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Abstract

Groups such as a social insect swarm are composed of many individuals which behave locally

to achieve the purpose of the entire group. Those systems are regarded as autonomous dis-

tributed systems. By changing the manner of cooperation between individuals, the group can

take several functions; thus, the group potentially has adaptability to various environments.

However, it is not easy to construct an autonomous distributed system in which the group can

adapt to various environments because of the following reasons. First, individuals can observe

only local environment, so they cannot directly observe changes of the global environment.

Second, individuals can determine only their own behavior, so they cannot directly control

the behavior of all other individuals in the group. In this thesis, to construct autonomous

distributed systems in which the group can adapt to various environments, an individual be-

havior that estimates the global information using local interactions and thereby changes its

own behavior is focused on. This thesis is composed of five chapters as follows.

In Chapter 1, previous methods to construct individual behaviors in autonomous distributed

systems are summarized. Moreover, problems existing in previous individual behaviors in

terms of environmental adaptation are explained and then the motivation to focus on an

individual behavior that estimates the global information using local interactions and thereby

changes its own behavior is presented.

In Chapter 2, how change in the behavior of individual ants based on estimated global

information influences to the environmental adaptation of the colony is analyzed. Biological

ants change their behaviors based on their surrounding nestmate density that is correlated to

the colony size and their own nutritional state that is correlated to the nutritional state of the

colony through the repeated trophallaxis. However, changes in individual behavior based on

the global information are different depending on the species, so how each change in individual

behavior influences to the survivability of the colony is not fully understood. In this chapter,

the state transition model is constructed for the lifecycle of red harvester ants that perform

four types of tasks, that is, foraging, midden work, nest maintenance, and brood care. Through

the simulations, the influences of each change in individual behavior to the survivability of

the colony are investigated. The simulation reveals that when individual ants decrease their

contact rates in response to increasing colony size, the transition to the foraging task that

induces high death rate is suppressed; thus, they enable to maintain a large colony size. This

adaptation is regarded as the adaptation to inner environmental changes. Furthermore, when

individual ants increase their transition rate to the foraging task in response to decreasing

nutritional state of the colony, they increase resilience to outer environmental changes.

In Chapter 3, a unified controller of individual single-legged reconfigurable modular robots

that compose multi-legged robot to achieve static walking of the multi-legged robot is con-

structed. By extending the leg configuration of the multi-legged robot to those that are not
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found in nature, the multi-legged robot can execute several types of tasks. The center of mass

of the multi-legged robot is important information to achieve the static walking, but each

module does not have the information a priori. This problem can be resolved using a strategy

similar to trophallaxis of ants in Chapter 2. That is, each module estimates the center of mass

of the multi-legged robot using locally obtained information based on the average-consensus

control. Using the center of mass information, modules determine their foot toe movement so

that the support polygon always encloses the center of mass of the multi-legged robot. Using

the proposed system, a multi-legged robot with several inner environments, that is, various

leg configurations including the leg malfunction, was mathematically guaranteed to achieve

static walking and achievement of static walking for several types of multi-legged robots was

demonstrated through dynamic simulations and robot experiments.

In Chapter 4, a unified controller of individual single-legged modules in the multi-legged

robot so that the multi-legged robot repeatedly adds a new module to the robot and tries

to traverse the outer uneven terrain environment, and finally adapts the morphology to the

environment is constructed. Each module is required to detect whether the current morphology

of the multi-legged robot can traverse the environment or is required to add a new module

to avoid the danger of falling down. Even in the case of uneven terrains, when the center of

mass of the multi-legged robot is enclosed by the support polygon, the multi-legged robot can

avoid the dangerous situation and achieve static walking, where each module can estimate

the information of center of mass of the multi-legged robot by the average-consensus control

as mentioned in Chapter 3. Using the estimated center of mass information, each module

monitors the risk of falling down in a distributed manner from geometrical relationship between

the center of mass and the support polygon of the multi-legged robot. When one of the

modules detects the dangerous situation, it transmits the dangerous signal to other modules

so that the multi-legged robot returns to the starting area. Then, each module transmits

information about a connecting place of a new module around its own body. In accordance

with the requested connecting place, a new module is added. By repeating the procedure, the

morphology of the multi-legged robot gradually adapts to the environment. Through dynamic

simulation and robot experiment, it was demonstrated that a multi-legged robot successfully

changed its morphology in response to and traversed the outer environment.

Finally, Chapter 5 concludes this thesis and summarizes the future works.
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Chapter 1

Introduction

In nature, there are many groups composed of many individuals which behave locally to

cooperatively achieve the purpose of the entire group. For example, in the division of labor

for ants, individual ants locally determine their engaging task for the survival of the colony.

In the gap crossing for ants, individual ants locally determine their behavior so that the group

can efficiently cross the the gap. In the flocking motion of birds, individual birds locally

determine their movement so that the group can move together to a desired location. Those

examples show cooperation between organisms; whereas, cooperations inside an organism are

shown in the following. For example, in the locomotion of insects, a pattern generator that is

embedded in individual leg locally determines movement of the leg to achieve stable locomotion

of the entire insect. In the human’s body, there are many individual cells that locally produce

antibodies that eliminate antigens.

Those systems observed in nature are denoted as autonomous distributed systems. An

autonomous distributed system involves many benefits, so the system has been applied to

artificial engineering systems.

1.1 What are autonomous distributed systems?

In the following subsections, components, advantages, and disadvantages of autonomous

distributed systems are summarized.

1.1.1 Components of the system

Autonomous distributed systems are composed of individuals which share a common purpose

of the group, and there is no central integrator which has access to the global information of

the entire group. Individuals locally interact with other individuals and the outer environment,

then determine their own behavior to achieve the given purpose of the group.
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1.1.2 Advantages of autonomous distributed systems

In the following, advantages of autonomous distributed systems are summarized. The first

advantage is adaptability [1]. In contrast to a system composed of a single highly functional

individual, a group has many degree of freedom owing to a number of individuals; thus, the

group can take several functions by changing the manner of cooperation between individuals

and can adapt to various environments. In the following, adaptations of the group to inner

environmental changes are presented. In foraging task allocation for a group of individual

robots, the proportion of individual robots engaged in the foraging task is adjusted in response

to the the change of individual energy consumption rate [2, 3]; thus, the group can always

perform the foraging at a high efficiency. In gait pattern generation for a multi-legged robot,

their phases that determine their foot toe positions are adjusted in response to the change

of the phase differences between adjacent legs [4–8]; thus, the multi-legged robot can always

achieve stable walking. In flocking motion for a group of individual robots, the individual

robots’ position and orientation are adjusted in response to the change of relative position and

orientation of their nearby individual robots [9]; thus, the group can always move together.

In the following, adaptations of the group to outer environmental changes are presented. In

foraging task allocation for a group of individual robots, the proportion of individual robots

engaged in the foraging task is adjusted in response to the change of amount of food distributed

in the outer environment [2, 3, 10]; thus, the group can always perform the foraging at a high

efficiency. In flocking motion for a group of individual robots, the position of individuals is

adjusted in response to the change of position of obstacles in the outer environment [9]; thus,

the individuals can always avoid collisions with the obstacles. In uneven terrain traversal for a

group of individual robots, the morphology of the entire robot that is composed of individuals

connecting with each other is adjusted in response to the difficulty of the environment [11];

thus, the group can always traverse the given environment.

The second advantage is scalability [1]. Even if the number of individuals in the group is

extended or shrunk, the program of individuals remains constant. Moreover, program simplic-

ity, reliability of information exchange, communication cost and memory usage of individuals

are constant because individuals utilize only local information whose amount does not depend

on the number of individuals; thus, scalability is inherent in the system.

The third advantage is robustness [1]. Malfunction of an individual does not directly lead to

breakdown of the entire system; thus, robustness is inherent in the system. Moreover, when a

communication error between individuals occurs, influence of the error on the entire system is

smaller than that in a centralized system [12]; thus, robustness against communication error

is also inherent in the system.
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1.1.3 Disadvantages of autonomous distributed systems

In the following, disadvantages of autonomous distributed systems are summarized. First,

achievement of the group’s purpose is more difficult than that for centralized systems because

the controller of individuals are homogeneous and they determine their own behavior based

only on local information. As an example, autonomous distributed systems often face the

“deadlock” problem, in which a set of individuals’ states converge to a set of equilibrium

states which is different from the group’s desired state. For example, when the Kuramoto

model, which is a famous phase difference controller in coupled oscillators [13], is applied to

a ring of nine identical oscillators, many stable phase difference sets exist [14]; thus, the set

of phases does not always converge to the desired state. Note that a centralized system can

always control the phase difference set to a desired state. To resolve a deadlock problem, prior

deadlock avoidance or posterior deadlock resolution such as [15] is necessary.

Second, even if a control framework to achieve the group’s purpose can be constructed, au-

tonomous distributed systems take more time to achieve the group’s purpose than a centralized

system [16] as the following reason. In a centralized system, a central integrator obtains infor-

mation of the entire group and processes it at once to achieve the group’s purpose; whereas,

in an autonomous distributed system, individuals in the group repeatedly obtain a limited

amount of local information and change their own states toward the group’s desired state.

1.2 How are individual controllers constructed?

As shown in Section 1.1.3, it is difficult to construct an individual controller that always

achieves the group’s purpose. In this section, methods to construct an individual controller

are presented.

To construct an individual controller, there are two approaches: system analysis and sys-

tem synthesis. System analysis corresponds to analysis of living organisms’ intelligence and

synchronization theory from a mathematical viewpoint. System synthesis corresponds to con-

struction of an individual controller using knowledges obtained by system analysis. In the

following subsections, examples of system synthesis using knowledges obtained by system

analysis are presented.

1.2.1 Task allocation for a group of social insects and robots

Task allocation in social insects has been extensively studied. The study of task allocation

in social insects is particularly interesting since regulation of their labor division is achieved

by surprisingly simple strategies which also inspire the solutions for task allocation in a group

of robots. In 1984, Wilson observed that individual ants (Pheidole) change their state from

resting to working when their demand exceeds their own thresholds which are different for
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individuals [17]. When working individuals with low response thresholds were removed man-

ually, the associated demand increased until it eventually reaches the higher thresholds of the

remaining resting individuals. Then, the increase of demand beyond those thresholds stim-

ulates those remaining individuals to perform the task. The range of thresholds contributes

to replacement of working individuals when they become fatigued; thus, the group is able to

always obtain a certain amount of energy [18].

Bonabeau et al. proposed a state transition model of ants denoted as fixed response threshold

model [19], which is a simple model of regulation of division of labor in insect societies. In the

model, each ant i in resting state changes its state to working at a rate

Pi =
sni

sni + θni
, (1.1)

where Pi is the state transition rate of ant i, si is the environmental stimulus to ant i, θi is

the threshold parameter of ant i, and n is a constant value. In the fixed response threshold

model, θi is constant and identical to all ants.

In the following, examples of the system synthesis for state transition for individual robots

are presented. The fixed response threshold model was applied to a controller for individual

robots [10]. Through simulation, the number of working robots was adjusted in response to

the amount of food at the group’s nest. Later, as an extension of the fixed response threshold

model, adaptive response threshold model, in which the response threshold θi is not identi-

cal and calculated dynamically by the individuals, was applied to a controller for individual

robots [2, 3]. The adaptive response threshold model gives robots higher adaptation capabili-

ties than the previous fixed response threshold model, making a group of robots able to adapt

more efficiently to dynamical environments. Through simulation [2] and robot experiment [3],

the number of working robots was adjusted to maintain a constant amount of food at the

group’s nest for several energy consumption rates of individual robots. Lee proposed another

rule to update θi, under which it is mathematically guaranteed that the proportion of task

allocation of workers converges to the proportion of the task demand [20].

1.2.2 Cooperative uneven terrains traversal for a group of social insects and robots

For some social insects, it has been observed that individuals assemble with one another

to achieve tasks that cannot be achieved by themselves. For example, ants link their bodies

together to build bridges for gap traversal [21–23].

In the following, examples of the system synthesis for uneven terrains traversal for a group

of robots are presented. Inspired by the self-assembly in social insects, reconfigurable modular

robot systems, which are composed of repeated robot elements with a mutual physical connec-

tion mechanism, have been invented [24–28]. Compared with a single robot with a constant

morphology, the reconfigurable modular robots can change the morphology in response to

the task; thus, reconfigurable modular robot system involves high adaptability. O’Grady et
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al. [11] proposed a reconfiguring strategy for each module to traverse unknown slope and gap.

In the environment, there are a certain number of modules and a goal that is located beyond

unknown slope or gap environment. When one of the modules detects that the environment

cannot be traversed by itself, all of the modules assembly into a large robot and then the large

robot tries to traverse the environment again; thus, the modules can traverse the environment.

1.2.3 Gait pattern generation for a natural creature and a multi-legged robot

In 1911, Graham Brown observed that mechanisms located entirely within the spinal cord

are responsible for generating the basic rhythm for stepping in each leg [29]. Such mechanisms

are called the central pattern generator, abbreviated by CPG. Later, it was observed in cats

and cockroaches that each CPG in the corresponding leg adjusts its movement patterns from

signal of other CPGs and load carried by the corresponding leg [30]. For cockroaches, a leg’s

stance state induces adjacent leg’s flight state, whereas a leg’s flight state induces adjacent

leg’s stance state. Meanwhile, large load of the leg induces the corresponding leg’s stance

state. From these, a CPG’s behavior is locally determined through inner interaction with

other CPGs and the outer environment. Based on these observations in living organisms, a

CPG has been modeled as an oscillator and a CPG network has been modeled as a set of

coupled oscillators.

Synchronization in several types of coupled oscillator networks has been elucidated from a

mathematical viewpoint. The Kuramoto model is a famous coupled oscillator system [31] in

which each oscillator i is actuated as follows:

dθi
dt

= ωi −
K

n

∑
j∈Ni

sin (θi − θj) , (1.2)

where the number of oscillator is n, phase of oscillator i is θi, phase velocity of oscillator i

is ωi, the set of indices of neighboring nodes in the network for oscillator i is Ni, and K is

a constant value. Dörfler and Bullo summarized characteristics, convergence of several oscil-

lator networks, and parameter conditions for emergence of synchronization about Kuramoto

model [32].

In the following, examples of the system synthesis for CPG-based locomotion control of

multi-legged robots are presented. Each leg in a multi-legged robot is modeled as an oscillator.

First, CPG models for quadruped type are presented. Collins and Stewart [4] developed a van

der Pol type CPG-based controller for a quadruped, where some parameters were homogeneous

and the CPG network was determined a priori. By changing the parameter values, animal gait

patterns such as the pronk, trot, and gallop, were reproduced. Owaki et al. [33] developed

a homogeneous CPG-based controller for a quadruped, where the CPGs were not coupled

explicitly but implicitly through environmental interaction. There was no communication

between CPGs, but gait patterns observed in animals were reproduced. Second, CPG models

for hexapod and myriapod type are presented. Odashima et al. [5] developed a homogeneous
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CPG-based controller for a hexapod and achieved static walking for not only a translation

movement but also a turning movement. Inagaki et al. [6] developed a homogeneous CPG-

based controller for myriapods including a hexapod and adjusted the gait pattern explicitly

in response to the target locomotion speed. Homogeneous CPG-based controller with explicit

inter-CPGs coupling and implicit phase modulation based on the interaction with the ground

was developed for a hexapod by Fujiki et al. [7], and for myriapods by Tsuchiya et al. [8].

They produced a gait transition in response to the target speed change.

1.2.4 Flocking motion for a group of animals in nature and robots

The flocking motion of a flock of birds, a herd of land animals, and a school of fish is a

beautiful behavior in which a group of individuals forms a large group moving together toward

a common target location. Flocking motion emerges at the group level in a distributed manner

as a consequence of local interactions between individuals. In 1987, Reynolds constructed an

individual behavior denoted as Boid model to emerge flocking motion in simulation [34]. The

individual behavior is as follows:

• Collision avoidance: avoid collisions with nearby flockmates.

• Velocity matching: attempt to match velocity with nearby flockmates.

• Flock centering: attempt to stay close to nearby flockmates.

Flocking motion is regarded as the consensus problem in multi-agent systems, which has been

discussed from a mathematical viewpoint. Among well-known consensus methods, average-

consensus is a particularly famous consensus algorithm, which is as follows:

dxi
dt

=
∑

∀j∈Ni

(xj − xi) , (1.3)

where xi is the state of agent i, and the neighbor indices set of agent i is Ni. Under Eq.(1.3),

the states of all agents converge to the average of their initial states [35].

In the following, an example of the system synthesis for flocking motion of a group is pre-

sented. Robots with limited sensing capabilities must keep a compact formation by measuring

relative position and orientation of neighbors. In the first successful implementation of flock-

ing motion on robots, the average-consensus Eq.(1.3) was applied to achieve heading direction

consensus [9].

1.2.5 The human immune system and the application to a robot’s controller

In the human’s body, there are many cells interacting with each other to eliminate foreign

substances invading the body, such as viruses, bacteria, and other parasites, which are collec-

tively called antigens [36]. The protection system that eliminates antigens is referred as the

immune system. The cells do not follow commands from the brain but instead cope with local
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situations autonomously. In the following, a brief process for the cells to collectively produce

antibodies is presented. B-cells are responsible for the recognition and elimination of antigens,

where they are capable of recognizing only one type of antigen. When B-cells interact with an

antigen, the B-cells are stimulated and then proliferate rapidly (called clonal selection [37]).

Moreover, B-cells are stimulated or suppressed by interaction with other B-cells. Finally, in-

creased B-cells eventually mature into plasma cells which produce antibodies corresponding

to one type of antigen.

Farmer et al. [38] proposed a model of antibody concentration dynamics as follows:

dxi
dt

= c

 N∑
j=1

mjixixj − k1

N∑
j=1

mijxixj +
n∑

j=1

mjixiyj

− k2xi, (1.4)

where the number antibody types is N , the concentration of antibody type i is xi, the number

of antigen types is n, the concentration of antigen type i is yi, and c, mij , mji, k2 are constant

values. On the right side of Eq.(1.4), the first term is the stimulus from other B-cells, the

second term is the suppression from other B-cells, the third term is the interaction with

antigens, and the fourth term is natural death of B-cells.

In the following, examples of the system synthesis using the immune system model Eq.(1.4)

are presented. Lee et al. applied the model to the problem of consensus achievement of multi

robots under changing environment [39]. Each robot has four types of behaviors associated

with antibody types and corresponding variables. The corresponding variables associated

with antibodies are updated based on Eq.(1.4) through interaction with other robots and the

environment associated with antigens. Each robot chooses one of the four behaviors with

the highest concentration of antibodies. Finally, the robots’ behaviors synchronized to the

behavior suitable for the environment. Luh et al. applied the immune system model to a

mobile robot’s navigation in unknown environment [40]. Surrounding obstacles and the goal

direction are regarded as antigens and steering direction choices are regarded as antibody

types. The corresponding variables associated with antibodies are updated based on Eq.(1.4)

and the robot determines its moving direction based on the state of the antibodies. Through

simulation, it was validated that the robot successfully traversed a given maze.

1.3 Problems for some previous autonomous distributed systems

As mentioned in Section 1.1.2, a certain level of adaptability to environmental changes is

embedded in some previous autonomous distributed systems. However, individual behaviors

in those systems are constructed under some assumptions about the environment. Therefore,

the groups cannot adapt to the unexpected environments beyond the scope of the assumptions.

The examples are presented as follows:

First, in task allocation system for a group of robots, only foraging task was assumed to exist

in the environment [2,3,10]. Therefore, the group of robots cannot adapt to the environments
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where several types of tasks exist.

Second, in gait generation systems for a multi-legged robot, the leg configurations of the

multi-legged robot were assumed to be only natural creature types [4–8, 33]. Therefore, the

entire multi-legged robot cannot adapt to the change of leg configuration, such as the leg

malfunction.

Third, in cooperative uneven terrain traversal for a group of robots, the number of individual

robots in the group is constant regardless of the environment [11]. Therefore, the group of

robots cannot adapt to difficult uneven terrains beyond the expectations.

1.4 Common solution for the problems in Section 1.3

In nature, individuals in a group are informed of the global information of the group through

repeated local interactions. For example, ants are informed of colony-wide nutritional state

via frequent trophallaxis [41]. Repeated trophallaxis should result in averaging of individual

nutritional states, making each worker aware of the colony’s nutritional state from its own

nutritional state [42]. As shown above, individuals can estimate the global information and

thereby change their own behavior. When each individual changes its own behavior based

on estimated global information, the global state is reflected to the individual behavior, so

the adaptability of the group to environments is considered to be enhanced. In this thesis,

three problems explained in Section 1.3 are resolved using the common strategy such that

individuals estimate the global information using local interactions and thereby change their

own behaviors.

1.5 Organization of the thesis

The thesis is written as follows: In Chapter 2, to consider an individual behavior that

achieves multi-task allocation, a multi-task allocation system of red harvester ants (Pogono-

myrmex barbatus) in nature is focused on. How behavior change of individual ants based on

the estimated global information enhances the inner and outer environmental adaptation of an

ant colony is analyzed. Actually, the global state of the colony is time-dependent, so each ant

cannot always estimate the global state of the colony accurately. Chapter 2 is discussed under

the assumption that all individual ants can always estimate the global information accurately.

In Chapter 3, a unified controller of individual single-legged reconfigurable modular robots

that compose multi-legged robot to achieve static walking of the multi-legged robot is con-

structed. The leg configuration of the multi-legged robot is not limited to the natural creature

types; thus, the multi-legged robot can achieve several tasks. The individual controller is

constructed using a strategy such that each module estimates the global information of the

multi-legged robot using exchanged local information.

In Chapter 4, a unified controller of individual single-legged modules in the multi-legged
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robot so that the multi-legged robot repeatedly adds a new module to the robot and tries

to traverse the outer uneven terrain environment, and finally adapts the morphology to the

environment is constructed. Outer environment refers to the slope and gap environments

with several difficulties. The individual controller is constructed using a strategy such that

each module estimates the global information of the multi-legged robot using exchanged local

information.

Finally, Chapter 5 concludes the thesis. Future work is also summarized in this chapter.



10

Chapter 2

Adaptation of an ant colony to inner and

outer environment

Biological swarms, such as flocks of birds, schools of fish, or colonies of bees, are one of

the most striking real-world examples of autonomous distributed systems. These systems

have no central control; each agent determines its behavior based only on locally available

property. However, the whole system can often achieve “intelligent” global-scale behaviors,

such as self-assembly [43], cooperative object transport [44, 45], bridge construction [21, 22],

and task allocation [46]. However, the mechanisms connecting individual behaviors and their

interactions to such swarm intelligence are not self-evident.

The individual-level behaviors underpinning biological swarms have been studied through

quantitative observation of animal swarms and by using mathematical models. One of the

practical applications of the results is in designing multi-robot control systems, which to date

have replicated a variety of tasks performed by biological swarms, such as self-assembly [11,47],

cooperative object transport [48,49], bridge construction [11], and task allocation [3, 50–52].

Colonies of social insects are a typical example of autonomous distributed systems and

have been extensively studied due to the ease of observing both individual-level behaviors

and colony-level properties. It has been observed that social insect workers can acknowledge

colony-level properties, such as colony size and nutritional status, most likely through local

interactions with other workers; their understanding of these properties then regulates their

behaviors via positive or negative feedback [53–59]. For example, an individual worker can

estimate colony size based on her rate of contacts with nestmates. Gordon et al. [53] examined

how ants of three species (Lasius fuliginosus, Myrmica rubra, and Solenopsis invicta) modified

individual contact rates in nest sites of different size. Lasius fuliginosus adjusted the contact

rate between nestmates in response to colony size by aggregating at low densities and avoiding

each other at high densities. Interestingly, however, this pattern was not observed in M.

rubra and S. invicta. Similarly, individual insects alter their behavior in response to colony

nutritional state, another colony-level property that is crucial to colony survival. A previous

study of honeybees (Apis mellifera) and black garden ants (Lasius niger) found that the
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number of foragers increased as colony nutritional state deteriorated [54, 58]. However, the

opposite pattern was reported in ants Temnothorax rugatulus, in which foragers decreased

foraging activity in response to the threat of starvation [57]. These previous studies suggest

that, although individuals’ indirect knowledge of colony-level properties appears to be adaptive

in these species of ants, how each worker alters her behavior in response to these properties is

not self-evident and depends on species-specific life history strategies.

In this study, we focus on how the modes of feedback from colony-level properties to in-

dividual behaviors affect the colony’s survival by modeling colonies of the red harvester ant

(Pogonomyrmex barbatus), which has been well studied in the context of colony organiza-

tion [46]. We describe several scenarios under which the ants show contrasting modes of

feedback from two colony-level properties, colony size and nutritional state. The artificial

behavioral rules are as follows: ants change their contact rate based on one of three types

of feedback (negative, absent, positive) about the current colony size, and they change their

rate of transition to a foraging task based on one of three types of feedback (negative, absent,

positive) about the current nutritional state of the colony.

Below, we briefly review previous mathematical models describing task allocation in social

insects. The life cycles of social insects such as wasps (Metapolybia cingulata) [60] and A.

mellifera [61] have mainly been analyzed with multi-agent modeling, which describes the

behavior of each agent. The models assumed a constant number of workers and focused on

changes in task allocation. For example, Karsai and Runciman [60] investigated how colony

efficiency changed as a function of task allocation rate, and Schmickl and Crailsheim [61]

investigated how task allocation rate changed in response to changes in workers’ internal

parameter values.

Ordinary differential equation (ODE) models, which describe each agent’s behavior from

a macroscopic viewpoint, have also been used in the study of social insect colonies [62–65].

Again, the above-mentioned models assumed a constant number of workers and focused on

changes in task allocation. They investigated the response of task allocation rate to various

kinds of environmental disturbance, such as changing weather [65], food availability [64],

successful task execution [62], and a stimulus for a task [63].

