
Design of scalable optical interconnection
networks for massively parallel computers.

Item Type text; Dissertation-Reproduction (electronic)

Authors Sung, Hongki.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:21:10

Link to Item http://hdl.handle.net/10150/186843

http://hdl.handle.net/10150/186843


INFORMATION TO USERS 

This m~uscript has been reproduced from the microfIlm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedtbrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely. event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 

to order. 

U·M·I 
University Microfilms International 

A Bell & Howell Information Company 
300 North Zeeb Road, Ann Arbor, M148106·1346 USA 

313/761-4700 800/521-0600 





Order Number 95069'T6 

Design of scalable optical interconnection networks for massively 
parallel computers 

Sung, Hongki, Ph.D. 

The University of Arizona, 1994 

U·M·I 
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 





DESIGN OF SCALABLE OPTICAL 

INTERCONNECTION NETWORKS FOR 

MASSIVELY PARALLEL COMPUTERS 

by 

Hongki Sung 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN ELECTRICAL ENGINEERING 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 994 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by __ ~H~o~n~g~k_i __ S_u_n~g ______________________ _ 

entitled Design of scalable optical interconnection networks for 

massively parallel computers 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of ~D~o~c~t~o~r~o~f~P~h~i~l~o~so~p~h~y~ __________________ _ 

Date i i 

w(9r 
Date 

/-1'( (~1 \ 

/ 
Date 

Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 

~cC/ 'f!IV/cry 
./ Dis.seifa-ti~rector Date 

/'.'-----( .---



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree ·at The University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided thaL accurate acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of this manuscript in whole or in part 
may be granted by the head of the major department or the Dean of the Graduate 
College when in his or her judgment the proposed use of the material is in the interests 
of scholarship. In all other instances, however, permission must be obtained from the 
author. 

SI G NED :--'.:'::"--I-~U-II:'f.J¥I.~+/;I!.L.!......,I---



4 

ACKNOWLEGEMENTS 

I would like to express my gratitude to Professor Ahmed Louri, my advisor who 
introduced me the world of optics, for his invaluable guidance, assistance, and support 
during my research period. I would also like to thank Professor Ralph Martinez and 
Professor Sarma Vrudhula for their help in completing my degree requirements. I 
appreciate all their time and effort. 

There are many other people who deserve special thanks. First of all, they are my 
collegues at the Optical Computing and Parallel Processing Laboratory, the Univer
sity of Arizona, Mr. Jong Whoa Na, Mr. James Hatch, Jr., and Mr. Michael Major 
from all of whom I learned optics a lot. And, my friends with the Department of 
Electrical and Computer Engineering, Mr. Yoonkeon Moon, Mr. Tae Jin Kim, and 
Dr. Jinwoo Kim. I appreciate all their friendship and assistance. 

My sincere appreciation goes to my wife, Ockhyun, without her assistance, pa
tience, and understanding, I would not have been able to pursue my career. My son, 
Changsok, who was born here in Tucson at the same time I began to study as a Ph.D 
student, has always emotionally supported my efforts with forbearance and goodwill. 
Finally, I would like to express my appreciation to my parents and parents-in-law in 
Korea. 

This research was supported in part by grants from National Science Foundation, 
USWest, etc. The support is gratefully acknowledged. 



5 

DEDICATION 

To my wife, Ockhyun, and my son, Changsok. Also to my parents and parents

in-law. 



6 

TABLE OF CONTENTS 

LIST OF FIGURES . 8 

LIST OF TABLES. 13 

ABSTRACT .... 14 

1 INTRODUCTION 16 
1.1 Problem Statement 16 
1.2 Why Optics for Interconnection Networks? 19 
1.3 Types of Optical Interconnection Networks 22 

1.3.1 Free-space and Waveguide Optical Interconnects 22 
1.3.2 Types of Free-space Optical Interconnects . . . . 25 

1.4 Models for Optical Interconnection Network Architectures 27 
1.4.1 The Transmissive Model. . . . . . . . . . . . . . . 30 
1.4.2 The Reflective Model ................ 31 
1.4.3 Optical Components for the 3-D Optical Interconnect Models 33 
1.4.4 Connection Rule . . . . . . . . . . . . . . . . . . . . . . . .. 34 

