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Abstract Natureʼs spectacular inventiveness, reflected in the
enormous diversity of form and function displayed by the biosphere,
is a feature of life that distinguishes living most strongly from nonliving.
It is, therefore, not surprising that this aspect of life should become a
central focus of artificial life. We have known since Darwin that the
diversity is produced dynamically, through the process of evolution;
this has led lifeʼs creative productivity to be called Open-Ended
Evolution (OEE) in the field. This article introduces the first of two
special issues on current research on OEE and on the more general
concept of open-endedness. Most of the papers presented in these
special issues are elaborations of work presented at the Third
Workshop on Open-Ended Evolution, held in Tokyo as part of the
2018 Conference on Artificial Life.

The variety of organisms produced by biological evolution is staggering. Recent estimates based on
scaling arguments estimate the number of microbial species alone to be ∼1012 [5]. In a very real
sense, the entire biosphere has been produced by (or one might say “invented by” [9]) the process
of biological evolution. This creative productivity is one of the most striking features of life, and so it
has not surprisingly become a focus of artificial life research and is considered one of the grand
challenges in the field [2]. Decades of research have explored evolutionary algorithms of various
sorts, but so far a full understanding of the creative productivity of evolution (biological or
non-biological) has remained out of reach, both in terms of understanding how it has worked to
produce the biosphere, and understanding what principles might be used or instantiated outside of
biology (the purview of artificial life) to achieve comparable levels of creative productivity.

Natureʼs creative productivity is generally assumed to be ongoing, not only at work over the past
4 billion years, but also at work presently in the biosphere. As far as we know, the same physical,
chemical, and biological mechanisms remain at work now as they have in the past, leading most
scientists to believe that biological evolution is open-ended. This has historically led us to call the study
of the creative production of ongoing novelty open-ended evolution. As this field of study has
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developed, it has become clear that processes having the property of ongoing creative productivity
are not necessarily biological, chemical, or even evolutionary (at least in a Darwinian sense). This
realization leads us to generalize the description of the endeavor to include open-endedness in any form.

These special issues on open-ended evolution and open-endedness are the product of an ongoing
collaboration within the artificial life community. An important benchmark in this collaboration was
the report from the first Workshop on Open Ended Evolution in York [10]. One of the reportʼs
main conclusions was that open-endedness is a variegated concept; there is not a simple single litmus
for the phenomenon, but instead it comes in a variety of forms, and a given system might exhibit
one form but not another. This produces many varieties of open-endedness. The different kinds of
open-ended evolution listed in the report from York are these:

1. Ongoing generation of adaptive novelty:

(a) Ongoing generation of new adaptations

(b) Ongoing generation of new kinds of entities

(c) Emergence of a dynamical hierarchy and major transitions

(d) Evolution of evolvability

2. Ongoing growth of complexity:

(a) Entity complexity

(b) Interaction complexity

The main lesson to learn from this list is that open-ended evolution is not a monolithic topic;
to forestall confusion we must distinguish different kinds of OEE and give them distinct
names. We should expect the phrase “open-ended evolution” to elicit different ideas in dif-
ferent people, so we should be quite clear at all times about which kinds of open-endedness
we are discussing. In this note we describe OEE using the York categories.

The latest and most innovative work on open-ended evolution is well-represented by these
special issues on OEE. The papers discuss each of the kinds of OEE listed above, and the number
of papers is so large that it spans the first two issues of this journalʼs current volume.

The six papers published in this first set focus mostly on Type 1 OEE (ongoing generation of
adaptive novelty): different papers focus on different kinds, and many papers discuss more than one
kind. Type 1a OEE (ongoing generation of new adaptations) is one focus of most of the six papers.
Harrington and Pollack [4] and Moran and Pollack [6] both consider evolving populations of game
players as entities that evolve new strategic adaptations. Rasmussen and Sibani [8] make a distinction
between two different modes of evolution at work in (presumably) any version of open-ended
evolution—optimization and expansion—and both modes refer (sometimes indirectly) to ongoing
generation of new adaptations. The MODES toolbox of Dolson et al. [3] quantifies several aspects
of evolution producing new adaptations (e.g., change potential, novelty potential), and is hence
relevant to Type 1a OEE. Dolson et al.ʼs MODES toolbox also addresses Type 1b OEE (ongoing
generation of new adaptations), which is also the focus of an empirical analysis of technology evo-
lution by Bedau et al. [1]. Pattee and Sayama [7] discuss how open-endedness might itself be a prod-
uct of evolution, which concerns Type 1d OEE (evolution of evolvability).