Previous studies have not addressed the dynamics of colony size, which would be highly

susceptible to environmental disturbance. Therefore, in this study, we investigate colony

demography and various types of disturbance resistance by using an ODE model to elucidate

the behavioral rules that are most beneficial for colony survival. We explicitly incorporate

colony demography, that is, the hatching to death process of workers, to consider the dynamics

of colony size.
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Nest 

maintenance

Midden
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Brood

care
Birth

Foraging

Patrolling

Fig. 2.1 Task transition rules for workers. A young worker tends to undertake brood

care task and an older worker tends to undertake foraging or patrolling tasks.

2.1 ODE model of worker behaviors

We constructed the ODE model based on the life cycle of P. barbatus, which is the best-

studied species in the context of self-organizing task allocation systems [46]. Pogonomyrmex

barbatus is distributed in North America and feeds mainly on seeds. A mature colony consists

of one queen and approximately 10,000 workers. The workers’ tasks are divided into brood

care, nest maintenance (removing debris from the nest), midden work (constructing a midden

on the nest mound), foraging [46, 66], and patrolling. Information about the ants’ ecology is

largely based on [46].

Briefly, the tasks and task allocation system are as follows. Workers demonstrate age

polyethism, whereby their tasks depend on their age [67]. The switch between tasks is unidirec-

tional, which means that the youngest workers are initially engaged in brood care, shift to nest

maintenance [66] or midden construction [68], and finally shift to foraging or patrolling [69]

(Fig. 2.1).

Recruiting workers are defined as workers that are inside the nest, after they have executed

their tasks and returned to the nest. When recruiting workers who undertake a task contact

inactive workers, the inactive workers switch their task to that of the recruiting workers [70–75].

Workers’ cuticular hydrocarbon profiles differ by task, allowing workers to identify the tasks

undertaken by other workers [76].

Based on these observations, we constructed an ODE model of the P. barbatus life cycle.

The main states and variables used in the ODE model are summarized in Table 2.1. Constant

parameters are summarized in Table 2.2. States and variables are indicated by capital letters

and constant parameters are indicated by lowercase letters. To minimize differences between

the ODE model and the actual ant life cycle, we determined the parameter values based on

observational data wherever possible.

2.1.1 Definitions of worker states

For simplicity, we assume that workers always undertake one of four tasks: foraging, midden

work, nest maintenance, or brood care, with patrolling included in the foraging task. Addi-

tionally, we assume that workers display one of three activity levels: recruiting, engaged, or
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Table 2.1 Description of states and variables. A midden unit indicates the total amount

of midden constructed by one worker in her task executing period and a debris unit

indicates the total amount of debris carried by one worker in her task executing period.

State and variable Description [unit]

R,E,I Activity level of workers: recruiting, engaged, and inactive, respectively

F,M,N,B Tasks: foraging, midden work, nest maintenance, and brood care, respectively

Wi(t) Number of workers in state i at time t [number]

Ki(t) Number of newly hatched workers added to state i at time t [number/s]

Pi→j(t) Rate at which workers change their state from i to j at time t [/s]

Gi(t) Death rate of workers in state i killed by enemy attack at time t [/s]

Hi(t) Death rate of workers in state i killed by starvation at time t [/s]

X(t) Contact rate between two random workers in the nest at time t [/(s·number)]

Y (t) Coefficient of state transition towards foraging at time t [-]

C(t) Degree of midden construction at time t [midden]

D(t) Amount of debris inside the nest at time t [debris]

A(t) Surplus nutritional energy of the colony at time t [kcal]

inactive. Recruiting workers recruit inactive workers in the nest to replace them after they

have executed their tasks. Engaged workers are searching a task (searching food, searching

materials for midden, searching debris, or searching brood) or successfully executing a task

(carrying food, constructing the midden, removing debris, or performing brood care). Inactive

workers rest inside the nest.

Worker states are summarized in Fig. 2.2. Activity levels of recruiting, engaged, and inactive

are indicated by R, E, and I, respectively. The foraging task is indicated by F, midden work

by M, nest maintenance by N, and brood care by B. Using activity level i and task j, each

worker’s state is described by i(j). Workers in state E(F) and E(M) work outside the nest,

whereas the others work inside the nest. The number of workers in each state increases as

a result of hatching and inward state transitions, and decreases as a result of outward state

transitions and deaths. Therefore, the dynamics of the number of workers in each state is

written as

dWi(t)

dt
= Ki(t) +

∑
j(6=i)

Pj→i(t)Wj(t)−
∑

j( 6=i)

Pi→j(t)Wi(t)− (Gi(t) +Hi(t) + qi)Wi(t), (2.1)

where we denote the number of workers in state i at time t by Wi(t), the number of workers

hatched in state i at time t by Ki(t), the transition of workers from state i to state j at time

t by Pi→j(t), the number of workers in state i killed by external enemy attack at time t by

Gi(t), the number killed by starvation at time t by Hi(t), and the number dying of natural

causes by qi. Note that colony size is equivalent to
∑

iWi(t).

2.1.2 Hatch rate

In this section, we formulate the hatch rate of workers in state i (i.e., Ki(t)). Eggs laid by a

queen are cared for by brood care workers, who also feed the larvae that hatch from the eggs.
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Table 2.2 Description and value of constant parameters. [H] means a heuristic value.

Parameter Description [unit] Value [source]

sRstop Rate at which recruiting workers spontaneously stop recruiting [/s] 0.1 [H]

sEstop Rate at which engaged workers spontaneously stop engaging in a task [/s] 1× 10−4 [H]

sEsame Rate at which inactive workers are spontaneously engaged in the same task [/s] 1× 10−4 [H]

sEdiff Rate at which inactive workers are spontaneously engaged in a different

task [/s]

2× 10−7 [H]

ρfdet Rate at which foraging workers perceptually detect food [/s] 1.3× 10−3 [77]

ρcdet Coefficient for perception of midden detection [midden] 1 [H]

ρddet Coefficient for perception of debris detection [debris] 1 [H]

φ Rate at which brood care workers are engaged in the task [-] 0.2 [H]

kmax Maximum hatch rate [number/s] 1.0×104

τyear
[46]

l Rate at which larvae become workers owing to a brood care worker’s care [/s] 1× 10−5 [H]

α Maximum value of X(t) [/(s·number)] 6× 10−2 [H]

β Coefficient for Y (t) [kcal] uI(B) × 1.4τday [H]

g Rate at which outside workers are killed by external enemies [/s] 5× 10−7 [H]

qi Death rate of workers in state i dying of natural causes [/s]. Parameter values

correspond to those of workers undertaking tasks F, M, N, and B, respectively

1×10−6 [78], 1×10−7 [H],

1×10−7 [H], 1×10−8 [H]

γ Coefficient for decrease of enemy attack owing to midden construction [midden] 1 [H]

θ Natural midden collapse rate [/s] 1× 10−6 [H]

ψ Natural debris inflow rate [debris/s] 1× 10−5 [H]

λ Amount of energy per unit of food [kcal] 0.3 [H]

µ Coefficient for energy shortage [kcal] uI(B) × 7000τday [H]

amax Maximum surplus nutritional energy of a worker [kcal] uI(B) × 5τday [H]

ui Metabolic energy consumed by a worker in state i per unit of time [kcal/s].

Parameter values correspond to i ∈{E(F),E(M)} and ∀i /∈{E(F),E(M)}
9.4 × 10−6 [79, 80], 3.2 ×
10−6 [79, 80]

τday Workers’ active time in one day [s] 6.5× 60× 60 [46]

τyear Workers’ active time in one year [s] 210τday [46]

These larvae become workers engaged in brood care. The rate at which the queen lays eggs

has a physiological limit, and larvae do not grow if their nutritional state is poor [81,82]. We

assume that the hatch rate decreases as the number of workers engaged in brood care, that is,

WE(B), decreases. In addition, when the colony’s nutritional surplus is a negative value, the

hatch rate of workers decreases. Therefore, let the hatch rate Ki(t) be represented by

Ki(t) =


min

kmax exp

min(0, A(t)∑
i Wi(t)

)

µ

 , l WE(B)(t)

 (i = E(B))

0 (otherwise),

(2.2)

where kmax is the maximum rate of egg-laying by the queen, A(t) is the surplus nutritional

energy of the colony at time t, the dynamics of which are explained in Eq.(2.9), µ is a coefficient

for the egg-laying rate, and l is the rate at which larvae become workers owing to a brood care

worker’s care. Note that A(t)/
∑

iWi(t) is the average surplus nutritional energy of one worker

and min(0, A(t)/
∑

iWi(t)) is a non-positive value that represents the shortage of nutritional

energy of one worker.
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Fig. 2.2 State transitions. A worker always undertakes one of the 11 states defined by

activity level (columns) and task (rows). She changes her state in the direction of the

arrows, and arrow colors indicate the types of transitions. Each equation assigned to

each arrow from state i to j corresponds to the state transition rate Pi→j .

2.1.3 State transition

In this section, we formulate the state transition of workers from state i to state j (i.e.,

Pi→j(t)). In this study, workers change their state as a result of either spontaneous transition,

recruited transition, or perceptual transition. All state transition rates are shown in Fig. 2.2.

Spontaneous transition

First, we formulate spontaneous transition. In the state transition model of Pacala et al. [62],

there are active workers and inactive workers, and active workers spontaneously change their

state to inactive at a constant rate. Based on this model, we constructed our model as

follows. Recruiting workers, which belong to state R(i)|i ∈{F, M, N}, stop recruiting and

spontaneously transition to the engaged state E(i) at rate sRstop. Engaged workers, which

belong to E(i)|i ∈{F, M, N}, stop searching a task and transition spontaneously to the inactive

state I(i) at rate sEstop. In addition, we assume that brood care workers always work at a

constant rate, φ.
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Recruited transition and feedback from colony-level properties to individual behavior

Second, we formulate recruited transition, which is including feedback from colony-level

properties. Based on the state transition model of Pereira and Gordon [63], we model recruited

transition as follows. Inactive workers, which belong to I(i), change their state to E(j) not

only spontaneously but also by contacting recruiting workers in state R(j), where inactive

workers are spontaneously engaged in the same task at rate sEsame, and a different task at

rate sEdiff . Let X(t) be the contact rate between two randomly selected workers in the nest

at time t. Therefore, X(t)WR(j)(t) denotes the contact level between one worker and any

recruiting workers in state R(j).

In the following, we formulate X(t). Social insects change their contact rate in response to

current colony size in different ways. Interactions among P. barbatus have been well studied [71,

73,83], but to the best of our knowledge, it remains unclear whether P. barbatus workers change

their contact rate based on current colony size. To investigate how different types of feedback

from current colony size influence colony demography, we assume three types of behavioral

rules for X(t), as follows:

X(t) =



α

w−
Win(t)

−1 (Negative feedback)

α

w0
(Without feedback)

α

w+
Win(t) (Positive feedback),

(2.3)

where Win(t) ≡
∑

iWi(t)−WE(F)(t)−WE(M)(t) is the number of workers inside the nest and

α, w−, w0 and w+ are constant values. A negative feedback means that X(t) decreases as the

colony size increases, and vice versa, and w− is determined in such a way that X(t) = α when

Win(t) is minimized (i.e., 1), hence w− = 1. A positive feedback means that X(t) increases as

the colony size increases, and vice versa, and w+ is determined in such a way that X(t) = α

when Win(t) is maximized (i.e., the colony is mature and contains 10,000 workers), hence

w+ = 10, 000. A situation without feedback means that X(t) does not depend on the colony

size, and w0 is a free parameter within the range 1 ≤ w0 ≤ 10, 000.

Let Y (t) represent a coefficient for state transition toward foraging at time t. Social insects

change their rate of transition to the foraging task in different ways based on the nutritional

state of their colony. To investigate how different types of feedback from the current nutritional

state influence colony demography, we assume three types of behavioral rules for Y (t) as a

function of the average nutritional state of the colony, that is, A(t)∑
i Wi(t)

, as follows:

Y (t) =


y− exp(− A(t)

β
∑

iWi(t)
) (Negative feedback)

1 (Without feedback)

y+ exp(
A(t)

β
∑

iWi(t)
) (Positive feedback),

(2.4)
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where the constants y−(≡ amax

β (1 − exp(−amax

β ))−1) and y+(≡ amax

β (exp(amax

β ) − 1)−1) are

determined in such a way that the average of Y (t) is equal to 1 within the positive range of

the surplus nutritional energy of each worker. amax and β are constant values, where amax is

the maximum surplus nutritional energy of each worker. A negative feedback means that Y (t)

decreases as the nutritional energy of the colony increases, and vice versa. A positive feedback

means that Y (t) increases as the nutritional energy of the colony increases, and vice versa. A

situation without feedback means that Y (t) does not depend on the nutritional energy of the

colony.

Perceptual transition

Finally, we formulate perceptual transition. Let the rate at which foragers detect food be

a constant, ρfdet. Let the degree of midden construction at time t be C(t), the dynamics of

which are explained in Eq.(2.7). Gordon [68] reported that after the midden was removed

by a researcher, the mean number of ants engaged in midden work increased. Based on this

observation, we assume that as C(t) decreases, the rate at which midden workers successfully

execute the task (constructing the midden) increases (Fig. 2.2), where ρcdet is a coefficient for

perception of midden detection. Let the amount of debris inside the nest at time t be D(t), the

dynamics of which are explained in Eq.(2.8). As the amount of debris inside the nest increases,

the rate at which nest maintenance workers detect the debris also increases. Thus, we assume

that asD(t) increases, the rate at which nest maintenance workers successfully execute the task

(removing debris from the nest) increases (Fig. 2.2), where ρddet is a coefficient for perception

of debris detection.

2.1.4 Death rate

In this section, we formulate three types of death rate (i.e., Gi(t), Hi(t), and qi). First, we

formulate Gi(t). In this study, we assume that enemies do not enter the nest, hence workers

inside the nest are not killed by external enemies. Workers in state E(F) and E(M) work

outside the nest, hence they are sometimes killed by an enemy. Workers in state E(F) search

for food far from the nest, and the death rate of these workers is represented by a constant,

g. Workers in state E(M) construct a midden on the nest mound. It has been suggested

that the midden functions to repel external enemies [68]. Therefore, we assume that GE(M)(t)

decreases as C(t) increases. Thus, we represent Gi(t) by

Gi(t) =


g (i = E(F))

g exp(−C(t)
γ

) (i = E(M))

0 (otherwise),

(2.5)

where γ is a constant.

Second, we formulate Hi(t). Workers start to die when their level of nutritional energy
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declines beyond a threshold value. Thus, we assume that the death rate of workers killed

by starvation, that is, Hi(t), increases as the shortage of nutritional energy of each worker

increases. Therefore, we represent Hi(t) by

Hi(t) = 1− exp(
min(0, A(t)∑

i Wi(t)
)

µ
), (2.6)

where µ is a constant.

Finally, we formulate qi. Workers transition between tasks based on the unidirectional rules

outlined in Fig. 2.1. Hence, we set the life-span of foragers to be the shortest among all

workers, and that of brood care workers to be the longest (see Table 2.2).

2.1.5 Environmental dynamics

In this section, we formulate the environmental dynamics, that is, the degree of midden

construction (i.e., C(t)), the amount of debris inside the nest (i.e., D(t)), and the surplus

nutritional energy of the colony (i.e., A(t)). These environments have a significant influence on

the workers’ life cycle, that is, the hatch rate, state transition rate, and death rate. Meanwhile,

the environment is changed by the workers’ activity.

Midden construction

First, we formulate the dynamics of the degree of midden construction (i.e., dC(t)/dt).

When left unattended, the midden spontaneously collapses. When midden workers construct

the midden, the midden grows. Thus, dC(t)/dt is represented by

dC(t)

dt
= −θC(t) + PE(M)→R(M)(t)WE(M)(t), (2.7)

where θ is the natural rate of midden collapse and PE(M)→R(M) is the rate at which the task

is successfully executed (the midden is constructed) by E(M)-state workers (Section 2.1.3).

A midden unit indicates the total amount of midden constructed by one worker in her task

executing period.

Debris inside the nest

Second, we formulate the dynamics of the amount of debris in the nest (i.e., dD(t)/dt).

When left unattended, debris spontaneously accumulates in the nest. When nest maintenance

workers detect debris in the nest, they carry it outside, decreasing the amount of debris in the

nest. Thus, dD(t)/dt is represented by

dD(t)

dt
= ψ − PE(N)→R(N)(t)WE(N)(t), (2.8)

where ψ is the natural rate of debris inflow and PE(N)→R(N) is the rate at which the task is

successfully executed (debris is removed from the nest) by E(N)-state workers (Section 2.1.3).
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A debris unit indicates the total amount of debris carried by one worker in her task executing

period.

Surplus nutritional energy of the colony

Finally, we formulate the dynamics of the surplus nutritional energy of the colony (i.e.,

dA(t)/dt), which is equal to the difference between the energy contained in food obtained by

foragers and the metabolic energy consumed by workers. Thus, dA(t)/dt is represented by

dA(t)

dt
= λ ρfdetWE(F)(t)−

∑
i

uiWi(t)
24× 60× 60

τday
, (2.9)

where λ denotes the energy contained in one unit of food and ui denotes the metabolic energy

consumed by a worker in state i. Because ants consume metabolic energy during the nighttime

even though they are inactive, we compensate for nighttime consumption of metabolic energy

with 24×60×60
τday

, where τday is workers’ active time in one day. Workers outside the nest consume

more energy than workers inside the nest because the outside temperature is higher than the

temperature inside the nest [79], so ui is a value dependent on the workers’ state (Table 2.2).

Finally, each worker has a limit of surplus nutritional energy, therefore A(t) does not increase

when A(t) ≥
∑

iWi(t)amax holds.

2.2 Simulation settings

All parameter values were set as shown in Table 2.2. To allow for inactivity at night and

during hibernation, we set one day, that is, τday, to 6.5 h, and one year, that is, τyear, to 210

days, and we simulated 15τyear, which is equivalent to the lifespan of the queen. In nature,

at the very beginning of colony growth, the P. barbatus queen cares for the eggs by herself

and produces the first batch of workers, which ranges in number from one to eight [84]. To

exclude this behavior, we set the initial state of the colony in our ODE model as follows. It has

been observed that the colony increases to 27 workers 3 weeks after the first batch of workers

hatches [84], so we assumed that the colony in its initial state has a total of 25 workers (10

brood care workers and 5 inactive workers that are available for each of the other tasks), with

a total of 25amax surplus nutritional energy. For environmental conditions, we assumed no

midden and no debris in the nest. All calculations were conducted using the ODE23tb solver

in MATLAB version R2015a. When colony size decreases to one, the colony is regarded as

being extinct, ending the simulation.

To examine the effect of feedback from colony-level properties to individual behaviors on

colony performance, we simulated 12 scenarios representing colonies with four types of X(t)

and three types of Y (t). The four X(t) types are denoted as follows:

• SX(−1): X(t) is set to a negative feedback, which means that X(t) is high when the

current colony size is small and low when the current colony size is large.
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• SX(0H): X(t) is set without feedback and w0 = 10, which means that X(t) is always

a high value.

• SX(0L): X(t) is set without feedback and w0 = 100, which means that X(t) is always

a low value.

• SX(+1): X(t) is set to a positive feedback, which means that X(t) is high when the

current colony size is large and low when the current colony size is small.

The three Y (t) types are denoted as follows:

• SY(−1): Y (t) is set to a negative feedback, which means that Y (t) is high when the

nutritional energy of the colony is insufficient and low when the nutritional energy of

the colony is sufficient.

• SY(0): Y (t) is set without feedback, which means that Y (t) is always a constant value.

• SY(+1): Y (t) is set to a positive feedback, which means that Y (t) is high when the

nutritional energy of the colony is sufficient and low when the nutritional energy of the

colony is insufficient.

2.2.1 Normal environment

First, we simulated the ant life cycle for these 12 scenarios and investigated the process of

colony growth and patterns of task allocation over 15 years.

2.2.2 Environmental disturbance

Scenarios other than those involving SX(−1) did not have the large colony size observed in

P. barbatus colonies in nature (Fig. 2.3(a)). Additionally, scenarios other than those involving

SX(−1) had a task allocation rate that is not observed in nature (Fig. 2.3(b)). Therefore, in

the environmental disturbance analyses, we focused on nutritional state feedback (SY(−1) vs.

SY(0) vs. SY(+1)) under negative colony size feedback, that is, SX(−1)-type behavior. We

assumed three types of environmental disturbances: starvation, midden collapse, and debris

inflow, and that one of these occurred during a predefined term (called the disturbance term),

and that at the end of the disturbance term, the disturbance stopped. In detail, during

the disturbance term (from τdstart to τdend) the parameter corresponding to the disturbance

(starvation, ρfdet; midden collapse, θ; debris inflow, ψ) was changed from the value listed in

Table 2.2 to a predefined value.

First, for SY(−1), SY(0) and SY(+1), we investigated over what range of the three param-

eters (ρfdet, θ, ψ) the colony did not go extinct over 15 years as the degree of disturbance

gradually increased from mild to severe. We assumed three types of disturbance terms: a

long-term disturbance after maturity, (τdstart, τdend) = (5τyear, 7τyear); a short-term distur-

bance after maturity, (τdstart, τdend) = (5τyear, 5τyear +30τday); and a short-term disturbance
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before maturity, (τdstart, τdend) = (30τday, 60τday).

Then, we investigated why each scenario displayed a different level of resilience against dis-

turbances. Based on the survival range in each scenario for the three types of disturbances for

the three disturbance terms, we selected parameters such that the colony survives over 15 years

in only one of the three scenarios (red dashed lines in Fig. 2.4) and examined the differences be-

tween the three scenarios in colony size and task allocation rate during the disturbance term.

All of the code for these models has been uploaded to GitHub (https://github.com/tomo-

haya/antODEsimulator).

2.3 Results and Discussion

2.3.1 Normal environment

For all scenarios except those with SX(−1), colony size remained small (Fig. 2.3(a)); in

scenarios with SX(−1), colony sizes were almost 10,000 (i.e., the number of workers in a mature

colony of P. barbatus). To eliminate the possibility of unintended effects caused by heuristic

parameters, we conducted a sensitivity analysis of the heuristic parameters by changing the

parameter values to between 50% and 150% of the original values and investigated colony size

and proportion of engaged workers involved in each task after 15 years (see Appendix A).

In most cases for scenarios with behavior decisions other than SX(−1), colony size was very

small, typically fewer than 5000 members. Therefore, we concluded that colony size feedback

based on the SX(−1) behavior decision is required if the colony is to grow to a size similar to

that observed in P. barbatus colonies in nature. In addition, in scenarios with SX(0H), almost

all of the workers became foragers, which is unusual in natural colonies.

We conclude that scenarios without SX(−1) did not produce large colonies for the following

reason. In scenarios with SX(0H), the contact rate X(t) is always high. Thus, workers in state

I(B) frequently change their task as a result of frequent contact with recruiting workers. As

a result, the proportion of brood care workers, which have a low death rate, remains small

and the proportion of foragers, which have a high death rate, remains large (Fig. 2.3(b)).

By contrast, in scenarios with SX(0L), the contact rate X(t) is always low, and workers in

state I(B) rarely change their tasks. The resulting small proportion of foragers (Fig. 2.3(b))

causes the nutritional state of the colony to decline, resulting in an increased death rate from

starvation and a reduced hatch rate until the colony eventually becomes extinct. In scenarios

with SX(+1), the colony becomes extinct for similar reasons to those pertaining to scenarios

with SX(0L).

Therefore, a high contact rate is required for the survival of an incipient colony that does

not have a sufficient number of foragers, but once the colony has grown to medium size and

has a sufficient number of foragers, a low contact rate is necessary for the colony to grow large.

Thus, negative feedback about colony size serves as a mechanism that permits flexibility in
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Fig. 2.3 (a) Colony sizes for the 12 scenarios in a normal environment over 15 years

and (b) task allocation of engaged workers, that is, WE(F):WE(M):WE(N):WE(B). In the

scenarios with SX(0L) and SX(+1), the colonies became extinct soon after the simulation

started, and colony size and task allocation until extinction are shown in the inset figures.

relation to contact rates. To investigate the influence of initial task allocation, we fixed the

number of initial workers at 25 and changed the number of inactive workers for each of the

tasks other than blood care (foraging, midden work, and nest maintenance) to either 0, 1, 2,

3, or 4, across all 12 scenarios. In scenarios with SX(0L) or SX(+1), colonies were always more

likely to become extinct than in scenarios with SX(−1) or SX(0H), regardless of initial task

allocation.
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2.3.2 Disturbance resistance

In the following analysis of disturbance resistance, using only scenarios with SX(−1), we

compare the outcomes of scenarios with SY(−1), SY(0), and SY(+1) in terms of the effects of

nutritional state feedback. Against starvation disturbance, the scenario with SY(−1) was the

most robust in both long-term and short-term disturbances after maturity, whereas the sce-

nario with SY(+1) was the most robust in short-term disturbance before maturity (Fig. 2.4(a)).

Against both midden collapse and debris inflow disturbances, the scenario with SY(−1) was

the most robust over all three periods (i.e., long-term disturbances after maturity, short-term

disturbances after maturity, and short-term disturbances before maturity) (Fig. 2.4(b) and

(c)).

2.3.3 Colony resistance to starvation

Only in the scenario with SY(−1) did the colony respond to the threat of both long-term and

short-term starvation after maturity by increasing the proportion of foragers (Fig. 2.5(a) and

(b)). The results can be understood as follows. When foragers are unable to detect food, in the

scenarios with SY(0) and SY(+1), they recruit fewer inactive workers to the foraging task than

in the scenario with SY(−1). Hence, the proportion of foragers in the scenarios with SY(0)

and SY(+1) is smaller than in the scenario with SY(−1) during disturbance (Fig. 2.5(a) and

(b)). Consequently, in scenarios with SY(0) and SY(+1), surplus nutritional energy becomes

negative, which results in reduced worker production. By contrast, the negative feedback

about colony nutritional state in the scenario with SY(−1) enables colonies to maintain a suf-

ficient proportion of foragers because recruitment behavior is flexible in response to nutritional

shortages.

