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• Objective:
– Synthesize distributed multi-robot systems that 

contain tens to thousands of robots interacting 
locally.
• Must achieve the desired aggregate behavior.
• Must be as understandable and predictable as 

possible.
• Approach:

– Design the systems from first principles using 
scientific methods amenable to analysis.

Project Objective
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Goals of Research

• Self-organization, self-healing, robustness, 
scalability.

• Macroscopic behavior from microscopic local 
interactions.

• Computationally efficient with minimum sensor 
information.

• The ability to be able to theoretically analyze the 
swarm system, in order to describe macroscopic 
behavior or set parameters of the system.
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Two Approaches

Biomimetics: Gain inspiration from
biological systems and ethology.

Physicomimetics: Gain inspiration from
physical systems.



08/13/04 UW Computer Science DepartmentUW Computer Science Department

Key Points

• Any aggregate behavior seen in classical 
physics is potentially reproducible with 
collections of mobile agents (similarity). 

• Furthermore, we are not restricted to 
copying physics precisely (modification)!

• We can use our understanding of classical 
physics to synthesize the collective 
behavior that we wish to see.
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Example: Solids

• Naturally occurring in physical systems 
(crystal lattices).

• Excellent for formations, which are useful 
for mobile distributed sensor networks, such 
as distributed antennae, or for distributed 
computation fluid dynamics tasks.

• Amenable to Newtonian analyses.
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Example: Liquids

• Excellent for obstacle avoidance or narrow 
passage traversal tasks, while flowing 
towards a goal.

• Amenable to fluid-flow analyses.
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Example: Gases

• Excellent for coverage, sweeping, and 
exploration.

• Amenable to kinetic theory analyses.
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Physicomimetics Framework
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Is it Behavior-Based?

• Not really, because behavior-based 
algorithms change velocity vectors directly.

• In physicomimetics, virtual forces create 
acceleration, which then modify the current 
velocity.
– Standard physics analysis tools are applicable.

– Also, the concept of momentum is inherent, 
which is very useful for actual (flying) robots.
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Solid Formations
• Create hexagonal lattices of agents (suggested by Rick 

Foch of NRL TEW for a distributed antenna).

• R is the desired distance between agents.
• F is repulsive if r < R and attractive if R<r<1.5R  

(Force is 0 if r > 1.5R).

• Each particle has a potential well around it; the particles 
move to minimize potential energy. Easy to extend 
framework to square and other lattices.

R

One agent Two agents Hexagon



08/13/04 UW Computer Science DepartmentUW Computer Science Department

Concept Exploration Tool

Display 
Screen

Control
Panel

Big
Bang

JAVA

QT
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Theory

• New laws to predict when liquid behavior 
occurs and solid behavior occurs.

• System obeys conservation of energy.

• New laws for optimal setting of parameters, 
which we use on the robots.

• Extremely useful for algorithm verification, 
both in simulation and on real robots.
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Physicomimetics Laws

For hexagonal lattices:

G t
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F max R p
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For square lattices:
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2 2
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When G > Gt , the formation acts like a solid. 
Otherwise, it acts like a liquid.

R is the desired
distance between
robots.
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Physicomimetics Laws

For hexagonal  lattices:
G opt
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Provides the optimal setting of G and unifies the most 
important parameters of physicomimetics.
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Hardware Objectives

• The possibility of swarms suggests building 
platforms with minimal hardware requirements:
– Minimize the sensing

– Restrict the onboard computational requirements

– Minimize and simplify communication

– Use inexpensive, expendable mobile platforms
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Robot Components
Handyboard                       Sharp IR Sensor                           Motor

Servo Motor                         Slot  Sensor                          Bumper Sensor
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Robot Platform

Two independent drivetrains
with castors.

Complete robot with cardboard
skirt and sensor platform.

Slot sensors

Servo

Sharp IR sensors
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Robot Implementation

• Platforms need to be able to sense range and 
bearing to neighbors. This is called relative 
localization (“ where are you” , as opposed to 
“ where am I ” ). Currently using Sharp IR 
sensors, but much faster and accurate technique 
under development.
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Localization with IR Sensors
radar
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Seven Robots in Formation

This is the largest number of robots we’ve ever seen get into 
geometric formation. There is no global controller, and no GPS.

Initial configuration (1)

Final configuration (4)
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Seven Robots Moving to Goal

This is the largest number of robots we’ve ever seen moving in 
geometric formation to a goal.  No global controller or GPS.

Initial configuration (1) Self-organization (2)

Movement to Goal (4)Movement to Goal (3)

Work by
R. Heil
of  UW

pgoal R
G

F
3
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Evolving vs Synthesizing

• Currently evolving force laws to create 
optimum self-organization of formations, that 
move towards a goal while avoiding obstacles.
– Several behaviors can occur: 

• Rotations of the formation as it passes through the 
obstacles,

• Stretching of the force bonds, or 
• Breaking of the force bonds. 

– These behaviors are not explicitly programmed – 
they emerge. They obey theoretical constraints, 
despite no explicit programming to that effect.
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Simulation

The behaviors learned are general and continue to work when the
goal is moved, agents are added/removed, or obstacles are added
removed. [Work by S. Hettiarachchi of UW].
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Another Example…

• Also currently evolving force laws to create 
optimum target detection by simulated 
MAVs (DARPA).
– Either “pulsing”  or “gas-like”  behavior occur. 

Again, the emergent behavior is easily 
understood and obeys theoretical constraints.

The behaviors learned are general and continue to work when
MAVs are added/removed, the sensors degrade, the environment 
changes, or the amount of foliage changes. [Work by W. Kerr, S. 
Hettiarachchi and D. Zarzhitsky of UW].
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Simulation
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Conclusion

• Physicomimetics is a framework for 
controlling swarms of robots, in order to 
achieve physics-inspired behavior.

• Due to the physics underpinnings, it is 
amenable to theoretical analysis, which is 
useful for verification of simulations and for 
setting parameters in actual robotics 
systems.


