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(ABSTRACT) 

A method for coordinating a homogeneous swarm of autonomous mobile robots is 

presented. The broadcast-based coordination scheme was developed for the Army Ant 

swarm—a system of small, relatively inexpensive mobile robots that can accomplish 

complex tasks by cooperating as a team. The primary drawback of the Army Ant system 

is that the absence of a central supervisor poses difficulty in the coordination and control 

of the agents. Our coordination scheme provides a global "group dynamic" that controls 

the actions of each robot using only local interactions. 

Coordination of the swarm is achieved with signals we call "heartbeats". Each 

agent broadcasts a unique heartbeat and responds to the collective behavior of all other 

heartbeats. We generate heartbeats with van der Pol oscillators, which are nonlinear 

oscillators that modify their output when coupled to other oscillators. Van der Pol 

oscillators have long been utilized in simulations, particularly to model rhythmic behavior 

in biological systems. In this application, we use the known properties of coupled van der 

Pol oscillators to create predictable group behavior. We emphasize the use of this



controller to allow agents to simultaneously perform an action such as lifting, steering, or 

changing speed. 

For this research we synthesize a three oscillator network to show that we can 

achieve multi-agent coordination. An inexpensive FM communication link is used to 

broadcast and receive oscillator signals. We show that the network may be configured to 

entrain to a leader or to a common frequency. Additionally, we use our coordination 

scheme to provide global speed control to our three agent system.
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1. Introduction 

1.1 The Army Ant Scenario 

Mobile robots are increasingly being considered for industrial, military, and 

scientific applications. Much of the robotics research to date has focused on improving 

the sophistication of individual robots to accomplish more demanding and complex tasks. 

We propose that many tasks, such as large material handling problems, are best achieved 

using large numbers of relatively unintelligent robots. Typically, a distributed approach is 

more desirable in such a scenario since the communications overhead necessary for central 

control is prohibitive for large systems of mobile robots, or swarms. We further suggest 

that homogeneous swarms, which are composed of similar robots, have many advantages 

over heterogeneous systems. In a heterogeneous system individual robots have 

specialized functions, and they may be physically different; the complexity found m 

heterogeneous systems often necessitates central control. The goal of the Army Ant 

project is to develop a homogeneous system of autonomous mobile robots that is practical 

and cost effective. In this section we introduce the Army Ant concept and highlight some 

of its advantages. 

In the Army-Ant scenario a swarm of homogeneous mobile robots behaves 

cooperatively to accomplish tasks. The agents are completely autonomous and have no a 

priori mformation about their environment. Their behavior is reactive in that individual



agents respond to stimuli in the form of sensory inputs. This type of behavior, known as 

sensor driven behavior, offers greater flexibility to cope with changing environments. 

Unlike centralized, planner based approaches, wherein robots expend resources gathering 

and processing information, a reactive approach allows robots to respond quickly to 

changes in the environment. 

Sensor driven behavior is consistent with a distributed control approach. An 

agent's control algorithm determines an action based on the local information that flows 

from sensory inputs. Group behavior is achieved through the simple actions of many 

unintelligent agents. For example, an agent is attracted to a payload destination by 

receiving an infrared signal from a beacon that is placed at the proper location. Each 

agent responds independently to the beacon, but the actions of each individual result in the 

group of agents gathering at the beacon. Decentralized control schemes, unlike 

centralized controllers, can be scaled to handle increases in the number of agents or tasks, 

primarily because they require no communication. 

Homogeneity is another significant feature of the Army Ant swarm. Because 

Army Ants are physically and functionally identical, each one may replace any other. The 

swarm is dynamic in that it may divide into smaller groups when fewer agents are required 

for a task. The modularity of homogeneous systems renders them immune to the single 

poimt failures that plague heterogeneous systems, where each agent has a specialized 

function. The failure of one, or even several, Army Ants will not adversely affect the 

performance of the swarm. The innate robustness of the Army Ant swarm is perhaps the 

most critical result of homogeneity. 

Army Ants are physically small and relatively unsophisticated. The simplicity of 

the ants, combined with the features discussed above, will allow them to be mass



produced fairly inexpensively. The intention is to create a system that can tolerate the loss 

of a few robots, both in terms of cost and system performance. 

The flexible nature the Army Ant swarm lends itself to many different applications. 

Army Ants are well suited for hazardous operations such as mine sweeping and nuclear 

power plant maintenance work, where the environment is too unsafe for humans, and the 

risk factor is too high to utilize expensive, highly specialized robots. Another proposed 

application involves Low-Altitude Parachute Extractions, where Army Ants would be 

deployed to supply ground troops on battlefields. 

1.2 Cooperative Behavior 

The ability of the Army Ant swarm to accomplish complex goals relies upon 

implicit cooperation between individual agents. It is essential to distinguish between 

explicit and implicit cooperation when describing the behavior of a system of mobile 

robots. Mataric [22] defines “explicit cooperation as a set of interactions between agents 

which involve exchanging information or performing actions in order to help other agents 

achieve their goals. In contrast, implicit cooperation consists of actions that are a part of 

the agent's own goal-achieving behavior, although they may have effects in the world that 

help other agents achieve their goals." 

We recognize implicit cooperation as the type of interaction found quite frequently 

in natural systems. Insects are not altruistic, yet colonies of insects collectively accomplish 

goals such as transporting food and building structures. Various studies of insects have 

shown that colonies operate in a distributed fashion, where individual insects follow a few 

simple rules. Likewise, simple interactions between relatively unintelligent Army Ants will



produce rather complex system behavior. Beni and Wang [4] refer to this phenomenon as 

swarm intelligence. 

There are many instances when agents must not just cooperate, but do so in a 

coordinated manner. While to cooperate means to work towards a common goal, to 

coordinate means to perform a common action or movement in a harmonized manner. In 

the material transport example, agents may have to lift a pallet simultaneously so that the 

payload stays level; also, transporting the payload is a much easier task when agents steer 

together. Various agent actions may, at some time or another, have to be performed 

synchronously. The object of this research is to develop a broadcast-based coordination 

scheme to achieve multi-agent coordination. 

1.3 Swarm Coordination 

Homogeneous systems of agents, by nature, lack a control structure for 

coordination. There exists no hierarchy of command by which lower ranked agents follow 

the actions of their superiors. For a many agent system, explicit message passing is likely 

to create a communication bottleneck. Only indirect communication, in the form of 

broadcasts or cues, offers a practical solution to the swarm coordination problem. We 

define a cue as a prompt that a robot perceives from its environment. A broadcast 

consists of information that is transmitted indiscriminately, so that all robots receive the 

same information. Using broadcast signals we show that we can create a "group dynamic" 

that all agents can sense and influence, but which does not reside in any individual. 

The group dynamic is constructed with signals we call "heartbeats". Each agent 

broadcasts a unique heartbeat and responds to the collective behavior of all other 

heartbeats; they do not use the heartbeats to identify or address one another. We generate



the ever present, hardwired heartbeats with nonlinear oscillator circuits called van der Pol 

oscillators. The oscillators form a coupled network when each agent adds components of 

others’ heartbeats to its own. Over a large range of frequencies and coupling factors, 

coupled van der Pol oscillators will synchronize their outputs [16]. This property is 

known as frequency entrainment. We exploit the frequency entraimment property to 

develop a global group dynamic that adaptively controls and coordinates a swarm of 

agents. Because synchronization is an inherent property of the coupled oscillators, we 

need not program the behavior. Synchronization occurs whenever agents "listen" to the 

heartbeats. While a more traditional approach such as broadcasting digitial information 

over an ethernet is an option, it is a far more sophisticated solution than the coordination 

problem demands. Our coupled oscillator approach to the coordination of a swarm of 

agents is a more "natural" and simplistic solution. 

1.4 Hardware Goals 

We show that our broadcast-based coordination scheme can be used for multi- 

agent coordination in two ways. First, we demonstrate the synchronization of three agent 

heartbeats. We do this by realizing three van der Pol oscillators whose signals we 

broadcast and receive using an FM communication link. Our aim is to build an 

imexpensive hardware system whose performance closely matches simulated results. 

Next we use the coupled, three oscillator network to develop a global speed 

controller. We integrate one heartbeat circuit into an Army Ant, while allowing the other 

two circuits to operate as stand alones (only one Army Ant was available for this 

experiment). We show that when the hearbeats couple, the agents are commanded to



travel at a common speed. By increasing the coupling coeficients, we are able to effect a 

global increase in speed. 

Some additional sensors were developed for the coordination and control of the 

Army Ant agents. We discuss and present some of these sensors, including a position 

detection sensor, which is mtended to provide the range and direction data required in 

many spatial organization algorithms. 

1.5 Scope and Structure 

Chapter 1 describes the Army Ant scenario and presents a scheme for coordinating 

the Army Ants. The concept of agent heartbeats is introduced. Heartbeats are unique yet 

adaptive signals that can be generated with van der Pol oscillators. The van der Pol 

oscillator is shown as a model for physical systems in Chapter 2. The role of nonlinear 

oscillators in biological systems is discussed, as well as their application to robotic 

controllers. Related work in the area of mobile robots is also reviewed. 

Chapter 3 deals with coordinating three agents using heartbeats. We show that 

agents can synchronize their heartbeats by sensing the collective behavior of all of the 

heartbeats. The hardware realization of the heartbeat circuit is described. We show that a 

three oscillator system entrains over a wide range of coupling factors, to a common 

frequency or to a leader's frequency. The performance of the realized system is compared 

to a simulation of coupled oscillators. Additionally, we use an FM communication system 

to broadcast and receive heartbeat signals, and we discuss its effect on the system 

performance. 

We integrate our sensor into an Army Ant, and show that the heartbeats can be 

used as a global speed controller. We present the results of this experiment in Chaper 4.



Chapter 5 deals with the additional sensing required to meet the goals of the Army 

Ant project. In particular, the sensors required to create a completely self-organizing 

system are discussed. Chapter 6 presents conclusions and suggestions for further 

research. The Appendix contains all of the circuit schematics.



2. Literature Review 

2.1 Van der Pol Oscillators as a Model for Physical Systems 

2.1.1 Frequency Entrainment 

Frequency entrainment is a phenomenon that occurs when a periodic force is 

applied to a system whose oscillation is free and self excited, and the self-excited 

oscillation falls into synchronization with the driving frequency [16]. Perhaps the best 

known example of a system that exhibits this type of behavior is the van der Pol oscillator. 

The property of frequency entrainment is not unique to the van der Pol oscillator; it is a 

behavior that is prevalent in the physical world. The first recorded observation of 

frequency entrainment was by Huygens in the 1600's. He discovered that when two 

slightly out of step clocks were mounted near each other on a wall, they soon became 

synchronized [25]. Since then synchronization has been observed in many electrical 

systems such as the electron tube oscillator, and in mechanical and acoustical systems. 