When faced with short-term starvation before maturity, only in the scenario with SY(+1)

did the colony respond by maintaining a high proportion of foragers (Fig. 2.5(c)). We conclude

that colonies survived the threat of early starvation only in the scenario with SY(+1) for the

following reason. Initially, all colonies had sufficient nutritional energy, and in the scenario with

SY(+1) the transition to foraging was therefore promoted, whereas in the scenario with SY(−1)

the transition was suppressed (Fig. 2.5(c)). Once the starvation disturbance commenced,

colonies in the scenario with SY(−1) transitioned toward foraging, but the proportion of

foragers remained smaller than that in the scenario with SY(+1), in which foragers were

already numerous. Hence, in the scenario with SY(+1) resistance to starvation is higher than

in the scenario with SY(−1).

In scenarios with SY(0) and SY(+1), colonies have much greater resistance to starvation

before maturity than after maturity (see Fig. 2.4(a)) because in these scenarios the proportion

of foragers is higher before maturity than after maturity (Fig. 2.5(b) and (c)).
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Fig. 2.4 Range of parameters (ρfdet, θ, ψ) for each scenario in which the colony did not

go extinct within 15 years. (a) starvation (b) midden collapse, and (c) debris inflow. In

Sections 2.3.3–2.3.5, we focused on the parameters bisected by the red dashed lines.

2.3.4 Colony resistance to midden collapse

Only the colony in the scenario with SY(−1) survived midden collapse over all three terms;

it did so by increasing the proportion of midden workers (Fig. 2.6).

The relationship between nutritional state feedback and resistance to midden collapse is as
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Fig. 2.5 Colony size and task allocation of engaged workers for scenarios with SY(−1),

SY(0), and SY(+1) facing starvation in the (a) long term after maturity, (b) short term

after maturity, and (c) short term before maturity.

follows. Given that the nutritional energy of the colony is sufficient, the transition to the

foraging task is suppressed only in scenarios with SY(−1) based on negative nutritional state

feedback. Hence, in the scenario with SY(−1), a higher proportion of midden workers can

be maintained than in scenarios with SY(0) and SY(+1) (see Fig. 2.3(b)). When the midden

collapses, brood care workers are recruited to compensate for the midden work labor shortage.

In the scenario with SY(−1), a sufficient proportion of midden workers are maintained because

of suppression of the transition to the foraging task (Fig. 2.6), but in scenarios with SY(0) and
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Fig. 2.6 Colony size and task allocation of engaged workers for scenarios with SY(−1),

SY(0), and SY(+1) facing midden collapse in the (a) long term after maturity, (b) short

term after maturity, and (c) short term before maturity.

SY(+1), rate at which brood care workers are recruited to midden work is more because of

promotion of the transition to the foraging task, resulting in a shortage of brood care workers

and a decline in the hatch rate.
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Fig. 2.7 Colony size and task allocation of engaged workers for scenarios with SY(−1),

SY(0), and SY(+1) facing debris inflow in the (a) long term after maturity, (b) short

term after maturity, and (c) short term before maturity.

2.3.5 Colony resistance to debris inflow

Only the colony in the scenario with SY(−1) survived the inflow of debris over all three

terms; it did so by increasing the proportion of nest maintenance workers (Fig. 2.7). The

relationship between nutritional state feedback and resistance to debris inflow is similar to

that in the case of midden collapse.
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Throughout our analysis of the dynamics of colony size under disturbance, the minimum size

of mature colonies during disturbance term was always 4000 (Figs. 2.5, 2.6, 2.7(a) and (b))

and that for incipient colonies was 25 (Figs. 2.5, 2.6, 2.7(c)). These observations indicate that

our stochastic ODE analysis, which allowed for decimals in colony size, did not underestimate

extinction associated with extremely small integer colony size.

2.4 Conclusion

In this study, we examined how the modes of feedback from colony-level properties to

individual behaviors influenced colony growth and resistance to various types of disturbances

of simulated colonies of P. barbatus. First, negative feedback from increasing colony size to

individual activity (a high level of contact when the colony is small and a low level of contact

when the colony reaches medium size) promoted colony growth to the size observed in nature

(10,000 workers). Second, negative feedback from a deteriorating nutritional state to foraging

activity (numerous foragers were recruited in response to a starvation disturbance, whereas

few were recruited in response to midden collapse or debris inflow disturbances) made a greater

contribution to colony survival than either no feedback or positive feedback for most types of

disturbance.

Because workers do not have a bird’s-eye view of their colony, access to colony-level prop-

erties is achieved only through local interactions with nestmates. Regarding colony size, local

density of nestmates should be positively correlated with colony size, and thus each worker

can in principle reflect colony size in her behavior. Interestingly, L. fuliginosus is known to

adjust the contact rate between nestmates based on colony size by tending to group together

when colony size is small and to avoid each other when colony size is large, keeping contact

levels between one worker and any nestmates constant irrespective of colony size [53]. This is

consistent with a negative feedback rule regarding colony size, that is, scenarios with SX(−1),

which keeps the contact level between one worker and any nestmates X(t)Win(t) constant,

independent of Win(t). Therefore, although this observation and our model are based on

different species, our negative feedback rule regarding colony size may play a role in enabling

colonies of both species to grow to a large size.

Regarding nutritional state, it has been suggested that social insects are informed of colony

nutritional state via frequent trophallaxis [41]. Repeated trophallaxis should result in aver-

aging of individual nutritional states, making each worker aware of the colony’s nutritional

state [42]. Note that these proximate mechanisms of nestmate interactions were not incorpo-

rated into our ODE model. Various social insects, such as the honeybee A. mellifera or the

ant L. niger, increase the number of foragers as the nutritional state of their colony deterio-

rates [54, 58]. This is consistent with a negative feedback rule regarding the nutritional state

of their colony, that is, scenarios with SY(−1), in which Y (t) increases as averaged nutritional

energy A(t)∑
i Wi(t)

decreases. Therefore, the negative feedback from improving states of colony-
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level properties to decreasing levels of foraging engagement might be a general tendency that

contributes to survival of colonies in the face of disturbances.

Finally, it should be noted that our model was designed to replicate the dynamic properties

of P. barbatus colonies. Although we believe that the essential feature of adaptive flexibility

observed in our simulations can be applied to other social insect species with age polyethism

and similar task allocation systems, the modes of feedback from colony-level properties would

be more complex and species-specific in real ant colonies [53,57]. Future research should incor-

porate species-specific characteristics in the model. The resulting understanding of adaptive

flexibility and robustness in autonomous distributed systems could be applied to developing

more flexible and robust artificial multi-robot control systems.
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Chapter 3

Adaptation of a multi-legged robot to

inner environment

Natural creatures, for example, humans, animals, insects, and centipedes, use walking as a

means of moving. Because walking provides natural creatures with a greater ability to travel

on rough terrain than moving using wheels, it is expected to be a useful movement means for

a robot used on rough terrain, such as a rescue robot. To date, various types of legged robots,

such as biped [85], quadruped [86], hexapod [87], and myriapod [88], have been developed.

Because the locomotion of natural creatures has high stability, adaptability, and robustness,

understanding their walking strategy and applying it to a robot control system is benefi-

cial. As a feature of the locomotion of natural creatures, they produce interlimb coordination

through interactions with the inner neural system, their musculoskeletal system, and the envi-

ronment [89]. Interlimb coordination is sometimes modeled as a system of coupled nonlinear

oscillators. To date, several types of models of coupled nonlinear oscillators have been devel-

oped for bipeds [90,91], quadrupeds [4,33,92,93], hexapods [5–7,94], and myriapods [6,8,95].

Regarding the inner neural interaction of insects, Bässler and Büschges observed that each

leg has an independent pattern generator [96], and the pattern corresponds to the foot move-

ment pattern. Moreover, physically adjacent pattern generators locally interact with each

other [30]. Based on these biological observations, hexapod or myriapod models are generally

designed as a cluster of autonomous legged modules that determine their own foot movement

pattern based on local information from adjacent legged modules [5–8,94,95].

In the following, we present the details of existing distributed gait generation systems mod-

eled as coupled nonlinear oscillators for 2 × N type multi-legged robots, such as hexapods

or myriapods. Odashima et al. [5] assumed the inner neural interaction of physically adja-

cent legs, and controlled the phase difference of adjacent oscillators explicitly to achieve static

walking not only for translation movement but also turning movement. Inagaki et al. [6]

also assumed the inner neural interaction of physically adjacent legs and controlled the gait

pattern explicitly based on the desired walking speed. By contrast, Fujiki et al. [7], Ambe et

al. [94], Tsuchiya et al. [8], and Yasui et al. [95] assumed not only weak inner neural interaction
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but also interaction with the ground. When interaction with the ground is considered, the

dynamics of nonlinear oscillators becomes complicated, but the interaction enables adaptive

interlimb coordination according to the current ground scenario. In detail, Fujiki et al. [7]

and Tsuchiya et al. [8] controlled each leg’s phase based on timing when the foot toe in flight

touches the ground, and then produced a gait transition that depended on the desired walking

speed. Ambe et al. [94] also assumed similar feedback and analyzed the terminal gait pattern

mathematically. Yasui et al. [95] controlled each leg’s phase based on the foot toe’s ground

reaction force feedback and achieved gap-crossing behavior similar to a centipede in nature.

As a limitation of these distributed gait generation systems, inner neural interaction is coor-

dinated initially based on a 2×N type leg configuration; hence, these systems cannot directly

be applied to a leg configuration other than the 2×N type.

In the following, we present existing gait generation strategies for an extraordinary leg

configuration robot. Kim et al. developed a single-legged reconfigurable modular robot that

can connect with others and the cluster composed of the modules can change its number of

legs from zero to six [97], where Ha et al. designed each single module’s locomotion using

reinforcement learning [98]. Whitman et al. [99] also developed a reconfigurable legged robot

that can change its configuration from hexapod to myriapod. Kim et al. [97] and Whitman

et al. [99] predesigned a corresponding gait pattern for each leg configuration, and a central

control unit controlled the movement of all the legs. In the following, we present gait recovery

strategies of a hexapod after leg malfunction. Some researchers have developed strategies

by which a hexapod generates adaptive locomotion after leg malfunction [100–105]. Koos

et al. [100], Cully et al. [101], and Ren et al. [102] proposed learning strategies to obtain

adaptive locomotion after leg malfunction. Johnson [103] proposed a centralized system that

transits its gait pattern toward another predesigned gait pattern when a specific leg is broken.

Schilling et al. [104] and Auf et al. [105] predesigned an interlimb network for the case of

leg malfunction based on the hexapod configuration. When a leg was broken, the hexapod

achieved stable locomotion based on the predesigned interlimb network. As a limitation of

these gait generation strategies for an extraordinary leg configuration robot, they can only

generate a gait pattern for the pre-assumed limited types of leg configuration; hence, these

strategies cannot be applied directly to general leg configurations.

As shown in previous research, many distributed gait generation strategies have been de-

signed for 2 × N type multi-legged robots. However, little research has been conducted on

the gait generation strategy for a robot with a general leg configuration, including one that

differs from natural creatures, that is, the 2×N type. Because much of a robot’s functional-

ity results from its morphology (the shape of its body and limbs) [106], a multi-legged robot

other than a 2×N type has the potential to perform several types of task that the 2×N type

cannot perform. Additionally, if each leg is modularized like those in reconfigurable modular

robots [26–28,107–109], then the current configuration of the robot can change in response to

the encountered scenario. A multi-legged robot whose leg configuration is not limited to the
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2×N type has several benefits, such as the following:

The first benefit is traversing uneven terrain. To traverse a slope environment, the robot can

traverse the slope safely by changing the leg configuration in the direction in which the support

polygon enlarges toward the gradient of the slope. Meanwhile, to traverse a gap environment

in which the ground exists discontinuously, the robot can traverse the environment safely by

changing the leg configuration in the direction in which the leg position fits the existing ground.

The second benefit is achieving the manipulation task. Generally, legged robots can use their

legs for manipulation [99, 110, 111] and not only for locomotion. The robot can manipulate

various shapes of object by changing the leg configuration flexibly in the direction in which

the leg fits the shape of the manipulated object. The third benefit is more choices of physical

connections. For the case in which one of the connectable places of the robot is broken, the

robot has an opportunity to connect with other robots using another connectable place that

is in a healthy condition.

To obtain the above benefits, a stable gait pattern generation strategy for various leg config-

urations is required. It is time-consuming to develop gait patterns individually for all assumed

leg configurations, and a centralized system is difficult to control for a large number of mod-

ules because of the capacity limit of the central control unit. Therefore, to obtain the above

benefits sufficiently, it is necessary to construct a unified distributed control framework to

achieve stable locomotion for various leg configurations. Furthermore, a distributed system

has no central control unit; hence, if one of the modules is broken, this does not lead to the

breakdown of the entire system. Therefore, by constructing a distributed control framework

that considers leg malfunction, the robot can adapt to the leg malfunction by changing its

gait pattern appropriately.

In this study, we discuss a single-legged reconfigurable modular robot called “KARAKASA”

(named after the umbrella ghost, which is a Japanese single-legged ghost). We design an au-

tonomous distributed control system for each legged module by which a cluster (a robot

composed of many single-legged module components) with various leg configurations is guar-

anteed to achieve static walking on planar ground. In Table 3.1, we summarize the features

of our system relative to existing systems.

This study is structured as follows: We present the details of the problem setting in Sec-

tion 3.1, propose the autonomous distributed system in Section 3.2, verify the effectiveness of

the system using dynamic simulations in Section 3.3, demonstrate the effectiveness of the sys-

tem using robot experiments in Section 3.4, and finally, present the conclusion in Section 3.5.

3.1 Problem setting

We developed a single-legged reconfigurable modular robot called “KARAKASA,” as shown

in Fig. 3.1. Any number of single-legged modules can be connected to form a cluster. We con-

sider a cluster composed of n identical single-legged components and propose an autonomous



3.1 Problem setting 33

Table 3.1 Summary of the features of existing systems and the proposed system for gait

generation for multi-legged robots. H denotes hexapod, M denotes myriapod, and V

denotes various leg configurations. © is superior to ×.

System
Applicable Recovery from Distributed

leg configurations leg malfunction control

Odashima [5] H × ©
Inagaki [6] H&M × ©
Fujiki [7] H × ©
Ambe [94] H × ©
Tsuchiya [8] M × ©
Yasui [95] M × ©
Koos [100] H © ×
Cully [101] H © ×
Ren [102] H © ×
Johnson [103] H © ×
Schilling [104] H © ©
Auf [105] H © ©
Proposed V © ©

distributed control scheme for each module to achieve static walking of the cluster on planar

ground. Static walking of the cluster means that, during walking, the center of mass (COM)

of the cluster is always inside the support polygon, that is, the convex hull of all the foot toes

of the legged modules in the stance phase. We denote the COM of the cluster by COM-C, and

the COM of each module by COM-M. We summarize the main symbols and their descriptions

used in this study in Table 3.2. We provide details of the problem setting in the following

subsections.

3.1.1 Characteristics of each single-legged module

Each legged module, denoted by modi, is composed of a disc-shaped body of radius r,

CPU (STM32F429), a three-cell Li-ion battery, where each cell is 3.7 V, and a three-DOF

leg that can move in three-dimensional space, as shown in Fig. 3.1(a). The total weight is

approximately 700 g. The three motors for a leg are Dynamixel XM430-W350-R and denoted

by motor1, motor2, and motor3 from the body side. Each module has connectable places every

30 degrees on the side of the disc-shaped body, as shown in Fig. 3.1(b), and can physically and

electrically connect with a maximum of six other modules. Each modi can communicate to

exchange information with the adjacent modules using P2P communication via UART. Note

that the physical and electrical connections between modules are achieved manually. Each

modi has its own local coordinate system
∑

i, whose origin oi is fixed at the center of the disc

body. The xi and yi-axes are also fixed on the body, as shown in Fig. 3.1(b).

We assume that even when a leg of modi moves, COM-M of modi always remains at the

center of the disc body oi. Note that the weight of the leg and body of each module are 230g
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Table 3.2 Description of the main symbols used in this study.

Symbol Description

n Number of modules in the cluster

r Radius of each module’s disc body∑
i ≡ (oi − xi yi z) Local coordinate system of modi, where oi be the center of the disc of modi

θi[t] (mod 2π) Phase of modi at time t

ωi Phase velocity of modi

h Length from the ground to the rotational axis of motor2

d Length from the ground to the highest foot toe position in the flight phase∑
wi ≡ (oi − xwi ywi z) Coordinate system whose xwi-axis is the moving direction of modi

iψj ∈ [0 2π) Angle between the xwj- and xi-axes with respect to the xi-axis

vi Moving speed of modi

βi ∈ [0 1] Stance rate of modi

si ≡
2πviβi
ωi

Stride length of modi

Ni Index set of the physically adjacent modules of modi

G Interlimb coordination network, whose vertex is composed of all the modules

R(i), L(i) Index that is the right and left side neighbor of modi at G, respectively

vstmax, v
fl
max Foot toe’s maximum moving speed in the stance and flight phases, respectively

iV ≡
[
iVx

iVy
]T

Cluster’s relative desired translational velocity with respect to
∑

i

Ω Cluster’s desired angular velocity around COM-C
iTj Two-dimensional coordinate transformation matrix from

∑
j to

∑
i

igest[t] Relative COM-C position estimated by modi at time t with respect to
∑

i

ig ≡
[
igx

igy
]T

Relative COM-C position with respect to
∑

i

iϕj ∈ (−π π] Angle composed of oi, COM-C, and oj

σi ∈ {Stance, F light}. Phase state of modi

γ(i) R(i) if σR(i) = Stance, otherwise R(R(i))

P Polygon whose edges are foot toe of modi(∀i ∈ {i|σi = Stance}) and modγ(i)

Di,j Convex hull composed of four points, that is, anterior extreme position and posterior

extreme position of modi’s foot toe, and that of modj ’s foot toe

lci [t] Hop number between modi and its communication target modules at time t
ipj ≡

[
ipjx

ipjy
]T

Relative position of oj with respect to
∑

i

videali Ideal moving speed of modi

rvi ≡ vi
videali

Ratio between the ideal and actual moving speed of modi

iφj ≡ θi[t]− θj [t] (mod 2π) Phase difference between modi and modj

sRL
i , sRi Maximum stride length of modi such that COM-C /∈ DR(i),L(i), DR(i),i, respectively

smin
i ≡ min(sRL

i , sRi , 2r) Minimum value among sRL
i , sRi , and 2r

ωopt, r
v
opt Optimal common value of ωi and r

v
i , respectively

ma
i [t], m

b
i [t] Variables of modi for maximum consensus at time t

and 470g, respectively (Fig. 3.1(a)). The influence of this assumption on the walking of the

cluster is investigated in Appendix B.

In the following, we present how the relative foot toe position of modi with respect to
∑

i

is determined. Each module has its own pattern generator, and the phase corresponds to

its foot toe position. The time-dependent phase of modi, that is, θi[t] (mod 2π), changes

with time based on the phase velocity of modi, that is, ωi, as shown in Fig. 3.2(a). The foot

toe trajectory of modi is designed as shown in Fig. 3.2(b). In the following, we explain the
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Fig. 3.1 Single-legged modular robot called “KARAKASA” (a) viewed from the side.

The leg’s degree-of-freedom (DOF) arrangement is yaw, pitch, and pitch from the body

side. (b) “KARAKASA” viewed from the top.

variables used in Fig. 3.2(b). The length from the ground to the rotational axis of motor2

is denoted by h and the length from the ground to the highest foot toe position in the flight

phase is denoted by d. The moving direction of modi is denoted by xwi, and the angle between

the xwj and xi-axes with respect to the xi-axis is denoted by iψj . The moving speed of modi

is denoted by vi and the stance rate of modi is denoted by βi. The stride length of modi

is denoted by si, which is equivalent to the product of vi and the total time of the stance

phase, that is, si =
2πviβi
ωi

. The foot toe’s anterior extreme position is denoted by AEP and

posterior extreme position is denoted by PEP. Given seven variables h, d, iψi, vi, ωi, θi[t], and

βi, the foot toe position on the trajectory of modi with respect to
∑

i is determined uniquely,

where the three motor’s joint angles are calculated using inverse kinematics to move the foot

toe to the position. The lengths h and d are constant values common to all modules given as

the initial state, and the remaining five variables, iψi, ωi, vi, θi[t], and βi, are not common to

all legs; they are determined by each modi based on the cluster’s leg configuration and desired

movement.

3.1.2 Leg configuration of the cluster

n legged modules are connected in such a manner that the bodies form a planar shape

composed of discs tangent to each other. Different modules’ local coordinate systems are not
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Fig. 3.2 Relationship between (a) the phase and (b) foot toe trajectory. The range of

the stance phase is 0 ≤ θi(t) < 2βiπ and that of the flight phase is 2βiπ ≤ θi(t) < 2π.

required to be aligned. Examples of clusters are shown in Fig. 3.3. As Fig. 3.3 shows, a

cluster’s leg configuration is not limited to the 2 × N type, such as hexapod or myriapod,

and can be composed of various two-dimensional leg configurations. As a limitation of the

applicable leg configurations of our control system, we assume

COM-C ∈ inside the convex hull of {o1, o2, . . . , on} \ {oi} (1 ≤ ∀i ≤ n), (3.1)

which means that if any one module is in the flight phase and all the remaining modules are

in the stance phase such that their foot toes are under each COM-M, then COM-C is inside

the support polygon. Note that n ≥ 5 is a necessary condition for the condition (3.1) to

hold; thus, hexapod and myriapod are included in the applicable leg configurations, but biped

and quadruped are excluded. In fact, a quadruped can achieve static walking using the crawl

gait, but the crawl gait requires a body shift such that COM-C is always inside the support

polygon [112]. In our control system, such a body shift is not considered. Thus, we exclude

the quadruped type from the applicable leg configurations, but this simplification contributes

to the construction of a distributed control system.

In the following, we assume leg malfunction. As a feature of the Dynamixel motor, the

motor’s angle is maintained at the same angle after signal lines are cut. Hence, when a

module’s signal lines are cut for all three motors, the foot toe is maintained at the same

position and not used for the cluster’s movement. We refer to this case as leg malfunction.

In practice, the module’s CPU always checks the health condition of the Dynamixel motor

through communication. When a leg is broken, the module’s CPU does not receive a signal

from the motor within a certain time period; thus, the module can detect the leg malfunction.
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Fig. 3.3 Several types of cluster. (a) Six-legged hexapod cluster. (b) Seven-legged V-

shaped cluster. (c) Six-legged asymmetric cluster and its model viewed from the top.

Different modules’ local coordinate systems are not required to be aligned.

As an extension of the condition (3.1) to cover the case of leg malfunction, we assume

COM-C ∈ inside the convex hull of {o1, o2, . . . , on} \ {oi, ob1, . . . , obj} (1 ≤ ∀i ≤ n),
(3.2)

where b1 . . . , bj are the indices of the broken modules. Note that n ≥ j + 5 is a necessary

condition for the condition (3.2) to hold.

3.1.3 Distributed control

In our proposed system, all modules’ controls are identical and there is no central control

unit. Our control system adopts a hierarchical control system, as shown in Fig. 3.4. Each stage

in Fig. 3.4 has some target variables of modi that are iteratively computed by modi. Each

module calculates the target variables of all stages described by [· · · ] based on information

obtained via communication described by 〈· · · 〉 and variables in dependent stages, where the

dependencies between stages are shown in Fig. 3.4 using arrows.

In the following, we explain the information described by 〈· · · 〉 in Fig. 3.4 that each module

is allowed to obtain via UART communication. First, we describe two types of graphs whose

vertices are composed of all modules in a cluster. Let a communication graph be a graph such

that all modi are adjacent to physically adjacent modules, whose index set is denoted by Ni,

as shown in Fig. 3.5(a). Information exchange through the communication graph is performed
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Fig. 3.4 Dependencies between each stage. Each stage at the end of the arrow calculates

the target variables denoted by [· · · ] using local information denoted by 〈· · · 〉, which is

obtained via communication, and the target variables of a stage at the start of the arrow.

in the [ig] calculation stage and [ωi, vi] calculation stage in Fig. 3.4, where the purpose of

the stages is to agree on the states of all modules. Let interlimb coordination graph G be a

graph provided in the [modR(i), modL(i)] calculation stage in Fig. 3.4 such that all modi are

adjacent to two modules, that is, modR(i) and modL(i), as shown in Fig. 3.5(b). Information

exchange through graph G is performed in the [θi[t], βi] calculation stage in Fig. 3.4, where

the purpose of the stage is to adjust the phase difference of all modules appropriately. Again,

to obtain several benefits of an autonomous distributed system, each module is not allowed

to communicate with all the other modules to directly obtain global information, such as

the entire leg configuration of the cluster. In our proposed system, each modi is allowed to

obtain only local information from a limited number of modules (maximum of eight), that

is, information about modj(∀j ∈ Ni), modR(i) and modL(i). When R(i) /∈ Ni or L(i) /∈
Ni, modi is allowed to obtain information about the module via multi-hop communication.

Additionally, to construct G in the [modR(i), modL(i)] calculation stage, each modi is allowed

to communicate with modj(∀j| |i, j| = lci [t] ≤ max(|i, R(i)|, |i, L(i)|)), where |i, j| denotes the
minimum hop number between modi and modj on the communication graph in Fig. 3.5(a),

and variable lci [t] is explained in Section 3.2.2. We discuss the relationship between |i, j|(j ∈
{R(i), L(i)}) and the leg configuration of the cluster in Section 3.5.

In the following, we summarize all information used by each modi. The values that are

independent of the cluster’s leg configuration and desired movement, that is, h, d, r, vstmax,

and vflmax, are given as the initial state, where vstmax and vflmax are the foot toe’s maximum

moving speed in the stance and flight phases determined by the motor limitation, respectively.

