





ICCx

ICCy

µ∆t





ρ =
dw(Vr + Vl)

2.0(Vr − Vl)
; µ =

(Vr − Vl)

dw

; ICCx = xt − ρsin(θt); ICCy = yt + ρcos(θt);

ELSE




xt+1

yt+1

θt+1



 =





xt

yt

θt



 +





cos(θt)∆tVr

sin(θt)∆tVl

0





(4)

where Vr and Vl correspond to the velocities along the ground; ICC is the Instantaneous Centre
of Curvature; ρ is the signed distance from ICC; µ is the rate of rotation about ICC; ∆t is the
simulation time step which is usually fixed to 0.1 s. There is no allowance for momentum, and the
noise inherent in the real-world situation is not modelled.

5 The “no-intersections” algorithm

This section describes the algorithm used in Swarmod to eliminate any interpenetration between
geometrical entities that might happen at any time cycle (e.g., intersections between two robots
and/or between a robot and obstacles of various shape and size). Recall that, the robots are
modelled as circular object of radius equal to 5.8 cm, and the “no-interactions” algorithm is based
on geometrical rules among circular entities. The simulated world can contain objects whose shape
results from the combination of two primitive geometrical entities: segments and circumferences.
At any simulation cycle the position of the agents is updated synchronously. The new spatial
arrangement of the s-bots in their world might presents interpenetration between geometrical
entities. These phenomena are not admissible. Therefore, the s-bots have to be slightly re-
positioned using the “no-intersections” algorithm. This algorithm is composed of two parts: (1)
the “intersection detection algorithm” which detects whether or not there are intersections among
the objects of the simulated world; (2) the repositioning algorithm which replaces the collided
robots in a new position in the world so to avoid interpenetration between geometrical entities.

5.1 The intersection detection algorithms

The intersection detection algorithm detect whether or not at any simulation time-step there
are interpenetration among circular objects or between a circular object and segments. These
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algorithms follow standard geometrical rules. The reader can find more details about these rules
at http://astronomy.swin.edu.au/∼pbourke/geometry/.

Intersections among circular objects happen during simulation whenever the distance between
the centre coordinates (x, y) of two circular objects (n and m) is less than a certain value. Concern-
ing circular object which represents robots, an intersection is detected whenever their distance is
less than two times the safety radius (see Table 1). A collision circle of radius equal to safety radius
(i.e., the sum of robot radius plus collision distance) and centred respectively on the (xn, yn)—
with n ∈ [1, N ] N = total number of robots—coordinates of a robot (n), is meant to denote the
physical space taken by the body of the agent (n). A robot-robot intersection occurs when two
collision circles (representing two robots) intersect each other. An intersections between a robot
and a circular object which is not another robot, is detected whenever the distance between the
centres of these object is less than the robot safety radius. An intersection between a robot and
a segment object is detected at any time-step whenever a collision circle representing a robot,
intersects a segment object located in the simulated world.

5.2 The re-positioning algorithm

Whenever an intersection is detected, the position (i.e., xn, yn coordinates) of the colliding robots
are slightly modified according to the rules set by a re-positioning algorithm. Roughly speaking,
the re-positioning algorithm finds, for each robot involved in a collision, the most useful way of
escaping the colliding area.

The direction and amount of displacement towards the escaping area is computed respectively
for each single colliding robot through an iterated process which terminates whenever there are
no more intersections among the geometrical entities of the simulated world. In the following we

Figure 9: An example of how the replacement algorithm arranges robots after collisions. The
circles refers to collision circle for s-bot n. 1, 2, and 3.
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describe a concrete case as illustrated in figure 9-1 in which s-bot n. 3 collides with s-bot n. 1 and
s-bot n. 2. Figure 9-2 shows how to find the new position of s-bot n. 3. In order to move this
s-bot, we compute the vector disp

′

3 which is given by firstly summing vector d13 and vector d23

and subsequently by reversing by π the vector result. The vector disp
′

3 is used to compute the new
position of s-bot n. 3 C

′

3. Figure 9-3 shows that the new position of s-bot n. 3 is not admissible
since the s-bot is colliding with an object (e.g., a wall). In this case we have to re-position again
s-bot n. 3. We compute the vector disp

′′

3 which has the same length of vector overlap3 and
direction opposite to disp

′

3. disp
′′

3 can be used to compute the new position C
′′

3 of s-bot n. 3. This
process is repeated until there are no more colliding objects.
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