Type 2 OEE (ongoing growth of complexity) is discussed in the papers by Harrington and
Pollack [4], who present a version of Type 2a OEE (ongoing increase in entity complexity), as
quantified by memory length escalation in an evolving population of competing entities, and by
Moran and Pollack [6], whose game-playing agents display an ongoing increase in strategy com-
plexity (both Type 2a and Type 2b OEE). Ongoing growth of complexity (Type 2 OEE) is also
treated by Dolson et al. [3], who propose metrics to characterize both growth of entity com-
plexity (change potential, novelty potential, complexity potential) and interaction complexity
(ecological potential).
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The subsequent issue of this journal will contain the second set of new papers on OEE, and it
will include an overview of all the papers in the special issues. It will also address whether and how
to revise the list of kinds of open-ended evolution in the report from York [10]. The list from York
is not chiseled in stone; rather, it is designed to grow and be modified as we learn more about open-
endedness and the mechanisms behind it. An excellent source of inspiration for this kind of incre-
mental improvement are the papers in this special issue.

References
1. Bedau, M. A., Gigliotti, N., Janssen, T., Kosik, A., Nambiar, A., & Packard, N. (2019). Open-ended

technological innovation. Artificial Life, 25(1), 33–49.

2. Bedau, M. A., McCaskill, J. S., Packard, N. H., Rasmussen, S., Adami, C., Green, D. G., Ikegami, T.,
Kaneko, K., & Ray, T. S. (2000). Open problems in artificial life. Artificial Life, 6(4), 363–376.

3. Dolson, E. L., Vostinar, A. E., Wiser, M. J., & Ofria, C. (2019). The MODES toolbox: Measurements of
open-ended dynamics in evolving systems. Artificial Life, 25(1), 50–73.

4. Harrington, K., & Pollack, J. (2019). Escalation of memory length in finite populations. Artificial Life, 25(1),
22–32.

5. Locey, K. J., & Lennon, J. T. (2016). Scaling laws predict global microbial diversity. Proceedings of the National
Academy of Sciences, 113(21), 5970–5975.

6. Moran, N., & Pollack, J. (2019). Evolving complexity in prediction games. Artificial Life, 25(1), 74–91.

7. Pattee, H. H., & Sayama, H. (2019). Evolved open-endedness, not open-ended evolution. Artificial Life,
25(1), 4–8.

8. Rasmussen, S., & Sibani, P. (2019). Two modes of evolution: Optimization and expansion. Artificial Life,
25(1), 9–21.

9. Stanley, K., Lehman, J., & Soros, L. (2017). Open-endedness: The last grand challenge youʼve never heard
of. https://www.oreilly.com/ideas/open-endedness-the-last-grand-challenge-youve-never-heard-of.

10. Taylor, T., Bedau, M., Channon, A., Ackley, D., Banzhaf, W., Beslon, G., Dolson, E., Froese, T.,
Hickinbotham, S., Ikegami, T., McMullin, B., Packard, N., Rasmussen, S., Virgo, N., Agmon, E., Clark, E.,
McGregor, S., Ofria, C., Ropella, G., Spector, L., Stanley, K. O., Stanton, A., Timperley, C., Vostinar, A., &
Wiser, M. (2016). Open-ended evolution: Perspectives from the OEE workshop in York. Artificial Life,
22(3), 408–423.

N. Packard et al. Open-Ended Evolution and Open-Endedness

Artificial Life Volume 25, Number 1 3



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