Generally, vflmax > vstmax holds because the motor’s maximum speed increases as the load

torque decreases. The cluster’s desired translational and angular velocity, that is, iV and

Ω, are also given as the initial state. Translational velocity iV is given to all modules such

that iV = iRj
jV holds ∀j, where iRj is the rotation matrix from

∑
j to

∑
i. In the robot

experiment, to share the cluster’s desired movement with all modules, we assign iV and Ω to

one modi and let the module broadcast the information after iRj∀j ∈ Ni is obtained in the

[ig] calculation stage. By contrast, the values that depend on the cluster’s leg configuration
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Fig. 3.5 Two types of graphs used in our system. The leg configuration is an example.

(a) Communication graph. (b) Interlimb coordination graph G.

and desired movement, that is,
(
iTj ,

jgest[t], m
a
j [t], m

b
j [t]
)
(∀j ∈ Ni),

(
ipj ,

jϕR(j),
jϕL(j)

)
(∀j| |i, j| = lci [t]), θR(i)[t], and θL(i)[t], are obtained via local communication at each stage in

Fig. 3.4. These variables are explained in Section 3.2.

The information processing step of the cluster proceeds as follows: We assume that all

the modules in the cluster share global clock t (t = 1, 2, 3...). At every t, each module

transmits its current state in addition to receiving the states of the communication target

modules simultaneously, and then processes the information. All stages are always performed

in parallel, and the convergence of each stage is guaranteed by assuming that the dependent

stage has already converged. Note that each modi starts the [ωi, vi calculation] and [θi, βi

calculation] stages after both modR(i) and modL(i) have been determined. For the case of the

leg malfunction of modj(j ∈ {R(i), L(i)}), modj notifies both modi and another module that

is adjacent to modj at G of its malfunction. Then, modi performs the [modR(i), modL(i)]

calculation stage again and hence G is reconstructed.

3.1.4 Control purpose

The control purpose of our system is to converge the cluster’s gait pattern to satisfy the

following four conditions based on the distributed control in Section 3.1.3:

(C1) COM-C is always inside the support polygon.

(C2) The foot toe trajectories of different modules do not interfere physically.

(C3) The foot toe moving speeds of all modules in the stance and flight phases do not exceed

the limit speeds vstmax and vflmax, respectively.

(C4) The cluster achieves the desired movement, that is, iV and Ω, as close as possible.

Among the seven variables for determining the foot toe position, the variables h and d

are constant values given as the initial state, as mentioned. The remaining five variables
iψi, ωi, vi, θi[t], and βi are determined to satisfy the four conditions (C1)–(C4). The approach
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used to determine variable iψi is presented in Section 3.2.3, variables ωi and vi are presented

in Section 3.2.4, and variables θi[t] and βi are presented in Section 3.2.5.

3.2 Proposed autonomous distributed system

In this section, we present the autonomous distributed system for each module to determine
iψi, ωi, vi, θi[t], and βi that achieve the control purpose the conditions (C1)–(C4). As shown

in Fig. 3.4, our control system adopts a hierarchical control system. We explain the details of

all the stages in Fig. 3.4 in the following subsections.

3.2.1 COM-C calculation

In the following, we present the method by which all modi obtain the relative COM-C

position with respect to
∑

i, that is,
ig, in a distributed manner without any prior information

on the global configuration of the cluster. To estimate the COM-C, each module uses a strategy

similar to trophallaxis of ants that was explained in Capter 2 as follows: Let the coordinate

transformation matrix from
∑

j to
∑

i be
iTj . Each modi has time-dependent variable igest[t]

and acquires physically adjacent modules’ information
(
iTj ,

jgest[t]
)
(∀j ∈ Ni) via information

exchange through a communication graph, and changes igest[t] based on the dynamics

igest[t+ 1] = igest[t]− α1

∑
∀j∈Ni

(igest[t]− iTj
jgest[t]), (3.3)

where igest[0] is 0, that is, the COM-M position of modi, and α1 is a constant value such that

α1 < 1/6 holds, where 6 is the maximum number of physically adjacent modules. Because

Eq.(3.3) coincides with the well-known average-consensus control [35] and α1 is given as above,

time-dependent variable igest[t] follows

lim
t→∞

igest[t] =
1

n

n∑
j=1

iTj
jgest[0] =

ig, (3.4)

which means that igest[t] converges to the position of the average of the COM-M position of

all modules among the cluster, that is, ig; thus, all modi obtain
ig based on local information.

If oi overlaps with the COM-C position, then modi is excluded from the later strategy because

the stride lengths of all modules converge to 0 because of modi, as described in Section 3.2.3.

In that extra case, the control purpose can be achieved by the remaining modules.

3.2.2 modR(i) and modL(i) calculation

In the following, we present a method that constructs interlimb coordination graph G, which

is time-invariant for one configuration. Note that G has to be recalculated when the cluster’s

configuration changes as a result of leg malfunction. G contributes to the derivation of two

conditions, (3.7) and (3.8), that guarantee the condition (C1). The details are provided later.
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Fig. 3.6 Angles iϕj(j ∈ {R(i), L(i)}), and geometric relationship between DR(i),i,

DR(i),L(i), and COM-C. This figure shows a case in which the desired movement of

the cluster is turning. Black dotted lines indicate the foot toe trajectory in the stance

phase of each module.

Fig. 3.7 Example of several G for one cluster.

Conditions of G and its application

First, we explain the two conditions of G. Let iϕj ∈ (−π π] be an angle composed of

oi, COM-C, and oj , as shown in Fig. 3.6. As a special case, we define iϕi as π to simplify

Algorithm 1 described in Section 3.2.2.

Let G be any one graph whose vertex is composed of all modules such that both of the

following conditions hold:

G is one or more cycle graphs, that is, all the vertices have degree two (3.5)

iϕR(i) + |iϕL(i)| < π ∧ iϕR(i) ≥ 0 ∧ iϕL(i) ≤ 0. (3.6)

Graph G is not unique, as shown in Fig. 3.7.

In the following, we present how G contributes to static walking of the cluster. Let Di,j be

a convex hull composed of four points, that is, AEP and PEP of modi and those of modj .
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When all modules move their foot toes to satisfy both

If modi is in the flight phase, then both modR(i) and modL(i) are in the stance phase
(3.7)

COM-C /∈
(
DR(i),L(i) ∪DR(i),i

)
, (3.8)

COM-C is always inside the support polygon, that is, the condition (C1) holds (see Ap-

pendix C). An example of the condition (3.8) is shown in Fig. 3.6. We explain Appendix C

briefly. Let σi ∈ {Stance, F light} be the phase state of modi(i ∈ GV ) and let γ(i) be an index

of a module given as

γ(i) =

{
R(i)

(
σR(i) = Stance

)
R(R(i))

(
σR(i) = Flight

)
.

(3.9)

If the relationship between modules in the stance phase and the flight phase is determined

based on the condition (3.7), σγ(i) = Stance(∀i ∈ {i|σi = Stance}) holds. Under the condi-

tion (3.7), let P be a time-dependent polygon whose edges are all line segments connecting foot

toes of modi(∀i ∈ {i|σi = Stance}) and those of modγ(i). From the condition (3.6), COM-C

is always interior of P , which is composed of foot toes of all modules in the stance phase,

under the assumption that foot toes of all modi are located under oi. Moreover, when AEP

and PEP of the all modules corresponding to DR(i),L(i) and DR(i),i are determined such that

the condition (3.8) holds, COM-C is always interior of P even in the waking. Therefore, we

assure that COM-C is always interior of P (⊆ support polygon) during the walking.

modR(i) and modL(i) searching algorithm

In this section, we present the algorithm by which all modi search both modR(i) and modL(i)

to construct G in a distributed manner. We present the algorithm in Algorithm 1 and explain

the details in the following.

Each modi has three time-dependent state variables [R(i) L(i) lci [t]]
T, where lci [t] is the hop

number between modi and its communication target modules at time t, initialized to 1. Let

the relative position of oj with respect to
∑

i be ipj . Each modi can calculate iϕj based

on ipj , which is obtained through communication. Algorithm 1 is designed to change R(i)

and L(i) with time such that iϕR(i) and |iϕL(i)| monotonically decrease. Fig. 3.8 shows an

example in which iϕR(i) and |iϕL(i)| monotonically decrease with time based on Algorithm 1.

In Algorithm 1, each modi communicates with more distant modules by incrementing lci [t]

with time using a breadth-first search algorithm until the following condition holds:

R(L(i)) = i ∧ L(R(i)) = i ∧ iϕR(i) + |iϕL(i)| < π ∧ iϕR(i) ≥ 0 ∧ iϕL(i) ≤ 0. (3.10)

When Eq.(3.10) holds ∀i, the construction of G is complete. To avoid complexity, Algorithm 1

excludes the case in which different origins oi and oj are on the same half-line from COM-C.

In the following, we prove that G is always constructed by Algorithm 1. As mentioned, each

modi changes R(i) and L(i) for monotonically decreasing iϕR(i) and |iϕL(i)|. Therefore, it is
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Algorithm 1 modR(i) and modL(i) searching algorithm.

Initialize:

[R(i) L(i) lci [0]]
T = [i i 1]T

while Eq.(3.10) does not hold do

Get ipj ,
jϕR(j) and

jϕL(j) (∀j||i, j| = lci [t]).

Calculate iϕj based on ipj .

if iϕj > 0 ∧ iϕj <
iϕR(i) ∧ iϕj < |jϕL(j)| then

R(i) ⇐ j

end if

if iϕj < 0 ∧ |iϕj | < |iϕL(i)| ∧ |iϕj | < jϕR(j) then

L(i) ⇐ j

end if

lci [t+ 1] = lci [t] + 1

end while

Fig. 3.8 Procedure of G construction. Red lines indicate the edge of G and blue dotted

lines indicate that modules connected by the line are communicating. Angles iϕR(i) and

|iϕL(i)| monotonically decrease with time.

clear that W =
n∑

i=1

(iϕR(i) + |iϕL(i)|) monotonically decreases with time. Because the total

number of W is finite, the value of W converges to one value within a finite time. Moreover,

from the condition (3.1) and Lemma 1 (see Appendix C.1), G 6= ∅. Thus, Algorithm 1 always

obtains modR(i) and modL(i) such that Eq.(3.10) holds for modi ∀i within a finite time.

Therefore, graph G is always constructed. After G is constructed, all modi are allowed to

communicate with modR(i) and modL(i).
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Fig. 3.9 Geometric relationship of
∑

i,
ig, ipj ,

iV , and Ω.

3.2.3 Control purpose formulation

In Section 3.1, control purposes the conditions (C1)–(C4) were given, but mathematically

sufficient conditions for the conditions (C1)–(C4), that is, conditions of walking variables
iψi, vi, wi, θi[t] and βi, have not been formulated yet. In the following, we formulate mathemat-

ically sufficient conditions for the conditions (C1)–(C4) using the discussions in Sections 3.2.1

and 3.2.2. Because the conditions (C2) and (C3) are easy to formulate, we formulate the math-

ematically sufficient conditions for the conditions (C1) and (C4). Because the discussion of

the condition (C4) can be used for that of the condition (C1), we formulate the condition (C4)

first.

The condition (C4) formulation

In the following, we present the moving direction and moving speed of each modi such

that the condition (C4) holds. First, we consider each module’s moving direction to achieve

the cluster’s desired moving direction. We consider iψj(∀j ∈ {i, R(i), L(i)}) such that modj ’s

moving direction is vertical to the cluster’s center of turning point, where iψR(i) and
iψL(i) are

used for the condition (C1) formulation in Section 3.2.3. Because the geometric relationship

in Fig. 3.9 holds, angle iψj can be represented as follows using ig, ipj ,
iV , and Ω:

iψj =


atan2(iVy,

i Vx) (Ω = 0)

atan2

(
(−igx + ipjx +

iVy
Ω

)sgn(Ω), (igy − ipjy +
iVx
Ω

)sgn(Ω)

)
(Ω 6= 0).

(3.11)

The value atan2(y, x) ∈ [0 2π) is atan(y/x) with its quadrant using two parameters x and y.

Note that all modi have obtained information ipj(∀j ∈ {R(i), L(i)}) in Section 3.2.2.

Then, we consider each module’s ideal moving speed to achieve the cluster’s desired moving
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speed. The ideal moving speed of modi is described by videali (not equivalent to vi). We

consider videalj (∀j ∈ {i, R(i), L(i)}), where videalR(i) and videalL(i) are also used for the condition (C1)

formulation in Section 3.2.3. The ratio between videalj and |iV | is equivalent to the ratio

between the distance from the center of turning to oj and distance from the center of turning to

COM-C. From the geometric relationship in Fig. 3.9, videalj are calculated based on ig, ipj ,
iV ,

and Ω as
videalj = |

[
Ω
(
igx − ipjx

)
− iVy Ω

(
igy − ipjy

)
+ iVx

]T |. (3.12)

When the ideal foot toe moving speeds of one or more modules are beyond the motor’s

speed limitation, let all modules decrease their moving speed at an agreed rate to allow the

cluster to walk on the desired trajectory in which all module’s speeds are within the motor’s

speed limitation. Additionally, from the condition (C4), the error between the ideal and actual

speed should be as small as possible. The condition (C4) can be formulated as follows: Let

rvi ≡ vi
videali

be the ratio between the ideal and actual moving speed of modi. Given iψi and

videali by Eq.(3.11) and Eq.(3.12), respectively, and when rvi = rvj ∀j holds and rvi (≤ 1) is

maximized, then the condition (C4) holds.

The condition (3.7) formulation

In the following, we present the stance rate range of each modi such that the condition (3.7)

holds. We denote the phase difference between modi and modj(∀j ∈ {R(i), L(i)}) by iφj ≡
θi[t]− θj [t] (mod 2π). If ωi = ωj and(

iφj
2π

≤ βi ≤ 1

)
∧
(

jφi
2π

≤ βj ≤ 1

)
, (3.13)

then both modi and modj are not in the flight phase simultaneously, as shown in Fig. 3.10,

where Fig. 3.10 shows the minimum stance rate case, that is, βi =
iφj
2π

and βj =
jφi
2π

.

Considering that G is a cycle graph, if ωi = ωR(i)∀i and( iφR(i)

2π
≤ βi ≤ 1

)
∧
( iφL(i)

2π
≤ βi ≤ 1

)
(3.14)

holds for modi∀i, then the condition (3.7) holds.

The condition (3.8) formulation

In the following, we present the stride length range of each modi such that the condition (3.8)

holds. Assuming that βi = βR(i), ωi = ωR(i), and rvi = rvR(i)∀i, then sj(∀j ∈ {R(i), L(i)})
depend on si linearly as follows:

sj =
2πvjβj
ωj

=
2πvjβi
ωi

=
videalj

videali

si. (3.15)

When Eq.(3.15) holds, let the maximum stride length of modi that satisfies the condition

that COM-C /∈ DR(i),L(i) be sRL
i and that for DR(i),i be sRi as shown in Fig. 3.11. Using
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Flight

Stance

Fig. 3.10 Minimum stance rate of modi and modj such that modi and modj are not in

the flight phase simultaneously. Minimum stance rate depends on their phase difference.

Fig. 3.11 Scenario in which the stride length of modi is (a) s
RL
i and (b) sRi .

Eq.(3.15) and the previously obtained
(
iψj , v

ideal
j

)
(∀j ∈ {R(i), L(i)}), sRL

i and sRi are deter-

mined geometrically (see Appendix D). If si ≤ min
(
sRL
i , sRi

)
holds, then the condition (3.8)

holds.

Control purpose formulation summary

In the following, we summarize the mathematically sufficient conditions for the condi-

tions (C1)–(C4) and then present the desired values of iψi, ωi, vi, θi[t], and βi such that all the

conditions (C1)–(C4) hold.

First, given iψi and v
ideal
i by Eq.(3.11) and Eq.(3.12), respectively, the undetermined walking

variables of modi are decreased to rvi , wi, θi[t], and βi. From the discussion in Section 3.2.3,
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the sufficient condition for the condition (3.7) is as follows:

βi ≥ max(
iφR(i)

2π
,
iφL(i)

2π
) ∧ ωi = ωR(i). (3.16)

From the discussion in Section 3.2.3, the sufficient condition for the condition (3.8) is as

follows:
si ≤ min

(
sRL
i , sRi

)
∧ ωi = ωR(i) ∧ βi = βR(i) ∧ rvi = rvR(i). (3.17)

When si is not larger than its body diameter 2r, the foot toe trajectories of different mod-

ules do not interfere physically with each other. Therefore, the sufficient condition for the

condition (C2) is
si ≤ 2r. (3.18)

If modi’s foot toe speed in the stance phase vi does not exceed v
st
max and modi’s foot toe speed

in the flight phase, that is, the value for which the flight trajectory length is divided by the

total flight time, does not exceed vflmax, then the foot toe moving speed can be achieved by the

motors. Therefore, the sufficient condition for the condition (C3) is

vi ≤ vstmax ∧
si + 2d

2π

ωi
(1− βi)

≤ vflmax. (3.19)

Finally, from the discussion in Section 3.2.3, the sufficient condition for the condition (C4) is

rvi = rvj ∀j ∧maximize rvi (≤ 1). (3.20)

In the following, we determine the variables rvi , wi, θi[t], and βi to satisfy the above five

conditions Eqs.(3.16)–(3.20). From Eqs.(3.17), (3.18), and (3.19), stance rate βi should be

as small as possible to maximize rvi . Therefore, βi is given by the minimum value under the

condition Eq.(3.16) as follows:

βi = max(
iφR(i)

2π
,
iφL(i)

2π
). (3.21)

Only if iφR(i) = π∀i, then max
i
βi has the minimum value 0.5. Because G is a cycle graph, if

iφR(i) is π∀i, then iφL(i) is also π∀i. Each modi can control θi, but it is difficult to control

the phase difference iφR(i) to achieve an arbitrary value (in this case, π) because the control

of each module is identical. We assume that if ωi = ωR(i) holds ∀i, then iφR(i)∀i converges
near to π in the range of the following:(

iφR(i) =
R(i)φR(R(i))

)
∧
(
π

2
≤ iφR(i) ≤

3π

2

)
, (3.22)

where the dynamics of θi is proposed to satisfy the assumption Eq.(3.22) in Section 3.2.5. To

the best of our knowledge, there is no other dynamics of θi that can converge iφR(i)∀i nearer
to π than Eq.(3.22).
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Given βi by Eq.(3.21) and if Eq.(3.22) holds, then βi = βR(i) ≤ 0.75 holds ∀i. Additionally,

vi ≡ rvi v
ideal
i , si ≡

2πrvi v
ideal
i βi
ωi

, smin
i ≡ min(sRL

i , sRi , 2r), and considering that rvi is a common

value to all modules, then Eq.(3.16) is rewritten as follows:

ωi = ωR(i), (3.23)

Eqs.(3.17) and (3.18) are rewritten as follows:

rvi ≤ 2ωi

3πmax
i

(
videali

smin
i

) ∧ ωi = ωR(i) ∧ rvi = rvR(i) ∧ Eq.(3.22) holds, (3.24)

and Eq.(3.19) is rewritten as follows:

rvi ≤ vstmax

max
i

(
videali

) ∧ rvi ≤ πvflmax − 4dωi

3πmax
i

(videali )
∧ ωi = ωR(i) ∧ Eq.(3.22) holds. (3.25)

A set of ωi and rvi that satisfies the above inequality conditions Eqs.(3.20), (3.24), and

(3.25) is shown as the green area in Fig. 3.12. One of scenarios (a), (b), or (c) in Fig. 3.12 is

determined depending on max
i

(
videali

smin
i

)
and max

i

(
videali

)
values and the scenarios differ in the

maximum rvi value. One of the ωi and r
v
i sets that maximizes rvi is a red point in Fig. 3.12,

which is denoted by ωopt and r
v
opt, and given as follows:

ωopt =
3π

2
rvopt max

i

(
videali

smin
i

)
(3.26)

rvopt = min

1,
vstmax

max
i

(videali )
,

vflmax

3max
i

(videali ) + 6dmax
i

(
videali

smin
i

)
 . (3.27)

When all modi determine ωi as Eq.(3.26), r
v
i as Eq.(3.27), θi such that Eq.(3.22) holds, and

βi as Eq.(3.21), then Eqs.(3.16)–(3.20) are satisfied and therefore all the conditions (C1)–(C4)

conditions are satisfied. In the next subsections, we present how each modi determines those

four variables in a distributed manner.

3.2.4 ωi and vi calculation

In the following, we present a method for modi to determine ωi as Eq.(3.26) and rvi as

Eq.(3.27) based on local information. To determine ωi as Eq.(3.26) and rvi as Eq.(3.27),

the max
i

(
videali

smin
i

)
value and max

i

(
videali

)
value are required. To share those values with all

modules, we use the well-known maximum consensus [113]. Letmk
i [t](∀k ∈ {a, b}) be variables

of modi at time t following

mk
i [t+ 1] = max(mk

i [t],m
k
j [t](∀j ∈ Ni)). (3.28)
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Fig. 3.12 Area satisfying all inequality conditions Eqs.(3.20), (3.24), and (3.25). The

area is indicated in green. Scenarios (a), (b), and (c) have different max
i

(
videal
i

smin
i

)
and

max
i

(
videali

)
values. One of the optimal points

(
ωopt, r

v
opt

)
for each case that maximizes

rvi is marked as a red point.

Given that ma
i [0] =

videali

smin
i

and mb
i [0] = videali , then ma

i [t] converges to max
i

(
videali

smin
i

)
and

mb
i [t] converges to max

i

(
videali

)
within a finite time [113]. Therefore, given ωi and r

v
i as

ωi =
3π

2
rvim

a
i [t] (3.29)

rvi = min

(
1,
vstmax

mb
i [t]

,
vflmax

3mb
i [t] + 6dma

i [t]

)
, (3.30)
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ωi and r
v
i converge to ωopt and r

v
opt, respectively, within a finite time based on local informa-

tion.

3.2.5 θi[t] and βi calculation

In the following, we present the dynamics of each θi such that the phase difference converges

in the range of Eq.(3.22). As methods of phase difference control, various types of dynamics for

nonlinear coupling oscillators have been well studied, not only for central pattern generators for

robot locomotion but also for decision-making in animal groups and clock synchronization [32].

We design a phase difference control system based on the well-known Kuramoto model [114].

We create a potential function that has a minimal value when iφR(i) = π∀i, and use the

well-known gradient descent method to control iφR(i). Each modi acquires local information

θj [t](∀j ∈ {R(i), L(i)}) by communicating with modj , and changes its phase θi[t] based on

θi[t+ 1] =θi[t] + ωidt− α2
∂

∂θi
(
∑
i

cos iφR(i))

=θi[t] + ωidt+ α2

(
sin(θi[t]− θR(i)[t]) + sin(θi[t]− θL(i)[t])

)
, (3.31)

where dt is the real-time period per θi[t] update and α2 is the step size of the gradient descent

method. Let θi[0] be set to a random value. If ωi∀i are the same value, then iφR(i)∀i converge
in the range of Eq.(3.22) based on Eq.(3.31) (see Appendix E), where the initial phase set

[θ1[0], θ2[0], · · · , θn[0]]T determines the terminal phase difference values.

Given iφR(i) and iφL(i), modi determines the βi value by Eq.(3.21). As mentioned in

Section 3.2.3, the terminal βi value satisfies βi ≤ 0.75.

3.2.6 Motor actuation

After both modR(i) and modL(i) are determined, each modi actuates its motors and

moves the foot toe to the position given by h, d, iψi by Eq.(3.11), ωi by Eq.(3.29),

vi by Eqs.(3.12) and (3.30), θi[t] by Eq.(3.31), and βi by Eq.(3.21). Note that variables

ωi, vi,
iφR(i),

iφL(i), and βi change with time before they converge.

Because we do not guarantee that si ≤ 2r before ωi, vi,
iφR(i),

iφL(i), and βi converge, the

foot toe position may interfere with an adjacent module’s foot toe. Thus, if modi’s desired

foot toe position is out of its body radius, then modi stops its foot toe movement and avoids

physical interference with the adjacent module’s foot toe.

3.3 Dynamic simulation

Using the proposed gait generation system, it is guaranteed mathematically that the clus-

ter’s gait pattern converges to static walking with a feasible foot toe speed for various leg

configurations. In this section, we verify that several clusters achieve static walking for the
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Fig. 3.13 Clusters’ leg configurations used in the dynamic simulation. (a) Six-legged

hexapod configuration. Its desired movement was straight movement. Vector [Vx Vy]
T

is the cluster’s velocity with respect to cluster coordinate [x y]T in this figure. (b)

Six-legged asymmetric configuration. Its desired movement was straight movement. (c)

Seven-legged V-shaped configuration. During walking, mod4’s motor broke and the foot

toe was fixed in the air. Its desired movement was turning movement.

desired movement using a dynamic simulation. For the simulation, we used the dynamic simu-

lator lpzrobots (http://robot.informatik.uni-leipzig.de/software/). In the simulation, because

we focused only on the dynamic behavior of the cluster, we assumed that the [ig] calcula-

tion stage and [modR(i), modL(i)] calculation stage had already converged and simulated their

walking behavior while the [ωi, vi] calculation stage and [θi[t], βi] calculation stage were con-

verging. In the robot experiment in Section 3.4, all stages including the [ig] calculation stage

and [modR(i), modL(i)] calculation stage were performed.

3.3.1 Simulation setting

We prepared three types of cluster: a six-legged hexapod cluster, as shown in Fig. 3.13(a), a

six-legged asymmetric cluster, as shown in Fig. 3.13(b), and a seven-legged V-shaped cluster,

as shown in Fig. 3.13(c). For the V-shaped cluster, after 10 seconds, we considered the leg

malfunction of mod4, that is, all three motors’ angles of mod4 were fixed and the foot toe was

fixed in the air. The desired movement of the hexapod cluster and the asymmetric cluster

was [Vx Vy Ω]T = [0[m/s] 0.03[m/s] 0[rad/s]]T and simulated straight movement, where Vx

and Vy were fixed to the cluster with respect to the x and y-axes, respectively, as shown in

Fig. 3.13. Additionally, the desired movement of the V-shaped cluster was [Vx Vy Ω]T =

[0[m/s] 0.025[m/s] 0.1[rad/s]]T and simulated turning movement.
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Table 3.3 Parameters used in the simulation.

