Cristobal Baraycbaray@cs.indiana.eduRobotics Lab Computer Science - Indiana UniversityOn evolving communication in multiple agent systemsAbstract -This paper describes research on a model, where communication systems areallowed to evolve within a multiple agent system. The model is inspired thecommunication systems found in various groups of animals. Vocalized alarm callswere the goal of the model, however, the agents settled upon a simpler solution tothe threats posed by their environment. Yet, the agents did utilize a signallingsystem to flock towards positive areas in the environment.1.0 - Introduction -Some animals have exhibited the ability to use explicit communication to theiradvantage. The vervet monkeys of West Africa use a set of calls to signal the threedifferent types of threats most often encountered (Seyfarth, 1980). For instance, abark might signify a leopard, inciting a tree climbing escape, while a single coughalerts the monkeys to eagles and the monkeys will look in the sky while they seekshelter, and a double cough could represent a snake is nearby. The actual sound topredator mapping can differ from group to group. Some ground squirrels use alarmcalls as well, to warn others nearby of an immediate threat (Sherman, 1977). Thesize of the squirrels, combined with the varied terrain they live in, often limits theirvisibility. In these cases, using auditory signals to inform others of potential hazardscan be a significant advantage. Also, Asian elephants use low frequency sounds tocommunicate over several kilometers to coordinate herd movement and findmates (Payne, 1986).This paper presents a model inspired by these phenomena. The model creates anartificial world, where individual agents can interact with the environment andeach other. Production rules with environmental cues as antecedents and agentactions as consequents, determine an agent�s behavior. A genetic algorithm is usedto search through the space of production rule sets. The goal is to explore theconditions, for both the environment and the individual agents, wherecommunication would arise.1.1 - Previous models -Werner and Dyer (1992) presented a model where a communication system betweenthe different sexes in their model evolved. The females in their model were unableto move, but were able to see and speak. The males in their model were able to move and hear, but were blind. The goal of the simulation was to evolve a set ofsignals that the females could emit, in order to lead the males to them. Theirsystem would reward the couple that could find each other by spawning childrenfrom them. After many generations, the population of males and females hadsettled upon a set of genetic codes that allowed them to efficiently find each other,given their physical constraints. Their work is an impressive example of ArtificialLife research, however the model makes a strong distinction between sender andreceiver. How would the system change if an agent needed to act as both the senderand receiver?Later, Werner and Dyer (1993) take on a completely different model. Trying tocombine altruism and communication at a more life-like level, they created�BioLand�, where the agents evolved a herding behavior. Their agents weremodeled after Braitenburg�s vehicles, with evolving neural networks. The modeldisplayed some predator/prey dynamics, however, their goals of creating acommunication system were not reached. This was attributed to the success of theagent�s visual system. The agents were capable of visually sensing enoughinformation for their survival and there was no need to communicate. A communication system was evolved by MacLennan and Burghardt (1994). Theirexperiments involve one agent in a position where environmental cues areavailable. This agent is then given the opportunity to communicate with otheragents and inform them of the current state of the world. The others are rewardedfor performing the proper action (as defined by the programmers) in response to theactual state of the environment. Agents were evolved that were able to reliablyrespond to the environmental cues properly. Additionally, lifetime learning wasshown to have beneficial results. In another experiment, they reduced the numberof signals in the agents� vocabulary (to less than the number of responses), theagents resorted to a guessing method that had a restricted maximal fitness. Thus,the system was not able to successfully evolve a multi-symbol communicationsystem. 2.0 - The Model -Pulling from the strong points of the previous work, I created a new artificial world.The world is a collection of sites arranged upon a torus and the agents are able tomove freely from site to site. The agents have initial health values, which arereduced each time they are activated. When the agent�s health value reaches 0, it isconsidered dead. In addition to the agents, the world contains relatively large (withrespect to the agents) areas that were either beneficial or detrimental to an agent�shealth. These regions would appear periodically, in random locations, and wouldremain for varying durations. The areas were heavily biased towards thedetrimental type, creating an environment that tended to be dangerous to theagents. The world�s geometry, affecting areas, and the basic agent structure aresimilar in spirit to the Cellular Device Machine (Sieburg and Clay, 1991).