1.5 Scalability Issues in Interconnection Networks for Parallel Processing 
and Motivation for New Scalable Networks 35 

1.6 Dissertation Organization . . . . . . . . . . . . . . . . . . . . . . .. 37 

2 THREE-DIMENSIONAL FREE-SPACE SPACE-INVARIANT OP
TICAL HYPERCUBE NETWORKS . . . . . . . . . . . . . . . . . . .. 38 

2.1 Design Methodology for Three-dimensional Optical Hypercube Net-
works Using Reflective Model . . . . . . . . . . . . . . . . . .. 38 

2.1.1 Basis for a New Embedding Scheme . . . . . . . . . . . . .. 38 
2.1.2 Space-invariant Optical Implementation of a Three-dimensional 

Four-cube Network . . . . . . . . . 40 
2.1.3 Signal Separation at the Receiving Node. . . . . . . . . 42 
2.1.4 Generalization of the Embedding Scheme . . . . . . . . 45 
2.1.5 Area Utilization of the Generalized Embedding Scheme 52 
2.1.6 Optical Implementation of Hypercube Networks Using Reflec-

tive Models . . . . . . . . . . . . . . . . . . . . . . .. 62 
2.2 Design Methodology for Three-dimensional Optical Hypercube Net-

works Using Transmissive Model. . . . . . . . . . . . . . . . .. 65 
2.2.1 Basis for the Embedding Scheme Using the Transmissive Model 65 



7 

2.2.2 Generalized Design Methodology for 3-D Space-invariant Hy
percube Networks Using the Transmissive Model. . .. 68 

2.2.3 Optical Implementation of Hypercube Networks Using Trans-
missive Models .......... . . . . . . . . . . .. 75 

3 THREE-DIMENSIONAL SPACE-INVARIANT OPTICAL IMPLE-
MENTATION METHODOLOGIES FOR MESH NETWORKS 81 

3.1 Design Methodologies for Mesh Networks . . . . . . . . . . 81 
3.2 Optical Implementations of Space-invariant Mesh Networks . . 86 

4 SCALABLE OPTICAL INTERCONNECTION NETWORK FOR 
MASSIVELY PARALLEL COMPUTING: OMMH 91 

4.1 Optical Muti-Mesh Hypercube Networks. 91 
4.1.1 Definition of OMMH Network. . . . . . . 91 
4.1.2 OMMH Network Properties. . . . . . . . 95 

4.2 Optical Implementation of OMMH Network: Two-level Design Method-
ology . . . . . . . . . . . . . . . . . . . . . . . . . 108 

4.2.1 Size-scalability of the OMMH Network. . . . . 108 
4.2.2 Generation-scalability of the OMMH Network. 110 
4.2.3 Optical Implementation of OMMH Network. 110 
4.2.4 Rationale for the Two-level Design Approach 119 

4.3 Optical Support for Barrier Synchronization . . . . . 120 

5 THREE-DIMENSIONAL OPTICAL IMPLEMENTATION OF BI-
NARY DE BRUIJN NETWORKS. . . . . . . . . . . . . . . . . . .. 123 

5.1 Binary de Bruijn Interconnection Networks for Parallel Computers 123 
5.2 Definition and Properties of Binary de Bruijn Networks ...... 125 
5.3 Optical Implementation of Binary de Bruijn Networks . . . . . .. 129 

5.3.1 Decomposition of the de Bruijn Network into Primitive Oper-
ations ........... . . . . . . . . . . . . . . . . 129 

5.3.2 Three-dimensional Free-space Optical Implementation of Bi-
nary de Bruijn Networks . . . . . . . . . . . . . . 135 

5,4 Performance Analysis of the Proposed Optical Implementation 148 

6 CONCLUSIONS .... 158 

LIST OF PUBLICATIONS 161 

REFERENCES ....... . 163 



8 

LIST OF FIGURES 

1.1 Minimum on-chip power dissipation at IGb/s. [Source: R. A.Nordin 
et al[I]]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 17 