Parameter Value Unit

h 180 mm

d 50 mm

α2 0.1 -

dt 0.05 sec

0 5 10 15

Flight

Stance

Fig. 3.14 Six-legged hexapod cluster’s foot-

print diagram.

0 5 10 15

Flight

Stance

Fig. 3.15 Six-legged asymmetric cluster’s

footprint diagram.

The common parameters for the simulations are presented in Table 3.3, where we assumed

that each leg’s motors had sufficient power to achieve the desired speed of each module, that

is, ropt = 1.

3.3.2 Simulation results

Straight movement for the six-legged hexapod cluster

The footprint diagram for the six-legged hexapod cluster is shown in Fig. 3.14 (Movie: see

Supplementary Materials 1). From Fig. 3.14, we can observe that the cluster’s gait pattern

converged within 2 seconds, or 40 iterations (because dt = 0.05), and achieved static walking.

Additionally, because we can observe that iφR(i)∀i converged to π (see Appendix E for the

mathematical proof), the gait pattern is similar to the tripod gait pattern, as seen in the

insect gait pattern.

Straight movement for the six-legged asymmetric cluster

The footprint diagram for the six-legged asymmetric cluster is shown in Fig. 3.15 (Movie:

see Supplementary Materials 2). From Fig. 3.15 and Appendix E, we can observe that iφR(i)∀i
converged to π based on the gradient descent method Eq.(3.31) within 2 seconds, or 40 itera-

tions. Additionally, we can observe that one walking cycle of the six-legged asymmetric cluster
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0 5 10 15 20

Flight

Stance

Fig. 3.16 Seven-legged V-shaped cluster’s footprint diagram. The dotted arrows indi-

cate that the flight phases propagated one after another.

was faster than that of the hexapod cluster. This is because max
i

(
videali

smin
i

)
for the six-legged

asymmetric cluster case

(
≈ 0.03

0.075
for i = 3

)
was larger than that for the hexapod cluster

case

(
=

0.03

0.12
∀i
)
. Therefore, the phase velocity determined by Eq.(3.26) for the six-legged

asymmetric cluster case was larger than that for the hexapod cluster case.

Turning movement for the seven-legged V-shaped cluster

The footprint diagram for the seven-legged V-shaped cluster is shown in Fig. 3.16 (Movie:

see Supplementary Materials 3). From Fig. 3.16 and Appendix E, we can observe that iφR(i)∀i
converged to 8π/7 based on the gradient descent method Eq.(3.31) within 2 seconds, or 40

iterations. Thus, the flight phase propagated as indicated by the red dotted arrows in Fig. 3.16

as a feature of the converged gait pattern. Additionally, we can observe that one walking

cycle of the seven-legged V-shaped cluster was faster than that of the hexapod cluster. This

is because max
i

(
videali

smin
i

)
for the seven-legged V-shaped cluster case

(
≈ 0.052

0.12
for i = 7

)
was

larger than that for the hexapod cluster case

(
=

0.03

0.12
∀i
)
, where videali in Eq.(3.12) ∀i are not

identical for the case in which the cluster’s desired movement is turning. Therefore, the phase

velocity determined by Eq.(3.26) for the seven-legged V-shaped cluster case was larger than

that for the hexapod cluster case. As shown in Fig. 3.16, after mod4’s leg was broken, we can

observe that the cluster adapted to the leg malfunction by changing the phase difference within

1 second, or 20 iterations. Then iφR(i)∀i converged to π, and the flight phases propagated as

indicated by the red dotted arrow and the green dotted arrow in Fig. 3.16.

In the following, we explain the details of the adaptation. Immediately after mod4’s leg

was broken, mod3 changed modR(3) from mod4 to mod5, and mod5 changed modL(5) from

mod4 to mod3 based on Algorithm 1, hence a new type of G was constructed. Before the
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malfunction, mod3 and mod5 were almost in phase, but after the malfunction, mod3 and

mod5 were adjusted to anti-phase based on Eq.(3.31).

3.3.3 Walking of several other types of clusters

It is difficult to describe the walking of several other types of clusters in this study; thus,

we summarized other clusters’ walking in videos (see Supplementary Materials 4 and Supple-

mentary Materials 5). In detail, using a dynamic simulation, we validated that seven types

of clusters (5–11 modules) successfully achieved two types of straight and one type of turn-

ing walking (Movie: see Supplementary Materials 4), where the target speeds of straight and

turning walking were the same values to be used in Section 3.3.1. Furthermore, we validated

that an eight-legged cluster achieved static walking even after the malfunction of one leg,

and even after the broken leg worked again (Movie: see Supplementary Materials 5), where

different gait patterns were observed depending on the timing when the broken leg worked

again. Finally, we validated that a 12-legged cluster achieved static walking even after the

malfunction of six legs (Movie: see Supplementary Materials 5).

3.4 Robot experiment

In this section, we investigate the effectiveness of our proposed system using real moduled

robots. In the dynamic simulation, because we focused on the dynamic behavior of the cluster,

the [ig] calculation and [modR(i), modL(i)] calculation stages were assumed to be complete.

However, in the robot experiment, all stages in Fig. 3.4 were performed by all legged modules.

3.4.1 Experimental setting

The cluster’s leg configuration and desired movement were the same as those of the dynamic

simulation; that is, we investigated the straight movement of the six-legged hexapod cluster

in Fig. 3.13(a), the six-legged asymmetric cluster in Fig. 3.13(b), and turning movement of

the seven-legged V-shaped cluster in Fig. 3.13(c). For the V-shaped cluster, we cut the signal

lines for the three motors of mod4 during walking and mod4’s foot toe was fixed in the air.

The cluster’s actual movement Vx, Vy, and Ω were recorded by a motion capture system and

plotted, and Vx, Vy, and Ω in the simulation were also plotted for comparison. Parameters

h, d, and α2 were the same as the dynamic simulation settings, as shown in Table 3.3, and

vstmax, v
fl
max were given by high values that were sufficient to achieve the desired speed of each

module. Hence, ropt = 1.



3.4 Robot experiment 55

Fig. 3.17 Six-legged hexapod cluster’s

walking behavior. (a) t = 0[sec]. (b) t =

9[sec]. (c) t = 12[sec]. (d) t = 15[sec].
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Fig. 3.18 Six-legged hexapod cluster’s ac-

tual (experiment, simulation) and desired

(a) speed toward the x-axis, (b) speed to-

ward the y-axis, and (c) angular velocity.

The speed in the dynamic simulation was

plotted for the walking for which the foot-

print diagram Fig. 3.14 was obtained.

3.4.2 Experimental results

Straight movement for the six-legged hexapod cluster

We show the six-legged hexapod cluster’s walking behavior in Fig. 3.17 (Movie: see Sup-

plementary Materials 6). Figs. 3.17(b), (c), and (d) show that (mod1,mod3,mod5) and

(mod2,mod4,mod6) were alternately in the stance phase. As Fig. 3.17, Supplementary Ma-

terials 6, and Appendix E show, the cluster’s gait pattern converged to a tripod gait pattern

such that iφR(i)∀i converged to π. Until approximately 4 seconds after control started, each

module completed the [ig] calculation stage and [modR(i), modL(i)] calculation stage. Then,

each module started walking and the cluster’s gait pattern converged approximately 5 seconds

after all the modules started walking (analyzed by video). In a real robot experiment, the

information transmitting timing of all modules is not synchronized and a communication er-

ror sometimes occurs; thus, after walking starts, the convergence duration of the gait pattern

takes more time than that of a simulation.

From Fig. 3.18, we observe that the six-legged hexapod cluster’s actual translational velocity
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toward the x-axis and y-axis, and the angular velocity oscillated around the desired velocity.

Furthermore, the cluster’s moving speed toward the moving direction, that is, the y-axis,

decreased per stance-flight transition time. This speed deterioration based on the stance-

flight transition is observed in natural creatures’ locomotion and explained from the physical

viewpoint [115].

Straight movement for the six-legged asymmetric cluster

We show the six-legged asymmetric cluster’s walking behavior in Fig. 3.19 (Movie: see

Supplementary Materials 7). Figs. 3.19(b), (c), and (d) show that (mod1,mod3,mod5) and

(mod2,mod4,mod6) were alternately in the stance phase. As Fig. 3.19, Supplementary Ma-

terials 7, and Appendix E show, the cluster’s gait pattern converged to a gait pattern such

that iφR(i)∀i converged to π. Until approximately 5 seconds after control started, each mod-

ule completed the [ig] calculation stage and [modR(i), modL(i)] calculation stage. Then, each

module started walking, and the cluster’s gait pattern converged approximately 5 seconds

after all the modules started walking. Convergence duration of the gait pattern takes more

time than that of a simulation for the same reason as the hexapod cluster case.

From Fig. 3.20, we observe that the six-legged asymmetric cluster’s actual translational

velocity toward the x-axis and y-axis, and the angular velocity oscillated around the desired

velocity. Furthermore, the cluster’s moving speed toward the y-axis decreased per stance-flight

transition time for the same reason as that for the hexapod cluster case.

Turning movement of the seven-legged V-shaped cluster

We show the seven-legged V-shaped cluster’s walking behavior in Fig. 3.21 (Movie: see

Supplementary Materials 8). Until approximately 10 seconds after control started, each mod-

ule completed the [ig] calculation stage and [modR(i), modL(i)] calculation stage. Then, each

module started walking and the cluster’s gait pattern converged approximately 5 seconds after

all the modules started walking. Convergence duration of the gait pattern takes more time

than that of a simulation for the same reason as the hexapod cluster case.

In Fig. 3.21(b), (mod1,mod3,mod5,mod6) are in the stance phase, and in Fig. 3.21(c),

(mod1,mod3,mod5,mod7) are in the stance phase, therefore COM-C is inside the support

polygon at the two times. Regarding the other times, COM-C is always inside the support

polygon (see Supplementary Materials 8). Thus, the cluster achieved static walking.

As Fig. 3.21, Supplementary Materials 8, and Appendix E show, the cluster’s gait pattern

converged to a static walking pattern such that iφR(i)∀i converged to 6π/7. Note that the

initial phase of each module θi[0] was set to a random value and the initial phase value set

determines the terminal phase difference; thus, the terminal phase difference in the experiment

was different from that in the simulation case, in which iφR(i) = 8π/7. After mod4’s signal

lines were cut at t = 28[sec] in Fig. 3.21(d), the cluster’s gait pattern shifted to another

pattern. Figs. 3.21(e) and (f) show that (mod2,mod5,mod7) and (mod1,mod3,mod6) were
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Fig. 3.19 Six-legged asymmetric cluster’s

walking behavior. (a) t = 0[sec]. (b) t =

10[sec]. (c) t = 12[sec]. (d) t = 13[sec].
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Fig. 3.20 Six-legged asymmetric cluster’s

actual (experiment, simulation) and desired

(a) speed toward the x-axis, (b) speed to-

ward the y-axis, and (c) angular velocity.

The speed in the dynamic simulation was

plotted for the walking for which the foot-

print diagram Fig. 3.15 was obtained.

alternately in the stance phase. Thus, after a leg was broken, the cluster achieved static

walking again.

From Fig. 3.22, we observe that the cluster’s actual translational velocity toward the x-axis

and y-axis, and the angular velocity oscillated around the desired velocity, where the seven-

legged V-shaped cluster’s actual movement after mod4’s leg malfunction was not substantially

different from that before mod4’s leg malfunction. Furthermore, the cluster’s moving speed

toward the y-axis decreased per stance-flight transition time for the same reason as that for

the hexapod cluster case.

3.5 Discussion and conclusion

In this study, we developed an autonomous distributed system for single-legged modular

robot “KARAKASA” to achieve the static walking of arbitrary clusters for arbitrary movement

with a feasible speed. All modules can calculate the target variables of all the stages in Fig. 3.4

without falling into inter-module deadlock, and therefore it is guaranteed that arbitrary types

of clusters achieve the desired movement. Using the proposed system, we can obtain several
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Fig. 3.21 Seven-legged V-shaped cluster’s

walking. (a) t = 0[sec]. (b) t = 19[sec]. (c)

t = 22[sec]. (d) t = 28[sec]. Signal lines for

the motors were cut. (e) t = 33[sec]. (f) t =

35[sec].
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Fig. 3.22 Seven-legged V-shaped cluster’s

actual (experiment, simulation) and desired

(a) speed toward the x-axis, (b) speed to-

ward the y-axis, and (c) angular velocity.

The speed in the dynamic simulation was

plotted for the walking for which the foot-

print diagram Fig. 3.16 was obtained.

benefits of a multi-legged robot with various leg configurations.

The major difference between the proposed system and existing gait generation systems

under a distributed control framework [5–8, 94, 95, 104, 105] is that existing systems provide

the interlimb network as the initial state based on the hexapod or myriapod configuration.

However, for the case of an arbitrary configuration, the interlimb network cannot be provided

initially. In the proposed system, each module locally constructs interlimb network G, which

contributes to the static walking of the cluster with an arbitrary configuration. Furthermore,

most existing systems with a complicated neural network or interaction with the ground did

not guarantee the convergence of the gait pattern mathematically because of the complexity of

the neural network or difficulty in formulating the interaction with the ground. In the proposed

system, we simplified the problem in such a manner that interaction with the ground was not

considered, and therefore we were able to guarantee the convergence of the gait pattern from

the mathematical viewpoint.

Because the system is an autonomous distributed system, it potentially has the benefits of

scalability and fault tolerance. In the following subsections, we verify that those benefits are
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embedded in the proposed system.

3.5.1 Scalability

When hop number |i, R(i)| or |i, L(i)| is large, multi-hop information delivery is required

for information exchange, and the number of communication exchanges per time is large;

therefore, the hop number should be small. In our proposed system, |i, j|(∀j ∈ {R(i), L(i)})
depend on the leg configuration, that is, the number of modules and their positions. If the

communication cost dependent on |i, j|(∀j ∈ {R(i), L(i)}) increases directly as the number

of modules increases, then the system has low scalability. By contrast, if the communication

cost is constant regardless of the number of modules, then the system has high scalability. In

this subsection, we discuss the relationship between the communication cost and number of

modules.

We summarized the relationship between a system’s applicable leg configurations and

communication cost for both existing gait generation systems without interaction with the

ground [5, 6] and our proposed system (Fig. 3.23). Fig. 3.23(a) shows the relationship

for the existing gait generation systems, and Fig. 3.23(b) shows that for our proposed

system. Regarding leg configurations in the yellow sets, because modR(i) and modL(i) are

physical neighbors to modi∀i, modi uses only information about the neighbors; hence, the

communication cost is small. From Fig. 3.23, we can observe that our proposed system

has a larger yellow set than the existing systems. Regarding other leg configurations in the

orange set, because modR(i) or modL(i) is not a physical neighbor of modi for any i, the

communication cost is larger than that for the yellow set, but only our proposed system

always achieves the control purpose. Thus, from the viewpoint of communication cost and

the applicable leg configurations, the proposed system is superior to existing systems.

In the following, we summarize robot hardware for which the proposed system can be

applied. According to the leg motors’ DOF configuration, legged robots can be classified into

two groups: a mammal type, where the leg exists under the body like animals [6], and a

sprawling type, where the leg exists on the side of the body like insects [5,97,99,101,102]. In

this study, we considered the mammal-type robot KARAKASA, whose COM-M and center

position of the stride exist at the same position from the top viewpoint. Meanwhile, for a

sprawling-type robot, the COM-M position and center position of the stride exist at different

positions from the top viewpoint. The proposed system can also be applied to a sprawling-type

robot by letting igest[0] be the COM-M position of each modi and oi be the center position of

the stride of each modi. However, our proposed system cannot be applied to a legged robot

whose body is flexible, as in [88], because COM-C does not exist at a constant position.
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Fig. 3.23 Relationship between the system’s applicable leg configurations and commu-

nication cost. (a) Existing gait generation systems. (b) Proposed gait generation system.

3.5.2 Fault tolerance

As mentioned in Section 3.1, if the condition (3.2) holds, then the cluster achieves static

walking even after leg malfunction. In our proposed system, we only guarantee that the

cluster’s gait pattern converges to the static walking pattern; thus, stability (cluster does

not fall down) during the transition from one gait pattern before leg malfunction to another

pattern after leg malfunction is not guaranteed.

As an extension to fault tolerance, the case in which some legs are used for manipulation

(i.e., grasping) during walking can be regarded as being similar to leg malfunction; therefore,

the cluster achieves static walking after some legs are used for manipulation.

Furthermore, our system can potentially be applied not only to leg malfunction but also

other types of malfunction, for example, CPU malfunction in which a broken module cannot

communicate with others at all or actuate the motor. In the normal condition, each modi

always communicates with modj (∀j ∈ Ni ∪ {R(i), L(i)}), so modj can detect modi’s CPU

malfunction if modi does not transmit its information within a certain time period. For the

case of one modi’s CPU malfunction, the new assumption that the “communication network of

all the remaining modules except modi are connected” is required in addition to the assumption

about the leg configuration, that is, the condition (3.2). Under the assumptions about the

network and the condition (3.2), any one module can transmit its information to any other

module and a new graph G can be constructed using Algorithm 1; therefore, the cluster’s gait

pattern after CPU malfunction is guaranteed to converge to the static walking pattern. In a

centralized system, when the central control unit is broken, the entire system stops, but in

our distributed system, CPU malfunction does not lead to complete system outage.
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3.5.3 Difference between biological and proposed gait patterns

In the following, we explain the difference between gait pattern observed in natural creatures

and that of the proposed system. As insects increase their walking speed, they decrease their

stance rate and change their gait pattern from the wave gait to the tripod gait [30]; such a

gait transition is energy efficient [116]. Whereas, regarding the gait pattern of the proposed

system, the stance rate is constant (see Eq.(3.21)) regardless of the walking speed; hence, gait

transition based on the walking speed is not observed in the proposed system. Additionally,

the tripod gait pattern is observed (see Fig. 3.14), but the wave gait pattern is not observed

in the six-legged hexapod cluster.

The gait pattern observed in a centipede is the retrograde wave gait (locomotory waves travel

backward), and that in a millipede is the direct wave gait (locomotory waves travel forward),

where simultaneous flight phases for the front-back adjacent legs have been observed [117].

Whereas, regarding the gait pattern of the proposed system, when modi is in the flight phase,

both modR(i) and modL(i) are always in the stance phase. Therefore, simultaneous flight

phases for the front-back adjacent legs are not observed in our proposed system.

The proposed system focuses only on guaranteeing that the arbitrary cluster’s gait pattern

converges to a static walking pattern; thus, as these examples show, some of the characteristics

of animal-like locomotion are not observed.

3.5.4 Future extensions

In this study, because we considered walking only on planar ground, in future work, we will

include the ground-interaction term in the dynamics of oscillators (see Eq.(3.31)) like [7,8,94,

95] and construct an autonomous distributed system that generates more adaptive locomotion

against uneven terrain. Furthermore, in this study, we focused only on static walking and did

not consider the stability margin or energy efficiency; thus, we will consider those important

criteria for walking.

Supplementary materials

Please see the corresponding journal page at https://doi.org/10.1109/TRO.2020.2992983.

Supplementary Materials 1: Movie of six-legged hexapod cluster’s walking in the simu-

lation.

Supplementary Materials 2: Movie of six-legged asymmetric cluster’s walking in the

simulation.

Supplementary Materials 3: Movie of seven-legged V-shaped cluster’s walking in the

simulation.
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Supplementary Materials 4: Movie of 5-11 legged clusters’ several walkings in the sim-

ulation.

Supplementary Materials 5: Movie of leg malfunction and recovery for eight-legged

cluster and malfunction of six legs for 12-legged cluster in the simulation.

Supplementary Materials 6: Movie of six-legged hexapod cluster’s walking in the ex-

periment.

Supplementary Materials 7: Movie of six-legged asymmetric cluster’s walking in the

experiment.

Supplementary Materials 8: Movie of seven-legged V-shaped cluster’s walking in the

experiment.
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Chapter 4

Adaptation of a multi-legged robot to

outer environment

For some social insects, it has been observed that individuals assemble with one another

to achieve tasks that cannot be achieved by themselves. For example, ants link their bodies

together to build bridges for gap traversal [21–23], to exert large forces for prey transport [22,

45], and to build rafts for water traversal [22, 118]. Surprisingly, ants do not have any leader

to manage the global morphology, but achieve these tasks by assembling into an appropriate

morphology through local information exchange.

Achieving a task by self-assembly is also beneficial for artificial reconfigurable modular robot

systems, which are composed of repeated robot elements with a mutual physical connection

mechanism [24–28]. It is difficult for a robot with a constant morphology to achieve several

tasks, but the reconfigurable modular robots can reconfigure the morphology in response to

the task. However, to achieve an appropriate reconfiguration in response to the given task is a

challenge [119]. In the following, we overview the related works for achieving the appropriate

reconfiguration in response to the given tasks.

Kamimura et al. [120] designed a library between tasks and configurations (denoted as

task-configuration library) for M-TRAN modules to traverse slopes with several inclinations.

When a cluster (an entire robot composed of modules) of M-TRANs with a given configu-

ration climbs a slope and one of the modules’ posture inclines more than a threshold, they

reconfigure into another configuration that is determined a priori; thus, the cluster can keep

climbing the slope. However, global information about the initial configuration is given to all

the modules. Li et al. [121] designed a task-configuration library for Sambots to traverse walls

of different height. When a module is blocked by a wall, the module denoted as seed mod-

ule measures the wall’s height and chooses the corresponding configuration from the library.

Then, the seed module controls the reconfiguring procedures of other modules in the cluster

to achieve the desired configuration by obtaining global information about the current con-

figuration of the cluster. After the reconfiguration is complete, the cluster starts to traverse

the wall. Jing et al. [122] distinguished specification of each configuration of SMORES-EPs
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and designed a task-configuration library to achieve various tasks, such as object transport

and climbing stairs. In the robot experiments, a centralized high-level mission planner uses

feedback from a camera to choose a corresponding configuration from the library in response

to the environment [123]. The mission planner estimates the location of the SMORES-EPs

using the camera and controls where the modules should connect. Khodr et al. [124] created

a planning framework for Roombots to reconfigure from a given configuration into a desired

one. Using a reconfiguring procedure which is calculated a priori based on the framework,

three Roombot modules cooperatively traversed a gap. However, global information such as

the initial configuration, desired configuration and the environmental information are required

to calculate the reconfiguring procedure.

All above strategies [120,121,123,124] utilize a task-configuration library, which means that

their desired reconfiguration procedures are determined a priori. Utilizing a task-configuration

library has disadvantages, such as the following. First, it takes considerable efforts to con-

struct the library itself; for example, a specification of each configuration needs to be provided.

Second, assuming all of the tasks in highly complex and nonlinear nature is not possible; thus,

robots can respond to only a limited number of tasks within the library [125]. Finally, after

choosing a desired configuration from the library, global information, such as an initial config-

uration of the cluster [120,124] or current configuration of the cluster in the all reconfiguration

procedure [121,123], is required to reconfigure into the desired morphology.

Meanwhile, O’Grady et al. [11] proposed a reconfiguring strategy for each s-bot (a wheeled

mobile robot) to traverse an unknown slope and gap environments without a task-configuration

library. When one of the modules detects that the environment cannot be traversed by it-

self, they return to the starting area and assemble into a cluster called swarm-bot. After the

assembly is complete, the cluster tries to traverse the environment again. As a limitation

of the strategy, after assembling into a cluster, each module no longer monitors whether the

environment can be traversed. Therefore, the cluster was sometimes in short of modules to

traverse the environment and fell down [11]. Another disadvantage is that either all modules

are recruited or none. In other words, the strategy is not able to tune the number of mod-

ules involved in the cluster according to the faced environment. We denote the strategy as

“heuristic”.

In this study, we consider two tasks: unknown slope and gap traversal and a single-legged

reconfigurable modular robot system as explained in Chapter 3. There are a cluster composed

of a certain number of single-legged modules and a certain number of unconnected free modules

at an unbounded flat environment. The cluster is allowed to recruit the free modules as

additional new components of the cluster by indicating the connecting place in the cluster.

Moreover, there is a goal that is located beyond the unknown slope and gap environments

to which the cluster walks. O’Grady et al. [11] studied detection of success or failure of

environment traversal for the individual module of a wheeled mobile robot. However, it is

not applicable to any cluster constructed by any number of the wheeled mobile robots and
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Table 4.1 Summary of the relative position of this study among reconfiguring strategies

to traverse uneven terrains.

Research Robot hardware
Reconfiguring strategy

Environment
2D 3D

[11] S-bot Heuristic Slope and Gap

[120] M-TRAN II Library Slope

[121] Sambot Library Wall

[123] SMORES-EP Library Stairs

[124] Roombots Library Gap

This study KARAKASA Adaptive Slope and Gap

any connection patterns. We propose a control system for each KARAKASA (a single-legged

robot) module to detect success or failure of environment traversal for the cluster. Owing to

the success or failure detection, the cluster obtains a choice between departing to the goal and

returning to the starting area; thus, the cluster can reconfigure its morphology adaptively in

response to the difficulty of the environment. A legged robot has characteristics such that

the support polygon is composed of all grounded foot toe points; thus, the stability margin of

the cluster on slope and gap environments can be calculated more easily than for wheel-type

robot clusters such as swarm-bots. This facilitates the cluster’s success or failure detection.

We summarize the relative position of this study among self-assembly strategies in Table 4.1.

4.1 KARAKASA robot system

In this section, we describe the KARAKASA robot hardware, its notations, and our previous

gait pattern generation system for the cluster. The hardware has been improved from that in

Chapter 3.

4.1.1 Hardware and notations

Each module is composed of a disc-shaped body whose radius is r (=60mm) including a

CPU and a battery, and a three-DOF leg which can move in three-dimensional space. The

CPU processes the sensor information, communicates with other modules, and actuates the

motors for the leg. Total weight of the module is approximately 560g without the connecting

unit. The size and weight of each segment in the module are described in Fig. 4.1(a) and (b).

