To appear in Artificial Life 6:4, 2000.Open Problems in Artificial Life**The first four authors shared the primary responsibility for writing this document.Mark A. Bedau, Reed College, 3203 SE Woodstock Blvd., Portland OR 97202, mab@reed.eduJohn S. McCaskill, German National Research Center for Information Technology, SchlossBirlinghoven D-53754 Germany, mccaskill@gmd.deNorman H. Packard, Prediction Company, 236 Montezuma St., Santa Fe NM 87501, n@predict.comSteen Rasmussen, EES-5 MS-D407 and T-CNLS MS-B258, Los Alamos National Laboratory, LosAlamos NM 87545, steen@lanl.govChris Adami, California Institute of Technology, Pasadena CA 91125, adami@krl.caltech.eduDavid G. Green, School of Environmental and Information Science, Charles Sturt University, AlburyNSW 2640 Australia, dgreen@life.csu.edu.auTakashi Ikegami, Institute of Physics, The Graduate School of Arts and Sciences, University ofTokoyo, 3-8-1 Komaba, Meguro-ku, Tokoyo 153 Japan, ikeg@sacral.c.u-tokyo.ac.jpKunihiko Kaneko, Department of Pure and Applied Sciences, University of Tokoyo, Komaba, Meguro-ku, Tokoyo 153 Japan, kaneko@complex.c.u-tokyo.ac.jpThomas S. Ray, Department of Zoology, University of Oklahoma, Norman OK 73019, tray@ou.eduAbstractThis paper lists fourteen open problems in artificial life, each of whichis a grand challenge requiring a major advance on a fundamentalissue for its solution. Each problem is briefly explained and, wheredeemed helpful, some promising paths to its solution are indicated.IntroductionAt the dawn of the last century, Hilbert proposed a set of open mathematical problems. They proved tobe an extraordinarily effective guideline for mathematical research in the following century. Based on asubstantial body of existing mathematical theory, the challenges were both precisely formulated andpositioned so that a significant body of missing theory needed to be developed to achieve theirsolution, thereby enriching mathematics as a whole.In contrast with mathematics, artificial life is quite young and essentially interdisciplinary. The phrase�artificial life� was coined by C. Langton [13], who envisaged an investigation of life as it is in thecontext of life as it could be. Although artificial life is fundamentally directed towards both the origins ofbiology and its future, the scope and complexity of its subject require interdisciplinary cooperation andcollaboration. This broadly based area of study embraces the possibility of discovering life-likebehavior in unfamiliar settings and creating new and unfamiliar forms of life, and it’s major aim is todevelop a coherent theory of life in all its manifestations, rather than an historically contingentdocumentation bifurcated by discipline. Artificial life�s practical implications are no less sweeping thanits scientific implications. It can guide how we use new technologies extending life and creating newforms of it, including drugs, prosthetics, the Internet, evolvable hardware, and proliferating robots. Ithas a vast potential both for good and harm, with a serious need for public debate and ethical clarity.Artificial life�s youth and mix of disciplines, as well as its practical consequences, only increase thevalue of publishing key open problems in the field. Authors at the Seventh International Conference onArtificial Life were explicitly invited to relate their research to the past and future of artificial life (see[1]), and the conference was preceded by widespread interest in formulating a set of grand challengesin artificial life. As a second generation of scientists commences work in this field, many agreed that apublicly recorded list of "grand" challenges could serve both to better define the core character andobjectives of the discipline and to provide starting points for useful new contributions to the field.The conference organizers (MB, JM, NP, SR) took on the task of achieving a coherent and preciselydocumented list of such challenges. The conference concluded with a round table discussion at which

panelists (including all the authors of this document) presented challenges chosen from a larger listthat they had collectively suggested. Further contributions followed from the floor, with participationfrom a large proportion of the conference delegates. Subsequently, all of this information wasrestructured and significantly extended by the conference organizers (in consultation with the otherauthors), and this work culminated in the list presented here. While not completely democratic, wehope our list presents a sensible compromise between representing a diversity of views andconstituting a coherent and structured list of challenges.Artificial life is foremost a scientific rather than an engineering endeavor. Given how ignorant we stillare about the emergence and evolution of living systems, artificial life should emphasizeunderstanding first and applications second, so the challenges we list below focus on understandingover applications. Although no monetary incentive is provided, the authors believe that the field willvigorously contest the challenges and that their solutions will bring rich rewards in terms of bothrecognition for those who solve them and scientific accomplishment in across the field. As withHilbert’s problems, formulating a clear and fruitful challenge provides direction for, rather thanreplacing, shorter term (e.g. five year) research goals, so the challenges reported here areunabashedly long term. However, the potential exists for some significant progress on at least the firstten in the next decade.A list of open problemsThe following is a structured list of key open problems in artificial life. Some goals involve practicalsynthesis; others involve theoretical analysis. The aim is not necessarily to make each problem whollyindependent of the others; some problems overlap or complement others, which may help totriangulate the deeper puzzles.The challenges are classified under three broad issues: the transition to life, the evolutionary potentialof life, and the relation between life and mind and culture. The challenges falling under the third issueare necessarily more speculative and open-ended, so this whole list may best be viewed as tenchallenges plus four areas of investigation. Moreover, some of the questions about mind and cultureinterweave scientific and non-scientific issues. Those issues are still important, though, not leastbecause addressing them is probably the best way clarify what in this area can be known scientifically.A. How does life arise from the non-living?1. Generate a molecular proto-organism in vitro.2. Achieve the transition to life in an artificial chemistry in silico.3. Determine whether fundamentally novel living organizations can arise from inanimatematter.4. Simulate a unicellular organism over its entire lifecycle.5. Explain how rules and symbols are generated from physical dynamics in living systems.B. What are the potentials and limits of living systems?6. Determine what is inevitable in the open-ended evolution of life.7. Determine minimal conditions for evolutionary transitions from specific to generic responsesystems.8. Create a formal framework for synthesizing dynamical hierarchies at all scales.9. Determine the predictability of evolutionary manipulations of organisms and ecosystems.10. Develop a theory of information processing, information flow, and information generationfor evolving systems.C. How is life related to mind, machines, and culture?11. Demonstrate the emergence of intelligence and mind in an artificial living system.12. Evaluate the influence of machines on the next major evolutionary transition of life.