2.1 - The Agent -The agents are controlled by simple production system. The conditions of theproduction rules are combinations of possible input values logically OR�ed together.A logical NOT effecting the entire condition is optional. The agent�s inputs aregathered from 6 input channels - ¥ 1 visual channel (directed in front of the agent, with a 40 degree field ofview to either side and a limited distance). Other agents, along with positiveand negative areas could be identified visually.¥ 4 auditory channels (forward, left, right, behind; all again with a limiteddistance). This channel picks up the sounds emitted by other agents withinthe specified range. There are 3 different auditory signals recognized.¥ 1 tactile channel - Reports what other objects are in the same site as theactive agent.Example conditions are -(see positive area)(hear sound 1 on the left) OR (feel agent in same site)NOT ((hear sound 1 in front) OR (hear sound 1 on right))The values for the vision and auditory ranges were chosen as an attempt to modelan agent with limited vision and decent hearing. Smaller animals, in grass andbrush much taller than them, have limited visibility, but their hearing is for themost part intact. Likewise, elephants are using low frequency signals in order tocommunicate distances much further than they can see. The second Wernerexperiment suggested that the visual system was effective enough to eliminate theneed to communicate and was another reason why the visual system in my modelwas of a limited range. In the experiments run, the ratio of the areas covered by thetwo senses favors audition by a factor of about 30. Future experiments will try andfind relationships between this ratio and effective communication systems.If the production rule�s condition is matched by the environmental cues received bythe agent, then one of 8 actions is performed - ¥ Start moving forward (agent will move until the stop action is performed).¥ Stop moving¥ Turn left 90 degrees¥ Turn right 90 degrees¥ Emit signal 1, 2, 3 or none.Putting these two together, creates rules like these - if (see negative area) then start moving.if (hear signal 1 behind or see agent) then turn left 90 degrees.if not(hear signal 2 left or hear signal 2 right) then stop moving.

Agents are activated each turn in an asynchronous manner. Each turn, the agentwill first gather information from their local environment, creating a list of inputsto use with their production rules. The inputs are stored in a limited sized buffer,simulating a finite mental capacity and imperfect sensory system. Therefore, on anygiven turn, there is no guarantee that all the inputs from the environment wouldbe available to an agent. The rule set then uses the inputs to trigger actions, with theactions taking effect immediately. Then, the agent�s health value is adjusted. Onehealth unit is subtracted for the activation, and whenever an agent is on a positiveor negative area, its health is also appropriately adjusted. These environmentaleffects are the only reinforcement that the agent receives, in order to avoid anyprogrammer biases. I felt that reinforcing specific actions (turning left, if a positivearea is on the left) would be leading the experiment too much. Thus, theenvironment was the form of reinforcement. A final check is made for a healthvalue of 0 or less. If it is zero, the age (number of activations) of the agent isrecorded and the agent is removed from the world.2.2 - The World - The agents for an experiment were spawned from one genetic representation,creating a completely homogeneous population. Homogeneous populations wereused because it was assumed that cooperation could evolve quicker if each agent"knew" the behavior of any other agent it could come in contact with. That is, withall the agents acting in an identical fashion, I assert that a communication systemhas fewer evolutionary obstacles to overcome. Additionally, the similar innatebehaviors found in a closely related group of animals can be seen as an analogy withour homogeneous populations. Initial experiments with nonhomogeneouspopulations suggest that too much variety in individual behaviors substantiallyinhibits convergence upon a coordinated behavior. In a heterogeneous population,the individuals will react to signals in different fashions, as well as emit the samesignals in different environments. Indeed, this problem still occurs within ourmodel, though at a higher level. This will be discussed later, with the description ofthe genetic algorithm used.The spawned population sizes were kept small, in a range between 15 and 30individuals. This was done for a variety of reasons:¥ The pack sizes of animals that use audible alarm calls don�t tend to be thatlarge. An ant-like society, where the number of agents involved is muchlarger, was not our modeling goal.