To measure an unknown environment, each module is equipped with three types of sensors

(Fig. 4.1(a) and (b)): a touch sensor at the foot toe to measure the ground existence, an IMU

to measure the posture of the cluster, and ambient IR sensors to measure the position of a

light source as a goal.

Each module has connecting places every 30 degrees, and can physically connect with a
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Fig. 4.1 Single-legged modular robot “KARAKASA”. Components to obtain outer

environmental information and other modules’ information are represented by blue color.

(a) Single module viewed from the side. (b) Single module viewed from the top. (c) An

example cluster’s configuration from the top. COM-C means the center of mass of the

cluster. (d) Model of single-legged modular robots. A mark in each circle body represents

a central pattern generator. The set of yellow lines is a graph such that all modules are

adjacent to physically adjacent modules and the set of red lines is a graph G explained

in Section 4.2.2.

maximum of six other modules using a connecting unit. Each module can communicate via

UART with the physically adjacent modules. Autonomous inter-module assembling capacity

has not been implemented in the current hardware, so inter-module assembling procedure

(physically and electrically) is performed manually. Modules can be connected in such a way

that the bodies form a planar shape composed of discs tangent to each other, for an example,

see Fig. 4.1(c); thus, the cluster’s leg configuration is not limited to those of natural creatures

(e.g. hexapod or myriapod). Moreover, each module is equipped with LEDs that are located
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above the connecting places. Modules indicate the connecting place of free modules by turning

on the LED.

Each module, denoted by modi, has its own local coordinate system
∑

i, whose origin oi is

fixed at the the center of mass of the module (COM-M). The xi, yi, and zc-axes are also fixed

on the body, where zc-axis is identical to all modules (Fig. 4.1(d)). In the control system,

we assume that even when the leg moves, COM-M for modi remains at a constant position,

that is, the center of the disc-shaped body oi. The validity of this assumption is provided in

Appendix B. Let iϕj ∈ (−π π] be an angle composed of oi, the center of mass of the cluster

(COM-C), and oj . Let Ni be an index set of modules that modi is physically adjacent to. Let

R(i) and L(i) be indicies of modules that modi is adjacent to at graph G as iϕR(i) ≥ 0 and
iϕL(i) ≤ 0, respectively, which is explained in Section 4.2.2.

4.2 Problem setting

In this study, we consider slope and gap environments. As the cluster achieves its static

walking on such environments, the previous gait generation system should be modified. The

modification points are as follows: First, the foot toe trajectory is modified to a new one in

Section 4.3.2. Second, to retain a certain stability margin for the walking of the cluster, the

definition of G is redefined in Section 4.2.2, where GV is modified to a time-dependent set of

vertices because a module whose foot toe in the stance phase falls into the gap is excluded

from G. Description of the main symbols used in this study are provided in Table 4.2.

4.2.1 Environmental setting

We focus on two tasks: slope and gap traversal. There are a cluster composed of a certain

number of modules and a certain number of free modules at an unbounded flat environment,

denoted as starting area. The cluster’s initial configuration satisfies the condition explained in

Section 4.2.3. The cluster is allowed to recruit the free modules as additional new components

of the cluster. In the proposed system, the cluster recruits one free module by indicating the

connecting place in the cluster per recruitment. The number of recruitment is adjusted in

response to the difficulty of the environment as explained in Section 4.3.1. Moreover, there is

a goal beyond unknown slope or gap environment, and the purpose of the cluster is to reach

the goal.

As for the slope, we consider a sequence of M gradually inclining slopes (Fig. 4.2(a)). The

angle between adjacent slopes is λ, the angle from the cluster’s moving direction to the side of

the slope is κ, and the width of each slope is L. In the slope environment, the goal is located

at the edge of the slope M . While the cluster moves to the goal, if one of the modules in the

cluster reaches the goal side edge of the slope, we regard that the cluster reaches the goal. Let

W be a width of gap as shown in Fig. 4.2(b). In the gap environment, the goal is located at
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Table 4.2 Description of main symbols used in this study.

Symbol Description

r Radius of each module’s disc body∑
i ≡ (oi − xi yi zc). Local coordinate system of modi

Ni Index set of the physically adjacent modules of modi
iϕj Angle composed of oi, COM-C and oj

θi[t] Phase of modi at time t

ωi Phase velocity of modi

h A constant length between oi for modi and ground at a flat environment

d A constant length between highest foot toe position and ground at a flat environment
iV Cluster’s desired translational velocity with respect to

∑
i

βi Stance rate of modi
ig Relative COM-C position with respect to

∑
i

Di,j Convex hull composed of AEP and PEP of modi and those of modj

GV [t] The time-dependent index set of modules that can support the cluster

G[t] Interlimb network whose vertex set is GV [t]

G∗[t] A set of all possible G[t]

R(i), L(i) Index that is the right and left side neighbor of modi at G[t], respectively

σi ∈ {Stance, F light}. Phase state of modi(i ∈ GV [t])

γ(i) R(i) if σR(i) = Stance, otherwise R(R(i))

P Polygon whose edges are composed of foot toe of modi(∀i ∈ {i|σi = Stance}) and modγ(i)

E A constant index set of modules that do not belong to GV [0]

ci ∈ {Depart,ReturnS , ReturnG}. Variable of modi to describe the cluster’s moving state

qi ∈ {Include,Exclude}. The state of modi whether the index i is included in GV [t]
ipj Relative position of oj with respect to

∑
i

ifj Relative foot toe position of modj with respect to
∑

i

ds A constant ground search depth under the ground at a flat environment

sfronti , sreari Maximum moving range of foot toe of modi in the front and the rear side, respectively
irgoal Relative goal position with respect to

∑
i

αi,j Stability margin angle for a line segment connecting foot toe of modi and modj

αi Stability margin angle monitored by modi

αclose A constant stability margin for P to determine modi(∀i ∈ E) that is close to COM-C

αstr A constant stability margin for P to determine the stride range of each module

αmin A constant minimum angle for the stability margin for falling down

η A constant angle for recruitment in response to warning from G sustainable monitoring

the ground that is different from the ground in the starting area. While the cluster moves to

the goal, if all of the modules in the cluster reach the goal side ground of the gap, we regard

that the cluster reaches the goal. The environmental parameters λ, κ, L, M , and W are not

given to any modules.

4.2.2 Distributed control framework

Our control framework is similar to that explained in Section 3.1.3, that is, each module

obtains only local information through two graphs as explained in Section 3.1.3. Because this

study focuses on the walking on slope and gap environments, the definition of graph G should
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Fig. 4.2 Environments from top viewpoint. (a) Slope (b) Gap.

be modified.

Redefinition of graph G

As we consider walking on slope and gap environments, we redefine graph G in Chapter 3.

First, the graph G[t] and the index set of vertices GV [t] are time-dependent. This is because

when a leg falls into the gap during the gap traversal, the leg cannot physically support the

cluster. In the case, an index corresponding to the unsupportable leg is left from GV [t] (the

detail is explained in Section 4.3.3); thus, G[t] is time-dependent. Second, the stability margin

for static walking of the cluster is newly considered to predict the success or failure of the

slope traversal for the cluster; thus, the definition of GV [t] and a set of edges of G[t] should

be modified from that in Chapter 3.

Next, we present the new definition of GV [t] and a set of edges of G[t]. Two stability

margins for the static walking of the cluster are introduced. First, when distance between

COM-C and oi for a modi is very small, the module’s foot toe point is always very close

to the COM-C. In that case, the distance between COM-C and the polygon P cannot be

large (please see Section 3.2.2 for the definition of P ). Therefore, the corresponding modi is

excluded from GV [t] to retain a certain stability margin. In detail, let E be a constant index

set of modi such that the distance between COM-C and oi is smaller than h tanαclose, where
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h is a constant length between oi for modi and ground at a flat environment and αclose is a

constant margin to exclude modules that are close to COM-C. GV [0] is the set of indicies of

all modules in the cluster except ∀i ∈ E. Second, let αstr be a constant stability margin to

determine stride length of each module such that the cluster retains a certain stability margin

during the walking. For a given GV [t], G[t] is any cycle graph whose edge set satisfies the

following. Each vertex i ∈ GV [t] is connected in an undirected way to vertices of two different

modules (denoted by modR(i) and modL(i)) whose relative positions satisfy the condition (3.6)

and the following condition (4.1):

A circle with the radius of h tanαstr around COM-C
does not cross with a line segment oR(i)oL(i) nor oR(i)oi.

(4.1)

The graph G[t] is not uniquely determined and the set of all possible G[t] is denoted by G∗[t].

When the conditions (3.6) and (4.1) about the graph G and the condition (3.7) about the foot

toe movement hold, COM-C is always interior of P with the stability margin h tanαstr under

the assumption that foot toes of all modi(∀i ∈ {i|σi = Stance}) are located under oi.

In Chapter 3, the stride range was determined without considering the stability margin to

satisfy the condition (3.8). However, in this study, owing to the condition (4.1), each modi can

determine the stride range considering the stability margin as explained later in Section 4.3.2;

thus, the cluster can achieve static walking with the stability margin h tanαstr.

Locally exchanged information

Let ci ∈ {Depart,ReturnS , ReturnG} be the cluster’s moving state estimated by modi

that is defined in Section 4.3.1, qi ∈ {Include,Exclude} be the state of modi whether the

index i is included in GV [t],
ipj be the position of oj with respect to

∑
i, and

ifj be the

foot toe position of modj with respect to
∑

i. Each modi always locally obtains cj from

modj(∀j ∈ Ni). cj(∀j ∈ Ni) is used to determine whether modi moves the cluster to the goal

or the starting area. Moreover, each modi always locally obtains qR(i),
ipR(R(i)),

ifR(i), and

σR(i) from modR(i) and qL(i),
ipL(L(i)),

ifL(i), and σL(i) from modL(i). Those information are

used to calculate the stride range or predict the success or failure of the environment traversal

for the cluster.

4.2.3 Initial configuration of the cluster

Let Gconfig be a constant graph whose set of vertices is equivalent to GV [0]. As for the edge

set, each vertex i ∈ GV [0] is connected in an undirected way to two vertices as follows: One is

satisfied arg min
j∈GV [0]\{i}

iϕj , subject to
iϕj ≥ 0 and the other arg max

k∈GV [0]\{i}

iϕk, subject to
iϕk ≤ 0.

For an initial configuration of the cluster, Gconfig is defined uniquely. If Gconfig ∈ G[0]∗ holds,

all modi(i ∈ GV [0]) can find a set of modR(i) and modL(i) and construct G[0]; thus, the cluster

can achieve static walking with a stability margin h tanαstr. For example, a set of red lines

written in Fig. 4.1(d) is equivalent to Gconfig such that Gconfig ∈ G[0]∗ holds.
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For the initial cluster to achieve static walking with a stability margin h tanαstr, we assume

that a certain number of modules have connected into a cluster whose configuration satisfies

that Gconfig ∈ G[0]∗.

4.2.4 Control purpose

The control purpose in this study is to construct a control system which satisfies the following

based on the distributed control framework in Section 4.2.2:

• A cluster reaches the goal by function of adaptive reconfiguration to the difficulty of

environments.

• A cluster never falls down.

4.3 Proposed control system

4.3.1 Outline of proposed algorithm

We propose autonomous distributed system for each module to reach the goal in the slope

and gap environments as shown in Algorithm 2. First, each module performs COM-C cal-

culation as explained in Section 3.2.1 and G[0] construction as explained in Section 3.2.2,

which are required to achieve static walking of the cluster. Then, the cluster starts walking

to the goal. While the cluster walks to the goal, each module locally monitors whether the

cluster can keep static walking using the monitoring for slope environment and that for gap

environment based on the estimated COM-C information. A situation such that the cluster

is not guaranteed to keep static walking is denoted by “dangerous situation”. If modi in

the cluster detects that the cluster falls into the dangerous situation by monitoring for slope

(gap) environment, the module changes its ci state from Depart to ReturnS (ReturnG). The

Returna(a ∈ {S,G}) state is transmitted to the physically adjacent modj(∀j ∈ Ni) and they

change their cj state from Depart to Returna; thus, ci = Returna∀i holds within a finite time.

Then, the cluster returns to the starting area to recruit one free module at the connecting

position determined by each module to avoid dangerous situation. This procedure is repeated

and the cluster enlarges by adding free modules until the cluster reaches the goal safely. In

following subsections, we explain the detail of Algorithm 2.

4.3.2 Foot toe trajectory of each module

Considering the walking on the slope and gap environments, we modify the foot toe trajec-

tory of each module from Fig. 3.2 to Fig. 4.3. The time-dependent phase of modi, that is,

θi[t] (mod 2π), changes with time based on the phase velocity of modi, that is, ωi, as shown

in Fig. 4.3(a). The length from the ground to the highest foot toe position in the flight phase
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Algorithm 2 Proposed algorithm for each modi
while The cluster has not reached the goal do

ci = Depart

COM-C calculation

G[0] construction

repeat

depart to the goal monitoring dangerous situations

until The cluster reached the goal or ∃j ∈ {i} ∪Ni s.t. cj = ReturnS or ∃j ∈ {i} ∪Ni

s.t. cj = ReturnG

if ∃j ∈ {i} ∪Ni s.t. cj = ReturnS then

ci = ReturnS

Return to the starting area

Recruit one free module to a connecting position to help the cluster traverse the slope

environment

else if ∃j ∈ {i} ∪Ni s.t. cj = ReturnG then

ci = ReturnG

Return to the starting area

Recruit one free module to a connecting position to help the cluster traverse the gap

environment

end if

end while

is denoted by d. The moving velocity of modi is denoted by iV , which is equivalent to the

cluster’s desired translational velocity with respect to
∑

i. The stance rate of modi is denoted

by βi. In the following, we explain the detail of the modifications.

First, we add a condition for the transition from the flight phase to the stance phase. In

the flight phase, each module searches the ground from the ground search start point until

the ground search end point (Fig. 4.3(c)) to measure the ground existence under the foot toe.

The constant length between the maximum ground search depth and the ground at a flat

environment is denoted by ds. After detecting the ground or reaching the ground search end

point, the module transits from the flight phase to the stance phase by resetting θi[t]. When

a module does not detect the ground until the foot toe reaches the ground search end point,

the module performs a dangerous situation monitoring (see Section 4.3.3).

Second, we add a condition for the transition from the stance phase to the flight phase.

When the cluster walks on slope and gap environments, the foot toe of modR(i) or modL(i)

in the flight phase does not always touch the ground and transit from the flight phase to the

stance phase at the phase 2π. In that case, if modi transits the phase state from the stance

phase to the flight phase at θi[t] = 2βiπ as shown in Fig. 3.2, the condition (3.7) does not hold

and then P cannot be defined. Therefore, each modi should keep the stance phase until both
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Fig. 4.3 Foot trajectory of modi in the proposed system with respect to
∑

i. (a) Phase.

(b) Trajectory in the stance phase (blue). The foot toe position is controlled to reach a lift

off position with distance h to oi in the direction of zc when θi[t] ≥ 2βiπ holds. Therefore,

to traverse slope environment with varying gradients, the cluster’s body posture becomes

parallel to the current gradient of the slope. (c) Trajectory in the flight phase (red). As

a reference, the trajectory in the stance phase is represented by dotted blue color.

modR(i) and modL(i) become the stance phase.

Third, we newly introduce sfronti (sreari ) as the length between oi and AEP (PEP). In the

previous study, AEP and PEP were determined without considering the stability margin to

satisfy the condition (3.8). However, in this study, owing to the condition (4.1) about the graph

G, each modi can determine the lengths sfronti and sreari considering the stability margin to

satisfy the following condition (4.2) using information of ipR(R(i)),
ipR(i),

ipL(i), and
ipL(L(i)):

A circle with the radius of h tanαstr around COM-C
∩
(
DR(R(i)),i ∪DR(i),i ∪Di,L(i) ∪Di,L(L(i))

)
= ∅. (4.2)

Please see Appendix D for the detailed stride range calculation. The graphical situation

satisfying the condition (4.2) is shown in Fig. 4.4. Moreover, the foot toe in the stance phase

is always moved at speed |iV | in the direction of iV within the range of AEP and PEP

regardless of θi[t]. If the foot toe moving speed and direction are not identical to all modules

in the stance phase, the cluster cannot achieve the desired movement such that the COM-C
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Fig. 4.4 Geometric relationship between DR(R(i)),i, DR(i),i, Di,L(i), Di,L(L(i)), and

COM-C to satisfy the condition (4.2)

is moved towards the goal. Owing to the strategy, the foot toe of modi in the stance phase

moves at speed |iV | even in the following situations: First, θi > 2βiπ holds but the condition

for phase transition to the flight phase does not hold. When the phase transition rule to the

flight phase is added to the previous foot toe trajectory as shown in Fig. 3.2, the foot toe

stops at the lift off position θi = 2βiπ, but the foot toe trajectory in Fig. 4.3 does not stop

it. Second, when GV [t] dynamically changes in the gap environment, the variables ωi and βi

are changed to different values in accordance with the change of G[t]. In the previous foot toe

trajectory, the foot toe position in the stance phase suddenly changes to a different position

in accordance with the change of ωi and βi, but the foot toe trajectory in Fig. 4.3 does not

change it suddenly.

The foot trajectory of each modi includes nine variables h, d, ds, s
front
i , sreari , ωi, θi[t], βi,

and iV . Lengths h, d, and ds are constant values common to all modules. sfronti and sreari

are determined as explained in this section. ωi is determined to a common value such that

θi reaches 2βiπ by the time the foot toe reaches PEP in a flat environment as explained in

Section 3.2.4. θi[t] and βi are determined as explained in Section 3.2.5. The velocity iV is

determined such in a way that COM-C moves towards the goal at a given speed |iV | as

iV = |iV |
irgoal − ig

|irgoal − ig|
, (4.3)

where irgoal is the goal position with respect to
∑

i, which is measured by the IR sensor.

When all the variables are determined as above, the foot toe position is determined uniquely
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through interaction with the ground and then the cluster achieves static walking with a certain

stability margin in a flat environment.

4.3.3 Decentralized dangerous situation monitoring

While the cluster departs to the goal, each module monitors whether the cluster can keep

static walking through two types of monitorings, stability margin monitoring andG sustainable

monitoring. First, the stability margin monitoring is performed to warn the situation as

following: When the cluster walks on a steep slope, the cluster’s posture inclines too much.

Then, a line that is parallel to the gravitational vector and passes through the COM-C goes

out of the support polygon and finally the cluster falls down.

Second, we explain the purpose of G sustainable monitoring. When the cluster walks on a

gap, some foot toes are on the gap during their stance phase and therefore cannot physically

support the cluster. The index of the corresponding module is left spontaneously from GV .

G sustainable monitoring is performed to warn the situation as following: After an index of

a module leaves from GV , the rest modules cannot construct G and therefore cannot achieve

periodic static walking of the cluster based on the gait generation system. In next subsections,

we explain detail of the two types of monitorings.

Stability margin monitoring

For the stability margin monitoring, each modi obtains ifR(i),
ifL(i), σR(i), and σL(i) via

communication and measures the cluster’s posture by IMU. Stability margin monitoring is

composed of two types of monitorings, that is, continuous monitoring and discontinuous mon-

itoring.

First, we explain the continuous monitoring. Let us define a half line l with its origin COM-

C that is parallel to the gravitational vector. As shown in Fig. 4.5(a), let us consider a corn,

whose vertex is COM-C and axis is l, and a line segment li,j between two contact points of

the foot toes of modi and modj on the environment. By increasing the vertex angle, the

generating line lg of the corn has a intersection with li,j . Let us define αi,j as the angle of

two lines l and lg. This angle αi,j can be regarded as stability margin for falling down. Each

modi continuously calculates the stability margin angle αi as

αi =

{
αR(i),i

(
σi = σR(i) = Stance

)
αR(i),L(i) (σi = Flight) .

(4.4)

From the definition of P as explained in Section 3.2.2, the stability margin angle for any edge

of P is calculated by any one of all modules. Let αmin be a constant minimum angle for the

stability margin for falling down. When a modi detects that αi < αmin (Fig. 4.5(b)), then the

COM-C is just before going outside P ; therefore modi changes ci from Depart to ReturnS .

Second, we explain the discontinuous monitoring. Stability margin monitoring so far does

not cover the case of phase transition (Flight ↔ Stance), when P changes discontinuously.
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Fig. 4.5 Safety and dangerous situations for stability margin monitoring. (a) Safety

situation in continuous monitoring such that stability margin angle αi,j ≥ αmin. (b)

Dangerous situation such that αi,j < αmin. (c) Safety situation in discontinuous moni-

toring such that the half line l is not within the orange region. (d) Dangerous situation

such that the half line l is within the orange region.

When each modi transits its σi state, modi monitors whether the half line l is interior of a

triangle composed of foot toe points of modi, modR(i), and modL(i). If the half line l is interior

of the triangle (Fig. 4.5(d)), then the COM-C is just before going outside P ; therefore modi

changes ci from Depart to ReturnS .

For both continuous and discontinuous monitorings, when each modi changes ci fromDepart

to ReturnS , it memorizes l direction measured by IMU at that time to determine connecting

place of a free module as explained in Section 4.3.5.

G sustainable monitoring

For the G sustainable monitoring, each modi obtains ipR(R(i)),
ipL(L(i)), qR(i), and qL(i)

via communication. When each modi(i ∈ GV [t]) does not detect ground until the end of the

flight phase, modi cannot physically support the cluster in the next stance phase as a vertex

of the next support polygon. In the case, modi monitors whether both

L(i)ϕR(i) + |L(i)ϕL(L(i))| < π ∧ R(i)ϕR(R(i)) + |R(i)ϕL(i)| < π (4.5)
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Fig. 4.6 Safety and dangerous situations for G sustainable monitoring. (a) Safety

situation such that the conditions (4.5) and (4.6) hold. (b) Dangerous situation such

that the condition (4.5) does not hold.

and

A circle with the radius of h tanαstr around COM-C
does not cross with either line segment oR(R(i))oL(i) or oR(i)oL(L(i))

(4.6)

hold. Let GV [t + 1] be GV [t] \ {i} and Ĝ[t + 1] be a graph that vertex i and edges (i, R(i))

and (i, L(i)) are excluded from G[t] whereas a edge (R(i), L(i)) is newly added. For modR(i)

and modL(i) in the graph Ĝ[t + 1], When the condition (4.5) (condition (4.6)) holds, the

condition (3.6) (condition (4.1)) holds. Therefore, if both the conditions (4.5) and (4.6) hold

as shown in Fig. 4.6(a), Ĝ[t+ 1] ∈ G[t+ 1]∗ holds and G[t+ 1] is set as Ĝ[t+ 1] by changing

modi’s state qi from Include to Exclude and informing modR(i) and modL(i) of the change.

Meanwhile, if either the condition (4.5) or the condition (4.6) does not hold as shown in

Fig. 4.6(b), the cluster cannot achieve static walking and therefore modi changes ci from

Depart to ReturnG.

When a modi(i /∈ (GV [t] ∪ E)) detects ground again during the ground search in the flight

phase, it can physically support the cluster in the next stance phase as a vertex of the next

support polygon; thus, modi searches modR(i) and modL(i). If the corresponding modi finds

modR(i) and modL(i) such that the three modules satisfy the conditions (3.6) and (4.1), then

let GV [t+ 1] be GV [t] ∪ {i} and qi be changed from Exclude to Include.

4.3.4 Return to the starting area

When a modi whose ci is Depart receives information that cj = Returna(j ∈ Ni, a ∈
{S,G}), modi transits its ci from Depart to Returna (see Algorithm 2). The warning spreads

to all modules soon; thus, contradiction of moving direction of each module does not happen

and dangerous situation is warned from only one of monitoring. Each modi whose ci is

Departa moves to reverse side of the goal for the same period between the start time and the

time when ci = Returna holds. Note that a footprint in departing to the goal and a footprint
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in returning to the starting area do not match because each module starts the stance phase

at AEP in Fig. 4.3(b) during the departure, whereas PEP during the return. During return,

even if the cluster falls into dangerous situation, the modules neglect it and keep walking to

the starting area.

4.3.5 Recruitment of a free module

When a cluster returns to the starting area, then the modules in the cluster recruit one

free module to the component of the cluster. To traverse the faced environment, each module

calculates the connecting place candidates independently according to the type of monitoring

by which the dangerous situation of the cluster was detected.

Recruitment in response to warning from the stability margin monitoring

This recruitment based on stability margin monitoring is mainly considered to help the

cluster traverse the slope environment. When the cluster detects the dangerous situation by

the stability margin monitoring, the module component is in short to the direction in which

the cluster’s posture inclined. Therefore, a free module is recruited to a direction that the

cluster inclined at the encountered dangerous situation to enlarge the support polygon in the

direction. Fig. 4.7(a) shows the connecting place candidate of a free module. As mentioned in

Section 4.3.3, each modi memorized l direction at the encountered dangerous situation. When

the distance between oi for a modi and a half line that l is projected on the xiyi plane is less

than 2r, the corresponding modi indicates the connecting place candidate of a free module

at one of the two points that the half line and the circle with center oi and the radius 2r

cross. Among the two points, the point whose distance from COM-C is longer is selected as

the connecting place candidate of a free module. Connecting places of a real module exist

discretely, so a connecting place in the module that is the nearest to the exact connecting

place candidate is selected as an actual connecting place candidate under the condition that

the place is empty and able to add a free module. Among the connecting place candidates of

all modules, one place is selected randomly as a free module’s connecting place.

Recruitment in response to warning from G sustainable monitoring

This recruitment based on G sustainable monitoring is mainly considered to help the cluster

traverse the gap environment. When the cluster detects the dangerous situation by the G

sustainable monitoring, the number of modules belonging to GV [t] is typically small. To

increase instantaneous minimum number of modules belonging to GV [t] during gap traversal,

the modules in the cluster should cross the gap at different timing. Therefore, the cluster

should enlarge towards the goal or the anti-goal direction. Either direction is fine, so we limit

connecting place candidates to the goal direction from COM-C to decrease the number of them.