The van der Pol equation is used to describe an RLC circuit with a nonlinear resistor, or 

equivalently, a mass-spring-damper system with a position dependent damping coefficient 

[30].



2.1.2 Biological Oscillators 

Frequency entrainment is an important property of biological oscillators because it 

allows them to “fall in sync" with the environment. The behavior of living organisms is 

largely dictated by endogenous! clocks and rhythms. Furthermore, there is strong 

evidence that many of these biological clocks consist of a population of mutually coupled 

oscillators. It has been shown that circadian? rhythms are controlled by such oscillators, 

rather than by the external effects of light or temperature changes. When an organism is 

exposed to constant light, it continues to exhibit periodic behavior. If the organism is 

exposed to a light cycle that is close to the endogenous period (or integer multiplies of it) 

the endogenous oscillator will entrain to the light cycle frequency [28]. Swade and 

Pittendrigh [35] showed the entrainment of circadian rhythms of both nocturnal and 

diurnal species of rodents to light cycles. Similarly the entrainment of the locomotor 

activity of lizards to temperature cycles has been shown [28]. 

Although there is still some controversy, many experimental studies 

overwhelmingly support the notion that locomotion in animals is controlled by central 

pattern generators (CPG's), rather than by the use of sensory feedback to the central 

nervous system [10]. A central pattern generator is a model for the neural activity in the 

spinal cord that produces cyclical patterns of muscle activity, mdependent of sensory 

feedback. CPG's are usually conceptualized as oscillators, or groups of coupled 

oscillators. Bay [3] showed that van der Pol oscillators could be used to model CPG's that 

simulate limb commands used in walking and jumping. Cohen [7] used coupled oscillators 

to model the swimming motion of the sea lamprey. His research points to the plausibility 
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that the swimming speed of a fish is controlled by an initial alteration of the frequency of 

an individual oscillator pair that results in all other oscillators entraining to the new 

frequency. We use van der Pol oscillators to mimic this type of behavior in our system of 

mobile robots. In Chapter 4 we show how a change in the speed of an individual agent 

will effect the same change in the entire swarm. 

2.1.3 Biologically Based Controllers for Robots 

The research that has been done on CPG's, and their role in animal locomotion, is 

currently being applied to robotics. Srinivasan [31] has developed an artificial neural 

network based on central pattern generators. Unlike other CPG models, the neural 

network model has learning or generalization capabilities. Srinivansan [31] proposes that 

the neural network pattern generator may simplify the control of repetitive motions by 

robot manipulators. Crisman and Ayers [8] are designing a mobile robot suitable for 

operation in shallow water. The eight legged walking machine is patterned after the 

American Lobster, which is capable of walking in any direction, including laterally. Their 

CPG based controller coordinates and controls the robot's motion. Crisman and Ayers [8] 

suggest that another biologically based robotic architecture-the subsumption architecture 

developed by Brooks, with its distributed layers of control between sensing and 

response-is similar to the theory of reflex chains in biology. The theory of reflex chains is 

the opposing theory to CPG's in explaining locomotion in animals. According to the reflex 

theory, one phase of a movement cycle is thought to provide the sensory feedback 

required for the timing of the next phase [10]. 

The Army Ant project incorporates an architecture similar to the subsumption 

architecture for processing sensory input. The coordination of the swarm, however, is 

10



achieved through coupled nonlinear oscillators. The synchronization method proposed 

works similarly to the way in which CPG's control locomotion in animals: neither a 

central controller, nor feedback from individual agents is required. 

2.2 Autonomous Mobile Robots 

Research on mobile robots began in the late sixties. At the time, there were two 

trends of research [15]. One trend was focused on the real-time control of a robot 

interacting im a complex environment, and the other dealt with the study of the kinematics 

and dynamics of multi-legged robots. Unfortunately, research in these areas was severely 

mnpeded by the lack of sensors and efficient on-board processing power. Consequently, 

the bulk of robotics research centered on manipulator robots for industrial applications 

[15]. The microprocessor technology, however, sparked a renewed interest in mobile 

robotics in the early eighties. 

The object of most of the research in autonomous mobile robots has been to get a 

single robot to successfully navigate in an environment. A wealth of information about 

sensors has come out of the study of obstacle avoidance, room mapping, and path 

planning. Some of the sensing schemes traditionally suggested for single autonomous 

robots, unfortunately, cannot be extended to multi-agent systems due to signal 

interference. 

Currently, many robotics researchers are looking at multiple mobile robots as an 

alternative to single, more sophisticated robots. The idea is to develop teams of 

imexpensive and unintelligent robots that are as capable as a single, autonomous robot, and 

even better suited for some tasks (e.g. lifting heavy or large objects). Since the success of 

multi-agent systems lies in the ability of the group to accomplish useful work, the thrust of 

11



multi-agent robotics research has been on studying the group dynamics that arise from 

simple agent interactions. In the following sections we will review some of the work that 

has been done in both single and multiple autonomous mobile robots. 

2.2.1 Multi-Agent Systems 

Autonomous multi-agent systems are sometimes referred to as Distributed 

Robotics Systems (DRS). There are a few properties that generally characterize DRS. 

First, they are usually composed of many units that are locally controlled. Beni and Wang 

[4] point out that for systems containing more than twenty agents, central control is 

typically not feasible. Effective central control requires a high bandwidth communications 

link to transfer information to and between agents. As the number of agents increases, the 

bandwidth requirement also rises [11]. Furthermore, in central control the fate of the 

entire system rests on the communications link, so it must be extremely reliable. While it 

may be argued that distributed systems are difficult to control, the advantages of 

distributed control over central control are far greater for many agent systems. As DRS 

continue to mature, they will be more reliable and cost effective than traditional, centrally 

controlled robotic systems. 

Another feature of DRS is that they can exhibit collective, or group, behavior that 

stems from simple interactions between agents. Sometimes the collective behavior is said 

to be emergent. Emergent behavior is defined by Altenburg [1] as "a globally interesting 

pattern of behavior that comes from a set of interacting individuals not explicitly 

programmed to exhibit the global behavior." The existence of emergent behavior in 

artificial systems is an extraordinary discovery; the study of this phenomenon is, not 

surprisingly, receiving much attention from the robotics community. 

12



Mataric [23] uses a "herd" of twenty mobile robots to study the social interactions 

leading to group behavior. The basic principles of the herd are: agents are homogeneous, 

agents do not communicate explicitly, and agents do not engage in explicit cooperation 

(cooperation is implicit). A bottom-up methodology is used, whereby actual agents are 

designed with a few simple interaction primitives and placed in the physical world. This 

approach allows one to carefully study the group behavior that naturally emerges from 

well defined basic interactions. While emergent behavior is usually thought of as 

occurring unexpectedly, Mataric shows that by analyzing observed behaviors, it is possible 

to design interactions that produce repeatable collective behaviors. For example, she 

shows that herding, a complex group behavior, can be constructed using flocking and 

homing. Flocking, another group behavior, is composed of more primitive behaviors such 

as collision avoidance and following. Her work supports the notion that intelligence is a 

social phenomenon, an idea that is contrary to traditional AI, which treats intelligence as 

an isolated phenomenon. 

COCOBOTS (Collective and Cooperative Robot System) is another example of a 

physically realized system of mobile robots [1]. COCOBOTS is composed of six identical 

LEGO robots that are designed to locate and carry small objects. Four behaviors: random 

searching, avoiding obstacles, and lifting and lowering targets are constructed from 

activities like moving forward or backward, moving left or right, and raising and lowering 

the lift mechanism. These individual behaviors result in the completion of common goals, 

such as clearing an area of targets). COCOBOTS possesses the characteristics of DRS; 

however, unlike most other swarms, it allows explicit communication between agents. 

Since communication will be used to recruit other agents once a target is located, it is 

implied that agents will cooperate explicitly. 

13



Miller [24] proposes using teams of small autonomous robots for planetary surface 

missions. His work outlines the advantages such teams have over larger robots, in terms 

of lower cost, lower launch mass, and more mission reliability and flexibility. To achieve 

coordinated movement of the swarm of identical rovers, Miller allows the rovers to select 

a leader. His idea involves assigning a unique serial number to each agent, and encoding 

the number in the agent's beacon. Each agent possesses the leader behavior, but 

suppresses it when it senses a serial number higher than its own. By this process, one 

agent is left with its leader behavior active. This method of selecting a leader allows the 

system to retain the benefits of homogeneity. Our coordination scheme was inspired by 

Miller's serial number concept. By providing Army Ants with unique "heartbeats", we 

show ways to achieve multi-agent coordination beyond leader selection. 

Some of the other work in DRS involves cellular robotic systems. This type of 

system consists of independent robotic units, or cells, that have unique functions [9,14]. 

Homogeneous and heterogeneous distributed robotic systems are vastly different in their 

properties and advantages. Thus, we emphasize work in homogeneous systems of mobile 

robots that more closely relates to our goals and philosophy. 

2.2.2 Control Architectures 

A discussion of autonomous mobile robots would not be complete without 

mentioning the subsumption architecture developed by Rodney Brooks. Before the 

subsumption architecture was introduced, most attempts at making a system robust had 

centered on the sensing subsystem, not the processor. Traditionally, information flowed 

from sensors through a chain of control modules before activating a robot's actuators. 

This type of processing can result in sluggish performance as a robot's environment and 

14



goals become more complex. Brooks' processor utilizes parallel control modules that 

have direct access to sensors and actuators [6]. The subsumption architecture was 

specifically designed to accommodate multiple goal, multi-sensory systems, and has 

forever changed the way mobile robots process information. The architecture is 

constructed of levels of competence. Lower levels address basic survival skills such as 

obstacle avoidance, while higher levels, which include as a subset each earlier level of 

competence, provide more sophisticated behaviors. The system is completely expandable; 

higher levels can be added without changing existing levels. Each level of competence 

represents a layer of control. Higher levels subsume all lower levels when they want to 

take over. While lower levels are suppressed by data from higher levels, they continue to 

operate, completely oblivious to such action. Many layers may be active simultaneously, 

allowing a robot to respond very quickly to stimuli from the environment. Subsumption 

architectures are sometimes referred to as reactive, or behavior-based architectures. 

