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Outline of the Talk

e A reversible (injective) cellular automaton (RCA)
IS a CA whose global function is one-to-one.

e In spite of the strong restriction of reversibility,
they have rich ability of computing: e.g.,
— Computation-universality
— Self-reproduction
— Synchronization



Outline of the Talk

e A reversible (injective) cellular automaton (RCA)
IS a CA whose global function is one-to-one.

e In spite of the strong restriction of reversibility,
they have rich ability of computing: e.g.,
— Computation-universality
— Self-reproduction
— Synchronization

Today’s topic (a survey and a new result):
e How can we find simple computation-universal

1D RCASsS?



Computation-Universal 1D RCAs

e Simulating reversible Turing machines (RTMs):
— Any RTM can be simulated by an RCA.
[Morita and Harao, 1989]
(Note: There is a universal RTM.)
e Simulating cyclic tag systems:
— 30-state 1W-RCA (on infinite configurations)
— 98-state 2W-RCA (on finite configurations)
[Morita, AUTOMATA 2005, 2006]
— 80-state 1W-RCA with 1-bit communication
channel (on infinite configurations)
[Morita, AUTOMATA 2007]
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1. Some Definitions
— Partitioned CAs (PCAs) —



How Can We Design RCASs?)

e Reversibility of CA is decidable [Amoroso and Patt,
1972], but, In general, it is difficult to give RCAs
by using a conventional framework of CAS.

e [ here are several design methods of RCASs.

— Block CA (Margolus neighborhood)
— Partitioned CA (PCA)

— Second-order CA

— etc.



Partitioned Cellular Automata (PCAs)

e 1D Partitioned CA (PCA)
L C RLCRL C R

i—1 i i+1
The local function g of a 1D PCA.



Each Cell of a PCA Can Be Regarded as a
Sequential Machine (of Mealy Type)

t t+ 1

T — > —> —>-7a/

- < [ Z/-<— «—

g(r,c,l) = U, c,r")

(': the state-set of the finite-state control.
L and R: the input/output alphabets.



Some Definitions on a 1D PCA

P =(z,(L,C,R), g, (#, #,7#))

e [ he global function G:

Ve € 7Z .

G(a)(z) =
g(RIGHT(a(x — 1)), CENTER( () ), LEFT(a(x + 1)))

e P is globally reversible iff G is one-to-one.
e P is locally reversible iff g is one-to-one.



Properties of 2D PCA

Proposition [Morita and Harao, 1989]
Let P be a PCA. P is globally reversible iff it is
locally reversible.

In other words, the PCA P is globally reversible,
Iff the associated sequential machine is reversible.



2. RCAs That Simulate RTMs



Reversible Turing Machines (RTMs)

A “backward deterministic’ T M.
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Definition of a TM

1I'= (Qa S7 40,4, 50, 5)

a finite set of states.

a finite set of tape symbols.

an initial state qg € Q.

a final state ¢r € Q.

a blank symbol sg € S.

a move relation given by a set of quintuples

[p7878/7d7Q] EQXSXSX {_707+} XQ'



Definition of an RTM

ATMT = (Q,S,q0,9¢,50,0) is called reversible iff
the following condition holds for any pair of distinct

quintuples [p1,s1,57,d1,q1] and [po, s2, s5, d2, q2].
If g1 = go, then 8/1 == 8/2 N di1 = do

(If the next states are the same, then the written
symbols must be different and the shift directions
must be the same.)



Universality of RTMs

heorem [Bennett, 1973]
For any (irreversible) TM, there is a reversible TM
that simulates the former.



Reversible PCAs That Simulate RT Ms

Theorem [Morita and Harao, 1989]
For any one-tape RTM, there is a reversible PCA
that simulates the former.

Note: By this method, an m-state n-symbol RTM
(in quintuple form) is simulated by a 2(m + 1)?n-
state reversible PCA.



A Simple Example of an RTM

Tmod 3 — (Qa {b7 07 17 2}7 q0, qf7 b7 5)7

Q= {q07"°7Q67Qf}'
0 IS as below:

6 ={ [g0,b,b,+,93], o |
:Q17b7b7__7Q4:7 :Q170707__7QQ:7 :Q171717__7C_I3:7
: QQaba b7 T, 45 Il q270707__7Q1 oL q2, 1 1 T, 42 | I
! Q3aba b7 THd46 [, | Q370707__7Q3 Iy L Q371 1 T, 41 |
:Q47b717_7Qf:7 :Q57b727_7Qf ]7 Q6abO 7Qf]}

For a given binary number n on the tape, Tmod3
computes (n mod 3) and writes it on the tape.



Computation of the RTM Ti043
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Computation of the RTM Ti043
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Computation of the RTM Ti043

d1




Computation of the RTM Ti043
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Computation of the RTM Ti043

d1




Computation of the RTM Ti043
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Computation of the RTM Ti043
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Simulating the RTM T,,,4q3 by an RPCA
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A Small Universal RTM (URTM)

A URTM is an RTM that can compute any recur-
sive function.

