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The appearance of «intelligence» in self-propelled bots

Relevance. Nowadays, the study of the behavior and properties of active matter, which corresponds to the collective behavior
of self-moving elements, is very promising field of research. Active matter is widespread in nature and is used in various modern
technologies.

Obijective. To study the collective behavior of mobile bots in a simple maze and to determine the distinctive trends in the single
bots exiting from the maze as their number increases.

Research methods. To perform the research, mobile bots have been created and their behavior in the maze has been analyzed.
Their positions and interactions were recorded on a video, and processed to obtain the necessary data.

Results. The research revealed the existence of an optimal number of bots in the maze for which the average time to exit the
maze is minimal. The determined dependence of the probability of bots leaving the maze is non-monotonic, and there is a number
of bots for which this probability is minimal. It has been determined that with 12 bots in the maze, both the average exit time
and the exit probability are minimal. Thus, with this number of bots, a small number of bots quickly exit the maze. A quantitative
measure of bot intelligence, the intelligence coefficient, is proposed. There exists an optimal number of bots that maximizes the
measure of «intelligence» concerning the task of exiting from the maze. Both a decrease and an increase in the number of bots
lead to a reduction in the «intelligence» of the bot collective. The measure of the «intelligence» of a bot collective surpasses that
of an individual bot.

Conclusions. In this work, we have considered the groups of self-moving bots exiting the maze and the typical quantitative
characteristics that allowed us to determine the main dependencies of their behavior.
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1. Introduction

Recently, there has been considerable interest in the study of active matter. Active matter is understood
as sets of self-moving elements or bots [1]. These systems exhibit special behavior that distinguishes
them from ordinary systems of physical particles. The study of active matter began with the study of
swarming behavior in fish [2]. In a more recent and significant work [3], the motion of bird-like objects,
bots, has been modeled. Over time, both experimental and theoretical studies have deepened the
understanding of behavioral mechanisms of various biological systems, as discussed in the review [4].
Obviously, artificial swarms of self-propelled bots, which are also actively investigated (see, e.g., [5]),
belong to the category of active matter. In addition, such studies contribute to the field of cybernetics. An
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example is the study of the interaction of abstract automata or other computational models. These studies
are closely related to biological studies of animal behavior. The main goal of these studies has been to
understand the behavior of different animals and their problem-solving abilities, which is akin to studying
their "intellectual" abilities. In a sense, this direction is equally relevant to the creation of artificial systems
with purposeful behavior.

The interaction of abstract automata, without loss of generality, can be regarded as the problem of
guiding a finite automaton through a maze. One of the earliest works in this area was Shannon's study
[6], which explored a maze-solving problem using a mouse automaton. This idea for this research
emerged from existing and highly advanced biological studies of the behavior of various animals and
creatures in mazes, with mice being classical subjects.

Studies on the behavior of automata in mazes have been further developed in works [7, 8], where
questions about the existence of a finite automaton capable of traversing all possible mazes were
formulated. It was quickly proven that such finite automaton does not exists [9, 10]. Further research has
focused on determining which mazes could be traversed by a single finite automaton [7, 8, 11, 12], and
some generalizations of automata, such as those with external memory, have also been considered (see,
e.g., [13]).

In this work, we examine the behavior of self-propelled bots in a simple labyrinth, inspired by the
framework proposed in [14] where the exit of conventional elements from the maze has been studied in
detail. For our research, we constructed self-propelled bots with micro-vibration motors. Subsequent
experiments to navigate the bots through the maze allowed us to identify key dependencies that
characterize the behavior of bots when exiting the maze. We introduced the concept of "intelligence
coefficient™ as the ratio of the average exit time of a single bot to the average exit time of all bots from
the maze. Our results indicate the existence of a certain number of bots that optimally solve the problem
of exiting the maze in minimum time.