¥ Implementing this model in real world robots is a long term goal and inthat respect, materials, space, and cost become a consideration. Using smallerpopulation sizes in the model, should allow for a smoother transitionbetween the simulations and real world implementations.¥ The run times for the experiments have an order of n2. The mainbottleneck is the environment - calculating the environment for each objectgrows exponentially as the number of objects increase. Though there aresome algorithms that help to dampen the effects of large population sizes, there are still substantial differences between populations an order ofmagnitude apart.The fitness of a gene is the average lifespan of the agents spawned from it in theartificial world. Over the population of different representations for the agents, agenetic algorithm was used. When creating new agents, parents were chosen usinga weighted roulette wheel paradigm. The children resulting from the mating havea random collection of rules from each parent, with an occasional randomproduction rule added (there was no mutation performed on the individual rulesthemselves). The genetic algorithm was not as efficient as one might hope, as oftenthe parents chosen were using incompatible rule-set. This is evident when one setof rules is organized to react to sound A in a specific way, while another set of rulesis organized to react to sound A in a different specific way. These two sets ofbehaviors can be considered dialects, and the blending of the two sets of rules onlyyields a confused behavior. This is the same problem mentioned earlier thatheterogeneous populations present, yet it�s happening at the genetic level, than inthe individual�s lifetime. At the same time, this would be a drawback in mostrepresentations that did not provide high level, pre-defined, constructs for behaviorcontrol. I feel that the benefits of the unrestricted representation outweigh thegenetic algorithm�s inefficiencies.3. 0 - Results -The system has found rule sets that could reduce the average lifespan to 45% of theexpected lifespan (their rule set sought out the negative sites), as well as other setsthat could extend the lifespan to over 600% of the expected lifespan. As a measuringstick, the agent that takes no actions, and stays in one spot the entire time, generatesa population that lives for nearly 90% of it�s expected lifespan.3.1 - Behaviors -The single visual channel limited the agents quite a bit. The one visual input couldlead agents in the general direction of a good spot, however, unless they were on adirect course for the patch to start with, they would not find it. The lack of a left orright visual channel kept the agents from adjusting their direction towards thebeneficial locations, and often, agents would pass right by a advantageous area onlyone or two sites away. This is illustrated below, as 3 agents move right past apositive area (lightly shaded). One of the agents even gets as close as two sites awayfrom the area, but it goes unnoticed.

Without any predators being attracted to the emitted sounds, one might expectcommunication between agents to flourish. However, since the population ofagents were homogeneous, there were no �leaders�, which could direct a group ofagents. As a result, the only use of communication so far has been as a homingsignal for found beneficial locations (agents that could see or feel the positive areasignal). Communication was kept seemingly to a minimum, for if it was used toooften, meaning was lost. Indeed, agents which lacked the rule to stop emitting thesignal had an average lifespan significantly less than those that did (without the stopsignalling rule, agents had an average lifespan of approximately 160%). Imagine agroup of people constantly shouting �Over here� from all around you - it is hard togain any information from that situation.Again, the sensory structure limited the abilities of the agents. Without the 2 rulesto turn left and right according to the locations of the sounds, the agents could notreliably find the calling agent. With only one of the rules, the agents were severelyhandicapped. Without the 2nd rule to steer themselves back in the properdirection, the agent would turn itself once, then move away from the positive area.I will be exploring the effects of changing the structure of the actions (for instance,the actions might be orient towards and orient away from, instead of turn