1.2 Minimum communication energy at IGb/s. [Source: R. A. Nordin et 
al[I]] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 18 

1.3 Types of optical interconnects: (a) Guided waves using fibers, (b) 
guided waves using integrated waveguides, (c) free-space inter
connects using lenses, and (d) free-space interconnects using holo-
grams. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 23 

1.4 Types of free-space interconnects: (a) Space-variant interconnection 
(b) space-invariant interconnection. . . . . . . . . . . . . . . .. 25 

1.5 The transmissive model for free-space space-invariant optical inter
connection network architecture. This model is an abstraction of 
board-to-board communication. (a) Conceptual representation. 
(b) An implementation.. . . . . . . . . . . . . . . . . . . . . .. 28 

1.6 The reflective model for free-space space-invariant optical intercon
nection network architecture. This model is an abstraction of 
chip-to-chip communication. (a) The source plane and the de
tector plane can be conceptually separated. (b) In actual im
plementation, sources and detectors are integrated onto a single 
plane. ................................ 29 

1. 7 Interconnection through a conventional backplane with a longer travel 
path than the straight communication model. . . . . . . . . .. 31 

2.1 (a) Embedding a four-cube interconnection in a plane. Row-majoring 
indexing is used to assign addresses to nodes. (b) The imple
mentation of a 3-D four-cube using the straightforward scheme. 
1 empty row and 1 empty column are inserted to mask off un-
wanted connections.. . . . . . . . . . . . . . . . . . . . . . . .. 39 

2.2 (a) Embedding a four-cube interconnection in a plane using the pro
posed scheme. (b) Conceptual optical implementation of a four-
cube interconnection network. . . . . . . . . . . . . . . . . . .. 41 

2.3 Space division multiplexing technique for channel separation. .... 43 
2.4 An example of an efficient space division multiplexing technique for a 

3-cube. 4 pixels per node could be enough to identify incoming 
channels. The gray pixel represents the transmitting pixel for the 
node and white pixels for signal receiving pixels. . . . . . . . .. 45 



9 

2.5 Embedding of hypercubes of dimension 1 to 4 in the plane using the 
pr~posed scheme. . . . . . . . . . . . . . . . . . . . . . . . . .. 47 

2.6 Example: construction of a 3-D space-invariant 5-cube network from 
a basic 3-D space-invariant 4-cube. ................ 51 

2.7 A five-cube layout using the straightforward scheme. Three empty 
rows and columns are inserted between the two four-cube layouts 
to mask off unwanted connections.. . . . . . . . . . . . . . . .. 53 

2.8 Area Utilization Factor(AUF) of the proposed scheme and the straight
forward scheme, for both space and time (or wavelength) division 
multiplexing techniques for the signal separation at the detector 
plane. ................................ 57 

2.9 Maximum realizable sizes of hypercubes on a given SBWP. ..... 61 
2.10 A 4-cube implementation using a single space-invariant computer gen

erated hologram. Only one-dimensional view is shown for clarity. 63 
2.11 Conceptual realization of a 3-D space-invariant 5-cube network using 

the transmissive model: (a) the 32 nodes of the five-cube network 
are partitioned into two partitions with totally space-invariant 
connections between them, (b) a conceptual optical realization 
of the space-invariant five-cube network. The connections of two 
nodes one from each plane are shown as an example. ...... 66 

2.12 Embedding of binary n-cubes for the transmissive model where 2 ::; 
n ::; 5 onto planes. ......................... 69 

2.13 Construction of a 3-D space-invariant 6-cube network from a 3-D 
space-invariant 5-cube network using the transmissive model. The 
connection rule is: (Row(6) = Row(5) = ±1 , ±3 ) and (Col(6) 
= Col(5),±7 = 0, ±1, ±3, ±7) .................. 74 