Others have extended Brooks’ subsumption architecture to control multiple robot 

systems. Parker [27] uses a behavior-based architecture for adaptive action selection in a 

heterogeneous team of mobile robots. She simulates a janitorial service robot team that 

must work together to complete several tasks. No one agent on a team has all of the 

capabilities to accomplish a task. Using sensory feedback from the environment, agents 

adapt their actions over time, dividing tasks among themselves without duplicating the 

actions of other agents. Agents whose individual motives are selfish form a cooperative 

group that is capable of achieving high level goals. Parker's architecture is not completely 

parallel; it separates some competing higher level actions that cannot operate 

simultaneously. 

The Behavior Synthesis Architecture, developed by Eustace et a/ [12], was 

specifically designed for a cooperating system of multiple robots. This architecture 

15



consists of individual behavior patterns that accept sensory input and generate a motion 

response, along with a utility. Since behavior patterns can operate in parallel, conflicts 

arise with multiple motion responses. The utility, which is a measure of importance, is 

used to resolve conflicts, allowing the robot to address the highest priority action. The 

behavior synthesis architecture has been tested on two real mobile robots that are tasked 

with moving a pallet from one location to another. To achieve effective control of the 

cooperating system of robots, the utilities of the behavior patterns must be adjusted 

accordingly. Values for the utilities are determined through a series of experiments. For 

example, when the obstacle avoidance utility is set high relative to the utilities for carrying 

pallets, the robots will drop the pallet rather than bump into an obstacle. After the utilities 

have been fine tuned, the robots can successfully negotiate obstacles while delivering the 

pallet to its destination. 

Behavior-based architectures have added another dimension of robustness and 

reliability to decentralized systems of mobile robots. Additionally, the reactive behavior 

that this architecture affords means that robots can handle increasingly more complex 

goals and environments. 

2.2.3 Self-Organization Algorithms 

One of the collective behaviors required of the Army Ant swarm is spatial self 

organization. It is relatively easy to get a swarm of robots to gather around a beacon. If 

they are to collectively lift a pallet, however, they must be uniformly distributed. As 

mentioned previously, the Army Ant swarm shall be capable of dynamically adjusting its 

size for different tasks. Work involving the coordination of a swarm of robots has yielded 

simple algorithms for the formation of a circle, simple polygon, line, or the division of 
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robots into two or more groups [34]. These algorithms offer a fully distributed method 

for coordinating a swarm, but are based on the assumption that each robot knows the 

position of all other robots. It is assumed that robots do not know their absolute position, 

and cannot determine absolute direction. Therefore, a robot cannot be commanded to 

move to a specific position. Computer simulations produce satisfactory results as long as 

the total number of robots is sufficiently large (= 20), and the robots initially are randomly 

distributed. 

One drawback of the aforementioned algorithms is that each robot is required to 

know the position of its farthest neighbor. This requirement may be too burdensome for 

the Army Ant swarm, primarily because we wish to use an inexpensive sensing system to 

measure range. Viable options such as ultrasonic range sensing have limited range, usually 

under 10m. Unsal [36] developed several algorithms for the organization of Army Ants 

into 2-D and 3-D arrangements, using only distances to goal beacons and nearest 

neighbors. Still, position sensing is not trivial; an agent must be able to first distinguish its 

neighbors from other objects in the environment, and then measure relative range and 

direction. Mataric's [23] mobile robots are equipped with radio transceivers, which use 

two radio base stations to triangulate the robots’ position. The radios are also used to 

distinguish robots from other objects. In keeping with the autonomy of the Army Ants, 

we hope to avoid using any fixed beacons or base stations to determine position. We 

present a possible range and direction sensor in Chapter 5. 
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2.2.4 Sensors 

There are three main areas of emphasis in DRS research [4]: physical 

construction, communication, and algorithms. The latter topic, which deals with trying to 

develop behaviors to accomplish tasks, comprises much of the work in multiple robot 

systems. Communication has not been addressed nearly to the same degree as algorithms, 

yet it is an equally important component of multi-robot systems. In swarms of mobile 

robots communication tends to be implicit; that is, robots use sensors to obtain 

information about each other rather than being addressed directly. To date, many 

physically realized systems of mobile robots have used very basic IR sensors for obstacle 

avoidance and target detection. As goals and environments become more complex, we 

contend that a higher degree of control of the swarm will be necessary. To our 

knowledge, algorithms for the organization of robots into geometric formations have been 

tested only in computer simulations, where more sophisticated sensor data such as range 

and bearing are assumed to be available. It is our intention to review some of the sensor 

technology, much of which was developed for single autonomous mobile robots, and to 

note which technologies do not translate well to multiple robot systems. 

A multi-sensory approach is typically used for the navigation of a single 

autonomous mobile robot. One example is HILARE [15], a mobile robot whose 

navigation system consists of a CCD camera, a laser rangefinder, ultrasonic transmitters 

and receivers, infrared sensors, and optical shaft encoders. The ultrasonic sensors are 

used solely for obstacle avoidance, while the main perception system consists of the 

camera and laser rangefinder. HILARE is capable of measuring its position relative to 

objects or its absolute position within a frame of reference, which is established by fixed 

infrared beacons. Another mobile robot, GOPHER [21], has a very similar vision system. 
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Unfortunately, sophisticated perception systems such as these are not practical for multiple 

robot systems. Laser rangefinders are very expensive; the cost of equipping a swarm of 

twenty robots with laser sensors would most likely be prohibitive. 

Flynn [13] suggest a simpler multi-sensory system for autonomous robot 

navigation and room mapping. She combines infrared (IR) and ultrasonic sensors, in a 

complementary fashion, to form an inexpensive ranging system. Ultrasonic rangefinders 

can measure depth fairly accurately, provided the target surface is favorably oriented. 

Borenstien [5] proposes ultrasonic sensors for obstacle avoidance, but points out that they 

exhibit a high degree of directional uncertainty. Ultrasonic rangefinders use a time of 

flight calculation to determine range, wherein the time for a sonic signal to travel to a 

target and back is counted. A sonar beam incident on a smooth surface is reflected at an 

angle equal to the angle of incidence. Consequently, an echo may not travel directly back 

to the sensor; rather, it may bounce off several objects before it is actually detected, or 

may not be detected at all. Because infrared sensors have accurate angular resolution but 

provide poor depth measurement, they are usually used simply to detect the presence of an 

object. The IR sensor emits a pulse of light and indicates whether a return pulse was 

detected. While the distance to the object is not determined, the absence or presence of an 

object is ascertained with a high degree of certainty. Used together, IR and ultrasonic 

sensor provide an accurate ranging system. 

Eustace [11] warns that traditional ultrasonic and infrared sensing systems are not 

feasible in a multi-robot scenario due to interference between sensors. He employs a non- 

interfering ultrasonic sensing system on two mobile robots, Fred and Ginger, for obstacle 

avoidance. The system uses piezoelectric transducers that are tuned to separate 

frequencies. Eustace does not specify the bandwidth of the frequency separation. It is 

unclear whether this system is viable for a swarm of mobile robots. 

19



Given the interference problems associated with ultrasonic and long range IR 

sensors, and the cost of laser rangefinders, perhaps the best sensor for obstacle detection 

in a swarm of robots is the short range IR detector. This sensor works well as long as 

robots have sufficient time to react before colliding into an object. For other capabilities, 

such as position sensing, the choice of sensors is not as apparent. Sensing and 

communication is a critical area that must be further developed to meet the growing 

challenges of distributed multi-robot systems. In Chapter 5 we discuss some of the 

sensors used in the Army Ant scenario. 
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3. Coordination Scheme 

The Army Ant swarm, originally intended for material transport applications, 

requires a coordination scheme that allows agents to simultaneously perform actions such 

as changing speed, lifting a pallet, and steering. Various aspects of the material transport 

scenario, wherein many agents cooperate to move pallets from one location to another, 

have been studied in depth. Unsal's research focused on developing spatial self- 

organization algorithms that distribute Army Ants around a pallet, or goal [36]. Stilwell 

[32] studied the problem of controlling the Ants once they are underneath a loaded pallet. 

This research addresses the problem of coordinating the Army Ants without explicit 

communication or central control. 

Bay [2] was the first to suggest agent heartbeats, mtroduced mm Chapter 1, as a 

way to coordinate the large, homogeneous swarm of Army Ants. In the proposed scheme, 

coupled nonlinear oscillators form a global group dynamic that coordinates the actions of 

individual robots without residing in any agent. Each robot is equipped with a nonlinear 

oscillator tuned to a unique frequency. We refer to the oscillator outputs as heartbeats. 

Van der Pol oscillators were chosen to generate the heartbeats because of their 

entrainment properties, which allow an agent's heartbeat to adaptively respond to the 

behavior of all other agent heartbeats. In order to demonstrate multi-agent coordination 

we realized three heartbeat circuits and observed the entrainment behavior over a wide 

range of coupling factors. 
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In building the van der Pol oscillators we are able to force many engineering issues 

that may otherwise be overlooked, or that cannot be reliably predicted through simulation. 

First, we would would like to know: Can we achieve satisfactory performance when the 

oscillators are built using inexpensive, standard tolerance parts? Also, what are the 

limitations of the practical circuit? We will ascertain whether the realized system of 

coupled oscillators behaves similarly to our simulated system. 

In addition to investigating the van der Pol oscillators we address the problem of 

coupling them. We evaluate several different wireless communication options for 

coupling the oscillators and discuss our choice-an FM link. Some phase distortion is 

expected when we broadcast the oscillator signals with FM transmitters. Through 

experimentation we determine what effect FM coupling has on the system performance; if 

the effects are adverse, we consider whether or not they can be tolerated. 

3.1 Van der Pol Model 

The oscillators are described by the van der Pol equation: 

x" +(x? -I)x’+a@’x=0 (3.1.1) 

where i is a parameter that affects the degree of nonlinearity? of the oscillator and @? is a 

gain parameter that roughly corresponds to the frequency of oscillation. The van der Pol 

equation can be represented by the block diagram shown in Figure 3.1.1. 

  

3In the sense of harmonic content. 
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Figure 3.1.1. Block diagram of a single van der Pol oscillator. 

The oscillator shown in Figure 3.1.1 represents a heartbeat circuit, of which each 

agent has one. The input signals x; through x, represent the heartbeats of all other agents 

whose signals are within "hearing" range. The received signals are coupled through a 

summing junction and added to the oscillator's feedback path. The coupling strength is 

represented by the multiplicative weights 1,,...,4,.. A coupling factor, A, can range in 

value from 0 for no coupling to 1.0 for full coupling. 

