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Abstract. A method for optical parallel processing in an algorithm for prime 
factorization is proposed as a brief announcement. In this method, amplitude 
modulation is utilized whereas our conventional method is based on phase 
modulation. The proposed method is suitable for the optical Fourier transform. 
This feature is considered to be useful in prime factorization. Basic concept of 
the proposed method is shown in this report. 
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1   Introduction 

Some solutions for problems with computational hard is one of the main research 
topics in the field of optical supercomputing. As is well known, various methods have 
been reported for the travelling salesman problem, the Hamilton path problem, and so 
on [1-3]. 

We have also proposed a method for optical modulo operation [4]. Phase 
modulation of light wave is utilized in the proposed method. The method can treat 
modulo multiplication which is an important element in the algorithm for prime 
factorization. It also executes large scale parallel processing with simple optical 
hardware. Some optical implementations based on the proposed method have been 
demonstrated [5] and a system to solve prime factorization has been developed [6]. 
However, the method requires complex electronic processing to prepare a set of 
modulo exponentiation from results of optical processing. 

In this presentation, we present a novel optical method for prime factorization. This 
method is based on optical amplitude modulation. Sequence of 4f optical systems is 
utilized for implementation. First, brief procedure for the prime factorization is 
described. Next we show simple numerical analysis to demonstrate the proposed 
method. From this analysis, it is shown that the proposed method is useful for prime 
factorization. 
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2   Prime Factorization with Modulo Exponentiation 

In our study, prime factorization is defined as the process to derive two different 
prime factors p and q from N (N=pq). The contents of an algorithm used in our 
method are briefly described as following. First, a specific operation called modulo 
exponentiation is obtained in 1≦x≦2N2-1. Modulo exponentiation f (x) is given by 
Eq. (1) 

 

                        f (x) = ax mod N                 (1)

In Eq. (1), a is a positive integer and satisfied with Eqs. (2) and (3).  

                          1< a < N                     (2)

                         gcd(a,N) =1                   (3)

Here, f (x) is known to be a periodic function. Also, the period is an integer. The 
period is given by analysis with the Fourier transform. Using the obtained period r, p 
and q can be derived as shown in Eqs. (4). 

                         

p = (ar / 2 1,N)

q = (ar / 2 +1,N)
    

gcd

gcd
           

       (4)

This procedure is the same as that of the Shor's quantum algorithm [8]. In the 
algorithm, f(x) is derived by quantum circuits for parallel processing. Many quantum 
gates are required in the circuits.  

On the other hand, optical signal processing can achieve some complex operations. 
For example, the Fourier transform is executed by single lens. Based on the 
characteristics of optical processing, we have proposed parallel processing for modulo 
multiplication [7]. Modulo multiplication is important to obtain f(x) as described in 
Sec. 3. In the conventional method, phase modulation of plane wave is utilized. Also, 
we have reported a system for prime factorization and some improvement of the 
system [4]. In our conventional method based on optical phase modulation, f (x) is 
obtained with an optical set up for modulo multiplication. In this case, we have to 
derive a set of pixels corresponding x in preprocessing. Huge computational costs are 
required in the preprocessing. 

3   Optical Parallel Processing with Amplitude Modulation  

This section describes a novel optical parallel method. Let us consider a procedure to 
obtain a set of f(x). As preprocessing, l(i) defined as Eq. (5) is calculated in i=0, 1, 2, 
…, n-1.  

                         l(i) = a 2 i

mod N         (5)

Using l(i),  f(x) is rewritten as the following equation. 
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                      f ( x ) = l(i) x i mod N
i= 0

n −1∏            (6)

Here, n is bit length of N. Also, xi shows an i’th bit value of x. For example, (x0, x1, x2, 
x3, x4) is (0, 1, 1, 0, 0) at x=6. Figure 1 shows principle of the procedure. As described in 

the figure, a set of l(i)xi is prepared. And, inductive processing described in Eq. (7) is 
executed. 

               fk(x) = l(k −1)xk−1 fk−1(x){ }modN             (7)

As results of n times iterations, f (x) is obtained. 
Our optical method is similar to the procedure. A schematic diagram of the method 

is shown in Fig. 2 (a). From the figure, optical hardware for the method consists of 
n’th sequence of 4-f optical systems. In this hardware, spatial amplitude modulators 
are put at all image planes. Fig. 2 (b) shows a diagram of distribution of amplitude 
transmittance on the modulators. These distributions in k’th modulator correspond 

with patterns of  shown in Fig. 1. Here  should be designed to be satisfied 
with Eq. (8). 

 

Fig. 1. (a) Structure of l(i)xi  and (b) the procedure to derive f(x) 

t(0) − tb : t(1) − tb : ... : t(k ) − tb : ... : t(n − 1) − tb = l(0) : l(1) : ... : l(k ) : ... : l(n − 1) (8)

Patterns measured at the detector plane correspond with distribution represented as 
Eq. (9). 