left andturn right).When the positive and negative areas were close to each other, the most fit agentsdid not settle on a behavior. They were continuously trying to move away from thenegative areas, while either being drawn to the positive area or trying to draw othersto the positive area. More aggressive threats that are mobile might force the agentsto commit to escaping.4.0 - Concluding remarks -The agents evolved behavior sets that allowed them to increase their averagelifespan to over 6 times their life expectancy. These agents found a way to increasetheir foraging efficiency by utilizing an auditory channel to supplement their poorvisual system. However, the goal of alarm calls were not reached. Additionally,these preliminary experiments point out the differences between avoidance anddetection tasks. While the visual system is much more limited in range than theauditory system, it is sufficient for the avoidance task. Yet its limitations are severeenough to restrict aiding the detection task, as close positive areas are often ignoredwithout communication. The omnidirectional characteristic of the auditory sensesprovides enough precision to assist (when combined with the proper turning rules)the detection task.A reason for this seems to be that the threats posed by the environment were notaggressive enough. The effects of more able predators on the behavior of the agentsis our next study. By co-evolving a separate population of predators, an arms racemight lead to the development of alarm calls - where avoiding threats much earlier is beneficial to an individual. An internal state register for the agents and its effectson the behavior of the individual and group, will also be studied. Although many systems have shown group behavior such as flocking and herdingwithout communication (Kube and Zhang, 1993, Mataric 1993, Reynolds 1987,Werner 1993; to name just a few), biological systems do use communication to theiradvantage. I feel that the study of omnidirectional communication merits moreattention, as it allows agents to extend their representation of the world, withoutexplicit programming or design. It is similar in some aspects to pheromone basedcommunication, as the environment is affected and the signal is available for anyagent to utilize. However, the immediate effect (both the onset and termination) ofauditory signals might be more suitable for some tasks. Also, implementations ofpheromone systems in robotics would be simulated or virtual representations,while a communication system as described here, could be directly implemented viainfrared signals.Finally, the simulator used is available on the World Wide Web as a Java applet - http://www.cs.indiana.edu/hyplan/cbaray/cseAcknowledgements -This research is supported by the National Science Foundation under grantsGER93-54898 and CDA93-03189. Many thanks are due to Dr. Hans Sieburg and Dr.Steve Johnson, for extensive suggestions and criticism.References - Braitenburg, Valentino. (1984) Vehicles. Cambridge, MA : MIT PressGoldberg, D. E. (1989) Genetic Algorithms in Search, Optimization, and MachineLearning, Reading, MA : Addison-WesleyKube, R.C. And Zhang, H (1993) Collective Robotic Intelligence.From animals toanimats 2, eds. Meyer, Roitblat, and Wilson. Cambridge, MA : MIT PressMacLennan, B. J. and Burghardt, G. M. (1994) Synthetic ethology and the evolutionof cooperative communication. Adaptive Behavior, Vol 2 (2), 161-188Mataric, M. J. (1993) Designing emergent behaviors : from local interactions tocollective intelligence. From animals to animats 2, eds. Meyer, Roitblat, andWilson. Cambridge, MA : MIT PressPayne, K. B., Langbauer, W.R., and Thomas, E.M. (1986) Infrasonic calls of the Asianelephant. Behavioral Ecology and Sociobiology, Vol 18, 297-301Reynolds, C. W. (1987) Flocks, herds, and schools : a distributed behavioral model.

Computer Graphics, Vol 21 (4), 25-34Seyfarth, R. M., and Cheyney, D. L. (1980) Monkey response to three different alarmcalls: Evidence of predator classification and semantic communication. Science, Vol210, 801-803Sherman, P. W. (1977) Nepotism and the evolution of alarm calls. Science, V o l 197:1246-1253Sieburg, H. B. And Clay, O.K. (1991) The CDM Development System for ModelingBiology on the Computerr. Complex Systems, Vol 5Werner, G. M. and Dyer, M. G. (1992) Evolution of communication in artificialorganisms. Artificial Life II , eds. Langton, Tayler, Farmer and Rasmussen. Reading,MA : Addison WesleyWerner, G. M. and Dyer, M. G. (1993) Evolution of herding behavior in artificialanimals. From animals to animats 2, eds. Meyer, Roitblat, and Wilson. Cambridge,MA : MIT Press