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Abstract—We propose a single-flux-quantum
(SFQ) logic system based on the reaction-
diffusion-collision fusion computation. The fu-
sion computation is a way of digital processing
that performs logic operation by applying anal-
ogy of nonlinear physical and chemical systems
to the structure of the logic operation. It is very
powerful for implementing a given digital opera-
tion with a small number of logic gates. A fusion
computation system consists of regularly arrayed
unit cells, where each cell has two input arms and
two output arms and is connected to its neighbor-
ing cells with the arms. Each cell accepts two in-
put signals A and B and produces two output sig-
nals AB and AB. A fusion computation system,
as a whole, can operate any combinational logic
function. We designed functional SFQ circuits
that implemented the fusion computation. The
unit cell was able to be made with ten Josephson
junctions. Circuit simulation showed that SFQ
fusion computation systems could operate at very
high speed, about ten times faster than conven-
tional CMOS logic systems.

1. Introduction

Collision-based computing, which was orig-
inally introduced in conservative computation
such as a billiard-ball model [1] and its cellular-
automaton (CA) analogues [2], presents a novel
approach of computation with mobile physical
objects (e.g., billiard balls), chemical particles,
self-localized patterns on CAs, and so on. Al-
though a number of mathematical and abstract
models have been proposed [3], the physical

(LSI) implementation is still difficult because
i) collision-based physical models require con-
servative media for series computation and ii)
CA systems have to implement complex rules
per a cell for producing self-localized patterns.
Collision-based fusion gates, which fuse billiard-
ball models and excitable properties of chemical
waves in reaction-diffusion media [4], have re-
cently been proposed as a possible solution to
LSI implementation of collision-based comput-
ers [3, 5, 6]. The fusion computing is a way
of digital processing that performs logic oper-
ation, and is very powerful for implementing
a given digital operation with a small number
of logic gates [6]. Therefore, in [7], we have
proposed single-flux-quantum (SFQ) circuits to
construct fusion-computing circuits for combina-
tional logic processing.

In collision-based (fusion) computing, infor-
mation propagates in an impulse form; i.e., ex-
istence of a mobile object, particle or self-
localization is represented by a spatial impulse
on the abstract media. Unlike other electronic de-
vices, a medium for signals in SFQ circuits is a
pulse of a fluxoid quantum, therefore SFQ cir-
cuits are able to implement the collision-based
computers more simply. However, there ex-
ists two severe problems on implementing fusion
computing as well as collision-based computing:
i) collision timing control of impulses and ii) ex-
pression of logical 0’ in impulse forms. In this
report, we show possible solutions to these prob-
lems by introducing dual-rail representation of
data.
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Figure 1: Fusion computing systems.

2. Logic computation with fusion gates

A fusion computation system consists of regu-
larly arrayed unit cells (fusion gates) where each
cell has two input arms and two output arms
and is connected to its neighboring cells with the
arms (Fig. 1). A unit cell accepts two logic in-
puts from its North and South arms, and outputs
two logic signals to the East and South arms. The
cell’s inputs are represented by logical variables
A and B where A (or B) = ‘1’ represents the ex-
istence of an impulse train traveling North-South
(or West-East), and A (or B) = ‘0’ represents the
absence of impulse trains. When A = B = ‘1’
we assume that impulses collide at the center po-
sition (black circle) and then disappear, as ob-
served in excitable chemical waves on reaction-
diffusion media [2, 4]. East and South outputs
are thus “0’ because of the disappearance. If A =
B = “0’, the outputs will be ‘0’ as well because of
the absence of the impulses. When A = ‘1’ and
B = ‘0’, an impulse given at the north node (A)
can travel to the South because it does not collide
with an impulse traveling West-East. The East
and South outputs are thus ‘0’ and “1’, respec-
tively, whereas they are ‘1’ and “0’, respectively,
when A = ‘0’ and B = “1’. Consequently, output
logical functions of this simple ‘gate’ are repre-
sented by AB and AB (A and B represent logi-
cal negation of A and B, respectively). We call
this unit a “fusion gate’ that utilizes properties of
collision-based kinetics and excitable waves.

Figure 2 represents basic logic circuits con-
structed by combining several fusion gates. The
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Figure 2: Examples of logic computing in fusion
computing systems.

simplest example is shown in Fig. 2(a) where the
NOT function is implemented by a single fusion
gate. The North input is always ‘1’, whereas the
West is the input (A) of the NOT function. The
output appears on South node (A). Figure 2(b)
represents a combinational circuit of three fusion
gates that produces AND, NOR, and OR func-
tions simultaneously. Exclusive logic functions
(XOR and XNOR) are constructed by three fu-
sion gates as shown in Fig. 2(c). Any combi-
national circuit can be constructed by combining
fusion gates [5, 6].

3. Fusion device consisting of SFQ circuits

We designed functional SFQ circuits that im-
plemented the fusion gate [7]. Figure 3 shows the
unit cell consisting of two circulator circuits and
two transmission bufters including two memory
loops (La and Lg).