Additionally, if a free module is simply recruited to the goal direction, the cluster enlarges to



4.4 Dynamic simulation 79

Fig. 4.7 The connecting place for a free module. (a) Recruitment in response to warn-

ing from stability margin monitoring.(b) Recruitment in response to warning from G

sustainable monitoring. η is a constant viewing angle of the yellow region.

one straight direction and the stability margin for P is not large; therefore, a free module is

recruited randomly within the yellow region defined by η in Fig. 4.7(b). When the distance

between oi for a modi and an edge of the yellow region is less than 2r, the corresponding modi

indicates the connecting place candidates of a free module at all places that are included in

the intersection of the yellow region and the circle with center oi and the radius 2r cross. The

connecting places of a real module exist discretely, so all connecting places that are within the

connecting place candidates are selected as actual connecting place under the condition that

the place is empty and able to add a free module. Among the connecting place candidates of

all modules, one place is selected randomly as a free module’s connecting place.

4.3.6 Preparation for the next traversal

For the new configuration after a free module was added, it is not guaranteed that Gconfig ∈
G[0]∗ holds for the new cluster’s configuration. If one or more modi cannot find a set of

modR(i) and modL(i) in a certain time period, modi broadcasts “Recruit again” signal to

all other modules and one more free module is recruited in the same way to the previous

recruitment.

4.4 Dynamic simulation

We investigate the performance of dangerous situation monitoring and adaptive recruitment

using dynamic simulation. For the simulation, we used a dynamic simulator lpzrobots (http:/

/robot.informatik.uni-leipzig.de/software/). In the dynamic simulation, each module was al-

lowed to connect with other modules at any place around the body (not limited to per 30

degree as shown in Fig. 4.1(b)) to investigate the validity of the proposed recruitment exactly.

Parameter values used in the simulation are shown in Table 4.3.
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Table 4.3 Parameter values.

Symbol Parameter value

r 60[mm]

h 200[mm]

d 20[mm]

|iV | 10[mm/s]

ds 20[mm]

αclose 0.18[rad]

αstr 0.12[rad]

αmin 0.02[rad]

η π
5 [rad]

4.4.1 Simulation setting

Environment traversal by proposed system

First, we validate that several types of initial clusters traverse several types of slope and gap

environments based on the proposed system. We prepared total nine types of environments

as follows: two types of slope environments (λ, κ, L) = (3[deg], 90[deg], 0.5[m]) and (λ, κ, L)

= (2[deg], 30[deg], 0.5[m]). For both types, we prepared three types of difficulty of the slope

environments M = 2, 5, 10. Meanwhile, we prepared gap environments with three types of

difficulty W = 0.02, 0.05, 0.1[m].

To verify that the proposed system is applicable to any initial configurations of the cluster,

we consider five types of initial configurations, namely, hexapod, regular hexagon, hexapod

with 90 degree rotation, h-shaped, and irregular-shaped. All of them are composed of six

number of modules.

Moreover, the proposed system includes some randomness. For example, initial phase of

each module θi[0] is determined randomly and a free module’s connecting place is determined

randomly from all candidates. To verify that the randomness does not give a significant

influence to the proposed system, we used three different random seeds.

As a summary, for each of the total nine environments above, fifteen simulations were

carried out, that is, three random seed for five types of initial configurations. For each of the

environments, we summarized the average and the standard deviation (SD) for the number of

added free modules in the final configuration of the cluster in the fifteen simulations.

Evaluation of the adaptive recruitment

To evaluate the performance of adaptive recruitment, we prepared “random connection sys-

tem” denoted as Rand-s. Rand-s is similar to the proposed system except that connecting place

of the free module is randomly determined from all physically available candidates without

warning information from monitoring systems. For Rand-s, we performed same simulations of



4.4 Dynamic simulation 81

the proposed system. If the cluster was not able to reach the goal within addition of twelve

free modules, then the simulation was counted as failure.

4.4.2 Simulation result

Environment traversal by proposed system

Fig. 4.8 shows the graphical procedure such that three types of initial clusters traversed

three types of environments based on the proposed system. We can observe that all the

clusters detect dangerous situations and then recruit free modules in response to the dangerous

situation. To validate the effectiveness of the dangerous situation monitoring, we observed that

a six-legged hexapod cluster without dangerous situation monitoring fell down in two slope

environments and a gap environment (Fig. 4.9).

Additionally, the number of free module recruited to the cluster correlates with difficulty of

the environments (Fig. 4.10). Therefore, in the proposed system, the number of modules in

the cluster can be adaptively tuned in response to the environmental difficulty.

Furthermore, we summarized relationship between three types of environments and corre-

sponding morphologies of the clusters which reached the goal (Fig. 4.11). In two types of

the slope environments, free modules were recruited to the gradient direction of each slope

as explained in Section 4.3.5. We observed that one of the legs of the cluster did not touch

ground on the slope environment and therefore the cluster recruits a free module in response to

warning from G sustainable monitoring (Fig. 4.11(h)). In the gap environments, free modules

were recruited to the direction towards the goal with a certain randomness as explained in

Section 4.3.5.

Evaluation of the adaptive recruitment

We evaluate the performance of adaptive recruitment explained in Section 4.3.5 by compar-

ing proposed system and Rand-s. From Fig. 4.10, we can observe that the average number of

free modules in the final clusters in the proposed system is fewer than that of Rand-s for all

the nine environments. Therefore, we conclude that adaptive recruitment outperforms random

recruitment in terms of the slope and gap environment traversal.

We report rare cases such that a cluster with dangerous situation monitoring fell down in

the gap environment in the following: First, during return to the starting area, one of the

foot toes fell into the gap and then the cluster fell into the dangerous situation. During the

return, the modules neglected the dangerous situation, so the cluster fell down. Second, one

of the foot toes located at the edge of the ground slipped into the gap during the stance phase

and was not able to support the cluster. This is because of the dynamic behavior, which

was not assumed in the proposed system. We neglected those rare cases; thus, when the rare

cases happen, initial phase of each module is set to another random value and then the cluster

departs to the goal again.
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Fig. 4.8 Procedure such that initial clusters added free modules in response to the

dangerous situation and then reached the goal. Top: Initial configuration is six-legged

asymmetric and environment is a slope with (λ, κ, L,M) = (3[deg], 90[deg], 0.5[m], 5).

(a) Initial six-legged cluster departs to the goal. (b) Dangerous situation for six-legged

cluster. (c) Six-legged cluster returned to the starting area to recruit a free module.

(d)-(f) Repeat of (a)-(c) for seven-legged cluster. (g) Eight-legged cluster departs to the

goal. (h) Eight-legged cluster reaches the goal. Middle: Initial configuration is six-legged

hexapod and environment is a slope with (λ, κ, L,M) = (2[deg], 30[deg], 0.5[m], 5). (i)-(k)

Repeat of (a)-(c) for six-legged cluster. (l) Seven-legged cluster departs to the goal. (m)

Seven-legged cluster reaches the goal. Below: Initial configuration is six-legged hexapod

cluster with 90 degree rotation and environment is a gap with W = 0.05[m]. (n)-(p)

Repeat of (a)-(c) for six-legged cluster. (q)-(s) Repeat of (a)-(c) for seven-legged cluster.

(t)-(v) Repeat of (a)-(c) for eight-legged cluster. (w) Nine-legged cluster departs to the

goal. (x) Nine-legged cluster reaches the goal.

4.5 Robot experiment

In this section, we verify that real robot modules traverse slope and gap environments

through dangerous situation monitoring and adaptive recruitment.
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Fig. 4.9 Procedure such that six-legged hexapod cluster falls down in three environ-

ments without dangerous situation monitorings.
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Fig. 4.10 Relationship between an environment and the number of added free modules

in a final cluster that reached the goal for the proposed system (Proposed) and the

random connection system (Rand-s). (a) Slope with (λ, κ, L) = (3[deg], 90[deg], 0.5[m]).

(b) Slope with (λ, κ, L) = (2[deg], 30[deg], 0.5[m]). (c) Gap environment. Fraction aside

mark is a success rate for fifteen times of simulations, where success means that the

cluster reaches the goal within addition of twelve free modules.

4.5.1 Experimental setting

As for a slope environment, we prepared a slope with (λ, κ, L,M) = (3[deg], 90[deg], 0.3[m], 4).

To obtain enough friction between the foot toe and the ground, a rubber sheet was laid on

the slope environment. As for a gap environment, we prepared a gap with W = 0.05[m]. For

both environments, we prepared a light source as a goal position. Parameter values used in
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Fig. 4.11 Relationship between each environment and free module’s connecting place

in a final cluster that reached the goal for each initial configuration. For each cluster,

one of the typical morphologies in the three times of simulations is shown.

experiments are same as that of simulations shown in Table 4.3.

An initial configuration of the cluster was set to the six-legged hexapod type. When the

cluster recruits a free module, each module turns on its blue LEDs (see Fig. 4.1(b)) to indi-

cate connecting place candidates of a free module. As mentioned in Section 4.1.1, physical

reconfiguration was performed manually.

4.5.2 Experimental result

Fig. 4.12 shows the procedure for a cluster of a single-legged modular robot that traverses

a slope environment with (λ, κ, L, M) = (3[deg], 90[deg], 0.3[m], 4) by reconfiguring from

the six-legged hexapod to an eight-legged cluster. We can observe that the cluster detected

dangerous situation before falling down (Fig. 4.12(b) and (f)), then they returned to the

starting area (Fig. 4.12(c) and (g)) to recruit a free module. The free modules were recruited

to the slope’s gradient direction (Fig. 4.12(d) and (h)). Because of the IMU’s measurement

error, the cluster’s posture measured by modules were not identical and therefore several LEDs

indicated different connecting places. One of the LED places is randomly selected as a free

module’s connection position. Finally, eight-legged cluster traversed the slope environment

(Fig. 4.12(l)).

Fig. 4.13 shows the procedure for a cluster of a single-legged modular robot that traverses a

gap environment with W = 0.05[m] by reconfiguring from the six-legged hexapod to an eight-

legged cluster. We can observe that the cluster detected the dangerous situation (Fig. 4.13(b)

and (f)) just after one of the legs fell into the gap. Thus, the cluster did not fall down, and

then it returned to the starting area (Fig. 4.13(c) and (g)) to recruit a free module. The free
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Fig. 4.12 Procedure for a cluster that traverses a slope environment with (λ, κ, L,M)

= (3[deg], 90[deg], 0.3[m], 4) in the experiment. (a) Initial state for six-legged cluster. (b)

Dangerous situation for six-legged cluster. (c) Six-legged cluster returns to the starting

area and recruits a free module. (d) One of the two lighting LEDs is selected randomly

as a free module’s connection place. (e) Initial state for seven-legged cluster. A module

enclosed by a red circle is the new recruited module. (f) Dangerous situation for seven-

legged cluster. (g) Seven-legged cluster returned to the starting area and recruits a

free module. (h) One of the two lighting LEDs is selected randomly as a free module’s

connection place. (i) Initial state for eight-legged cluster. A module enclosed by a red

circle is the new recruited module. (j)(k) Eight-legged cluster departs to the goal climbing

the slope. (l) One of the modules in eight-legged cluster reaches the edge of the slope.

modules were recruited to the goal direction (Fig. 4.13(d) and (h)). Finally, an eight-legged

cluster was able to keep walking even after one of the legs fell into the gap (Fig. 4.13(j)) and

traversed the gap environment (Fig. 4.13(l)).

4.6 Discussion and conclusion

In this study, we proposed an autonomous distributed system for a single-legged modular

robot KARAKASA to traverse unknown slopes and gaps. We constructed the dangerous sit-

uation monitoring for the cluster and the adaptive recruitment such that the connecting place

of a free module is determined in response to the encountered dangerous situation. Through

dynamic simulations and robot experiments, we validated that the dangerous situation mon-

itoring prevents the cluster in several morphologies from falling down. Furthermore, the

connecting place of a free module determined by the proposed adaptive recruitment outper-
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Fig. 4.13 Procedure for a cluster that traverses a gap environment with W = 0.05[m]

in the experiment. (a) Initial state for six-legged cluster. (b) Dangerous situation for

six-legged cluster. (c) Six-legged cluster returned to the starting area and recruits a

free module. (d) One of the four lighting LEDs is selected randomly as a free module’s

connection place. (e) Initial state for seven-legged cluster. A module enclosed by a red

circle is the new recruited module. (f) Dangerous situation for seven-legged cluster. (g)

Seven-legged cluster returned to the starting area and recruits a free module. (h) One

of the three lighting LEDs is selected randomly as a free module’s connection place.

(i) Initial state for eight-legged cluster. A module enclosed by a red circle is the new

recruited module. (j)(k) Eight-legged cluster departs to the goal traversing the gap. (l)

All modules in the eight-legged cluster reaches the goal side of the gap.

forms that by the random recruitment (Rand-s) in terms of difficult slope and gap traversal.

In this study, one module is recruited to the cluster per each environment traversing trial, but

the number of modules recruited to the cluster can be easily extended to multi modules by

repeating the recruiting procedure for one free module.

Compared with existing reconfiguring strategies using task-configuration library, the pro-

posed system does not require considerable efforts to determine the desired morphology a

priori; instead the morphology is adaptively changed through interaction with the environ-

ment. Moreover, the existing reconfiguring strategies using task-configuration library such

as [121, 123] are centralized control systems that use global information about the current

configuration of the cluster; whereas the proposed system does not need any leader and all

the modules use only local information.

Meanwhile, O’Grady et al. [11] constructed the dangerous situation monitoring for each

module, whereas we constructed the dangerous situation monitoring for the cluster. Therefore
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in our study, the cluster can avoid falling down when the number of modules in the cluster is

in short to traverse the environment. Moreover, the number of free modules in the cluster is

tuned in response to the difficulty of the given environment.

4.6.1 Comparison between the proposed and the existing systems for a multi-legged

robot to traverse slope and gap environments

In existing systems to traverse a slope environment, the posture of the robot body is kept

perpendicular to the gravity vector by adjusting all foot toe positions with respect to the

robot body [126, 127]. They cannot be applied to a steep slope which the robot body cannot

be kept perpendicular to the gravity vector because of the limit of the leg length.

Meanwhile, in existing systems to traverse a gap environment, when a foot toe in the flight

phase does not touch the other side ground, the foot toe searches the ground by modifying

the trajectory until the foot toe touches the ground [128, 129]. They cannot be applied to a

wide gap which a foot toe does not reach the other side ground.

In the proposed system, the support polygon of the cluster can be enlarged by adding free

modules. Therefore, the proposed system has the potential to traverse wider range of slope

and gap environments than the existing systems.

4.6.2 Limitations of the proposed system

The stability margin for monitoring dangerous situation is calculated for a polygon P . P

is not a corresponding support polygon (⊆ support polygon). The stability margin based on

the polygon P is conservative compared to the exact stability margin based on the support

polygon. Therefore, even when the exact stability margin for the support polygon of the

cluster is large, the modules in the cluster may identify the safety situation as a dangerous

situation. The misunderstanding of the dangerous situation leads to excessive recruitment of

free modules. Additionally, regarding adaptive recruitment, there might not be a module in

the cluster which can indicate the connecting place. For example, when modules in V-shaped

cluster want to indicate the just upward direction of the “V” from COM-C that is located at

the valley of “V”, there is no module near to the upward direction and therefore no module

can indicate the connecting place by turning on the LED.

4.6.3 Future extensions

As future extensions, we would like to resolve the limitations of the proposed system dis-

cussed in Section 4.6.2 through improvement of hardware perspective. For example, modifying

the possible configurations is one of the solutions.



88

Chapter 5

Conclusion

Through this thesis, individual behaviors that estimate the global information using local

interactions and thereby change their own behaviors were focused on, and how the changes

in individual behavior based on global information enhance the environmental adaptability of

the group was discussed from system analysis and system synthesis.

In Chapter 2, how change in the behavior of individual ants based on estimated global

information enhances the inner and outer environmental adaptation of an ant colony was

analyzed, where inner environment refers to the colony size and outer environment refers to

the amount of food in the outside nest, midden collapse, and debris inflow. Each ant can

estimate the colony size based on its surrounding nestmate density and the nutritional state

of the colony based on its own nutritional state that is averaged by frequent trophallaxis.

The simulation reveals that when individual ants decrease their contact rates in response

to increasing colony size, the transition to the foraging task that induces high death rate is

suppressed; thus, they enable to maintain a large colony size. Furthermore, when individual

ants increase their transition rate to the foraging task in response to decreasing nutritional

state of the colony, they increase resilience to outer environmental changes.

In Chapter 3, a unified controller of individual single-legged reconfigurable modular robots

that compose multi-legged robot to achieve static walking of the multi-legged robot is con-

structed. The cluster can take various inner environment, that is, various leg configurations

including the leg malfunction. Inspired by ants’ frequent trophallaxis strategy in Chapter 2,

each module estimates the global information of the cluster, that is, the center of mass of the

cluster, using local information exchange based on the average-consensus control. Then, each

module utilizes the information to construct interlimb network, and then it determines its own

foot toe position based on local information of modules that are adjacent at the interlimb net-

work so that the support polygon always encloses the center of mass of the multi-legged robot.

Using the proposed system, clusters with various configurations including leg malfunction

were mathematically guaranteed to achieve static walking and achievement of static walking

for various clusters was demonstrated through dynamic simulations and robot experiments.

In Chapter 4, a unified controller of individual single-legged modules so that the cluster
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repeatedly adds a new module to the cluster and tries to traverse the outer environment, and

finally adapts the morphology to the environment was constructed. The outer environment

refers to the slope and gap environments with several difficulties. Each module is required

to detect whether the current morphology of the cluster can traverse the environment or is

required to add a new module to avoid the danger of falling down. For the decentralized

monitoring, the center of mass of the cluster information is important; thus, each module

estimates the global information of the cluster by the average-consensus control as mentioned

in Chapter 3. Using the estimated center of mass information, each module monitors the

risk of falling down in a distributed manner from geometrical relationship between the center

of mass and the support polygon of the cluster. Through dynamic simulations and robot

experiments, it was demonstrated that several types of initial clusters adaptively changed

the morphology in response to the type and difficulty of outer environment and successfully

traversed the environment.

5.1 Future work

In the following, future works are summarized. Short-term future works are as follows: First

one is to perform multi-agent simulation for individual ants’ behavior that was investigated in

Chapter 2 and verify the difference from ODE model. Second one is to construct a controller

for single-legged modular robots to cooperatively achieve an object transportation task by

using the leg as a manipulator. Third one is to invest a new single-legged robot hardware

to achieve autonomous reconfiguration. Forth one is to construct a system combining task

allocation in Chapter 2 and task execution in Chapter 4, where the optimization of the number

of added free modules per recruitment in Chapter 4 is a problem.

Long-term future works are as follows: First one is to generalize a theory to construct an

autonomous distributed system in which the group can adapt to several environments. Second

one is to construct a controller for single-legged modular robots by which the modules can

cooperatively achieve several types of tasks. Third one is to elucidate the swarm intelligence

in living organisms and then apply the intelligence to artificial multi-robot systems.
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Appendix A

Influence of parameter change

Table A.1 Relationship between colony size, the rate of engaged workers involved in

each task after 15 years and parameter disturbance for the scenario (SX(−1), SY(−1))

Forager Midden Maintenance Intra-nest tasks Colony size
Parameter

−50% +50% −50% +50% −50% +50% −50% +50% −50% +50%

prstop 16% 15% 9% 14% 9% 14% 67% 58% 8493 8977

pestop 14% 16% 20% 7% 20% 7% 46% 71% 9328 8478

piteng 16% 14% 5% 17% 5% 17% 73% 53% 8417 9102

pdifeng 15% 15% 4% 17% 4% 17% 77% 51% 14026 7009

plarva 0% 15% 0% 10% 0% 10% 0% 66% 0 9522

nfood 29% 9% 3% 18% 3% 18% 64% 54% 8037 9496

blarva 15% 15% 12% 12% 11% 11% 62% 62% 8764 8764

qx 14% 15% 15% 10% 15% 10% 56% 65% 9155 8594

qy 15% 24% 12% 5% 11% 5% 62% 66% 8764 8212

aRmidden
, aEmidden

, aImidden
15% 15% 12% 11% 11% 11% 62% 62% 8801 8730

aRnest , aEnest , aInest 15% 15% 12% 11% 12% 11% 62% 62% 8803 8728

aEintra , aIintra 15% 15% 12% 12% 11% 11% 62% 62% 8899 8634

penemy 15% 15% 12% 11% 12% 11% 61% 63% 8863 8667

pmcoll 15% 15% 11% 12% 11% 11% 62% 62% 8772 8757

pdin 15% 15% 11% 12% 11% 11% 62% 62% 8769 8760

pmdetect 15% 15% 11% 12% 11% 11% 62% 62% 8772 8757

pddetect 15% 15% 12% 12% 11% 11% 62% 62% 8764 8764

qenemy 15% 15% 12% 12% 11% 11% 62% 62% 8764 8764

nmax 41% 41% 1% 1% 1% 1% 57% 57% 7738 7738

nhunger 15% 15% 12% 12% 11% 11% 62% 62% 8764 8764

original 15% 12% 11% 62% 8764



91

Table A.2 Relationship between colony size, the rate of engaged workers involved in

each task after 15 years and parameter disturbance for the scenario (SX(0H), SY(−1))

Forager Midden Maintenance Intra-nest tasks Colony size
Parameter

−50% +50% −50% +50% −50% +50% −50% +50% −50% +50%

prstop 0% 77% 0% 1% 0% 1% 0% 22% 0 3247

pestop 81% 82% 1% 0% 1% 0% 17% 17% 2754 2779

piteng 82% 82% 1% 1% 1% 1% 17% 17% 2766 2766

pdifeng 80% 83% 1% 1% 1% 1% 19% 16% 2935 2630

plarva 0% 80% 0% 1% 0% 1% 0% 19% 0 2962

nfood 82% 82% 1% 1% 1% 1% 17% 17% 2766 2766

blarva 0% 82% 0% 1% 0% 1% 0% 17% 0 2766

qx 73% 86% 1% 1% 1% 1% 25% 13% 3644 1421

qy 80% 82% 1% 1% 1% 1% 19% 17% 2842 2764

aRmidden
, aEmidden

, aImidden
82% 82% 1% 1% 1% 1% 17% 17% 2766 2766

aRnest , aEnest , aInest 82% 82% 1% 1% 1% 1% 17% 17% 2766 2766

aEintra , aIintra 82% 82% 1% 1% 1% 1% 17% 17% 2775 2757

penemy 84% 79% 1% 1% 0% 1% 15% 19% 3032 2575

pmcoll 78% 84% 1% 1% 1% 0% 21% 15% 3148 2526

pdin 79% 84% 1% 1% 0% 1% 20% 15% 3025 2577

pmdetect 78% 84% 1% 1% 1% 0% 21% 15% 3148 2526

pddetect 82% 82% 1% 1% 1% 1% 17% 17% 2766 2766

qenemy 82% 82% 1% 1% 1% 1% 17% 17% 2766 2766

nmax 82% 82% 1% 1% 1% 1% 17% 17% 2763 2763

nhunger 82% 82% 1% 1% 1% 1% 17% 17% 2766 2766

original 82% 1% 1% 17% 2766

Table A.3 Relationship between colony size, the rate of engaged workers involved in

each task after 15 years and parameter disturbance for the scenario (SX(0L), SY(−1))

Forager Midden Maintenance Intra-nest tasks Colony size
Parameter

−50% +50% −50% +50% −50% +50% −50% +50% −50% +50%

prstop 63% 0% 1% 0% 0% 0% 36% 0% 5040 0

pestop 0% 56% 0% 0% 0% 0% 0% 43% 0 6016

piteng 57% 0% 0% 0% 0% 0% 42% 0% 5985 0

pdifeng 0% 64% 0% 1% 0% 1% 0% 35% 0 4775

plarva 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nfood 0% 57% 0% 1% 0% 0% 0% 42% 0 5984

blarva 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qx 0% 60% 0% 1% 0% 0% 0% 39% 0 5453

qy 17% 0% 7% 0% 7% 0% 69% 0% 6683 0

aRmidden
, aEmidden

, aImidden
0% 0% 0% 0% 0% 0% 0% 0% 0 0

aRnest , aEnest , aInest 0% 0% 0% 0% 0% 0% 0% 0% 0 0

aEintra
, aIintra

0% 0% 0% 0% 0% 0% 0% 0% 0 0

penemy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pmcoll 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pdin 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pmdetect 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pddetect 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qenemy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nmax 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nhunger 0% 57% 0% 1% 0% 0% 0% 42% 0 5984

original 0% 0% 0% 0% 0
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Table A.4 Relationship between colony size, the rate of engaged workers involved in

each task after 15 years and parameter disturbance for the scenario (SX(+1), SY(−1))

Forager Midden Maintenance Intra-nest tasks Colony size
Parameter

−50% +50% −50% +50% −50% +50% −50% +50% −50% +50%

prstop 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pestop 0% 0% 0% 0% 0% 0% 0% 0% 0 0

piteng 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pdifeng 0% 0% 0% 0% 0% 0% 0% 0% 0 0

plarva 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nfood 0% 0% 0% 0% 0% 0% 0% 0% 0 0

blarva 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qx 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

aRmidden
, aEmidden

, aImidden
0% 0% 0% 0% 0% 0% 0% 0% 0 0

aRnest , aEnest , aInest 0% 0% 0% 0% 0% 0% 0% 0% 0 0

aEintra , aIintra 0% 0% 0% 0% 0% 0% 0% 0% 0 0

penemy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pmcoll 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pdin 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pmdetect 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pddetect 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qenemy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nmax 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nhunger 0% 0% 0% 0% 0% 0% 0% 0% 0 0

original 0% 0% 0% 0% 0

Table A.5 Relationship between colony size, the rate of engaged workers involved in

each task after 15 years and parameter disturbance for the scenario (SX(−1), SY(0))