For our research we use a three oscillator model, in which each heartbeat couples 

to two other heartbeat signals. The heartbeat circuits are identical except that each is 

assigned a unique value for the frequency parameter w*. For simplicity, we choose i as 

unity. When . is large it is extremely difficult to predict the regions of entrainment for a 

coupled oscillator network. It has been shown theoretically that for small u ((( 1) we can 

predict the regions of frequency entrainment for a van der Pol oscillator excited by a 

driving frequency. Simply stated, if the frequencies are not too different harmonic 
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entrainment will occur. In the case of harmonic entrainment an oscillator synchronizes to 

the driving frequency [16,20]. If the frequency separation is large, but the ratio of the 

frequencies is in the neighborhood of an integer or a fraction, frequency entrainment may 

still occur. The later type of entrainment is called higher-harmonic or subharmonic 

entrainment since the oscillator entrains to a frequency that is a multiple or submultiple of 

the driving frequency [16]. When py is made large the mathematical analysis of the van der 

Pol equation becomes very complex, and we are unable to predict the regions of 

entrainment. However, it has been shown through analog simulations that two mutually 

coupled van der Pol oscillators exhibit stable limit cycle oscillation for values of u ranging 

from 0.1 to 1.0 [20]. Furthermore, our own simulations have indicated that frequency 

entrainment occurs for large numbers of mutually coupled van der Pol oscillators when u 

equals 1.0. 

3.2 Heartbeat Behaviors 

The behavior of coupled nonlinear oscillators is dependent on the coupling 

configuration. Oscillators can be configured as either a mutually coupled network or a 

ring coupled network as shown in Figure 3.1.2 (a) and (b). In a mutually coupled 

network all oscillators are coupled to one another. This type of arrangement results in 

synchronization behavior, wherein all heartbeats in the network entrain to a common 

frequency that is greater than any of the original heartbeat frequencies. Entrainment to a 

common frequency occurs regardless of the free (uncoupled or unforced) frequencies, as 
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long as no two frequencies in a network have a large* frequency separation. We are 

concemed with the synchronization behavior for our coordination scheme. 

Oscillator 1 Oscillator 1 

  

Oscillator 2 he Oscillator 3 Oscillator 2 he Oscillator 3 

(a) (b) 

Figure 3.1.2. A three oscillator network in (a) mutually coupled and (b) ring coupled 

configurations. 

Coupling as a ring requires an oscillator to couple to only one nearest neighbor. 

Ring coupled networks have been shown to exhibit interesting behaviors when negative 

(inhibitory) coupling is used [2]. When the number of agents in such a network is odd, 

agent heartbeats will entrain in frequency but splay in phase. For an n agent network, the 

pair-wise phase differences are integral multiples of 27/n radians (or very close). Splay- 

phase behavior enables agents to determine the total number of agents in a network; to 

achieve a total count, agents detect the smallest phase distance between themselves and 

their neighbors and divide this number into 2. Splay-phase behavior may also be useful 

in situations where agents have to perform some function in sequence. 

  

‘In simulations of a mutually coupled three oscillator network, harmonic entrainment was not possible for 
frequency ratios greater than 2.5 (subharmonic entrainment sometimes occurred). 

>A nearest neighbor can be defined as the closest in distance or in frequency. 
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Ring coupled networks with inhibitory coupling display an entirely different 

behavior when the number of agents in the network is even. In this scenario, heartbeats 

still entrain in frequency but divide into two phase locked groups whose phase difference 

is 180 [2]. This behavior, referred to as divide-by-two behavior, is useful when a swarm 

needs to break into smaller groups for tasks requiring fewer agents. 

Both mutually coupled and ring coupled networks can exhibit leader-follower 

behavior. When one agent in a network stops "listening" to others’ heartbeats, it 

automatically becomes the leader. Then, instead of entraining to a higher common 

frequency, all heartbeats in the network entrain to the leader's frequency. There are many 

different techniques that could be used for leader selection. For example, in a scheme 

similar to Miller's [24], each agent would waive an opportunity to lead if it detected a 

heartbeat frequency higher than its own. The agent with the highest heartbeat frequency 

would be elected the leader of the group. By using agent heartbeats to elect a leader, we 

do not violate the Army Ant's requirement for homogeneity; every agent possesses the 

ability to lead and may be chosen to lead in a random gathering of agents. Additionally, 

leadership is only a temporary assignment since groups reorganize, and not all tasks 

require a leader. 

3.3 Hardware Implementation 

3.3.1 Oscillator Realization 

The van der Pol oscillators were built very inexpensively using off the shelf parts. 

Operational amplifiers configured as amplifiers and summers are used to realize the gains 

and summing junctions shown in Figure 3.1.1. A noninverting integrator, called a Deboo 
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Integrator, is used for integration. Deboo integrators are often used in analog circuits to 

minimize the number of opamps required. For signal multiplication, we use analog 

multipliers. 

While the oscillator realization is almost a straightforward adaptation of the block 

diagram, a direct synthesis of (3.1.1) yields a very low frequency oscillator with a limited 

frequency range. The frequency parameter w2 roughly corresponds to the actual oscillator 

frequency. In simulations 2 is unbounded, so an oscillator has an unlimited frequency 

range; the practical circuit, however, is limited by the power supply and the region of 

linear operation of the opamp. Thus, the gain stage representing w~ must be low enough 

to avoid clipping at the output. The direct realization of the van der Pol equation yields an 

oscillator whose operating frequency is in the 1-2 Hz range, with w2 set at its upper limit. 

It is impractical to broadcast such low frequency signals over any type of communication 

medium. For an RF communication link, the oscillators must operate above 300 Hz—most 

RF receivers filter frequencies below 300 Hz in order to reduce noise interference. 

Time scaling is used to adjust the oscillator frequencies into a range that is 

practical for RF communication. We start by introducing an independent variable t and 

defining the relationship: 

T= at (3.3.1) 

where « is the time scaling factor [18]. Now, writing the differential relationships we get: 

dt=adt (3.3.2) 

d? =o'dt? (3.3.3) 
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Rewriting (3.1.1) explicitly we have: 

d’x 

dt’ 
  +(x? — pF +o%x =0 (3.3.4) 

By substituting (3.3.2) and (3.3.3) into (3.3.4) we have the van der Pol equation written in 

terms of the independent variable 1: 

2 

Te tals? - Zax =0 (3.3.5)   ae 

Equation 3.3.5 can be rewritten so that it becomes evident how to incorporate the time 

scaling into Figure 3.1.1. 

2 Xx dx d’x 
——_ 3 x’ = x” = 3.3.6 

a dt dar ( ) 
  

f 

x"= (1-x?)~-@ 
a 

We see by examination of (3.3.6) that the time scaling reduces to simply adjusting the 

integrator gains by a. 

While time scaling is used to move the oscillator frequencies into a practical range 

(>103 Hz), we still have an upper limit on the frequency parameter 2 to prevent clipping 

at the output. Since a noninverting gain stage is used to represent @, we also limit the 

frequency parameter on the low end to values greater than or equal to unity. Staying 

within the range for @2, we can choose three sufficiently separated frequencies for our 

three oscillator network. Because our prototype system only has three oscillators, we 

chose to time scale all three oscillators by the same amount, relying solely on o to 
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provide frequency range. To accommodate more oscillators we need only to time scale 

groups of oscillators by different factors. 

Figure A.1 shows the schematic of the van der Pol oscillator. Standard tolerance 

resistors and capacitors were used in building the circuit. With the exception of the 

Deboo integrators, no effort was made to tighten tolerances by hand screening 

components. The Deboo integrator, however, requires matched resistors. The circuit 

provides for the variation of two parameters, @ and A, through resistor pots (we address 

computer control of parameters later). All circuit inputs and outputs are isolated by high 

impedance voltage followers. To reduce possible noise problems, power supply 

decoupling filters are used on all IC's and each circuit is placed inside of and grounded to a 

metal shield. 

3.3.2 Wireless Coupling 

In choosing a communications medium to transmit agent heartbeats, several 

criteria must be considered. The communication system must be inexpensive, reliable, 

suitable for indoor or outdoor operation, and have reasonable range. There are several 

options for low cost wireless data links. For short range communication links, infrared 

and ultrasound are two popular media, but to synchronize a large swarm of agents spread 

out over a large area we may need more range than these media offer. The primary 

disadvantage, however, in using infrared or ultrasonic communication links is that their 

directional transmission beams cannot provide reliable coupling. Object interference or an 

inability to maintain a line of sight are likely to prevent two agents from keeping their 

heartbeats locked. Thus, an omnidirectional communication link, such as an RF link, is 

most desirable for synchronizing a group of agents through mutual coupling. 

29



In keepmg with the Army Ant specifications, a simple and low cost RF 

communications link is used to couple the oscillators. Oscillator signals are broadcast 

using miniature FM transmitters that are tunable. Portable digitally tuned FM radios are 

used as receivers. Consider a mutually coupled, three oscillator system as shown in Figure 

3.3.1: each unit consists of a transmitter that is used to broadcast its own signal, and two 

radios that are tuned to receive signals from the other two units. Unit 3 receives signals 

xz and x7, sums them, multiplies them by a coupling factor, and then adds the signal to its 

own output x3 to form the oscillator feedback. The coupling factor can be varied by using 

the volume knob of the radio to change the amplitude of the received signals, or by 

changing the gain of the coupling factor gain stage. 
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Figure 3.3.1. Experimental setup for a three oscillator system with FM coupling. 

In our experimental setup we assign a separate carrier frequency to each heartbeat 

circuit to keep an oscillator from "listening" to its own heartbeat. Using this broadcast 

method, a system of 7 agents requires that each agent have n-1 receivers, each tuned to 

receive a different carrier frequency. For larger groups of agents we suggest that every 
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heartbeat shall be transmitted over the same carrier frequency as depicted i Figure 3.3.2. 

Then, each agent receives a composite of all the heartbeat signals on a single receiver. 

The summing of the heartbeat signals takes place in the receiver stage rather than in the 

oscillator circuitry. In this scheme, an oscillator's own output signal x is included in the 

received composite signal. Therefore, the feedback occurs in the communications link 

rather than in the circuitry. This method may require some additional filtering if we wish 

to feedback x with unity gain, while coupling x; through x, at some factor other than 

unity. 
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Figure 3.3.2. Three oscillator system with an improved FM communication link for 
coupling heartbeats. 