13. Provide a quantitative model of the interplay between cultural and biological evolution.14. Establish ethical principles for artificial life.This list of challenges could be extended, of course. Some fundamental questions are missing, themost notable being the nature of life itself. This question is presupposed by a number of the problemslisted, however, and answering any problem will necessarily involve resolving anything it presupposes.Stating each challenge precisely enough that progress toward its solution can be unambiguouslymeasured is often beyond our grasp. However, where ambiguity remains, the discussion andevaluation of potential solutions can significantly clarify the challenge and contribute toward itseventual solution, in part by identifying and solving precise subproblems of those challenges. Theauthors are also aware that this list under-represents some areas in which artificial life plays asignificant role, such as robotics, games and art. In addition to promoting work on the issues listedhere, the authors seek to prompt others to identify and publicize additional fundamental challenges.Discussion about whether to add new challenges to the list will itself facilitate progress throughout thefield.Explanation of the challengesThe aim of this section is to describe the challenges as precisely as possible and to provide one or twostarting points in existing research for those seeking their solution. Existing research is mentioned onlyto clarify the context of a challenge; an exhaustive review of prior work is well beyond the scope of thispaper.1. Generate a molecular proto-organism in vitro.One of artificial life key goals is constructing a life form in the laboratory from scratch, and the firsttargets in this quest should be the simplest possible forms of life. Molecular life is understood as a self-reproducing organizational form constructing itself in a simple environment and capable of evolution.The environment may be defined either by natural geochemistry or artificially but should involve onlysimple forms of energy and material, so that the goal is to create an encapsulated biochemical systemthat can derive energy from simple chemicals or light (a simple form of metabolism, e.g. by redoxcoupling) and use information carried in primitive genes. This proto-organism, which may be heldtogether by a lipid aggregate, should be able to self-replicate, use energy and nutrients from itsenvironment, undergo evolutionary changes over time, and die.Artificial life research has succeeded in creating both self-replicating (templating) molecules whichshow limited evolution and self-replicating compartments (micelles, lipid aggregates). However,combining these in an autonomous, evolvable, self-replicating autopoietic system remains a challenge.Complementing this bottom-up approach, a top-down approach based on the success of genomicresearch may point the way to a solution while not constituting one. Genomics researchers arewhittling down the simplest contemporary cells (e.g., mycoplasmas) to reduce the genetic complexitydown to a point where synthesis might be possible.2. Demonstrate an artificial chemistry in which the transition to life occurs in silico.Few questions concerning living systems are as fundamental as the spontaneous generation of life,and a constructive context in which to explore this issue is artificial chemistry. Artificial chemistries arecomputer-based model systems comprised of objects (abstractions of molecules) which are generatedby collision between existing objects according to a predefined interaction law. The collisions may bepurely random or allow the build up of spatial correlations, as in diffusion systems. Bimolecularchemistry is assumed to be sufficient to display the transition to life, but this may involve complexstructures. The chemistry may be stochastic rather than deterministic, but should be constructiverather than descriptive; i.e. an interaction law should predict (like an algorithm) the product moleculesfor colliding objects of arbitrary complexity. Furthermore, the chemical interaction law should be simplecompared with the collective solutions to the problem. A further restriction to reversible chemistries and those satisfying conservation laws (like mass and energy) will make the problem harder but moreinteresting. Although judging the success of solutions to this challenge requires a clear definition of life,the debate about success in this problem should contribute to our understanding of life. As a startingpoint, we may use the definition outlined in the first challenge.Artificial chemistries have been investigated by many authors in various dimensional spaces, withdeterministic and probabilistic interaction laws. Molecules have been abstracted using cellularautomata, secondary structure folding algorithms, finite state automata, Turing machines and thelambda calculus. Note that the challenge requires a self-organized collection of separate artificialmolecules to stably reconstruct, replicate and evolve (as in the physical case of challenge one). If thisrequirement is relaxed, results like Pargellis�s demonstration of the spontaneous generation of self-replicating and evolving programs in computer memory seeded with random machine languageinstructions [17, 18] provide a starting point.3. Determine whether fundamentally novel living organizations can arise frominanimate matter.Life as we know it encodes information needed to recreate structures which cannot be copied directly(such as proteins) in combinatorial structures which can be copied generically (genes). Such genetic organization may be based on information encoded in various physical degrees offreedom (not necessarily just molecular). This challenge involves either proving that such organizationis necessary for life or producing a fundamentally different living organization. As above, the debateabout what is "fundamentally different" will help to clarify our definition and understanding of life. Twocategories of solution involve novel genetic