2. Self-propelled bots

For the experiments, a self-propelled bot with a vibration motor has been developed (Fig. 2.1). Unlike
the previously used variants [15, 16], where the motion of the bots was stimulated by vibrations of the
external surface, each bot was equipped with a vibration motor and power source. Such a design required
multi-parameter optimization of the power source parameters and placement, as well as the optimization
of the vibration motor, to achieve stable mobility of the bots. The advantages of this design include the
autonomy of each bot and its relatively high independence of.

Fig. 2.1 On the left is the overall view of the bot: 1 — updated adhesive strip; 2 — adhesive layer for fixation,
switch, and wire connections. On the right the motor placement is presented

A microvibration motor with the following characteristics has been chosen to propel the bot:
e Motor length (total): 8 (11) mm;
o Wire length: 10 mm;
¢ Weight: 0.6 g;
e Voltage: 1.5V, Current: 15 mA,
e Voltage: 3V, Current: 23 mA.
The bot's power source is a lithium battery with the following characteristics:
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e Model: CR2032;

¢ Voltage: 3 V;

¢ Battery capacity, mAh: 220;

¢ Weight: 2.9 g.

Due to the shifting center of gravity, the elliptical platform with bristles can move relatively
rectilinearly on a flat surface. After considering several options, a prototype in which the motor was
located inside the body of the bot allowing maximum transmission of vibration impulses to the
locomotive part of the bot has been selected (Fig. 2.1). In order not to interfere with the rotational motion
of the motor, the bristles around the motor location have been removed.

Fig. 2.1 shows the location of the motor inside the bot body. The isolated bristle at the motor location
can be seen, and it is clear that it does not interfere with the rotational motion of the microvibration motor.
The characteristic dimensions of the bot are 1,8 x 3,5 cm? with a height of 2.5 cm.

These last improvements completed the bot design. After that, replication of the bots began so that the
total number of bots would be at least twenty-one units (fifteen main bots and a minimum of five spare
bots in case of malfunction). Additional bots were necessary because for the proposed modification, it is
easier to replace a bot than, to replace a battery, for example.

After launching the bots, a characteristic interaction characterized as elastic collision was observed
during each experiment. Upon collision, the bots formed clusters, demonstrating signs of system self-
organization. However, as the study showed, the bot clusters were quite dynamic and constantly changed
their positions in the constructed arenas, as well as the number of agents (bots) in them.

3. Experimental observations

After creating the necessary number of bots, a simple maze has been constructed (Fig. 3.1). The outer
boundary of the maze has been made of wood, and the internal intersections from foam. The glass surface
has been used for the bots to move on. The dimensions of the maze that need to be characterized are the
area of the wooden boundary, the structural elements of the maze, and the size of the maze exit. Therefore,
the area of the maze outline is Sy, ine = 1046.3467 cm?; the area of the T-shaped and rectangular
elements is St_jement = 77.4 cm? and Srectangle = 19.6 cm?, respectively. According to the defined
dimensions, the width of the maze exit was determined to be 9.5 cm.

In each experiment, an initial set of bots was placed in a relatively small area measuring 8.2 X
11.5 cm?, and the initial movement directions were random. It is worth noting that the bots started from
containers located in the middle of the maze (Fig. 3.1).

Fig. 3.1 On the left is a general view of the maze arena. On the right is a demonstration of containers for bots

The behavior of the bots has been recorded on video. Quantitative and qualitative details of the bot's
behavior in the maze were determined from the video recordings. Three observations were conducted for
each set of bots (2 — 15).

4. Experimental results
Observations over groups of bots allowed us to obtain data on the dynamics of bots exiting the maze.
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Starting from one bot, the average time of bots exiting the maze was determined. This time was calculated

in accordance with the relation (4.1):
n

1
ty=—) t;
e "z (4.1)

i=1

where t; is the exit time of the i-th bot from the labyrinth;
N is the initial number of bots in the labyrinth;
n < N is the number of bots from N that found the labyrinth exit.

Experimental data for ¢; have been determined by timing video recordings. It is important to note that
averaging was performed only for bots that exited the labyrinth. Otherwise, the exit time would depend
on the waiting time, which is not acceptable. After conducting several experiments (three in particular),
these average values were additionally averaged over realizations. Mean square errors for these data were
also determined. The results for the average exit time of bots depending on the number of bots N are shown in
Fig. 4.1.