    

            

The range of our broadcast system is dependent upon the type of antenna used 

with the FM transmitters. The transmitters have a range of up to 1/3 mile with a 12" wire 

antenna, but that range may be extended as much as 1 mile with a more sophisticated 

antenna. The system can be operated continuously for approximately two days on a 9V 

battery. 
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3.3.3 Computer Control of Oscillator Parameters 

To maintain autonomy in our Army Ant agents, we must give them the capability 

to control their own oscillator parameters. Some aspects of swarm coordination require 

more than just synchronization at a fixed frequency. The speed controller discussed in 

Chapter 4 relies on changes in coupling strength to effect global changes in the speed at 

which agents are commanded to travel. Thus, agents shall be capable of changing their 

coupling strength, as well as coupling or decoupling themselves from the heartbeat and 

varying their frequency parameters. We assume that each agent can sense when to couple 

or decouple their oscillators. One obvious situation in which an agent would voluntarily 

decouple itself from the network is when it detects that its "health" is failing. For 

example, an agent's battery voltage can easily be monitored, so when the battery 

discharges to the point that it can no longer support a critical load such as the drive 

motors the agent realizes its futility and takes appropriate action. Under normal 

circumstances, agents are not permitted to change their pre-assigned frequencies. Yet in 

the case that an agent detects a failure mode it can decrease its frequency to avoid any 

possibility of being elected a leader. 

Figure 3.3.3 shows a block diagram of the circuit that was designed to provide 

automatic parameter control. To increase coupling strength, an agent's microprocessor 

need only issue pulses to the clock input of the up/down counter and issue a "1" for a 

count up command to the up/down input. To decrease coupling, the same procedure is 

applied except that a count down command is issued with a "0". A digital-to-analog 

converter produces an analog control voltage, ranging from 0 to 10 volts. A voltage-to- 

current stage changes the control voltage to a control current, which gets fed to an 

operational transconductance amplifier (OTA). The OTA converts the mput voltage (the 
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sum of the heartbeat signals) to an output current at a gain proportional to the control 

current. Lastly, we employ a current-to-voltage stage to get the desired output signal in 

the form of a voltage. The transfer equation of the circuit is: 

Vo = AVi , where A= Ventrl   (3.3.7) 

When an agent wants to decouple from the network it counts down completely, producing 

a control voltage of zero volts; consequently, incoming heartbeats are "coupled" with a 

gain of zero. If inhibitory coupling is desired, we can configure the digital-to-analog 

convertor for bipolar operation. The gain, A, in the above circuit corresponds to the 

coupling factor, A. A detailed circuit schematic is shown in Figure A.2. 
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Figure 3.3.3. Block diagram of automatic coupling control circutt. 
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3.4 Experimental Results 

In section 3.2 we discussed the translation of the van der Pol oscillator model to 

the actual circuit and some of the differences that result. In this section we present both 

the simulation and circuit results of a mutually coupled, three oscillator system. We 

compare the performance of the simulated system to the hardware implementation. 

Additionally, we see how the FM coupled system compares to a system with hardwired 

coupling. 

We simulated three uncoupled oscillators with frequency parameters: @,2=1.2, @ 

77=1.3, and @32=1.4. Using the same settings, we acquired data from the hardware 

implemented oscillators and compared the results. Figures 3.4.1-3.4.3 show the 

uncoupled oscillator responses for both the simulated and actual cases. The operating 

frequencies of oscillator 1 and oscillator 2 matched the simulation within 2.5%. Oscillator 

3 differed by 7.5% from the simulation. These errors could be made extremely low if 

precision resistors are used in building the oscillators, and gains are carefully trimmed to 

the exact values. Table 3.4.1 shows a table of the operating frequencies for the simulated 

and actual oscillators. Keeping in mind that a time scaling factor of 1000 was used, one 

sees that the frequency parameter roughly determines the oscillator frequency as expected. 

Table 3.4.1. Oscillator frequencies for the simulated and actual three oscillator network. 

  

  

  

    

Oscillator 1 Oscillator 2 Oscillator 3 

Freq Parameter @12=1.2 07=1.3 032=1.4 

Simulated (Hz) 1245 1301 1352 

Actual (Hz) 1272 1329 1454         
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We refer to the frequencies, @;, in Table 3.4.1 as the natural frequencies. In the 

following experiments we use the ratio of the entrained frequency to the natural frequency 

as a basis for comparing actual and simulated results. First we compare the results of our 

oscillator network, with coupling effected by hardwired connections, to the simulated 

network. We measured the entrained frequency and the signal amplitude for coupling 

factors ranging from A=0.1 to A=1.0. In each case all oscillators were set to the same 

couplmg factor. In Figures 3.4.4-3.4.7 we see that the performance of the actual 

oscillators matches the simulated results extremely well, with the deviation increasing 

slightly with increasing @2. Oscillator 3, with the highest frequency, showed the greatest 

deviation from the simulated results. 

Two trends are evident from our data: the ratio of entrained frequency to natural 

frequency increases almost linearly as the coupling factor increases, while the amplitude 

decreases with increasing coupling strength. Note that the actual oscillators do not show 

any data for A=1.0. When unity coupling was used with the actual oscillators entrainment 

still occurred, but oscillators 1 and 3 were separated by a large dc bias. The amplitude of 

the input signal was too large for the actual VDP circuit. In this instance, we are 

reminded once again of the disparity between practical electronic circuits and simulations. 

Our simulated model of the coupled van der Pol oscillators, which was developed using a 

systems level simulation package called SIMULINK, can be improved with techniques 

such as using hard limits to represent opamp saturation and replacing simplified transfer 

functions (e.g., 1/s for an integrator) with more realistic versions. Modeling the oscillators 

with a circuit simulator would provide the most accurate results since each electronic 

component is separately modeled, yet this method is unwieldly for a coupled, many 

oscillator system. 

35



Figures 3.4.8-3.4.11 show the results when the same experiments are repeated, but 

we use an FM link to couple the oscillators. With FM coupling the oscillators entrained to 

much lower frequencies than when a hardwired connection was used. Additionally, the 

increase in coupling strength did not have as much effect on the oscillator amplitudes m 

the FM coupled network. There is significant error between the performance of simulated 

oscillators and the FM coupled oscillators, but more importantly, the trends are still 

similar. Just as important is that the behavior of the FM system is consistent. The 

relationship between frequency ratio and coupling factor is slightly more lmear for the 

simulated oscillators. The frequency ratio verses coupling factor data for the FM coupled 

oscillators looks similar to the simulated results, but rises with a smaller slope. The error 

is greatest at the highest coupling factor. The amplitude data starts out with simulated and 

FM coupled oscillators matching very well at low coupling, has the greatest error between 

A=0.3 and A=0.5, and shows little error at higher coupling factors. 

A large portion of the error in the FM data can be attributed to the manner in 

which the data was acquired, rather than to the FM system. When the heartbeat circuits 

were connected to the data acquisition board, the transmitters were as close as 1 foot from 

each other. Unlike most miniature FM transmitters, which have a 5mW output power, our 

transmitters have a 75mW power output. While the higher output power affords a greater 

broadcast range, at close range there is considerable interference between devices. 

Distortion is noticeable in the received heartbeat signals, so we expect the behavior of the 

van der Pol oscillators to be affected. 

In a scenario where agents are randomly distributed rather than clustered together, 

there is less interference and the behavior of the FM coupled system is likely to improve. 

One cannot expect perfect performance, however, out of an inexpensive FM system. In 

order to achieve distortionless transmission there are two criteria that must be met [33]: 
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the system must have a constant magnitude response, and its phase shift must be linear 

with frequency. Given an input /(#), a distortionless output g(t) is of the form: 

g(t)=Kf(t-t.) (3.4.1) 

The output has a time delay and a constant gain K. Taking the Fourier transform and 

using the time shift property, we have the required system transfer function: 

H(@)=Ke*"’ (3.4.2) 

While amplitude distortion is a problem in AM systems, FM systems are plagued 

by phase distortion. The phase distortion results when the phase relationship between the 

carrier and the sidebands are altered [19]. Phase equalization networks can be used to 

correct this problem. Of course a price is paid for higher quality signal processing. One 

disadvantage of using inexpensive off-the-shelf communications hardware is that circuit 

schematics and specifications are often unavailable, and it is difficult to know exactly what 

type of performance to expect. Nevertheless, our broadcast-based coordination scheme 

does not demand a high quality FM link. We are more concerned that the oscillators stay 

entramed and that the network behaves accordingly to changes in coupling factor, than we 

are with the specific entrainment frequency. 

Figures 3.4.12-3.4.17 show some of the results for a three oscillator system 

entramed to a common frequency. Data was acquired using both hardwired and FM 

coupling. In the hardwired cases we captured the data as the oscillators moved from free 

oscillation to full entrainment. We see that there is a brief transient that occurs between 

the time when the oscillators first couple until they settle to the entrained frequency. The 
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transients were too long in the FM cases to display the transition in one frame. Thus, 

these graphs show the oscillators after they are fully entrained. Figure 3.4.18 shows the 

behavior of the network in a leader-follower configuration. We elect oscillator 2 as leader 

and see that the leader does not change its behavior, but the followers entrain to the 

leader's frequency. Unlike in a mutually coupled configuration, when oscillators entrain to 

a leader their entrained frequencies are not in phase. 

3.5 Concluding Remarks 

We have synthesized three heartbeat circuits and studied their behavior as a 

coupled network. We showed that the behavior of our actual coupled network is almost 

identical to our simulated network of van der Pol oscillators. When we used an FM 

communication link to effect coupling between oscillators some error was introduced. 

The error, however, does not adversely affect the overall goals of the broadcast-based 

coordination scheme. We require only that all heartbeats stay entrained to either a 

common frequency or to a leader frequency, and that entrainment frequency increases with 

mcreasing coupling strength. 

The feasibility of achieving multi-agent coordination with agent heartbeats has 

been demonstrated using our three heartbeat circuits. Heartbeat synchronization was 

achieved consistently for all coupling factors ranging from 0.1 to 1.0, both in leader- 

follower and mutually coupled scenarios. In the next chapter we apply the coordination 

scheme to control an agent's speed. 
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Figure 3.4.6. Ratio of entrained frequency to natural frequency vs. coupling factor for the 

simulated and actual oscillator 3 (o2=1.4). 
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Figure 3.4.7. Amplitude vs. coupling factor for simulated and actual oscillators. 
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Figure 3.4.8. Ratio of entrained frequency to natural frequency vs. coupling factor for the 

simulated and actual oscillator 1 using FM coupling (@2=1.2). 
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Figure 3.4.9. Ratio of entrained frequency to natural frequency vs. coupling factor for the 

simulated and actual oscillator 2 using FM coupling (@2=1.3). 
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the simulated and actual oscillator 3 using FM coupling (o2=1.4). 
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Figure 3.4.11. Amplitude vs. coupling factor for simulated and actual oscillators with FM 
coupling. 
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Figure 3.4.13. FM coupled oscillator network entrained to 1415 Hz (A=0.1). 
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4.0 Global Speed Control 

Our broadcast-based coordination scheme will be applied, m many cases, to 

sumultaneously initiate a common action within a swarm of Army Ants. Used in this 

manner, the entrained frequency serves only as a trigger; as long as all the agents' 

heartbeats synchronize, their coupling strength is irrelevant. We choose to demonstrate a 

more interesting application of the coordination scheme that makes use of two properties 

of mutually coupled heartbeats. To control agents' speed we require synchronization 

behavior so that all agents travel at the same velocity. Also, we employ a property 

presented in our results from Chapter 3: the entrained frequency increases almost linearly 

with increasing coupling factor. Thus, we effect a global change in speed by changing the 

strength at which heartbeats couple. 