organizations and non-genetic organizations.Achieving this challenge will be a big step toward discerning the boundaries of life as it could be.The central dogma of molecular biology and an essentially universal genetic code are examples ofstrongly conserved organizational themes of living organisms. As an example, Eigen [7] gave a strongargument that autocatalytic sets without genetic underpinning have a problem in principle withevolvability. No proof of this conclusion has been given, but examples to date of autocatalytic setswithout replicable elements have failed to exhibit convincing evolution. This may serve as one startingpoint for those interested in this challenge. Other examples of "fundamentally different" organizationsinclude those without spatially localized individuals, hierarchical organization, genotype-phenotypedistinction or, indeed, any symbolic representation scheme. The question is also relevant to therecently renewed quest for life in the universe (e.g. at the NASA Astrobiology Institute), since differentorganizational schemes may further expand the range of possible habitats for life. Additionalsuggestions for addressing this challenge might be found at the borderline of what we understand aslife on our planet, such as evolving populations of clay crystallites [4] and (although this is morecontroversial at present) the so-called �nanobes� (nano-scale organisms) recently found in Triassicand Jurassic sandstones [23].4. Simulate a unicellular organism over its entire lifecycle.In contrast with the first two challenges, this one involves simulating an existing biological organism onthe computer, and the goal is for all of the organism�s essential dynamics to emerge from a bottom-upsimulation. The artificial organism should exhibit virtually its complete spectrum of behavior, includingits ability to evolve. Of course, this behavior will be somewhat unrealistic because our ability to modelcomplex physical systems is only approximate. Nevertheless, since biological organization isstatistical, it is conceivable that the dynamics of a cell can be integrated to produce identicalmacroscopic behavior under a wide range of stimuli and environmental conditions.The existence of a complete genome for simple organisms (such as mycoplasmas) definitely takes usone step towards solving this challenge. The integration of the simulation of many thousands ofproteins, and genetic as well as regulatory networks, at the level of deterministic kinetics would alreadyprovide important novel quantitative understanding of cell cycle dynamics. However for moderatecompleteness, simulating the folding of all biopolymers and their reactions and supramolecular interactions is still a formidable challenge, since current successes in folding are statistical rather thanab initio and vast progress in integrating molecular dynamics to the time scale of minutes to hours isneeded. Even compared with large current simulations, we would need a factor of at least 103 involume and 1012 in time to attain a bottom-up simulation on the time scale of replication. 1015»250, sothat if computer performance continues to improve as in recent years, the simple molecular dynamicsversion of this goal should be achievable this century. Better algorithms and understanding may wellaccelerate progress, but those tackling the challenge may also have to deal with the prediction offluctuation-dependent chemical reactivity which may require still more computational effort. On theother hand, combinations of, for example reaction kinetics, molecular dynamics simulations, and latticegas simulations would be more powerful than any single simulation approach. Whether the number ofconfigurational variants which need to be sampled in the course of such a simulation will be feasiblefor capturing essential evolutionary behavior is an open question involving both technical progress (inhardware and software) and scientific progress (in understanding the essential features ofmacromolecular dynamics for cells).5. Explain how rules and symbols are generated from physical dynamics in livingsystems.In contrast with popular theories of evolution, in which evolution is defined with respect to givensymbolic genes and rules such as for replication or recombination, a proper theory of evolving life mustallow evolution to create new symbolic descriptions and rules to manipulate them. In general, theseentities are formed by an underlying physical dynamics, and then evolution sharpens and reinforcesthis symbolic level. How can such systems be modeled effectively where no state transition rules atthe new symbolic level are specified in advance, in contrast with current modeling practice. One maytry to resolve this drawback, by successively imposing additional constraints, but the challenge is toallow these dynamical constraints to emerge from the underlying dynamical system. This appearsessential to model spontaneity or autonomy in life. In fact, there are two issues here: how physics cangive rise to dynamical systems which can operate on the symbolic level and how and why physicalsystems which are alive tend to expand and refine their symbolic platform. The first part of thechallenge is to provide a theory explaining how dynamical systems can generate phenomena bestunderstood as novel symbolic and rule-based behavior, i.e. creating novel properties independent ofdetailed fluctuations in configuration. The second part is to specify under what conditions a naturaldiscrete classification of dynamical states is recognized and reinforced by a dynamical system itself tostructure its future evolution.About 30 years ago, Howard Pattee [19, 20] reduced higher rules to non-holonomic constraints inphysical systems, but the challenge here is to account for the evolution of these dynamical constraints.Starting with rules at a fine level of description, one needs to study the formation of a rule at a higherlevel. Symbolic states, on which the rules act, must be formed as relatively stable states, likeattractors in the underlying dynamical