2.14 Space-invariant optical implementation of a 5-cube network using a 
binary phase grating. . . . . . . . . . . 76 

3.1 8 x 8 mesh with wrap-around connections. . 82 
3.2 Embedding of a two-dimensional mesh with size 4 X 4 using the re

flective model. Node (1,1) communicates with nodes (0,1), (1,0), 
(2,1), and (1,2) as indicated by arrows. . . . . . . . . . . . . .. 83 

3.3 Embedding of a three-dimensional mesh with size 2 X 4 X 4 using the 
transmissive model. The figure shows an instance of communi
cation from node (0,1,1) to nodes (1,1,1), (0,0,1), (0,1,0), (0,2,1), 
and (0,1,2) as well as from node (0,2,1) to nodes (0,1,1), (0,2,2), 
(0,2,0), and (0,3,1). . . . . . . . . 84 

3.4 Multiple imaging of quadra-split lens. . . . . . . . . . . . . . . . .. 87 



3.5 Implementation of the mesh network in the use of a quadra-split lens 
using the reflective model. (a) Hardware setup in accordance with 
the reflective model. (b) Details of the function of the OIM shown 
in the dashed box of (a). For clarity, it shows only side view of the 
8 X 8 mesh, with no wrap-around connections, implementation 
using a quadra-split lens. An instance of communication from 
node (2,0) to nodes (1,0) and (3,0) is depicted using virtual source 

10 

and detector planes. ........................ 89 

4.1 An example of the optical multi-mesh hypercube network: a (4,4,3)
OMMH (128 nodes) interconnection is shown. Two links with 
the same labels are connected for the wrap-around connections 
of the mesh. Only few addresses are shown in the parenthesis for 
clarity. Solid lines represent hypercube connections and dashed 
lines mesh connections. . . . . . . . . . . . . . . . . . . . . . .. 94 

4.2 A (4,4, 3)-OMMH interconnection network, another isomorphic view. 
Wrap-around connections of the mesh are omitted and only a few 
addresses are shown in the parenthesis for clarity. Solid lines rep
resent hypercube connections and dashed lines mesh connections. 96 

4.3 Comparison of (a) diameter, (b) link complexity, (c) total number 
of links, and (d) normalized average message distance of the hy
percube and the OMMH when the two networks have the same 
number of nodes. . . . . . . . . . . . . . . . . . . . . . . . . .. 100 

4.4 (a)Normalized average message distance using threshold model with 8-
link threshold when probability within the threshold is 0.9, 0.95, 
or 0.99. (b) Normalized average message distance using geometric 
distribution model with 4-link wide region. Probability within 
each region is 0.5, 0.6, 0.7, 0.8, or 0.9. . . . . . . . . . . . . . .. 103 

4.5 Rerouting messages in the OMMH in the presence of a single fault. . 106 
4.6 Wavelength assignment for a 5-cube. Wavelengths are assigned such 

that no two nodes in the same row or column have an identical 
wavelength. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 112 

4.7 A 2-D view of a 5-cube module to interface with torus links for the 
construction of the (/, m, 5)-OMMH network. . . . . . . . . . .. 114 

4.8 A full size representation of a (3,3, 5)-OMMH network emphasizing 
torus links. Only connections among PlaneL are shown for clarity. 
Similar connections among PlaneR exist. Two links with the 
same labels are connected for wraparound connections. In the 
parenthesis, first two address components of (3, 3, 5)-OMMH (Le., 
torus address components) are shown. . . . . . . . . . . . . . .. 115 



11 

4.9 (a) A quadrant beam splitter using GRIN lenses. (b) Geometry of 
the quadrant beam splitter. ....... 117 

4.10 Optical setup for the barrier synchronization. . . . . . . . . . . . .. 121 

5.1 (a) A three-BdB network with 8 nodes, and (b) a four-BdB network 
with 16 nodes. Node addresses are represented by binary num-
bers. A four-BdB network can not be built by simply connecting 
two three-BdB networks since the BdB network is neither fully 
symmetrical nor modular. . . . . . . . . . . . . . . . . . . . .. 127 