In this chapter we explain the importance of global speed control to the Army Ant 

scenario. Then, using the three heartbeat circuits developed in Chapter 3 we show how to 

implement the global speed control. We discuss the additional hardware required to 

mterface the heartbeat circuit to motor controller chips and to the Army Ant's processor, 

the 68HC11 microcontroller. Lastly, with one heartbeat integrated into an Army Ant® we 

use the global dynamic created by the three heartbeats to control the Ant's speed. The 

performance of the speed controller is evaluated for several different coupling factors. 

  

Only one mobile robot was available for the experiment. 
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4.1 Motivation 

To illustrate the significance of global speed control we employ once again the 

material handling scenario. One situation where it is desirable to have all agents moving at 

the same velocity is when agents must cooperatively carry a pallet. Assuming that agents 

beneath a pallet can align themselves along the direction of motion (see [32]), we would 

like them to travel at common speed while carrying the load. A pallet only rests on top of 

a group of agents—it is not rigidly attached. Consider a group of agents that are 

transporting a pallet but not traveling at a uniform speed. Slower moving agents may 

eventually lose contact with the pallet as faster agents carry it away. The faster agents risk 

dropping the pallet because they are too few in numbers to support the load, or they are 

unevenly distributed. 

While not as critical as the pallet carrymg example, global speed control is useful 

for some ground maneuvers. Suppose a group of agents must search a large area. Agents 

traveling at the same speed will cover roughly the same amount of ground and expend 

their resources at the same rate. In this manner, we avoid a situation where some agents 

are crawling along not accomplishing much while others are exhausting their resources far 

too quickly. The intention of the Army Ant swarm is to accomplish goals cooperatively, 

with no one agent assuming a greater role than another. By exercising speed control we 

can better maintain homogeneity in the level of activity of the swarm. 

As we have previously discussed, an important characteristic of our coordination 

scheme is that it reacts globally to local changes. If for some reason one agent in the 

heartbeat network senses that it must decrease its speed it will lower its coupling strength, 

causing the entire heartbeat dynamic to oscillate at a slower frequency. The global 

reaction of the network implies that if a group of agents is carrying a pallet towards an 
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obstacle, only a few agents in front need to detect the danger in order to elude disaster. 

As soon as the few agents begin to slow, their reaction will be sensed by the heartbeat 

dynamic and every member of the group will decrease its speed accordingly. 

4.2 Hardware Implementation 

To realize our global speed controller we need a way to transfer information from 

the heartbeats to the motor controllers. We show that this is accomplished very easily 

using a frequency-to-voltage converter. Also, we want the speed to be affected only when 

the heartbeats are coupled. When heartbeats are oscillating freely agents are not 

considered to be part of a collective and do not need to be coordinated. 

4.2.1 Heartbeat to Motor Controller Interface 

The first stage of our interface is a frequency-to-voltage (F/V) chip. A frequency- 

to-voltage converter outputs an analog voltage that is proportional to the frequency of the 

input signal. The gain, specified in volts per Hz, is user defined by a few external resistors 

and capacitors. Our motor controller chips require a digital velocity command. 

Therefore, we need to insert an analog-to-digital converter between the output of the F/V 

converter and the motor controller. The motor controller outputs a pulse width 

modulated signal to an H-bridge circuit, which drives the motors. The 68HC11 

microcontroller includes an analog-to-digital converter; so with only one additional 

integrated circuit (the F/V converter) we can interface a heartbeat circuit to an Army Ant's 

motor control hardware. The interface provides a velocity command to the motor 

controller that varies linearly with the heartbeat frequency of oscillation. 
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The question arises: How do we keep the frequency of uncoupled oscillators from 

influencing agents’ speed? The key lies in the fact that, in a mutually coupled system of 

van der Pol oscillators, the entrained frequency will always be greater than any of the 

original free frequencies regardless of the coupling factor. Consequently, we can set a 

frequency "trip point" that is slightly greater than any free frequency in a network. 

Assuming that the frequency separation between any two robot heartbeats is small, the trip 

point can be fixed. In our motor control algorithm we issue a "do nothing" command 

when voltages at or below the voltage corresponding to the frequency trip pomt are 

received from the F/V converter. An output from the F/V converter that is above the trip 

point indicates that the system has coupled. Only then does the velocity command to the 

motor change proportionally with the heartbeat frequency of oscillation. 

Each Army Ant shall have the described interface between its heartbeat circuit and 

its motor control electronics in an actual scenario. In this experiment we use three 

mutually coupled heartbeats with only one heartbeat integrated to an Army Ant. Thus, we 

acquire velocity data on only one agent. We have already shown in Chapter 3 that the 

heartbeats will entrain to a common frequency. Given that the trip points and frequency- 

to-voltage gains are the same in every interface, we can assume that the global heartbeat 

dynamic effects the same speed command in all agents. 

4.2.2 Speed Control Parameters 

For the speed controller experiments we use the mutually coupled system from 

Chapter 3 with the same frequency parameter settings. Recall that the free frequencies of 

the realized oscillators were 1272 Hz, 1329 Hz, and 1454 Hz. We arbitrarily choose 2.0 

volts as the voltage trip point and set the gain of the frequency-to-voltage converter to 
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750 Hz/V. These trip point values ensure that the global speed control will remain 

inactive until the system is fully coupled. The heartbeat frequency must increase above 

1500 Hz before the velocity command to the motor is affected. 

The actual gain of the frequency-to-voltage converter was measured as 821 Hz/V, 

providing us with a higher frequency trip point (1642 Hz) than anticipated. The F/V gain 

could have easily been tweaked, but the exact value of the trip point is inconsequential for 

the purposes of the speed control experiments. In practice, however, it is best to set the 

frequency trip point as low as possible (but not lower than any free frequency in the 

network) since we have shown that FM coupling sometimes results in low entrained-to- 

free frequency ratios. 

The analog-to-digital converter, internal to the 68HC11, outputs an eight bit 

number from 0 to 255 for an analog input range of 0 to 5 volts. The drive motors are 

specified for a maximum of 25 revolutions per minute. A separate subroutine, which 

contains the algorithm for the global speed controller, is called by the main motor control 

routine. The main function of the global speed controller routine is to determine the new 

velocity command (in revolutions per minute) if the 8-bit A/D value indicates a coupled 

system. The routine leaves the velocity command unchanged if the 8-bit A/D value 

imdicates an uncoupled system. The following flowchart summarizes the logic contained 

in the speed controller routine. The default setting for the "do nothing" command in 

Figure 4.2.1 is 9 rpm, which corresponds to an analog voltage that is slightly below the 

trip point. 
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Figure 4.2.1. Flowchart for global speed controller algorithm. 

4.3 Experimental Results 

The control of the Army Ant drive motors is open loop with respect to velocity; 

ie., we do not utilize tachometers to provide feedback. Therefore, only commanded 

signals are at our disposal. We choose to acquire the motor velocity command data to 

evaluate our global speed controller rather than the signals to the motors. The motor 

drive signals are pulse width modulated, and not as convenient a format. In the first set of 

experiments we use hardwired coupling, and observe the commanded speed to the agent's 

drive motors as its heartbeat transitions from freely oscillating to fully entrained. We 

repeat the experiment for three different coupling factors: A=0.3, A=0.5, and A=0.7. As 

expected, the speed command increases with increasing coupling strength. 

Given the entrained frequency data collected in Chapter 3 and the conversion gains 

used in the speed controller, we can predict the speed commands for each coupling 
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factor’. Note that predicting the speed at which coupled agents will travel is not a goal of 

the global speed control application. The object of the speed controller is to ensure that 

all agents move at a common speed, and that any change in an individual's speed will be 

reflected in every agent whose heartbeat is part of the dynamic. The entrained frequency 

is dependent upon the number of agents in the network. For large systems it may be 

imconvenient to predict the speed, and impossible if the number of agents is unknown. 

Besides, the Army Ant concept does not support deterministic, centrally computed 

knowledge. Yet comparing the predicted speed to the data we acquired provides a useful 

check to validate our controller. 

Table 4.3.1 shows the predicted speeds for the three coupling factors based upon 

the entrained frequencies acquired in Chapter 3, as well as the speed data collected in 

these experiments. The fact that the predicted data matches the actual data so closely 

indicates that the frequency-to-voltage conversion remains linear over a wide frequency 

range. 

Table 4.3.1. Predicted and actual speed data for hardwired coupled system. 

  

  

  

  

    

coupling factor entrained frequency predicted speed actual speed 

Xr Hz rpm rpm 

0.3 1724 10.50 10.45 

0.5 1950 11.88 11.82 

0.7 2136 13.00 12.99         

  

7The entrained frequency divided by the F/V gain gives an analog voltage. This voltage, when multiplied 
by the maximum rpm (25 rpm) and divided by the maximum A/D voltage (5 V), provides the expected 
speed. 
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The same experiments were conducted using FM coupling. While we can expect 

the entrained frequency to remain constant for a given coupling factor and a set number of 

agents when hardwired coupling is used, this is not the case when heartbeats are coupled 

through FM. Just as we experience degrees in the quality of reception on our FM radios, 

the performance of our broadcast-based system is subject to vary somewhat with external 

mterference. Therefore, it is not very meaningful to compare the predicted speed to the 

actual speed in the FM case. We have already validated the speed controller with our 

hardwired data, so we present the FM data in a slightly different manner. Using the speed 

data acquired with FM coupling, we can work "backwards" and estimate the entrained 

frequencies. The entrained frequencies from these experiments, when compared to the 

Chapter 3 data, provide an example of how the performance of the FM system can 

deviate. Table 4.3.2 summarizes the data for three different coupling factors. 

The error between the acquired speeds for the hardwired and FM cases is under 

5% for }=0.3 and A=0.5 and under 10% for A=.7. The A/D output, which provides the 

speed command to the motor controller chip, was acquired and converted to a rpm value 

in our software routine. Figures 4.3.1-4.3.6 show plots of the commanded speed for cases 

in which the heartbeats were coupled via hardwired connections and FM. At an arbitrary 

time during the data acquisition the oscillator receivers were turned on. The subsequent 

step in the speed occurs as the system transitions from an uncoupled to a coupled system. 