system, but also have inner degrees of freedom allowing themto undergo a transition only when certain other (symbolically characterizable) dynamical conditions aremet. A rule that drives other states must be formed as an approximate structure in the system and itappears appropriate to consider the formation of rules and symbols together from a continuousdescription. The standard dynamical systems approach, albeit seemingly more suitable for thischallenge than an automaton approach, may not suffice to fully resolve the issue of rule creation.Mathematicians recognize the difference between dynamical relations between objects and structurewhich reflects rules for this dynamics (as in modern algebra, category theory for instance) but a novelmathematical formulation will be necessary to show how one gives rise to the other. One promisingdirection may be provided by function dynamics, where the dynamics of functions rather than states isstudied.Genetic models of evolution start with a discrete state space in the form of heteropolymers of definedsequence, but in which the transmission of information (reading the symbols) is probabilistic. Thequasispecies theory of Eigen [7] already demonstrates how information can then be generated fromphysical dynamics, selection being achievable through differences in rate coefficients for theproduction and destruction of such polymers. Chemical kinetics also provides a convincing theory toexplain the relatively discrete logic of gene expression for example based on allosteric effects followingthe tradition of Jacobs and Monod [16]. The new field of DNA computing has already made it clear that symbol-based rules grounded in the physics of DNA can be advanced to complete universalcomputation. However, there is currently no clear indication for the conditions under which a discretesymbolic formulation is conducive to inheritance and survival in an evolving system, and a successfulresolution to this challenge would provide an explanation for the apparent tendency towards symbolicknowledge in biology.6. Determine what is inevitable in the open-ended evolution of life.This challenge concerns the contingency of life. In different historical unfoldings of the evolutionaryprocess and in evolution in other media, two related questions arise: (i) What are the featurescommon to all evolutionary processes, or to broad classes of evolutionary processes? and (ii) Dodifferent evolutionary processes contain fundamentally different evolutionary potential? Resolution ofthe first question will be analogous to results in dynamical systems theory on genericity and structuralstability, and to results in statistical mechanics regarding universality, i.e., independence ofmacroscopic phenomena with respect to microscopic detail.If the organization of living organisms is their major distinguishing feature within an evolutionaryprocess, and the selection of living organisms is primarily dictated by their interactions with otherorganisms, then there is some reason to expect that the major features of biology are independent ofthe underlying physical media supporting life. Digital processing in computers appears to be a verydifferent medium from molecular biology, yet digital organisms based on genetic and cellular principleshave been constructed in controlled operating system environments (e.g., [21]). In digital media onehas considerable scope to vary the type of "physics" underlying the evolutionary process, and so it isstraightforward to investigate the question of environmental and rule contingency. A key challenge iswhether digital systems based on symbolic logic harbor the same potential for evolutionary innovationas physical systems. A preliminary challenge is to unlock the full potential of evolution in digital media.Many believe that digital life today falls far short in this regard, and this issue is starting to beapproached quantitatively. Finally, the question of "what would remain the same if the tape of life werereplayed" [10] as addressed in the artificial life community for example by Fontana and Buss [9], in itsnarrowest form refers to an identical geophysico-chemical environment and concerns thereproducibility of the evolutionary process. Clearly the time series of many of the innovativediscoveries of living systems are subject to extreme variation, but would the character of the ultimateorganisms and ecologies be different in a second evolution of life?The question of chemical contingency can be answered for local mechanisms by syntheticconstruction, as has begun for alternative genetic molecules by varying the sugar moiety (e.g. hexosenucleic acids [8]). Physical contingency is being approached by using very different building blocks,such as plastic disks at interfaces, and evolvable hardware of varying kinds: i.e. by shifting to adifferent physical domain rather than changing any physical laws. Lenski�s work with replicate lines ofE. coli that are forced to adapt to a change in carbon source illustrate how historical contingency inbiological evolution can be addressed experimentally today [22]. Historical contingency in a broadercontext or over a longer time scale must be answered by simulation, which of course is more tractablefor digital life. A significant answer to this question appears achievable by combining these approachesbut requires a major effort.7. Determine minimal conditions for evolutionary transitions from specific to genericresponse systems.This challenge concerns the interplay between evolution and learning prior to mind, i.e., betweenheriditary and acquired information, in the evolutionary formation of response systems. In particular,this challenge distinguishes between specific, special-purpose response systems that embody anarrow range of organismic functionality, and generic response systems that embody a broad range oforganismic functionality. The challenge is to understand how relatively general systems within anindividual for sensing and responding to environmental change can arise in the course of evolution.