Theorem [Morita and Yamaguchi, to appear] There is
a 17-state 5-symbol URT M.

Corollary There is a 3240-state universal RCA
(on finite configurations).



3. RCAs That Simulate Cyclic Tag
Systems



Universal Reversible CASsS
— 1D Case —

e 30-state 1-way RCA (on infinite configurations)
[Morita, AUTOMATA 2006]

e O8-state 2-way RCA (on finite configurations)
[Morita, AUTOMATA 2005]

e 30-state 1-way RCA with 1-bit communication

channel (on infinite configurations)
[Morita, AUTOMATA 2007]



Cyclic Tag System (CTAG) [Cook, 2004]

C = (k,{Y,N}, (po, s Pk—1))

e k: the length of a cycle (positive integer).

e {Y,N}. the alphabet used in a CTAG.

e (po, --,pp_1) € {Y,N})* : production rules.
In @ CTAG, the rules are applied cyclically.

An instantaneous description (ID) is a pair (v,1),
where v € {Y,N}* and i € {0,--- ,k—1}.

For any (v,i),(w,j) € {Y,N}* x{0,---,k— 1},

(Yv,7) = (w,7) iff [ =i+ 1 mod k] A [w = vp,;],
(Nv,i) = (w,j) iff [ =74+ 1 modk] A [w = v].




A Simple Example of a CTAG System

Cl — (37{Y7 N}7 (Y7 NY) YY))

If an initial word NYY is given, the computing on
(1 proceeds as follows:

(NYY . 0)
=( YY |, 1)
= ( YNY |, 2)
= ( NYYY . 0)
= ( YYY |, 1)
= ( YYNY K 2)
:> o o

(Note) Halting of a CTAG will be discussed later.



A 30-state RPCA That Simulates Any CTAG

P3O — (Zy ({#}7 {#7 Y, N, +7 —y }7
{#7y7n7+7 _})79307 (#7#7#))
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Simulating a CTAG by an RPCA P35 (1)

Example Consider a CTAG C3 with an initial word
NYY.

02: (37{Y7N}7(Y7 NN7 YN))

T hen, the initial configuration of P3g is as follows:

n Y n mn Yy NHAHY Y A - """ =

the rule po the rule p; the rule pg the initial word

e Production rules should be sent to the rewritten
word infinitely many times.
e Hence, an initial configuration is infinite.



Simulating a CTAG by an RPCA P35 (2)
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A 98-state RPCA That Simulates Any CTAG

P98 — (Z7 ({#7 6}7 {#7 Y7 N7 +7 R 7Y1}7
{#myana 9 7*76})79987 (#7#7#))
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Simulating a CTAG by an RPCA Pyg (1)

Example Consider a CTAG (C3 with an initial word
NYY.

C3 = (3,{Y,N}, (s, NY, YY))

hen, the initial configuration of Pg4 is as follows:

ele Y | Y Yl | IN el INVLY LY =

P2 P1 PO the initial word

e [ he signal e goes back and forth between the
left end and the head of a rewritten word.



Simulating a CTAG by an RPCA Pyg (2)

+ele+H | 1Y | Y Y| | V] Y1) el NlLY | Y| =

+ele+H |V |V Y| | N Y eN | Y | Y]] =

+ele+H | [V |V Y| | N Yj |e N|Y Y]] =

+ele+ | YV | [V Y| | N ey N|Y |V ]| =

Hele+ | [V | [V Y | N el HY; N|Y | V]| =

+ele+ | YV [V Y| N e Yy * N | Y | Y| -
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Simulating a CTAG by an RPCA Py (3)
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Simulating a CTAG by
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Binary Coding of I/O Symbols of Reversible
Sequential Machines (RSMs)

A7 — -~ a5 — 111 = 101

Lemma Let M be an RSM with m states and n
I/O symbols. For simplicity, we assume n = 2*
for some k. Then, there is an equivalent RSM M/’
with m -n - k/2 states and 2 I/O symbols.

Note: We can use a starightforward coding method
to get M’. An important point is to see M’ is also
reversible under such encoding.



A 40-state Universal RPCA Py

L = {#},
C — {N7Y7n7y7_7+7'7*7$7/}7
R = {n,y,*,$}.
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Since |R| = 4, it is convenient to give a universal

RPCA with a 1-bit communication channel,



Simulating a CTAG by an RPCA Pyg
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An RPCA Pgp with 1-Bit Communication (1)
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An RPCA Py with 1-Bit Communication (2)
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Concluding Remarks

Universal 1D RCASs:

e Simulating reversible Turing machines (RTMs):
— 3240-state 2W-RCA (on finite configurations)
e Simulating cyclic tag systems:

— 30-state 1W-
— O8-state 2W-
— 80-state 1W-

RCA (on infinite configurations)
RCA (on finite configurations)

RCA with 1-bit communication

channel (on infinite configurations)




<<
  /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
  /CreateJDFFile false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /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.)
    /JPN <>
  >>
  /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 [595.276 841.890]
>> setpagedevice