The level of the commanded speed of the coupled system is dependent upon the coupling 

factor used. Notice that the graphed speeds are all integer values. It was discovered that 

our C compiler is not capable of performing floating point arithmetic. Consequently, the 

decimal portion of our answer is truncated when the algorithm calculates the new velocity 

command. The velocity data shown in Tables 4.3.1 and 4.3.2 was obtained through 

examination of the raw output from the A/D. 
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Table 4.3.2. Speed data from FM coupled system. 

  

  

  

  

        

coupling factor entrained frequency | entrained frequency speed 

A Ch. 3 data Ch. 4 data rpm 

0.3 1507 1674 10.16 

0.5 1590 1844 11.23 

0.7 1828 1964 11.91 
      
4.4 Concluding Remarks 

We have shown that the heartbeat dynamic can easily be applied as a global speed 

controller. To interface the heartbeat circuit to an agent's motor control hardware, only 

one additional IC is required. The essence of the speed controller interface, the frequency- 

to-voltage converter, exhibited a highly linear response over a wide range of input 

frequencies. 

The performance of the speed controller compared favorably to predicted results. 

We showed that changes in coupling strength produce the same directional trend in the 

commanded velocity to an agent's drive motors. Additionally, we have verified that the 

error introduced by coupling the system through an FM communication link is at an 

acceptable level. In short, our broadcast-based coordination scheme was successfully and 

simply applied to one of the more complex behaviors requiring coordination. The results 

attained in our speed control experiments serve to reinforce our confidence that the 

heartbeat concept is a viable method for coordinating many actions within the Army Ant 

swarm. 
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Figure 4.3.2. Global speed for an FM coupled oscillator network with a coupling strength 

of A=0.3. 
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Figure 4.3.4. Global speed for an FM coupled oscillator network with a coupling strength 

of A=0.5. 
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Figure 4.3.5. Global speed for a hardwired oscillator network with a coupling strength of 

A=0.7. 
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Figure 4.3.6. Global speed for an FM coupled oscillator network with a coupling strength 

of A=0.7. 
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5. Sensors and Self-Organization 

Thus far, this research has focused largely on synchronizing actions with our 

nonlinear heartbeat network to achieve coordination. There are many complex behaviors 

that can be achieved using only the local information inherent in the heartbeat signals, as 

we have demonstrated with our speed controller example. Unfortunately, the problem of 

spatial self-organization, a collective behavior that is critical in the coordination and 

control of the Army Ant swarm, cannot be resolved so easily. 

While this research does not attempt to solve all coordination problems that might 

arise in the Army Ant scenario, we are particularly interested in spatial self-organization. 

Without the ability to self-organize, our broadcast-based coordination scheme can be of 

limited use to the Army Ant swarm. In some instances, especially in the material transport 

scenario, Army Ants must be properly distributed before we can begin to synchronize 

them. We expect to use our broadcast-coordination system, along with self-organization 

algorithms, to effectively coordinate the Army Ant swarm. The overall objective is to 

prove that it is possible to coordinate and control distributed multiple robotic systems 

using only local information obtained from inexpensive sensors. In keeping with the 

hardware oriented nature of this thesis, we will discuss some of the additional sensors 

required to accomplish our goal, especially those needed for self-organization. 

In Chapter 2, we discussed briefly Unsal's work on spatial self-organization 

algorithms. He developed routines that organize Army Ants into 2-D and 3-D 
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arrangements using only locally sensed information. Unsal's work provides a completely 

distributed method for organizing agents around a pallet or into various other formations. 

Yet even the most simple algorithm, the formation of a circle around a goal, requires the 

following assumptions: 

i) Each agent can compute the range and direction to its nearby neighbors and to 

goal beacons. 

ui) Each agent can distinguish between beacon signals and agent signals. 

While these assumptions do not seem unreasonable, position sensing is not trivial. 

Triangularization is frequently used in mobile robotics to determine position. Typically, 

infrared or radio beacons are placed in a robot's environment to provide a frame of 

reference from which the robot can triangulate its position. A more expensive method of 

triangularization involves the use of a laser and a CCD camera, and is more popular in 

single, autonomous mobile robots than in multi-robot systems. The position finding 

problem is exacerbated in the Army Ant scenario by the strictly enforced requirements for 

agent autonomy. The working environment of the Army Ant swarm is not restricted to 

indoor space. We maintain that the Army Ant concept can be applied to many different 

environments, including those underwater and in space as well as harsh working areas 

such as mines, battlefields and construction sites. In unpredictable environments the use 

of beacons is impractical. Thus, the Army Ant agents require a self-contained position 

sensing system that is cost effective (lasers, cameras, and other sophisticated vision 

systems are not). In the next section we propose a range and direction sensor that will 
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provide the necessary information for the Army Ant's self-organization algorithms®. 

Detailed schematics for all the subsystems of the range and direction sensor, as well a goal 

beacon, are presented. We show how we can provide agents with the capability to 

distinguish between beacons in the environment and other robot's signals. 

5.1 Range and Direction Sensor 

Our range and direction sensor comprises three main sections: an ultrasonic 

ranging system, an infrared (IR) transmitter and receiver, and a stepper motor. The 

ultrasonic system measures range, while the IR hardware is used to distinguish robots 

from other objects in an environment. The stepper motor serves two purposes. First, it 

provides the range and direction sensor with a 360 degree field of view by scanning 

continuously. Additionally, the stepper motor enables a robot to ascertain angular 

position simply by counting steps. The range and direction sensor is self-contained and 

does not require any a priori information about the environment. In the following 

sections, we describe each subsystem in detail. 

5.1.1 Ultrasonic Ranging System 

Our ultrasonic ranging system includes a commercially made unit that contains an 

acoustical transducer and a ranging board. The electronics needed to control the 

transducer are on the ranging board. In this system the transducer functions as both the 

transmitter and receiver, and is capable of detecting the presence of and distance to 

  

8Our position sensing system does not provide information about agents' absolute positions. The self- 
organization algorithms only require the relative positions of neighbors. 
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objects within a .6 to 35 foot range. The transducer is of the electrostatic type, and has a 

40 beam width [29]. Figure 5.1.1 shows a typical beam pattern. A range is determined 

by measuring the time delay between the transmission of a pulse of sound and the return of 

its echo. This method is know as time of flight (TOF). 

A block diagram of the ranging board, shown in Figure 5.1.2, consists of a digital 

section, a power interface circuit, and an analog section. The digital section generates the 

low voltage transmit pulses, while the power interface circuit steps the voltage to 400 

volts and sends the high voltage pulses to the transducer. Lastly, all the signal processing 

electronics required to clean and shape an incoming echo are contained in the analog 

section. The ranging board employs automatic gain control to tailor the gain to the 

imcoming signal. Automatic gain control is essential in this system since the signal power 

of an echo from an object 35 feet away from the sensor is one million times weaker than 

that of an object only 3 feet away [29]. 

User Interface 

While the electronics necessary to control the ultrasonic transducer are contained 

within the ranging board, the ranging board itself must be controlled by an external source. 

We interface the 68HC11 microcontroller to the ranging board, and it provides the 

necessary timing and the calculation of the distance. Figure A.3 shows a schematic of the 

ranging board. To initiate a range measurement the user must set the INIT line high. The 

ranging board then sends a chirp consisting of sixteen drive pulses to the transducer, 

which takes approximately 360 microseconds. The user must wait 1 millisecond after 

setting INIT high for the transducer ringing to cease before setting the BINH line high. 

This 1 millisecond delay precludes the measurement of objects closer than .6 feet. 
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Whenever the BINH line goes high, the ranging board is triggered to begin "listening" for 

an echo. The ranging board indicates the receipt of an echo by setting the ECHO line 

high. A timer in an external routine begins counting when BINH is set high and stops the 

count when ECHO goes high. The total count multiplied by the speed of sound gives the 

round-trip measured distance. 

After an echo has been detected, INIT and BINH must be reset to low. 

Furthermore, if no echoes are detected within a user specified length of time, INIT and 

BINH are reset. The user can increase the possibility of detecting distant objects by 

adjusting the echo sensitivity gain, VR1. Too much gain, however, can result in a false 

echo detection immediately after the transmit period. 

While the power requirements of the ranging board are nominally under 100 

miliamps at 5 volts, the current can peak at 2 amps during the pulse transmission period. 

To prevent a large drop in the power supply voltage under peak load conditions, we place 

very large capacitors (300uWF) between power and ground both on the ranging board and 

at the other end of the interface cable. 

5.1.2 Infrared Receiver and Transmitter 

Our ultrasonic sensing system is capable of measuring the distance to objects 

within a certain range. It does not, however, have the capability to discriminate between 

Army Ant agents and other obstacles in the environment. We need a sensor that allows an 

agent to recognize when a fellow robot is in the line of sight of its transducer. 

We use an infrared link to establish the condition that a robot is "looking" at a 

neighbor. The ultrasonic system is commanded to take a range measurement only when 

this condition is met. Otherwise, a robot's ultrasonic transducer is scanning but is inactive. 
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Each robot shall have a ring of IR light emitting diodes (IR LEDs) mounted around the 

base of the stepper motor. Additionally, the robots shall be equipped with an IR detector, 

which is mounted to the motor shaft. The emission beams of the IR LEDs shall be 

narrowed so that the IR energy is focused rather than scattered. Beam focusing can be 

accomplished rather simply by installing a piece of tubing over each IR LED. As shown in 

Figure 5.1.3, the IR detector lies in the same horizontal plane as the IR LEDs and rotates 

with the motor shaft. The IR detector is always active as it scans; when it encounters an 

IR beam from another robot it signals the ultrasonic ranging unit to take a measurement. 

IR Transmitter 

The IR transmitter used in the range and direction sensor is adapted from 7he 

Robot Builder's Manual [26]. Figure A.4 shows the schematic of the IR transmitter 

circuit. The 68HC11 microcontroller provides two clocks: 2 MHz and 100 Hz. An 

external counter is used to divide the 2 MHz clock down to 40 KHz-the center frequency 

of the IR detector. The 100 Hz clock inhibits the counter so that the counter output is a 

modulated signal with a 40 KHz carrier. An amplifier stage boosts the current of the 

frequency modulated signal. The amplifier output drives the eight IR LEDs that are wired 

in parallel and mounted around the base of the stepper motor. All robots use the same IR 

modulation frequency in order to reduce the complexity of the tone decoding circuitry at 

the receiver end. Consequently, agents are not capable of distinguishing individuals. 