In Fig. 4.1, the dots represent experimental data, connected by straight lines for clarity. Mean square
errors are indicated by vertical bars.

Determining the average exit time for a single bot posed a certain problem. The reason is that a solitary
bot does not always find the exit from the labyrinth. To determine (t),, additional experiments were
conducted (20 observations), in which the exit time of a single bot from the labyrinth was recorded when
there were no other bots in the labyrinth. Only three observations from the ensemble were used because
it took 20 experiments to record the bot's exit within 40 seconds for three of them. Thus, the probability
of a solitary bot exiting the labyrinth is quite small p; = 3/20. It should be noted that for a solitary bot,
exiting the labyrinth is a challenging task.
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Fig. 4.1 On the left, the dependence of the average exit time of a bot from the labyrinth on the number of bots in it
is presented. On the right, the average exit time of the first bot from the labyrinth and the data errors are shown
as well, depending on the group size

It is easy to notice the presence of a certain number of bots (12), for which the average exit time from
the labyrinth is minimal.

It is interesting to consider the average exit time of the first bot as an additional characteristic. This
dependence on the number of bots in the group is shown in Fig. 4.1 on the right. It is easy to notice that
this dependence does not have a pronounced minimum. The minimum value is achieved with a different
number of bots (7) in the group. Errors for these data also noticeably increase. Thus, the exit time of the
first bot weakly depended on the number of bots in the group. The solitary bot is an exception, as its exit
time is significantly longer. Therefore, the average exit time of all bots from the labyrinth should be used
as a value sensitive to the number of bots in the group.

Another important characteristic of the behavior of groups of bots in the maze is the probability of
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bots leaving the maze. We define it as the ratio of the number of bots that left the maze to the total number
of bots. Based on the data obtained, we determined the probability of a bot exiting the maze as a function
of the initial number of bots in the maze. This dependence presented on the Fig. 4.2.
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Fig. 4.2 Probability of a bot belonging to a group of N bots to exit the labyrinth

It is easy to see that a solitary bot has a low probability of exiting. It should be noted that its probability
was determined differently for understandable reasons. The probability was taken as the relative
frequency of favorable events, i.e., the number of experiments in which the solitary bot exited the
labyrinth, to the total number of experiments. From Fig. 4.2, it can be deduced that a group of bots more
efficiently solves the task of exiting the labyrinth than a solitary bot. It is important to note that there is a
probability minimum when the number of bots is 12, the same number for which the average time for
bots to exit also has a minimum. In fact, this means that bots exit quickly but with low probability, or a
relatively small fraction of the group. In a sense, this can be interpreted as a kind of "altruism" - the group
ensures that a small part of the group exits the maze quickly.

Let's return to the discussion of the overall task of finding labyrinth exit. In biology, and beyond, this
task has often been employed to assess the ability of a subject to solve the maze exit problem. Comparing
the performance of different entities in this task allows conclusions to be drawn about their abilities to
address this challenge, essentially making insights about their «intellectual» capabilities. In this context,
«intellect» is generally understood as the «ability to solve problems». While there is no universally
accepted definition of intelligence, most definitions focus on human intelligence [17]. However, for the
broadest working definition, we will rely on the one provided above. While this definition has obvious
limitations, it serves well as a characterization of the abilities of animals, humans, and swarm intelligence
as well.

Based on this, it is natural to introduce a quantitative measure to determine intelligence based on how
the labyrinth exit task is solved. If a collective solves the exit task in less time than another, it is deemed
more «intellectual». It is logical to measure intelligence in a swarm relative to its solitary representative.
Therefore, we will use the ratio of the average exit time for a solitary bot to the average exit time for the
swarm as a coefficient of «intelligence» (Fig. 4.2):

o
N7t (4.2)

