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Abstract. Because of their various desirable properties, OTIS networks are sub-
ject to active research in the field of parallel processing. In this paper, the OTIS 
network architecture is presented, emphasizing two important varieties, the 
OTIS-mesh and the OTIS-hypercube. Next, a randomized sorting algorithm 
presented in the literature for OTIS-mesh structures will be reviewed. Finally, a 
discussion of sorting on OTIS-hypercubes will be offered, and a suggested al-
gorithm for sorting on these networks, with an MPI implementation will be in-
troduced. 
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1   Introduction 

Optical interconnection overcomes the known problems of electrical interconnection, 
such as the communication bottlenecks in high bit rates and the limitations in case of 
long distances. Hence, hybrid architectures using both optical and electrical 
communication links such as the “OTIS2 Network” are under active research. 

OTIS is an optoelectronic interconnected network developed for parallel process-
ing systems. The main idea in OTIS Networks is using optical links alongside with 
electronic links. This idea was first introduced in  2[2]. In OTIS, processors are parti-
tioned into groups (clusters). Intra-group connections are electronic, and the Inter-
group connections are optical. For more information on OTIS networks, refer to [4]. 

The groups inside an OTIS network can be of any of the various parallel process-
ing architectures, including meshes and hypercubes. The resulting architecture will be 
named based on the underlying group architecture – for example, OTIS-mesh and 
OTIS-hypercube are OTIS networks resulting from connecting mesh and hypercube 
structures, respectively. A comparison of the properties of OTIS-mesh and OTIS-
hypercube architectures has been presented in [3]. 

                                                           
1 This author's work was in part supported by a grant from IPM (N. CS2386-2-01.) 
2 Optical Transpose Interconnection System 



2   OTIS Network Structure 

The Intra-group connections (electronic connections) in OTIS networks vary based on 
the architecture selected for the groups, but the inter-group connections (optical 
connections) are always formed in a well-known fashion. Suppose that each node is 
assigned a label in form of , where ),( pg g  is the group number, and p  is the node 
number in each group. For all i  and j , where ji ≠ , the node  is connected to 
the node  using an optic link. 
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3   Sorting on OTIS-Hypercube Networks 

An  node OTIS-hypercube is built using  clusters, each being a -cube. 
The hypercube nodes in each cluster are linked together by electronic links. Following 
the same convention as the OTIS-Mesh network for numbering the nodes, each node 
will be assigned a number in form of , where 

2N N Nlg

),( pg g  is the group number, and p  
is the node number in each cluster. Using this naming convention, every  node 
in the network is connected to the  node by means of an optic link. A sample 
OTIS-hypercube structure appears in Fig. 1. This structure consists of eight 3-cube 
clusters, as well as the optical links between them. 
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We will proceed to show that an  node OTIS-hypercube has less hardware 
cost than an  node hypercube. An  node hypercube has  edges, 

which are all electronic. A similar  node OTIS-hypercube network, on the other 
hand, consists of  hypercubes, each with ½

2N
2N 2N NN lg2

2N
N ( )NN lg  edges, which makes a total 

of ½  electronic edges. In addition, there are ½( NN lg2 ) ( )NN −2  pairs in the 

form of  where  and ),( ji Nji <,0 ≤ ji ≠ . Therefore, there are ½ ( )NN −2  
optic edges as well in the OTIS-hypercube network. Therefore, the total number of 
edges in an  OTIS-hypercube is ½2N ( ) ( )( )NNNN −+ 22 lg . 



 

Fig. 1. A 64-node OTIS-hypercube network, where electronic and optic links are shown using 
black and blue links, respectively 

In order for an  node OTIS-hypercube network to have less edges than an  
node hypercube, the following inequality must hold. 

2N 2N

( )( ) ( ) ( ) NNNNNN −+ 222 lg>lg2 . (1) 

Eq. 1 can be rewritten in form of ( ) 1>lg −NNN , which holds for each 
. Because the special case  has only a single processor, and cannot be 

utilized for any parallel computations, this special case can be ignored. Therefore, we 
have shown than an  node hypercube has more edges than an  node OTIS-
hypercube for all practically interesting networks. Furthermore, ½

1>N 1=N

2N 2N
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edges of such an OTIS-hypercube network are optical. So, one can safely conclude 
that the OTIS-hypercube network is less costly than a hypercube network with the 
same number of nodes. 

Such a comparison only applies where one of the two networks can be simulated 
using the other one with a small slowdown. The following theorem establishes that an 

 node OTIS-hypercube network can actually simulate an  node hypercube. 2N 2N
Theorem 1. An -node OTIS-Hypercube network can simulate an -node 
hypercube with a slowdown factor of at most 3. 

2N 2N

The proof of this theorem appears in  5[5]. The proof is explained informally here 
as well, because it is used in construction of the sorting algorithms on OTIS-
hypercube networks. Suppose the node  in the OTIS-hypercube is labeled in 
form of , where  is the binary representation of , 

 is the binary representation of  and . 
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For an OTIS-hypercube to be equivalent to a hypercube, every node in the 

network must be connected to all nodes which differs from it in exactly one bit 
position. If the difference bit position is in the lower half (i.e., in ) there is a npp L1



direct electronic link between the nodes, because both are located in the same cluster. 
If the difference bit position is in the upper half, the link can be simulated in at most 3 
steps. The first step is using an optic link to move to the node  (the )( 11 nn ggpp LL

g  and p  parts of the label are swapped.) After this step, the difference bit lies in the 
lower half of the label, so the transform can be made locally in the cluster. In the third 
step, another optic link is traversed to restore the order of g  and p  in the label. 