Using a fifty percent duty cycle for the modulated signal, we obtained a range of 

20 feet for the IR transmitter. To improve the range, we need only increase the 

instantaneous power to the IR LEDs. We can do so by shortening the duty cycle and 

increasing the LED drive current. 
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IR Receiver 

The IR receiver, shown in Figure A.5, consists of an IR detector and a tone 

decoding circuit. The detector is most sensitive to IR energy in the near infrared range’, 

and an internal filter reduces the detector response to ambient light. The mcoming IR 

signal must be a modulated 40 KHz signal, as shown in Figure 5.1.4. The detector 

removes the 40 KHz carrier leaving only the envelope of the original signal. 

The detector output is capacitively coupled to the input of a tone decoder chip. 

Whenever the tone decoder detects a frequency within its very narrow bandpass filter it 

drives its output low. The center frequency of the tone decoder bandpass is set with 

external components, and can range from 100 Hz to 1 KHz. The tone decoder shown in 

Figure A.5 is set to detect a 100 Hz tone. The 68HC11 microcontroller monitors the tone 

decoder output, and activates the ultrasonic ranging unit when a high-to-low transition is 

detected. 

5.1.3 Stepper Motor and Driver 

A small, low torque motor is used to scan the ultrasonic transducer and IR 

detector a full 360 degrees. In this application a stepper motor provides a distinct 

advantage over the direct current motor: we can count steps to calculate angular position. 

A software routine shall command the motor to the same starting position whenever the 

range and direction sensor is initialized. We shall measure the angle relative to this fixed 

starting point. This technique requires that our software routine continuously count steps 

as the motor rotates but record the step count only when the IR sensors indicate the 

  

°The near infrared range is 880 nm to 1080 nm. 
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presence of another agent. The count is reset after the motor completes one full 

revolution. 

The step rate of our motor is .9 degrees per step. Therefore, the motor advances 

four hundred steps in one revolution. The angle, @, at any given step count can be easily 

determined by the following equation: 

(deg) = sor ° 360 (5.1.1) 

where x is the current step count and spr is the total number of steps per revolution. 

We choose to drive our four coil motor in a half step mode to improve the angular 

resolution of our angle measurements. Because the motor driver chip provides the proper 

input sequencing to the motor coils, we need only a few external current limiting resistors 

to complete the drive circuit, shown in Figure A.6. The 68HC11 microcontroller 

interfaces directly to the driver chip to enable or disable the drive, and to control the 

direction and step mode of the motor. 

The clock input to the driver is also provided by the microcontroller. The clock 

speed determines how fast the stepper motor scans. We shall choose the scan rate such 

that echoes from distant objects can be detected before the transducer has rotated out of 

the echo acceptance range. For example, we would like to detect an object that is 35 feet 

away. An ultrasonic signal takes about 55 milliseconds to travel a round-trip distance of 

70 feet. Additionally, our transducer has a 20 degree angle of acceptance. If the motor 

driver clock frequency is set at 180 hertz, the transducer will traverse approximately ten 

degrees before the echo is detected. Thus, 180 Hz is a reasonable starting point for the 

clock frequency. We may adjust the clock frequency when the range and direction sensor 
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are tested on two or more Army Ants in order to experimentally determine which value 

provides the best results. 

5.2 Goal Beacons 

As we discussed earlier, the spatial self-organization algorithms that were 

developed for the Army Ants require that agents sense the positions of neighbors and goal 

beacons. Yet, in our discussion of the range and direction sensors we assume that the 

sensors are used only to determine the positions of nearby neighbors. We can extend our 

concept further to the sensing of goal beacons. 

A goal beacon can be any radio, infrared, or ultrasonic signal that robots can sense. 

The primary function of a beacon is to enable an agent to locate a destination. In the 

material transport example, Army Ants locate pallets by sensing beacons. For this 

research we propose an infrared goal beacon, shown in Figure A.7. This circuit works 

similarly to the IR transmitter described earlier. The beacon circuit, however, is 

completely autonomous and battery powered. We use a dual timer to develop a 

modulated 40 KHz signal. One timer is set to oscillate at 40 KHz, while the other is set to 

a much slower frequency and is used to inhibit the first timer. The modulated signal drives 

a ring of IR LEDs. 

We modulate the goal beacon signal at a frequency other than 100 Hz, which is 

used by the agents’ IR transmitters. Then, by adding another tone decoding circuit in 

parallel with the existing one we provide agents with the capability to distinguish between 

goal beacons and signals from fellow agents. To accommodate additional beacons we 

need only add more tone decoder chips tuned to the appropriate frequencies. 
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5.3 Further Issues 

We have proposed a completely distributed method for position determination 

within the Army Ant swarm. If our proposed system performs satisfactorily, the Army 

Ant agents will be equipped to spatially self-organize. We have yet, however, to test our 

range and direction system in a multiple robot scenario. There are several assumptions 

that we have made in our position sensing concept that must be proven correct. The first 

and most critical is the following: because the ultrasonic sensing unit is not continuously 

active there will be a minimum of interference between ultrasonic devices. In a more 

traditional application, such as room mapping, wherein ultrasonic devices are always 

active as they scan a room, we could not extend the single frequency ultrasonic ranging 

units to a multiple robot system. 

We also assume that the likelihood of two active transducers facing directly at one 

another is small. This situation could result in a robot falsely recording the distance to its 

neighbor as half the actual distance. 

Lastly, by narrowing the emission beams of the IR LEDs and reducing the beam 

acceptance range of the detector, if necessary, we hope to reduce the imcidence of 

detecting reflected IR energy. As with any system that utilizes ultrasonic sensors, we 

expect that our position data will be rather noisy—nevertheless, the Army Ant concept is 

based upon the premise of sacrificing highly accurate sensors for large numbers of 

inexpensive robots. In future work we must introduce sensor error into our spatial self- 

organization algorithms to see whether or not the routines are robust. 
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6.0 Conclusion 

Distributed multi-agent systems such as the Army Ants offer new and promising 

possibilities in the application of robotics to industry. Despite the many advantages 

inherent to distributed robotics systems, they have traditionally been very difficult to 

coordinate and control due to the absence of a central supervisor or a hierarchy of 

command. Agents in a distributed system must be capable of collectively accomplishing 

tasks using only locally sensed information and little or no direct communication. Toward 

this goal, this research has introduced a broadcast-based coordination scheme that 

provides a global group dynamic that can control individual agents, is influenced by all 

agents, but does not reside in any agent. 

Our scheme addresses many of the coordination problems that exist in the Army 

Ant scenario without compromising any of the project's principles. In adhering to the 

principles of homogeneity and distributed control we maintain all of the benefits associated 

with the Army Ant concept. 

In the broadcast-based coordination scheme, agents are never addressed directly; 

all communication is indirect, in the form of broadcasts. Unlike direct communication 

systems which require a larger bandwidth as the number of agents increases, our method is 

completely scaleable. The group dynamic automatically adapts to changes in the number 

of agents in a coupled network. In fact, it reacts only to the composite of all the coupled 

heartbeat signals without regard to the number of heartbeats. As such, the scheme is 
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ideally suited for a dynamic swarm, wherein Army Ants adjust group size to fit the task at 

hand. 

While our coordination scheme requires the assignment of a unique heartbeat 

frequency to each agent, we in no way violate agents' homogeneity. The heartbeats are 

never used for the purpose of identification. They can, however, be used for 

discrimination during leader selection. We have shown that our scheme can be used to 

entrain agents to a leader's frequency. Yet, most of the proposed applications of the 

coordination scheme (e.g., synchronized steering, lifting, and speed control) only require 

entrainment to any common frequency. Furthermore, each heartbeat can replace any other 

heartbeat in a coupled network, and the failure of a heartbeat circuit results only in that 

particular agent being excluded from the coordination effort. Thus, our coordination 

method preserves the innate robustness of the Army Ant swarm. 

Just as the Army Ant swarm is a reactive/behavior-based system, so too is the 

coordination scheme's network of coupled heartbeats. The proposed method does not 

require any reasoning or planning. Rather, we exploit the known properties of coupled 

nonlinear oscillators to create the global group dynamic that controls agents' actions. The 

dynamic naturally reacts to any changes in the network; because the dynamic consists of 

the composite signal of all heartbeats in a network, it is sensitive to variations in individual 

heartbeats. The reactive nature of our scheme allows the Army Ants to respond quickly in 

a dynamic environment. 

The primary benefit of this research is that the broadcast-based coordination 

scheme was validated by the actual construction and testing of a system of heartbeat 

circuits. By realizing the concept with actual hardware, we are forced to avoid making 

assumptions that may later prove impractical. Some of the results of this research are 

summarized as follows: 
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The behavior of the realized heartbeats compared favorably to the predicated behavior 

that was obtained through simulation. A network of three heartbeats was shown to 

entrain either to a leader frequency or to a common frequency over a wide range of 

coupling strengths. 

It is possible to broadcast and receive heartbeats using an mexpenstve FM 

communication system. The FM link introduces some distortion into the network of 

coupled oscillators, altering its behavior somewhat. The deviations produced by 

coupling the system with FM do not adversely affect performance goals of the system. 

Computer control of heartbeat parameters allows agents to remain completely 

autonomous. Agents can control their heartbeat frequency and the strength at which 

they couple to the heartbeat dynamic. 

The broadcast-based coordination scheme can be used to synchronize many actions 

such as lifting or steermg. It can also be applied to more complex behavior, as 

demonstrated in the global speed controller example. We have demonstrated a simple 

controller that detects when an agent is part of a global group dynamic then allows the 

dynamic to control an agent's speed. In this manner, all agents in a network travel at 

the same speed and increase or decrease their speed in accord. 

Spatial self-organization is also necessary for the coordination and control of the Army 

Ants. A proposed range and direction sensor is presented that provides the 
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information required by the self-organization algorithms that have been developed for 

the Army Ants. 

This thesis supports the notion that distributed many-agent systems can be effectively 

coordinated and controlled using inexpensive, distributed methods. The broadcast- 

based coordination scheme, as well as the range and direction sensor, can be 

implemented using inexpensive, off-the-shelf components and equipment. 

There are a few areas relating to the coordination of the Army Ant swarm that 

require further research. They are listed below: 

We must further investigate the conditions under which agents will be permitted to 

vary their heartbeat parameters. Algorithms for executing this logic must be 

developed and tested. 

The improved FM communication system described in Chapter 3, wherein all 

heartbeats are transmitted over the same carrier frequency, must be built and tested. 

The process of electing a leader deserves further consideration. Additionally, we must 

investigate how to implement the idea of selecting as leader the agent with the highest 

heartbeat frequency with a minimum of communication and complexity. 

77



Appendix 

A. Circuit Schematics 

Circuit schematics are provided for the van der Pol oscillator, the oscillator 

parameter control circuit, and all the circuits related to the range and direction sensor. 
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