One example is the development of motile response of an organism to environmental stimuli. Aparticular example is irritability, which has long been considered a defining property of life. Evensingle-celled modern organisms show a remarkable ability to sense and respond to their environment.The presence of predators is an obvious example of a major short-term fluctuation in the environmentaffecting survival that motivates a motile response; another is competition for resources such as lightfor a growing leaf affected by the growth of other leaves or plants. The variable geometric relationshipsin such interactions require a generic response such as directional avoidance. Another example is thedevelopment of mechanisms for defence against molecular invasion. For complex multicellularorganisms, antibody variability within an immune system provides a near "universal" encoding schemefor responding to molecular invasion. Simpler organisms have restriction enzymes that recognizeforeign DNA and metabolic activity is modulated by a system for regulating gene expression inresponse to resource variations. (In this sense, the proteins coded by DNA also provide a relativelycomplete coverage (extended by small cofactors) of the chemical world of catalytic reactions.) A finalexample is the evolution of high-order nervous systems and brains. At the level of cultural evolution,the eye and brain have attained an extraordinarily generic representation scheme enabling the copyingof the behavior of other organisms.One starting point for a solution is to investigate the evolution of artificial life models with short-termfluctuations in survival. There would appear to be a minimum complexity of environmental variation towarrant a generic response system. If other organisms are the major source of such variation, howdoes the evolution of such generic response mechanisms interact with ecology and populationdiversity? An indication that such affects are important in evolution theory is given by recent attentionto the Baldwin Effect [2], highlighting one subtle relationship between acquired characteristics andevolutionary optimization. Although such questions are central to evolutionary biology, they are difficultto address theoretically in biology without resorting to the artificial life context, where greater flexibilityin experimental design and increased measurement precision are readily available. Phrased in termsof information flow, this challenge also has bearing on challenge ten below. Furthermore, it provides aprecursor at the molecular level to the more complex issues of challenge eleven.8. Create a formal framework for synthesizing dynamical hierarchies at all scales.In biological systems hierarchies with multiple functionalities at different scales can be foundeverywhere. Clearly we have the fundamental coarse-grained hierarchy that may be expressed as:ecosystems (including social systems), organisms, organs, tissues, cells, organelles, molecules,atoms, which have many refinements and substructures. Obviously, the properties associated witheach level are generated by the collective dynamics of the elements in these dynamical hierarchies.One problem here is to create a formal framework for consistently describing such hierarchicalsystems, with some coarse graining procedure for moving between levels.A second issue is how these complex and robust functionalities are generated in biological (and proto-biological) systems. We know that novel functionalities in molecular systems can arise in at least twoways: by assembly and by evolution. Molecular self-assembly processes are probably most central asa mechanism for bridging nonliving and living matter, for the transition from prokaryotic to eukaryoticorganisms, and perhaps for other major biological transition processes. Self-assembly and self-organization allow limited inherited information to code for complex functionalities, from enzymecatalysts to the brain. It is probably necessary to embrace assembly and evolution as twocomplementary and perhaps equally important aspects of how to generate bio-complexity if one is toaccount for the generation and prevalence of dynamical hierarchies in living systems.Finally, both it is unclear how to simulate either the generation or the functioning of such multi-levelsystems, because their dynamics are characterized by multiple length- and time-scales and a generaltheory is missing. This is also one of the barriers faced in solving challenge four.