This simulation can happen in 2 steps for the special cases where one of the source 
or destination addresses is in form of . If the source address is in that form, the 
first step of the above simulation is unnecessary (and not possible, since nodes with 

 addresses do not have any optic adjacent edges.) Likewise, if the destination 
address is in that form, the last step of the simulation would be redundant. 
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From Theorem 1, it can be concluded that any hypercube algorithm can be 
simulated on an OTIS-hypercube network with the constant slowdown of at most 3 
(thus, asymptotically equivalent). This includes sorting algorithms on hypercubes as 
well. Therefore, these algorithms can also be implemented on OTIS-hypercubes, by 
substituting data movements along the higher dimension half of hypercube nodes with 
the 3-step simulation laid out above. 

We will proceed to explain how one sample hypercube sorting algorithm can be 
adapted to OTIS-hypercube networks. The chosen algorithm is the Odd Even Merge 
Sort on a hypercube  1[1]. This algorithm works by recursively merging larger and 
larger sorted lists. In particular, to sort  items, it begins with splitting the items into 

 sublists of length 1. Then, pairs of unit-length lists are merged into  sublists 
of length 2 . The same process goes on so that in the last step of the recursion, 2 
sublists of length  are merged to form the final sorted sequence. The running 
time is , which doesn't change for the OTIS-hypercube adapted algorithm. 

The total number of steps in the original algorithm is . 
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The interesting part of the algorithm, as described in  1[1] is the merging part. The 

implementation of merging is described on a butterfly network. On a butterfly 
network, the merging step of the algorithm consists of two passes. During each step of 
the first pass, the location of the data items in the upper half of the butterfly does not 
change (the straight edges are used), while the data in the lower half moves towards 
the cross edges. The last step of the first pass is exceptional in that all of the straight 
edges are used (even in the lower half). The first pass effectively reverses the order of 
data items in the lower half. During the second pass, the data flows back in the 
butterfly network. At each step, if the adjacent pairs are out of order, they are 
switched using the cross edges, otherwise they are simply moved using the straight 
edges. The merge step of the algorithm takes  steps. Nlg2

Since this algorithm is normal, it can be run in the same running time on a 
hypercube. To simulate it on an OTIS-hypercube network, the following points must 
be considered. 
• The last step of the first pass has no effect on a hypercube (it simply leaves the 

position of all of the hypercube edges unchanged). Therefore, it can be omitted 
in the OTIS-hypercube simulation. 



• The first pass of the algorithm consists of 1lg −N  steps. The first ½ Nlg  steps 
occur on the electronic edges, and therefore can be simulated with no slowdown. 
Each of the next ½ 1lg −N  steps occur in 3 steps in an OTIS-hypercube network. 
Altogether, the first pass would take 3lg2 −N  steps. 

• The second pass consists of Nlg  steps. The first ½ Nlg  steps can each be 
simulated in 3 steps, and the next ½ Nlg  can be directly simulated on an 
OTIS-hypercube using the electronic links. Therefore, the second pass would 
take Nlg2  steps. 
Therefore, the total running time of the merge step would be equal to . 

So the total time for sorting  numbers will be 
3lg4 −N

N

NNN lglg23)lg(43)2lg(4 2 −=−++− L . (2) 

The total number of steps in the original algorithm is . The simulated 

algorithm, as previously noted, has the same asymptotic running time ( ). 

Specifically, the simulated algorithm takes at most  more steps to 
complete than the original algorithm. 

NN lglg2 +

)lg( 2NO
NN lg2lg2 −

4   Conclusion 

This paper reviewed the important related work in the field of sorting algorithms for 
OTIS networks, and outlined one randomized sorting algorithm on OTIS-mesh 
architectures. In addition, a new sorting algorithm for OTIS-hypercube structures was 
suggested. 

References 

1. Leighton, F.T.: Introduction to Parallel Algorithms and Architectures: Arrays - Trees 
- Hypercubes. Morgan Kaufmann, 1992. 

2. Marsden, G., Marchand, P., Harvey P., Esener S.: Optical transpose interconnection 
system architectures. Optics Letters. 18(13). 1083—1085 (1993) 

3. Hashemi Najaf-abadi, H. Sarbazi-Azad H.: An empirical comparison of OTIS-mesh 
and OTIS-hypercube multicomputer systems under deterministic routing. In: 19th 
IEEE International Parallel and Distributed Processing Symposium, p. 262a. IEEE 
Press, New York (2005) 

4. Pijitrojana, W.: Optical transpose interconnection system architectures. 2003. 
5. Francis Zane, Philippe Marchand, Ramamohan Paturi, and Sadik Esener, "Scalable 

network architectures using the optical transpose interconnection system (OTIS)," 
Journal of Parallel and Distributed Computing, 60(5):521–538, 2000. 



<<
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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.)
  >>
  /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 [612.000 792.000]
>> setpagedevice