                          f ' (x) = l(i) x i

i= 0

n −1∏               (9)
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In comparison with Eqs. (6) and (9), our optical method cannot implement modulo 
operations. However, our method seems to be useful to extracted the period of f(x) as 
described in the next section. 

4   Numerical Analysis 

Usefulness of our proposed method is confirmed by numerical analysis. In the 
analysis, tb is set to 0.5. t(k) is determined in accordance with Eq. (10). 

                  t(k) = l(k)

max{l(i)}
×0.5 + 0.5             (10)

 
(a) 

 

 
(b) 

Fig. 2. Diagram of a scheme for of 2D binary images with image compression 

Fig. 3 shows an example of results in the analysis. N and a are set to 203 and 106, 
respectively. Fig. 3 (a) is the part of the power spectrum of the result provided by the 
proposed procedure, and (b) is that of f (x). From these figures, peak positions in the 
both profiles are the same coordinates in the horizontal direction. With analysis of 
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peak positions in the power spectrum, it is found that the value of r is 28. From the 
value, two prime numbers 7 and 29 are derived from Eq. (4). This analysis is quite 
same as the post processing in Shor's algorithm. Therefore, it is shown that the 
proposed procedure seems to be useful in large scale information processing for prime 
factorization. Note that aberration of lens and the point spread function of the optical 
system are not considered. 

 

      (a)                                                           (b) 

Fig. 3. (a) Parts of power spectrum of a profile given by our method at (N, a)=(203, 106), and 
(b) that of f (x) 

5   Discussions 

As optical processing for factorization, the TWINKLE device is mentioned [8]. The 
TWINKLE gives two prime factors in accordance with the quadratic sieve (QS) 
algorithm and the number field sieve (NFS) one. These two algorithms are known to 
be practical for prime factorization in the present technology. Therefore, this device is 
considered to be suitable for high speed processing with optical and electronic 
implementations.  

On the other hand, the purpose of Shor's quantum method is achievement of the 
system to solve prime factorization with polynomial time costs. The goal of our 
research is the same as that. Parallel processing is our optical system seems to be 
more practical than that based on quantum parallel processing. This is because 
physical implementation of massive data processing for quantum operations is 
difficult due to limitation of decoherence time. 

Therefore, we should estimate computational costs of the proposed method. 
However, it is not found that our method can treat huge scale processing. Before the 
estimation, there are many issues in our research. Strictly speaking, the method cannot 
gives us f(x) correctly. Also, influence on point spread function of imaging optics and 
that on unavoidable misalignment should be discussed. Based on the discussions, we 
would be able to clarify computational costs required in our optical procedure. 
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6   Comments and Summary 

A novel optical method for the solution for prime factorization has been proposed as a 
brief announcement. By numerical analysis, it is demonstrated that the method can 
provide correct results. One of the features of this method is to implement simple 
optical set up. Another is suitability of optical Fourier transform. The latter is 
effective in comparison with our conventional method. Accuracy of our method 
should be estimated with detail analysis. Also, experimental demonstration is 
required.  

References 

1. Shaked, N.T., Messika, S., Dolev, S., Rosen, J.: Optical solution for bounded NP-complete 
problems. Appl. Opt. 46, 711–724 (2007) 

2. Haist, T., Osten, W.: An Optical Solution For The Traveling Salesman Problem. Opt. 
Express 15, 10473–10482 (2007) 

3. Oltean, M.: Solving the Hamiltonian path problem with a light-based computer. Natural 
Computing 7, 57–70 (2008) 

4. Nitta, K., Matoba, O., Yoshimura, T.: Parallel processing for multiplication modulo by 
means of phase modulation. Appl. Opt. 47, 611–616 (2008) 

5. Nitta, K., Katsuta, N., Matoba, O.: An Optical Parallel System for Prime Factorization. Jpn 
J. Appl. Phy. 48, 09LA02-1-5 (2009) 

6. Nitta, K., Katsuta, N., Matoba, O.: Improvement of a system for prime factorization based 
on optical interferometer. In: Dolev, S., Oltean, M. (eds.) OSC 2009. LNCS, vol. 5882, pp. 
124–129. Springer, Heidelberg (2009) 

7. Shor, P.: Algorithms for quantum computation: Discrete logarithms and factoring 
Algorithms for quantum computation: Discrete logarithms and factoring. In: Proc. 35th 
Ann. Symp. on Foundations of Comput. Sci., vol. 1898, pp. 124–134 (1994) 

8. Shamir, A.: Factoring Large Numbers with the TWINKLE Device. In: Koç, Ç.K., Paar, C. 
(eds.) CHES 1999. LNCS, vol. 1717, pp. 2–12. Springer, Heidelberg (1999) 

 
 


	An Optical System for Prime Factorization Based on Parallel Processing
	Introduction
	Prime Factorization with Modulo Exponentiation
	Optical Parallel Processing with Amplitude Modulation
	Numerical Analysis
	Discussions
	Comments and Summary
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /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 false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /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 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /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 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