where (t); — average exit time for an individual bot from the labyrinth;
(t)y — average exit time for a system of N bots.
It could be seen that, if the average exit time for a swarm is less than the exit time for an individual
bot, then the intelligence coefficient will exceed one. For a solitary bot, its value equals one by definition.
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The dependence of the «intelligence» coefficient on the number of bots in the swarm is derived from
the experimental data and presented on Fig. 4.3. It is noticeable that the intelligence coefficient for swarms
exceeds its value for a solitary bot within the margin of error. It is interesting to note the presence of a
clear maximum value I;, ~ 2.7 when there are 12 bots in the swarm. Understandably, such a dependency
corresponds to the behavior of bots in this particular labyrinth. Expectations are that changing the
labyrinth may alter this relationship. In a sense, this implies a change in the task, and consequently, the
intellectual abilities of the swarm may differ. However, general properties, such as the presence of a
maximum, are likely to remain, albeit in a different location. This could be interpreted as the existence of
an optimal number of bots in a swarm that solves a specific task most efficiently. Increasing the number
of bots sharply decreases the intelligence coefficient. One possible reason for this is the formation of
clusters or grouped bots that block the exit from the labyrinth.

Understandably, expanding the scope of tasks, i.e., including any labyrinths from which bots can exit,
should cause this dependence to lose the presence of a maximum. This is inferred from the existence of
a maximum for a specific labyrinth at a certain number of bots in the swarm. Accordingly, for several
labyrinths, one should expect the presence of multiple maxima. Averaging over implementations will
reduce their amplitude. As the number of labyrinths increases, there will always be one that can be
successfully navigated with a larger number of bots in the swarm. It is possible to hypothesize that the
intelligence coefficient concerning the traversal of any labyrinth will increase with an increase in the
number of bots in the swarm.

05“ ™ T v T v T ™ T T T i T T T

Fig. 4.3 Dependence of the intelligence coefficient on the number of bots in the swarm

5. Conclusions

In this study, the behavior of elementary bots in a labyrinth has been explored. Each self-propelled
bot lacks specialized information processing systems and interacts solely through collisions with other
bots, potentially leading to a statistical alignment of their behavior, a phenomenon that warrants further
investigation. The research revealed the influence of the number of bots on the average exit time from
the labyrinth. A distinctive dependence of the average exit time on the number of bots was identified (Fig.
4.1). The existence of an optimal number of bots in the labyrinth, resulting in the minimum average exit
time, was determined. A non-monotonic dependence of the probability of bots exiting the labyrinth was
obtained, with a specific number of bots minimizing this probability (Fig. 4.2). It was found that with 12
bots in the labyrinth, both the average exit time and the exit probability are minimal, signifying a quicker
exit for a smaller portion of bots.

A quantitative measure of the «intelligence» of bots in solving the task of labyrinth exit was proposed.
Naturally, the intelligence coefficient utilizes the ratio of the average exit time for a solitary bot to the
average exit time for the swarm of bots. An optimal number of bots was identified, maximizing the
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«intelligence» concerning the task of labyrinth exit performance (Fig. 4.3). Both a decrease and an
increase in the number of bots result in a decrease in the swarm's «intelligence». The intelligence measure
of the swarm surpasses that of the solitary bot, accounting for data errors.

It is essential to note that, at first glance, characterizing the efficiency of solving the labyrinth exit task
by the fraction of bots that successfully exit may seem plausible. However, such a definition has
significant drawbacks. For instance, if a labyrinth is chosen where a solitary bot always finds the exit, its
exit success rate would be 1, a priori higher than the rate for other swarms. Consequently, such a
characteristic does not align with the existence of swarm intelligence, observed and thus cannot be
deemed acceptable.
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BuHMKHEHHSI «IHTeJIEKTY» y CAMOPYXOMHX OOTIB

AkTyajabHicTb. Hapa3si € gyxe mepcrneKTHBHUM PO3BHUTOK CYYaCHOTO HANPSMKY JOCTIKEHb MOBEOIHKH Ta BIACTHBOCTEH
AKTHUBHOI MaTepii, sIka BiANOBIIa€ KOJICKTUBHIN MOBEIIHIII CAMOPYXOMHUX CKJIaJOBUX. Taka akTHBHA MaTepisl IMPOKO MOIINPEHa
B IIPHPOJIi T2 BUKOPHUCTOBYETHCS Y PI3HUX Cy4aCHHUX TEXHOJIOTISX.

