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Abstract


Previous work in the field of self-building structures dealt mainly in building structures with a complex rule set, mimicking primarily the building schema of wasps. However, our approach involves a simpler pheromone-based system. For our project, we use a group of autonomous agents with different modus operandi that follow the guidelines of our approach to eventually build a three-dimensional structure.

Introduction

The Problem


Is it possible for computers or computerized agents to build good structures using simple rules? A good structure is here defined as a structure with globally consistent features despite local variance.

Prior Work


In Swarm Intelligence: From Natural to Artificial Systems, chapter six discusses rule-based structure-building: depending on surrounding agents, new agents determine where they belong, having a fairly intensive wasp-inspired rule set.


Professor Alcherio Martinoli and his fellow lecturers at Cal Tech presented various rule sets for this approach, having various models such as Stelopolyba (12 rules), Agelaia (13 rules), Vespa (13 rules), Parachatergus (21 rules), Artificial Structure (35 rules), and Chatergus (39 rules).


Doctor Rupert Soar and company, with their project TERMES (Termite Emulation of Regulatory Mound Environments by Simulation) looked to the termites in Africa to model a system of autonomous agents building structures.

Our Work


We used a pheromone-based rule set which uses some components from the three-dimensional lattice, and to some extent, uses the surrounding agents to determine where other agents belong; however lacks the complexity of too many rules, a la Martinoli et al.

Our Model

Technical Aspects


Our model used a three-dimensional lattice of cubes to represent the agents. The agents both emitted and followed pheromones to get to a stable position. The system used multiple types of pheromones, broadly classified as attractors or inhibitors, to either call forth agents or repel them. The pheromones decayed a percentage each time step and were diffused at different rates from every cell to each of its 26 neighboring spaces. With this, one could model wind by having pheromones diffuse in a certain direction. Likewise, one could have the pheromones diffuse in any desired manner to simulate a plethora of “natural” behaviors.


The model used multiple agent types acting mainly on pheromone thresholds. Each agent knew about its immediate surroundings: what pheromones were around adjacent and which agents were near. Based on this knowledge, the agent was able to deactivate (find a suitable resting place for the time being), reactivate (resume searching for an optimal resting place) and move to one of 18 possible cells (a 3x3x3 cube remove the eight corners and the middle cell).


To implement this environment, we used C# and the Direct3D API. Our program had two main classes: the Simulation class and the Agent class. The Simulation class handled the specific bounds of the simulation (height, width, depth of the environment, and such), which pheromones are used, how agents are added and the initial configuration of any seeding agents (inactive agents put in the environment to influence the active agents). The Agent class handled the individual agents activating, laying pheromones and moving throughout the environment.

Implementation


We implemented several simulations within our simulation suite, including a basic simulation, a wave simulation and a building simulation (our goal). The basic simulation had an agent seed whose pheromones caused other agents to build a spherical structure around the seed. The wave simulation had the pheromones diffusing in one direction, showing what would happen if wind were blowing on some simple agents. The agents deactivate either on the ground or on top of other blocks, and reactivate when the block below them is displaced or when the pheromone level is too high. This had an added emergent effect of looking like a fire simulation when a wall of agents built up along the far boundary.
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Fig 1. Sphere simulation.  Agents follow the pheromone gradient then deactivate.
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Fig 2.  Wave simulation.  Pheromone is diffusing to the left, while the structure moves to the right.
Agents
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In the building simulation, we used several types of agents to handle the structure-building. These included: floor agents, column agents, pillar agents and wall agents, whose behavior emulates closely that of their names.
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The floor agents emit floor inhibitors upwards and floor attractors horizontally. If the inhibitor is too high, they will tend to be active, searching for a better place. While searching, they move towards floor attractors.


Column agents emit column inhibitors horizontally and can only build on floor agents or other column agents. They do not deactivate when the column inhibitor is too high.


Now, one would suppose that these two agents would be quite all right for a building simulation; in fact, we do see regular structure emerge. However, this simulation lacks bounds, growing out to the simulation limits. Thus we included a pillar class, which constrained the building to stay within a certain radius.
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Pillar agents build on top of other pillar agents. If nothing is above them, they emit a pillar attractor in an upward cone; as well, they emit floor enabler pheromones horizontally. If they are active they follow the pillar attractors.
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Now we have stable structures that have a functional shape. In fact, if we destroy half of the structure, it rebuilds very quickly using cues from the existing half. If these structures are to exist in the real world, we would need some way of keeping the elements (wind, etc.) outside of the structure, where they belong. This led us to implement our next agent: the wall agent.


Wall agents emit no pheromones, but instead follow the pheromone gradients. They act after floor agents and column agents are fixed, attaching either to the side of a floor agent or atop another wall agent.


With all these agents in mind, we then simulated a colony. Each structure develops around a pillar, thus if there are multiple pillars, there are multiple structures. If the floor enabler pheromone is low enough, active pillar agents have a chance of deactivating if they are on the ground. Furthermore, since only the top agent on a pillar emits pillar attractor pheromones (upward in a cone), shorter pillars attract agents in a much larger volume than taller pillars, auto-balancing pillar construction. Running this simulation, the structure resembled a shopping mall, or some such similar structure.
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Fig 3.  Colony with walls.
Conclusion
Reflection


Our objective was to examine the feasibility of creating globally coherent, locally variant structures with simple digital agents. This was indeed feasible, requiring a bare minimum of agent and pheromone types. The agents reacted in very simple ways (follow or avoid) to pheromones and other agents.


By tweaking the direction of pheromone diffusion and the state function of a new agent, it was fairly easy to engineer whatever emergent effect we were looking for. An agent that sits still next to floor or on top of a similar agent cannot help but create walls.


Runtime per time step could not help but be high since pheromone across the simulation needed updating. We slowly improved total runtime by tweaking those pheromones responsible for bringing agents from far off locations to places they might decide to settle, but when a structure was nearly complete, it took much longer to fill in the remaining gaps.

Impact


The advantage of agents with pheromone intensive rules over those with rules depending on which agents are nearby is that pheromone densities are continuous: sensing pheromones requires much less hardware than looking across space to sense other agent types, and in fact gives more information because of pheromone diffusion. This assumes, of course, that we can produce a real-world analog to our digital pheromones. Some of our pheromones spread only along two dimensions and some spread only in a directed cone; gravity and an atmosphere could make this very difficult.


Space has no gravity and no atmosphere – it would be the ideal medium in which to build these structures. When we need to build in space, mass will be at a premium, so that self-building structures should be cheaper than sending up humans. Some way of reclaiming pheromones would probably be needed. Their advantage over overseer construction robots is adaptability, as their simple rules work even in the face of asteroid collisions, and human intervention would be very limited due to the speed of light.

Future Work


Our model will build structures that are aesthetically pleasing. We do not know if they could be stable in the real world. More fine-grained building to add supports, windows, vents, etc. would be needed before any actual structure could be built. The digital agents would need some mechanical real-world analog, certainly a non-trivial problem.


Theoretically, there is work to be done categorizing agent types and pheromone diffusion patterns. For instance, we reused the idea of a cone of dispersion and the idea of an agent that would build a one-dimensional column. These ideas could be improved and additional useful patterns could be developed.


Our model does not consider in-depth any external factors such as gravity, structural stability, malfunctioning agents, radiation, etc. A more complete model, probably targeted toward some specific building medium, would need to take these things into account.
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