9. Determine the predictability of evolutionary manipulations of organisms andecosystems.Organisms have an organization enabling them to act autonomously and in their own interests. Theirevolutionary stability depends on their integrating all of the complex components of which they arecomposed. Organisms can be externally directed by manipulations of their environment to performexternal tasks (e.g. from catalysing specific chemical reactions to running artificial mazes) andtransgenically manipulated to function differently by expressing different genes, but the evolutionaryconsequences and limits of such manipulations is not clear. How far can one rationally redesign orrapidly select organisms to fulfill multiple novel criteria without disturbing the viability of the organisms�organization and defense systems? Is there a tradeoff between utility and viability, or between size ofmodification and duration of organism utilization? These questions become even more of a challengewhen it comes to manipulating ecosystems. The importance of assessing the potential costs andbenefits of these manipulations (see the final challenge) is underscored by the fact that thesemanipulations are already becoming common in restricted contexts.With increasing understanding of the genetic control of development, it will be possible to create novelmulticellular organisms through sequential genetic reprogramming. Do we need long term evolutionaryoptimization to support or perfect such major changes to organisms? Widespread application of suchmanipulations could also rapidly increase biodiversity without creating the variation in the gene poolnecessary for longer-term evolution. Speciation and extinction are ubiquitous features of evolutionaryhistory, but the long-term implications of frequently artificial speciation for biodiversity andsustainability are unknown. Addressing this challenge requires combining an understanding ofevolution theory with theoretical experimentation in artificial life models that constructively addresshypothetical changes to organisms and ecosystems and their consequences. Progress on thischallenge should have an impact on guidelines for intervening in biological and technological contextswith evolutionary implications.10. Develop a theory of information processing, information flow, and informationgeneration for evolving systems.Information plays three distinctive roles in evolving systems: transmission, processing and generation.The challenge refers to all three, and they are listed here in order of the degree that we presentlyunderstand them, and hence inversely with respect to the challenge they represent.Firstly, there appear to be two complementary kinds of information in living systems. Oneis the conservative hereditary transmission of information through evolutionary time. The other istransmission of information specified in a system�s physical environment to components of the system,possibly mediated by the components themselves, with the concomitant possibility of a combination ofinformation processing and transmission. The latter is clearly also linked with the generation ofinformation (to be discussed last). Clarifying the range of possibilities for information transmission, anddetermining which of those possibilities the biosphere exploits, is a fundamental enquiry of artificial life.Secondly, the challenge is to unify evolution with information . One starting point is theobservation that components of evolving systems (organisms or groups of organisms) seem to solveproblems as part of their existence. It is this capability that led to the creation of the genetic algorithm[11] and its many applications. More generally, theory must address what the capacity of an evolvingsystem�s information processing is, and how it changes with evolution. Are there thresholds betweenlevels of information processing during evolution which match the levels identified in automata theory,e.g. from finite state machines to universal computation? How do the algorithms employed byorganisms classify in terms of their problem solving efficiency?The third and least understood role of information is its generation during evolution. As evolution takesplace, evolving systems seem to become more complex; successfully quantifying complexity and itsincrease during evolution is one important part of understanding information generation. Anotherproblem in this area is that of understanding how complexity in an evolving system�s environment canaffect the complexity of the organisms that are evolving within the environment. Nature seems not to

have evolved Lamarkian mechanisms to incorporate environmental information from one generation�sexperience directly into the genome of the next generation, but the characteristics of an environmentmust inevitably be reflected indirectly in the organisms that evolve within it (a transmission ofinformation from environment to genome). Finally, the environment itself is made up of a physical, non-living component plus all the living components themselves. The theory envisioned must address theresultant compounding of the informational context continually being built and expanded by theevolutionary process.11. Demonstrate the emergence of intelligence and mind in an artificial living system.It is natural to wonder about the relationship between life and mind. They appear coextensive innature, and the distribution of different kinds of mental capacities (sensitivity to the environment,internal information processing, etc.) across life forms seems roughly to reflect the sophistication ofthose life forms. Two deep issues in this area arise for artificial life. The first is substantive: whetherand, if so, how the natures of life and mind are intrinsically connected. The second is methodological:whether it is most profitable to study mind and intelligence only when embodied in living systems. Bothissues motivate artificial life�s existing attention to autonomous agents and embodied cognition, andthey impact artificial life�s relation to its elder sister, artificial intelligence. Progress on this challenge willshed new light on many current controversies in both fields, such as the extent to which life and mindshould be viewed as �computational�. A constructive approach to all these concerns is to try todemonstratge the emergence of intelligence and mind in an artificial living system.The history of artificial intelligence shows how controversial it is to settle whether a modeldemonstrates intelligence or mind, and addressing this controversy from within the self-referentialcontext provided by evolving systems is one point of this challenge. To make progress, one must havea method to detect intelligence and mind when they are present in a system. Consciousness is themost difficult aspect of mind to detect and initial progress is certain to be somewhere else. A moretractable aspect of mind to detect is meaning, that is, internal states that have semantic orrepresentational significance for the entity and that influence the entity�s behavior by means of theirsemantic content. One guide for progress in this vein is artificial life�s extensive extant research on theevolution of communication. The easiest aspect of mind and intelligence to detect is flexible adaptivebehavior, i.e., the capacity to act appropriately in a complex dynamic environment. Maturana andVarela [14], among others, view this capacity as the hallmark of both cognition and life. This capacityobviously comes in degrees, and most existing artificial life work illustrates it to some extent. Furtherprogress involves, among other things, clearly delineating the different degrees or stages of thiscapacity, and having increasingly sophisticated forms of this capacity emerge from increasinglyimpoverished initial conditions.12. Evaluate the influence of machines on the next major evolutionary transition oflife.Once life originated, biological evolution underwent a number of major evolutionary transitions, andpresumably there are more to come. Even though the identification of �major� transitions involvessome inescapable arbitrariness, probably everyone will agree that past transitions include the origin ofeukaryotes, the origin of multicellular life, and the origin of language and culture. Once cultureoriginates, it has the capacity to evolve on its own, and the past century has shown an explosion oftechnological culture, including notably the creation of computing machines and complex distributedinformational networks connecting them. Many agree it is only a matter of time before artificial lifecreates machines that are alive, intelligent, reproduce their own kind, have their own purposes, settheir own goals, and evolve autonomously. These machines will be as much a part of the natural worldas features in the landscape or existing forms of life, and their evolution will affect the life course ofexisting forms of life. Think of how machines are currently ramifying the nature and rate of humancommunication and interconnectedness. All this suggests that machines might play an unprecedentedrole in the next major evolutionary transition, and the challenge here is to predict and explain this role.Machines may well be the central players in the transition, as will be the case if autonomously evolvingmachines get established in the natural world. Machines might also play a supporting role in thetransition by providing an infrastructure that influences its rate or direction of change.