Merta. [IpoBecTu NOCIIKEHHS! KOJEKTHBHOI MOBEIIHKM PYXOMHX OOTIB y NMpOCTOMY Ja0ipHHTI Ta BH3HAYUTH XapaKTepHi
3aKOHOMIPHOCTI Y BUXO/Ii ITMX YACTUHOK 3 JIAOIPHHTY 31 301IBIICHHS 1X KUTBKOCTI.

Metonu nocaimxenss. s BUKOHAHHS JOCTIIKEHb OyIH CTBOPEHI pyXoMi O0TH Ta MPOBEICHI eKCIIEPUMEHTH M0 IX MMOBEIiHII
B J1abipuHTi. Dikcalis iX MoJ0XKeHb Ta B3aeMOil (ikcyBaImch Biieo 3amrcoM, 00poOKa SKOTO J03BOJIIIA OTPUMATH HEOOXiaHI
JaHi.

Pe3yabTaTn. BusiBieHO iCHYBaHHS ONTUMAIBHOI KUIBKOCTI OOTIB y JaOipHHTI, U SKUX CepenHiil yac BUXOIY 3 JTaOipHHTY
MiHiManbHUI. BU3HaueHa 3anexHICTh HMOBIPHOCTI BHXOJy OOTIB 3 JIaOIpHHTY TE€K Ma€ HE MOHOTOHHHUI XapakTep Ta iCHye
KIIBKICTH OOTIB 3a SKOI L5 IMOBIpPHICTH MiHIMaNbHa. BH3HaueHO, 1110 IIPY HAsIBHUX JABAaHAAITHOX 0OTaX y JabipHHTI cepeHiil
Yac BUXOJy MiHIMaIbHHH, K 1 HMOBIpHiCTh BUXOAYy. TaKUM YMHOM, NTPHU Lil KiJTBKOCTI, 3 IJaGIpUHTY IIBHKO BUXOIUTH MEHIIIA
yacTHHa OOTIiB. 3alpONOHOBAHO KUIBKICHY Mipy IHTENEKTYaJbHOCTI OOTIB — KoedimieHT iHTeNeKTy. IcHye onTuManbHa
KIJIBKICTB OOTIB, SIKa Ma€ MAaKCUMAaJbHY Mipy « IHTEJIEKTY» O BiIHOILICHHIO A0 3a/adi BUXOLy OOTiB 3 Ja0ipuHTY. 3MEHILICHHS,
SIK 1 301IBIICHHS KIMBKOCTI OOTIB Bele N0 3MEHIICHHS «IHTENIEKTy» KOJEKTHUBY OOTiB. Mipa «iHTEIEKTy» KOJCKTHBY OOTiB
MEPEBHIYE « IHTEIEKT» OJHOTO OO0Ta.

BucHoBku. B po6oTi Oyno po3riisiHyTO BHXiJ 3rpail caMOpyXoMuX OOTiB 3 TaOipHHTY Ta XapaKTEePHI YHCIOBI XapaKTEPUCTHKH,
SIKi JTO3BOJIVJTM BU3HAYUTH TOJIOBHI 3aJI€)KHOCTI 1X ITOBENIHKH.

Knwuoei cnosa: cucmemu axmugnoi mamepii, kiacmepusayis, 00CHONCEHHS, CHOCMEPEXCeHHs, Gi3yanizayis pe3yIvbmamis,
aperu, bomu, 3aCMOCYHOK 0151 O0CTIONHCEHHS.

Hagiiwna y nepwin pegakyii 07.03.2024, B octanHiit - 13.04.2024.
The first version has been received on 07.03.2024, the final version - on 13.04.2024.


mailto:xa12850498@student.karazin.ua
https://orcid.org/0009-0002-3479-1093
mailto:%20lgloba@its.kpi.ua
https://orcid.org/0000-0003-0461-749X