Forager Midden Maintenance Intra-nest tasks Colony size
Parameter

−50% +50% −50% +50% −50% +50% −50% +50% −50% +50%

prstop 0% 43% 0% 1% 0% 1% 0% 55% 0 7713

pestop 47% 41% 1% 1% 1% 1% 50% 58% 7609 7715

piteng 42% 45% 1% 1% 1% 1% 57% 53% 7694 7636

pdifeng 0% 55% 0% 1% 0% 1% 0% 43% 0 5630

plarva 0% 40% 0% 1% 0% 1% 0% 58% 0 8514

nfood 0% 44% 0% 1% 0% 1% 0% 54% 0 7657

blarva 0% 44% 0% 1% 0% 1% 0% 54% 0 7657

qx 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qy 44% 44% 1% 1% 1% 1% 54% 54% 7657 7657

aRmidden
, aEmidden

, aImidden
44% 44% 1% 1% 1% 1% 54% 54% 7657 7656

aRnest , aEnest , aInest 44% 44% 1% 1% 1% 1% 54% 54% 7657 7656

aEintra
, aIintra

44% 44% 1% 1% 1% 1% 54% 54% 7774 7542

penemy 48% 41% 1% 1% 1% 1% 50% 57% 7860 7505

pmcoll 44% 44% 1% 1% 1% 1% 54% 54% 7666 7648

pdin 44% 44% 1% 1% 1% 1% 54% 54% 7663 7650

pmdetect 44% 44% 1% 1% 1% 1% 54% 54% 7666 7648

pddetect 44% 44% 1% 1% 1% 1% 54% 54% 7657 7657

qenemy 44% 44% 1% 1% 1% 1% 54% 54% 7657 7657

nmax 44% 44% 1% 1% 1% 1% 54% 54% 7657 7657

nhunger 44% 44% 1% 1% 1% 1% 54% 54% 7657 7657

original 44% 1% 1% 54% 7657
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Table A.6 Relationship between colony size, the rate of engaged workers involved in

each task after 15 years and parameter disturbance for the scenario (SX(0H), SY(0))

Forager Midden Maintenance Intra-nest tasks Colony size
Parameter

−50% +50% −50% +50% −50% +50% −50% +50% −50% +50%

prstop 81% 77% 1% 1% 2% 1% 16% 22% 2 3242

pestop 81% 82% 1% 0% 1% 0% 17% 17% 2752 2774

piteng 82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

pdifeng 80% 83% 1% 1% 1% 1% 19% 16% 2931 2627

plarva 0% 80% 0% 1% 0% 1% 0% 19% 0 2958

nfood 82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

blarva 0% 82% 0% 1% 0% 1% 0% 17% 0 2762

qx 74% 86% 1% 1% 1% 1% 25% 13% 3637 1443

qy 82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

aRmidden
, aEmidden

, aImidden
82% 82% 1% 1% 1% 1% 17% 17% 2763 2762

aRnest , aEnest , aInest 82% 82% 1% 1% 1% 1% 17% 17% 2763 2762

aEintra , aIintra 82% 82% 1% 1% 1% 1% 17% 17% 2772 2753

penemy 84% 79% 1% 1% 0% 1% 15% 19% 3030 2571

pmcoll 78% 84% 1% 1% 1% 0% 21% 14% 3144 2522

pdin 79% 84% 1% 1% 0% 1% 20% 15% 3022 2573

pmdetect 78% 84% 1% 1% 1% 0% 21% 14% 3144 2522

pddetect 82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

qenemy 82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

nmax 82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

nhunger 82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

original 82% 1% 1% 17% 2762

Table A.7 Relationship between colony size, the rate of engaged workers involved in

each task after 15 years and parameter disturbance for the scenario (SX(0L), SY(0))

Forager Midden Maintenance Intra-nest tasks Colony size
Parameter

−50% +50% −50% +50% −50% +50% −50% +50% −50% +50%

prstop 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pestop 0% 0% 0% 0% 0% 0% 0% 0% 0 0

piteng 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pdifeng 0% 0% 0% 0% 0% 0% 0% 0% 0 0

plarva 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nfood 0% 0% 0% 0% 0% 0% 0% 0% 0 0

blarva 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qx 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

aRmidden
, aEmidden

, aImidden
0% 0% 0% 0% 0% 0% 0% 0% 0 0

aRnest , aEnest , aInest 0% 0% 0% 0% 0% 0% 0% 0% 0 0

aEintra
, aIintra

0% 0% 0% 0% 0% 0% 0% 0% 0 0

penemy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pmcoll 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pdin 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pmdetect 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pddetect 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qenemy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nmax 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nhunger 0% 0% 0% 0% 0% 0% 0% 0% 0 0

original 0% 0% 0% 0% 0
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Table A.8 Relationship between colony size, the rate of engaged workers involved in

each task after 15 years and parameter disturbance for the scenario (SX(+1), SY(0))

Forager Midden Maintenance Intra-nest tasks Colony size
Parameter

−50% +50% −50% +50% −50% +50% −50% +50% −50% +50%

prstop 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pestop 0% 0% 0% 0% 0% 0% 0% 0% 0 0

piteng 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pdifeng 0% 0% 0% 0% 0% 0% 0% 0% 0 0

plarva 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nfood 0% 0% 0% 0% 0% 0% 0% 0% 0 0

blarva 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qx 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

aRmidden
, aEmidden

, aImidden
0% 0% 0% 0% 0% 0% 0% 0% 0 0

aRnest , aEnest , aInest 0% 0% 0% 0% 0% 0% 0% 0% 0 0

aEintra , aIintra 0% 0% 0% 0% 0% 0% 0% 0% 0 0

penemy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pmcoll 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pdin 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pmdetect 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pddetect 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qenemy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nmax 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nhunger 0% 0% 0% 0% 0% 0% 0% 0% 0 0

original 0% 0% 0% 0% 0

Table A.9 Relationship between colony size, the rate of engaged workers involved in

each task after 15 years and parameter disturbance for the scenario (SX(−1), SY(+1))

Forager Midden Maintenance Intra-nest tasks Colony size
Parameter

−50% +50% −50% +50% −50% +50% −50% +50% −50% +50%

prstop 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pestop 0% 49% 0% 0% 0% 0% 0% 51% 0 7538

piteng 49% 50% 0% 1% 0% 1% 50% 49% 7533 7517

pdifeng 32% 60% 0% 1% 0% 1% 67% 39% 13278 5523

plarva 0% 46% 0% 0% 0% 0% 0% 53% 0 8372

nfood 0% 49% 0% 0% 0% 0% 0% 50% 0 7523

blarva 0% 49% 0% 0% 0% 0% 0% 50% 0 7523

qx 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qy 50% 49% 0% 1% 0% 1% 49% 50% 7499 7543

aRmidden
, aEmidden

, aImidden
49% 49% 0% 0% 0% 0% 50% 50% 7524 7523

aRnest , aEnest , aInest 49% 49% 0% 0% 0% 0% 50% 50% 7524 7523

aEintra
, aIintra

49% 49% 0% 0% 0% 0% 50% 50% 7639 7411

penemy 54% 46% 0% 1% 0% 1% 45% 53% 7768 7346

pmcoll 49% 49% 0% 0% 0% 0% 50% 50% 7532 7514

pdin 49% 49% 0% 0% 0% 0% 50% 50% 7530 7516

pmdetect 49% 49% 0% 0% 0% 0% 50% 50% 7532 7514

pddetect 49% 49% 0% 0% 0% 0% 50% 50% 7523 7523

qenemy 49% 49% 0% 0% 0% 0% 50% 50% 7523 7523

nmax 46% 46% 1% 1% 1% 1% 52% 52% 7605 7605

nhunger 49% 49% 0% 0% 0% 0% 50% 50% 7523 7523

original 49% 0% 0% 50% 7523
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Table A.10 Relationship between colony size, the rate of engaged workers involved in

each task after 15 years and parameter disturbance for the scenario (SX(0H), SY(+1))

Forager Midden Maintenance Intra-nest tasks Colony size
Parameter

−50% +50% −50% +50% −50% +50% −50% +50% −50% +50%

prstop 85% 77% 1% 1% 1% 1% 14% 22% 3 3241

pestop 81% 82% 1% 0% 1% 0% 17% 17% 2751 2774

piteng 82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

pdifeng 80% 83% 1% 1% 1% 1% 19% 16% 2931 2626

plarva 0% 80% 0% 1% 0% 1% 0% 19% 0 2958

nfood 82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

blarva 0% 82% 0% 1% 0% 1% 0% 17% 0 2762

qx 74% 86% 1% 1% 1% 1% 25% 13% 3636 1445

qy 82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

aRmidden
, aEmidden

, aImidden
82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

aRnest , aEnest , aInest 82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

aEintra , aIintra 82% 82% 1% 1% 1% 1% 17% 17% 2771 2753

penemy 84% 79% 1% 1% 0% 1% 15% 19% 3030 2570

pmcoll 78% 84% 1% 1% 1% 0% 21% 14% 3144 2522

pdin 79% 84% 1% 1% 0% 1% 20% 15% 3022 2572

pmdetect 78% 84% 1% 1% 1% 0% 21% 14% 3144 2522

pddetect 82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

qenemy 82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

nmax 82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

nhunger 82% 82% 1% 1% 1% 1% 17% 17% 2762 2762

original 82% 1% 1% 17% 2762

Table A.11 Relationship between colony size, the rate of engaged workers involved in

each task after 15 years and parameter disturbance for the scenario (SX(0L), SY(+1))

Forager Midden Maintenance Intra-nest tasks Colony size
Parameter

−50% +50% −50% +50% −50% +50% −50% +50% −50% +50%

prstop 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pestop 0% 0% 0% 0% 0% 0% 0% 0% 0 0

piteng 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pdifeng 0% 0% 0% 0% 0% 0% 0% 0% 0 0

plarva 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nfood 0% 0% 0% 0% 0% 0% 0% 0% 0 0

blarva 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qx 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

aRmidden
, aEmidden

, aImidden
0% 0% 0% 0% 0% 0% 0% 0% 0 0

aRnest , aEnest , aInest 0% 0% 0% 0% 0% 0% 0% 0% 0 0

aEintra
, aIintra

0% 0% 0% 0% 0% 0% 0% 0% 0 0

penemy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pmcoll 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pdin 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pmdetect 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pddetect 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qenemy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nmax 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nhunger 0% 0% 0% 0% 0% 0% 0% 0% 0 0

original 0% 0% 0% 0% 0
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Table A.12 Relationship between colony size, the rate of engaged workers involved in

each task after 15 years and parameter disturbance for the scenario (SX(+1), SY(+1))

Forager Midden Maintenance Intra-nest tasks Colony size
Parameter

−50% +50% −50% +50% −50% +50% −50% +50% −50% +50%

prstop 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pestop 0% 0% 0% 0% 0% 0% 0% 0% 0 0

piteng 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pdifeng 0% 0% 0% 0% 0% 0% 0% 0% 0 0

plarva 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nfood 0% 0% 0% 0% 0% 0% 0% 0% 0 0

blarva 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qx 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

aRmidden
, aEmidden

, aImidden
0% 0% 0% 0% 0% 0% 0% 0% 0 0

aRnest , aEnest , aInest 0% 0% 0% 0% 0% 0% 0% 0% 0 0

aEintra , aIintra 0% 0% 0% 0% 0% 0% 0% 0% 0 0

penemy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pmcoll 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pdin 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pmdetect 0% 0% 0% 0% 0% 0% 0% 0% 0 0

pddetect 0% 0% 0% 0% 0% 0% 0% 0% 0 0

qenemy 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nmax 0% 0% 0% 0% 0% 0% 0% 0% 0 0

nhunger 0% 0% 0% 0% 0% 0% 0% 0% 0 0

original 0% 0% 0% 0% 0
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Appendix B

Influence of leg weight on the cluster’s

walking

To compute COM-M in Section 3.1.1, we assumed that COM-M always remains at the center

of the disc. In this section, we investigate the validity of the assumption. We calculated the

position error between the actual COM-M with a leg weight and the center of the disc in the

direction of xwi during one walking cycle, and found that the error was always less than 15 mm

(Fig. B.1), where the stride length si was set to the maximum value 2r (=120mm). Therefore,

for an arbitrary cluster’s arbitrary movement, the position error between the actual COM-C

and estimated COM-C, that is, ig, was always less than 15 mm. To evaluate the error influence,

we calculated the stability margin of three types of simulated walking in Fig. 3.13, that is,

walking corresponding to Figs. 3.14–3.16, where the stability margin means the minimum

distance between the estimated COM-C and edges of the current support polygon.

For all three cluster cases, we found that their minimum stability margins during walking

were approximately 15 mm (Fig. B.2), which is equivalent to the maximum position error of

COM-C; thus, the actual COM-C was inside the support polygon during walking for the three

cases. However, the stability margin for an arbitrary cluster is not larger than the position error

of COM-C. For example, the stability margin is very small for a cluster such that the distance

between COM-C and one of the lines composed of any one of oi and oj(j ∈ {R(i), R(R(i)})
is very small. Whereas, the COM-C error can be decreased via sophisticated robot hardware

design so that the weight ratio of the leg to the total is decreased.
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Fig. B.1 Position error between the actual and estimated COM-M in the direction of

xwi during one walking cycle. A positive value indicates that the actual COM-M is in

the moving direction of the module. Stride length si was set to the maximum value 2r

(=120mm). Stance rate βi was set to 0.75.
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Fig. B.2 Stability margin of three types of walking in Fig. 3.13. The stability margins

were calculated for the walkings for which the footprint diagrams Figs. 3.14–3.16 were

obtained. (a) Six-legged hexapod cluster’s straight walking. (b) Six-legged asymmetric

cluster’s straight walking. (c) Seven-legged V-shaped cluster’s turning walking. One

module was broken at t = 10 [sec].
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Appendix C

Relationship between the

conditions (3.7), (3.8), and (C1)

We explain the reason that the conditions (3.7) and (3.8) guarantee the condition (C1).

We consider that at any one moment t = t0 when all modules move their legs to satisfy

both the conditions (3.7) and (3.8). Let S and F be the set of indices of the modules in the

stance and flight phases, respectively. Let U ⊂ S ∪F and Po(U) be the convex hull of oi with

∀i ∈ U . From assumption Eq.(3.1), COM-C is inside Po(S∪F ). Then, from the condition (3.7)

and Lemma 1 (see Appendix C.1), COM-C is inside Po ((S ∪ F ) \ {j}) for any j ∈ F . We

inductively see that COM-C is inside Po(S); that is, COM-C is inside the convex hull of the

centers of the modules in the stance phase. From the condition (3.8), DR(i),L(i) and DR(i),i

are defined so that the support polygon is always larger than Po(S) \
(
DR(i),L(i) ∪DR(i),i

)
for

any i. Therefore, COM-C is guaranteed to be inside the support polygon.

C.1 Proof of Lemma 1

Lemma 1. Let X ⊂ R2 be a finite set of points in the plane. Denote the convex hull of X

by conv(X) ⊂ R2. Consider any points x ∈ X and g ∈ conv(X). Then, the following are

equivalent:

1. g ∈ conv(X \ {x}).
2. There exist two points y, z ∈ X \ {x} such that line segment yz intersects the half-line

from g to x.

3. There exist two points y, z ∈ X \ {x} such that

∠xgy + |∠xgz| < π and ∠xgy ≥ 0 and ∠xgz ≤ 0.

Proof. The equivalence between 2 and 3 is trivial. Thus, we show that 1 and 2 are equivalent.

First, assume 1. The half-line from g to x should cross the boundary of conv(X \ {x}).
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Fig. C.1 Typical example for Lemma 1.

Because the boundary of conv(X \ {x}) is composed of line segments that connect points in

X \{x}, we have 2. Next, assume 2. The half-line from x to g intersects with the boundary of

conv(X), which we denote by w. By convexity, point w is not on line segment xg. Therefore,

point g is in triangle wyz, which is a subset of conv(X \ {x}). Note that an example of a

geometric relationship between x, y, z, w, and g is shown in Fig. C.1.
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Appendix D

sRL
i calculation

In the following, we calculate sRL
i and sRi . Because both calculation procedures are similar,

we only present the calculation of sRL
i . Let iΛj(∀j ∈ {R(i), L(i)}) be a vector:

iΛj = [cos iλj sin iλj ]
T, (D.1)

where

iλj =

{
iψj

(
[cos iψj sin iψj ]

T × (ig − ipj) ≥ 0
)

iψj + π
(
[cos iψj sin iψj ]

T × (ig − ipj) < 0
)
.

(D.2)

Examples of the relationship between iλj , COM-C, and xwj are shown in Fig. D.1.

When the geometric scenario in Fig. 3.11(a) holds, three points located at ipR(i) +(
videal
R(i)

2videal
i

sRL
i

)
iΛR(i),

ig, and ipL(i) −
(

videal
L(i)

2videal
i

sRL
i

)
iΛL(i) or three points located at

ipR(i) −
(

videal
R(i)

2videal
i

sRL
i

)
iΛR(i),

ig, and ipL(i) +

(
videal
L(i)

2videal
i

sRL
i

)
iΛL(i) are on one line, in that

order. For the two cases, the following holds:

ipR(i)+
videalR(i) s

RL
i

2videali

iΛR(i)+k
RL
i

(
ipL(i) −

videalL(i) s
RL
i

2videali

iΛL(i) −

(
ipR(i) +

videalR(i) s
RL
i

2videali

iΛR(i)

))
= ig,

(D.3)

where 0 ≤ kRL
i ≤ 1. Eq.(D.3) is equivalent to

videalR(i) s
RL
i

2videali

[
cos iλR(i)

sin iλR(i)

]
+
kRL
i sRL

i

2videali

[
−videalL(i) cos

iλL(i) − videalR(i) cos
iλR(i)

−videalL(i) sin
iλL(i) − videalR(i) sin

iλR(i)

]

+ kRL
i

[
ipL(i)x − ipR(i)x
ipL(i)y − ipR(i)y

]
=

[
igx − ipR(i)x
igy − ipR(i)y

]
. (D.4)

By solving the simultaneous equations in Eq.(D.4) for two variables sRL
i and kRL

i , we can

derive two solution sets, denoted by
{
sRL
i,1 , k

RL
i,1

}
and

{
sRL
i,2 , k

RL
i,2

}
. They can explicitly be rep-

resented using
(
videalj , iλj ,

ipj

)
(∀j ∈ {R(i), L(i)}), videali , and ig. Note that only one solution

set is derived for the case in which the cluster’s desired movement is straight. Using the two
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Fig. D.1 Relationship between iλj and the COM-C position. iλj depends on whether

COM-C is in (a) the orange region or (b) blue region.

solution sets, sRL
i is represented as

sRL
i =



|sRL
i,1 |

(
BE 6= AF ∧

((
BsRL

i,1 + C 6= 0 ∧ 0 ≤
D −AsRL

i,1

BsRL
i,1 + C

≤ 1

)
∨(

FsRL
i,1 +G 6= 0 ∧ 0 ≤

H − EsRL
i,1

FsRL
i,1 +G

≤ 1

)))

|sRL
i,2 |

(
BE 6= AF ∧

((
BsRL

i,2 + C 6= 0 ∧ 0 ≤
D −AsRL

i,2

BsRL
i,2 + C

≤ 1

)
∨(

FsRL
i,2 +G 6= 0 ∧ 0 ≤

H − EsRL
i,2

FsRL
i,2 +G

≤ 1

)))
|sRL

i,3 |
(
BE = AF ∧ CE +DF 6= AG+BH ∧

((
BsRL

i,3 + C 6= 0∧

0 ≤
D −AsRL

i,3

BsRL
i,3 + C

≤ 1

)
∨

(
FsRL

i,3 +G 6= 0 ∧ 0 ≤
H − EsRL

i,3

FsRL
i,3 +G

≤ 1

)))
undefined (otherwise) ,

(D.5)

where

sRL
i,1 =

−(CE +DF −AG−BH) +
√
(CE +DF −AG−BH)2 − 4(BE −AF )(DG− CH)

2(BE −AF )
,

sRL
i,2 =

−(CE +DF −AG−BH)−
√
(CE +DF −AG−BH)2 − 4(BE −AF )(DG− CH)

2(BE −AF )
,

sRL
i,3 = − DG− CH

CE +DF −AG−BH
,

A =
videal
R(i)

videal
i

cos iλR(i), B =
−videal

L(i) cos iλL(i)−videal
R(i) cos iλR(i)

2videal
i

, C = ipL(i)x−ipR(i)x, D = igx−ipR(i)x,

E =
videal
R(i)

videal
i

sin iλR(i), F =
−videal

L(i) sin iλL(i)−videal
R(i) sin iλR(i)

2videal
i

, G = ipL(i)y− ipR(i)y, H = igy− ipR(i)y.



103

Appendix E

Convergence of Eq.(3.31)

In the following, we calculate the terminal phase difference set of Eq.(3.31) and prove that

the terminal phase difference is equivalent to Eq.(3.22).

Because its potential function U , that is, U =
∑
i

cos iφR(i), only depends on the phase

difference, if ωi is a common value to all modules, then ωi has no influence on the phase

difference. Therefore, the terminal phase difference given by Eq.(3.31) is the same as the

terminal phase difference of

θi[t+ 1] = θi[t]− α2
∂

∂θi
(
∑
i

cos iφR(i)), (E.1)

which coincides with the gradient descent method. Therefore, the terminal phase difference is

one of the stable (or neutral stable) stationary points of U . First, we calculate all the points

in the stationary point set, that is,
∂

∂θi
(
∑
i

cos iφR(i)) = 0.

From the condition (3.5), graph G is one or more cycle graphs. We focus on one of the

cycles composed of N(≤ n) modules. We provide a new index to the modules in the focused

graph clockwise, such as mod1, mod2, · · · , modN , where the index set is denoted by I. When
∂

∂θi
(
∑
i

cos iφR(i)) = 0, the following holds ∀i:

sin(θi[t]− θR(i)[t]) = sin(θL(i)[t]− θi[t]) = sin(θ(i+1)[t]− θR((i+1))[t]), (E.2)

which is equivalent to

iφR(i)(∀i ∈ I) =

{
NφR(N)

π − NφR(N).
(E.3)

Additionally, because G is circular, the following holds:∑
i

iφR(i) = 0 (mod 2π). (E.4)

Thus far, we have calculated the stationary point set. In the following, we calculate the

stability of all the stationary points above. By substituting Eq.(E.4) into potential function

U and deleting NφR(N), we obtain

U = cosΦ1 + cosΦ2 + · · ·+ cosΦ(N−1) + cos(−(Φ1 +Φ2 + · · ·Φ(N−1))), (E.5)
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where each Φi is an independent variable. Hereafter, we use Φi instead of iφR(i) for simplicity.

Hessian matrix A, that is, the second partial derivative of U with respect to independent

variables Φi∀i ∈ I, follows

A =


∂2U
∂ Φ2

1
· · · ∂2U

∂ Φ1∂ Φ(N−1)

∂2U
∂ Φ2∂ Φ1

· · · ∂2U
∂ Φ2∂ Φ(N−1)

...
. . .

...
∂2U

∂ Φ(N−1)∂ Φ1
· · · ∂2U

∂ Φ2
(N−1)



=−


cosΦ1 + cosΦN cosΦN · · · cosΦN

cosΦN cosΦ2 + cosΦN · · · cosΦN

...
...

. . .
...

cosΦN cosΦN · · · cosΦ(N−1) + cosΦN

 . (E.6)

Generally, if all the eigenvalues λ of A for solution x∗ are non-negative, then x∗ is a stable

or neutral stable solution, which is equivalent to one of the terminal values.

Then, we calculate λ. First, we calculate λ for the top line of Eq.(E.3), that is, Φi(∀i ∈ I) =

ΦN . The characteristic polynomial of A can be written as

(N cosΦN + λ)(cosΦN + λ)N−2 = 0. (E.7)

When cosΦi ≤ 0∀i, all eigenvalues are non-negative; that is, if π/2 ≤ Φi ≤ 3π/2∀i holds, then
all eigenvalues are non-negative. Thus, phase differences converge to the solution.

Next, we calculate λ for the bottom line of Eq.(E.3), that is, Φi(∃i ∈ I) = π − ΦN . The

characteristic polynomial of A can be written as

(cosΦN + λ)N−k−2(− cosΦN + λ)k−1
(
λ2 + cosΦN (N − 1)λ+ cos2 ΦN (2k −N)

)
= 0, (E.8)

where k(1 ≤ k ≤ N − 1) is the number of i|Φi = π − ΦN .

When k = 1, Eq.(E.8) is rewritten as following:

(cosΦN + λ)N−3(λ2 + (N − 1) cosΦNλ+ (2−N) cos 2ΦN ) = 0. (E.9)

From Eq.(E.9) and N ≥ 3, positive and negative eigenvalues are always confused.

When 2 ≤ k ≤ N−3, From Eq.(E.8), positive and negative eigenvalues are always confused.

When k = N − 2, Eq.(E.8) is rewritten as following:

(− cosΦN + λ)N−3(λ2 + (N − 1) cosΦNλ+ (N − 4) cos 2ΦN ) = 0. (E.10)

From Eq.(E.10), positive and negative eigenvalues are always confused.

When k = N − 1, Eq.(E.8) is rewritten as following:

(− cosΦN + λ)N−2(λ+ (N − 2) cosΦN ) = 0. (E.11)

From Eq.(E.11) and N ≥ 3, positive and negative eigenvalues are always confused.

From these discussions, when Φi(∃i ∈ I) = π − ΦN , positive and negative eigenvalues are

always confused. Thus, the solution is unstable.
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For the case in which G is more than one cycle, then the above discussion can be applied

to every other cycle. Therefore, it has been proved that the terminal phase difference is
iφR(i) =

R(i)φR(R(i)) and π/2 ≤ iφR(i) ≤ 3π/2∀i, which is equivalent to Eq.(3.22).
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