A circulator consists of three Josephson junc-
tions J;-Js, and two inductances L, and L, biased
by a constant current Iy, as shown in Fig. 3(b).
Let I; and Istq denote the critical current of J; and
the loop current of an SFQ, respectively. When
I, < |qu + |dc, I3 > |qu and I, < |qu + Idc, an in-
put SFQ pulse given to node ‘a’ is transmitted to
node ‘b’ because J; (and then Js) is switched to a
resistive state. On the other hand, a pulse given to
node ‘b’ is not transmitted to node ‘a’ because J,
(and then Js) is switched to a resistive state. An
input SFQ pulse given to node ‘a’ is not trans-
mitted to node ‘c’ because the SFQ current of J,
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Figure 3: SFQ circuits for synchronous fusion
gate.

branches to J; and node ‘b’, and the branched
current to J; is faded away when J; is switched
to a resistive state. Contrary, an input SFQ pulse
given to node ‘b’ is transmitted to node ‘c’ with
this condition because J, is switched to a resis-
tive state and the SFQ current is directly flow-
ing into J; (J3 is then switched to a resistive state
by this non-branched current). Therefore this cir-
cuit transmits flux quanta from node ‘a’ to ‘b’ and
from ‘b’ to “c’ only.

In Fig. 3(a), when a SFQ pulse is applied to
node inl only (A = ‘1’ and B = “0’), it propa-
gates to center node C via circulator C, and a
transmission buffer (Lai, Laz, Ja and 1,). When
clock node CK was set at “0’, the SFQ is stored
in Josephson memory loop La. When a voltage
clock pulse is applied to CK, the stored SFQ is
transmitted to circulator Cg and is sent to out;.
It should be noted that this processing requires
one clock step. Similarly, when A = ‘0" and B
= ‘1’ (a SFQ pulse is applied to node in, only),
the input SFQ is transmitted to out, only. When
A ="1"and B = “1’, the sum of SFQ currents in
loops L and Lg exceed the critical current of Jc;.
Therefore the SFQs in L and Lg fade away, and
no SFQs are transmitted to out; and out,. When
A = ‘0" and B = “0’, no SFQ outputs are gener-
ated at out; and out,. Consequently, represent-
ing the existence and absence of SFQ pulses at
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Figure 4: Proposed dual-rail fusion gates.

input and output nodes by logical variables, this
circuit computes AB and AB from inputs A and
B. Fig. 3(c) illustrates the circuit symbol and the
correspondence between the circuit nodes and the
input-output logics.

4. Asynchronous Fusion device consisting of
SFQ circuits

In CMOS fusion computing systems, we used
continuous voltages to represent the input and
output logic values, instead of a single volt-
age pulse, without using any timing control
circuits [5, 6]. The same strategy could be
used in SFQ circuits if we utilize multiple-flux-
guantum switching properties in Josephson junc-
tions. However, the present SFQ fusion gate [7]
requires clocks and memory buffers for the tim-
ing control. This means, if the number of fanout
paths were increased, the time required for ob-
taining the final results is also increased. A pos-
sible solution to this problem is to eliminate the
synchronous timing control circuitry and to use
asynchronous dual-rail structures to represent the
input and output logic values. Figure 4 shows
dual-rail representation of a single fusion gate.
Since both logical *0” and “1’ are represented by
the existence of SFQ pulses, one can here em-
ploy an asynchronous computing structure as in
conventional SFQ circuits. When both the inputs
(A and B) have arrived at a fusion gate, a drive
signal is produced by itself to emit the output.
Figure 5 shows the basic simulation results of
asynchronous fusion gates with standard Nb/Al-
AlOx/Nb 2.5-kA/cm? process parameters. Four
combinations of logical inputs were given to the
gate. The fusion gate produced the expected out-
puts asynchronously. The maximum delay time
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Figure 5: Simulation results of SFQ networks im-
plementing dual-rail fusion gates.

was about 50 ps, which implies that the proposed
circuit can cope with synchronous SFQ circuits
operating at 20 GHz clock, although the maxi-
mum clock frequency of present SFQ circuits in
[7] was 10 GHz.

Acknowledgments

The authors wish to thank Professor Andrew
Adamatzky of the University of the West of Eng-
land for valuable discussions and suggestions
during the research. This study was partly sup-
ported by Industrial Technology Research Grant
Program in 04 from New Energy and Industrial
Technology Development Organization (NEDO)
of Japan, and a Grant-in-Aid for Young Scientists
[(B)17760269] from the Ministry of Education,
Culture Sports, Science and Technology (MEXT)
of Japan.

References

[1] F. Fredkin, T. Toffoli, Int. J. Theor. Phys. 21
(1982) 219.

[2] A. Adamatzky, IEICE Trans. Electron. E87-
C (2004) 1748.

[3] A. Adamatzky, Collision-Based Computing,
Springer-Verlag, London, 2002, p. 411.

[4] A. Adamatzky, B. De Lacy Costello, T.
Asai, Reaction-Diffusion Computers, Else-
vier, London, 2005, p. 8.

[5] K. Yamada, I.N. Motoike, T. Asai, Y.
Amemiya, IEICE Electron. Express 3 (2006)
292.

[6] K. Yamada, T. Asai, T. Hirose, Y. Amemiya,
Int. J. Unconventional Computing 4 (2008)
45,

[7] T. Asai, K. Yamada, Y. Amemiya, Physica D
(2008) in press.

448




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Off
  /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 true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /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 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /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 (None)
  /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 [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