One place where one might seek clues for how to address this challenge is current theories of majorevolutionary transitions [15], though there is little consensus on this subject. The second source ofclues is artificial life models that demonstrate a major evolutionary transition, though there is noconsensus whether any model of this type yet exists. A third source is studies of self-programmableand evolvable machines and studies of the robustness of informational networks. Theories oftechnological evolution (see the next challenge) are a fourth possible source of clues.13. Provide a quantitative understanding of the interplay between cultural andbiological evolution.Culture, in all its forms, is one of the products of human existence, and culture itself evolves. Examplesof cultural evolution can be found throughout the social sciences, including the development ofeconomic markets, the changes in technological infrastructure (see the previous challenge), andgrowth and revolution in the community of scientific beliefs [12]. Some treatments of cultural evolution(e.g., sociobiology and evolutionary psychology) consider how cultural traits evolve due to their impacton biological fitness. But one can also consider how cultural traits evolve in their own right, as Dawkinsdid when he coined the word �meme� [6]. This sort of �pure� cultural evolution is driven by mechanismssimilar to those behind biological evolution, but there are important differences. Evolution happens ineach case because traits exhibit variation, heritability, and differential fitness. But cultural traits aretransmitted not genetically but psychologically, and their fitness concerns not biological survival andreproduction but retention in and proliferation across minds. Psychological transmission like genetictransmission appears to depend on the ability to reconstruct complex behavior from the copyablestructures of communication. One fundamental question addressed by a quantitative model of theinterplay between cultural and biological evolution concerns the similarities and differences in thebehavior of biological and cultural evolution. For example, do both kinds of evolutionary processesexhibit similar generic trends (perhaps punctuated equilibria and increasing diversification) and, if so,for similar reasons? Another fundamental question concerns how biological and cultural evolution areinterconnected and influence each other.Psychological information transmission can involve skeaking, writing or non-linguistic forms ofbehavior. Explaining psychological information transmission in terms of standard informationtransmission is one preliminary step toward solving this challenge, and subsequencly relatingpsychological and genetic (evolutionary) information transmission (recall challenge ten) is one strategyfor solving this challenge.Existing quantitative theories of cultural evolution [3, 5] are another startingpoint for pursuing this topic. These theories adapt analytic population biology to the context of culturalevolution, and they include treatment of how cultural evolution and biological evolution interact. Thisapproach does have limitations like those in analytical population biology, the very limitations that drivethe pursuit of synthetic bottom-up models in artificial life.14. Establish ethical principles for artificial life.Both the process of pursuing artificial life research and the scientific and practical products of thatresearch process raise complicated ethical issues. These issues fall into four broad categories: (i) thesanctity of the biosphere, (ii) the sanctity of human life, (iii) the responsible treatment of newlygenerated life forms, and (iv) the risks of exploitation of artificial life.(i) The autonomous proliferation and evolution of engineered biological systems, whether naturalor artificial, could rapidly and irreversibly change the biosphere, and the impact of suchchanges is difficult to assess. This raises the question whether there is an ethical right tointroduce such systems to solve immediate problems. Similar concerns also affect proliferationof artificial organisms on increasingly indispensable artificial systems such as the Internet.Existing computer viruses wreak havoc as it is, but imagine how much worse they would be ifthey spontaneously evolve like artificial life systems. On the positive side, artificial life ishelping to develop new measures to protect our informational networks from such threats,including those modeled on the immune systems found in nature. Furthermore, theinvestigation of ecosystem changes in artificial environments may help to establish guidelines for current and future interference with the biosphere, be they by chemicals (e.g. CO2, drugs),genetic engineering or artificial organisms.