5.2 In an n-bit (n even) address of a node, the most significant n/2 bits 
represent the row index and the rest represent the column index. 
(a) The exchange of MSBs in the row index and the column index 
is equivalent to the exchange of quadrants Q2 and Q3, and (b) 
the complement of MSB in the row index (an-d, followed by the 
exchange of MSBs in the row index and the column index results 
in clockwise rotation of quadrants by one position. . . . . . . .. 132 

5.3 Optical setup for the 1-D inverse perfect shuffle of eight nodes. ... 136 
5.'1 Optical setup for the 2-D separable inverse perfect shuffle. (a) Column-

wise extension of the I-D perfect shuffle module in Fig. 5.3 . Dif-
ferent colors in the source array represent different polarizations. 
(b) The column-wise inverse perfect shuffle and the row-wise in
verse perfect shuffle are done in series to achieve 2-D separable 
inverse perfect shuffle. ....................... 138 

5.5 Optical setup for the masldess I-D perfect shuffle of eight nodes. .. 140 
5.6 Optical setup for the 2-D maskless separable perfect shuffle. The 

column-wise perfect shuffle and the row-wise perfect shuffle are 
done in series. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 141 

5.7 An optiGal implementation of the quadrant exchange module (QEM). 
Lights emanating from Q2 are routed by MI, reflected at PBS1, 
and pass through PBS2. At the same time, lights from Q3 pass 
through PBS1, reflected at PBS2 and at M2. Consequently Q2 
and Q3 are exchanged at the output plane. . . . . . . . . . . .. 143 

5.8 Partial optical implementation of the quadrant rotation module (QRM). 
(a) Ql is routed to the output plane at the original position of 
Q3. At the same time, Q3 at the original position of Q4. (b) Q2 
and Q4 are routed to the output plane at the original positions 
of Q2 and Q4, respectively.. . . . . . . . . . . . . . . . . . . .. 144 

5.9 Optical implementation of the quadrant rotation module (QRM). 
Clockwise rotation of quadrants is achieved if Fig. 5.8 .a and 
b are combined. . . . . . . . . . . . . . . . . . . . . . . . . . .. 145 



5.10 A 3-D optical implementation of the binary de Bruijn network. Image 
p8 i's superposition of the 2-D folded perfect shuffle and the 2-D 
folded perfect shuffle complement of the input plane, and image 
p14 is superposition of the 2-D folded inverse perfect shuffle and 
the 2-D folded inverse perfect shuffle complement of the input 
plane. Thus, p15 achieves the binary de Bruijn connections of 

12 

the nodes of the input plane. . . . . . . . . . . . . . . . . . . .. 147 



13 

LIST OF TABLES 

1.1 Advantages of optics for high-speed interconnects. .......... 21 

2.1 Definitions of notations used in the generalized embedding scheme of 
hypercube networks using the reflective model. . . . . . . . . .. 48 

2.2 Minimum required area for embedding an n-cube into a plane: space 
division technique and time( or wavelength) division technique are 
used on the detector array (unit of area = the smallest square of 
the resolvable pixel on the detector array) ............ , 56 

2.3 Symbols used in the generalized embedding algorithm and their mean
ings. Note: (*) This amount is for each plane (PlaneL, PlaneR) 
in case of the transmissive model. (**) Row (column) dimension 
means the number of rows (columns) on the plane. ....... 70 

5.1 Characteristics of various network topologies. (Adapted from M. J. 
Quinn[96]). A network has a constant edge length if all the edges 
(links) can be realized with the same length. . . . . . . . . . .. 128 

5.2 Characteristics of the binary n-cube, the two-dimensional mesh, and 
the n-BdB networks. It is assumed that the mesh network has 
wraparound connections in the rows and columns. The table 
shows that the n-BdB network is an attractive alternative over 
binary n-cube and the mesh network ............... , 128 

5.3 List of the components used in the example implementation with sizes, 
quantities, and power efficiencies. . . . . . . . . . . . . . . . ., 151 