(ii) Much of current ethics is based on the sanctity of human life. Research in artificial life willaffect our understanding of life and death and the relationship between life and mind. This, likethe theory of evolution, will have major social consequences for human cultural practices suchas religion. Artificial life can also provide positive insight, through long term simulations, intonecessary regulations and freedoms in dealing with our evolving species. The issue of ourfuture increasing dependence on artificial life systems also falls under this category.(iii) It is worth noting that public protocols govern the responsible treatment of human and animalresearch subjects. The lack of analogous protocols in artificial life may be no serious problemtoday, but as we create more sophisticated living entities we will have to face the responsibilityof treating them appropriately.(iv) The practical uses of the products of artificial life research will create various costs andbenefits. For example, it is easy to imagine the military and commercial uses of automaticadaptive control processes. Such uses of artificial life research may create conflicts of interestfor artificial life researchers, as may responsibilities toward sources that fund artificial liferesearch.Artificial life�s ethical issues somewhat resemble those concerning animal experimentation, geneticengineering, and artificial intelligence. The extensive literature on the ethical issues raised in thosethree fields may provide some guidance for exploring the ethical issues in artificial life. On the otherhand, creating novel forms of life and interacting with them in novel ways will place us in increasinglyuncharted ethical terrain.AcknowledgementsThanks to the audience at Artificial Life VII for helpful suggestions and critical comments during theround table discussion out of which this paper grew. Special thanks to Inman Harvey for hisparticipation in the conference round table and his critical and constructive comments on this paper.References1. Bedau, M. A., McCaskill, J., Packard, N., and Rasmussen, S., eds. 2000. Artificial Life VII:Proceedings of the Seventh International Conference on the Simulation and Synthesis of LivingSystems. Cambridge, Mass.: MIT Press.2. Belew, R. and Mitchell, M., eds. 1996. Adaptive Individuals in Evolving Populations: Models andAlgorithms. Redwood City, Calif.: Addison-Wesley.3. Boyd, R., and Richardson, P. 1985. Culture and the Evolutionary Process. Chicago: University ofChicago Press.4. Cairns-Smith, A. G. 1982. Genetic takeover and the mineral origins of life. Cambridge: CambridgeUniversity Press.5. Cavalli-Sforza, L., and Feldman, M. 1981. Cultural Transmission and Evolution: A QuantitativeApproach. Princeton: Princeton University Press.6. Dawkins, R. 1976. The Selfish Gene. Oxford: Oxford University Press.7. Eigen, M. 1971. Self-organization of matter and evolution of biological macromolecules.Naturwissenschaften 58: 465-523.8. Eschenmoser, A. 1994. Chemistry of potentially prebiological natural products. Origins of Life andEvolution of the Biosphere 24, 389-423.9. Fontana, W. and Buss, L.W. 1994. What would be conserved �if the tape were played twice�.Proceedings of the National Academy of Science 91, 757-761.10. Gould, Stephen Jay. 1989. Wonderful Life: The Burgess Shale and the Nature of History. NewYork: Norton.11. Holland, J.H. 1975. Adaptation in Natural and Artificial Systems: An Introductory Analysis withApplications to Biology, Control, and Artificial Intelligence. Ann Arbor: University of MichiganPress. Expanded edition printed 1992. Cambridge, Mass.: MIT Press.12. Hull, D. 1988. Science as a Process. Chicago: University of Chicago Press.13. Langton, C. G. 1986. Studying artificial life with cellular automata. Physica D 22, 120-149.

14. Maturana, H., and Varela, F. 1980. Autopoiesis and Cognition. Dordrecht: Reidel.15. Maynard Smith, J., and Szathmary, E. 1995. The Major Transitions in Evolution. New York:Freeman.16. Monod, J. 1970. Le Hasard et la N�cessit�. Paris : �ditions du Seuil. English translation: 1971.Chance and Necessity. New York: Knopf.17. Pargellis, A. N. 1996. The spontaneous generation of digital "life". Physica D. 91:86-96.18. Pargellis, A. N. 1996. The evolution of self-replicating computer organisms. Physica D. 98:111-127.19. Pattee, H. H. 1967. Quantum mechanics, heridity and the origin of life. Journal of TheoreticalBiology 17:410-420.20. Pattee, H. H. 1996. Physical theories, automata, and the origin of life. In H. H. Pattee et al., eds.,Natural Automata and Useful Simulations. Washington: Spartan Books.21. Ray, T. S. 1992. An approach to the synthesis of life. In Langton, C., Taylor, C., Farmer, J. D., andRasmussen, S., (eds.) Artificial Life II. Redwood City: Addison Wesley.22. Travisano, M., Mongold, J.A., Bennet, A.F., Lenski, R.E. 1995. Experimental tests of the roles ofadaptation, chance, and history in evolution. Science 267: 87-90.23. Uwins, P. J. R., Webb, R. I., and Taylor, A. P. 1998. Novel nano-organisms from Australiansandstones. American Minerologist 83: 1541-1550