5.4 Optical output beam powers for the different interconnection paths in 
the optical de Bruijn network. Implementations utilizing special 
columnwise half-wave plates and liquid crystal devices are exam-
ined. These figures are for systems using 50-50 beam splitters to 
provide beam combination. . . . . . . . . . . . . . . . . . . . .. 154 

5.5 Ouput optical beam powers for the different interconnection paths for 
a de Bruijn network utilizing multi-grating holograms to provide 
beam combination. The use of these holograms increases the 
output power by approximately 300% over the system using 50-
50 beam splitters to provide beam combination. . . . . . . . .. 155 



14 

ABSTRACT 

The increased amount of data handled by current information systems, coupled 

with the ever growing need for more processing functionality and system throughput 

is putting stringent demands on communication bandwidths and processing speeds. 

While the progress in designing high-speed processing elements has progressed sig

nificantly, the progress on designing high-performance interconnection networks has 

not been adequate. The primary bottleneck of today's interconnection networks is 

typically the very limited bandwidth. Optics, due to inherent parallelism, high band

width, low crosstalk, and freedom from planar constraints, has been recognized as a 

potential solution to the communication problem in parallel and high-performance 

computing systems. 

In this dissertation, we explore the use of optics for communication problems in 

parallel processing. We first propose two models of free-space optical interconnection 

networks for chip-to-chip and board-to-board communications. The proposed models 

are intended to provide high enough communication bandwidth as well as parallelism 

required by massively parallel computing systems. We then show how to embed the 

hypercube and the mesh networks into these models. 

Next, we present a new size and generation scalable interconnection network for 

massively parallel computers, called an Optical Multi-Mesh Hypercube (OMMH) 
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network. The OMMH integrates positive features of both hypercube (small diam

eter, high connectivity, symmetry, simple routing, fault tolerance, etc.) and mesh 

(constant node degree and scalability) topologies and at the same time circumvents 

their limitations (e.g., the lack of scalability of hypercubes, and the large diameter of 

meshes). The OMMH can maintain a constant node degree regardless of the increase 

in the network size. 

Also presented is a three-dimensional optical implementation of the OMMH net

work. A basic building block of the OMMH network is a hypercube module which is 

constructed with free-space optics to provide high-density localized hypercube con

nections. The OMMH network is then constructed by putting together such basic 

building blocks with multiwavelength optical fibers which realize torus connections. 

The proposed implementation methodology is intended to fuIly exploit the advantages 

of both space-invariant free-space and multiwavelength fiber-based optical intercon

nects technologies. 

Finally, we discuss an optical implementation methodology of the binary de Bruijn 

network which is recently receiving much attention as an alternative to the hypercube 

network. 



1.1 Problem Statement 

CHAPTER 1 

INTRODUCTION 
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The increased amount of data handled by current information systems, coupled 

with the ever growing need for more processing functionality and system throughput 

is putting stringent demands on communication bandwidths and processing speeds. 

However, as both silicon and GaAs based technologies drive device speed into the giga

hertz (GHz) frequency range, and rise times down to small fractions of a nanosecond, 

metallic-based communications, not device speed, between subsystems and chips at 

higher and higher data rates are the limiting and deciding factor for performance and 

cost of high-speed computing systems[l, 2, 3, 4, 5, 6]. In fact the emerging demands 

for bandwidth, data rates, interconnect density, error-rates are far beyond the capa

bilities of current metallic-based interconnects and backplanes[6, 7]. These limitations 

apply to both uniprocessors, such as high-end personal computers, workstations, and 

mid-range computers, as well as multiprocessing systems. For uniprocessors, higher 

performance is obtained mainly from faster clock speeds. However, for systems oper

ating in the GHz range, electrical connections have to be treated as high frequency 

transmission systems. Skin effect, crosstalk, interference, wave reflections, noise due 

to current changes, and dielectric imperfections cause severe pulse distortions and 
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attenuation, clock skew and random propagation delays. For multiprocessor design, 

the technological limitations of electronic interconnections are resulting in very lim-

ited communication bandwidth, low interconnect density, and long network latencies, 

and high power requirements. 

As can be seen from Figs. 1.1 and 1.2 for short distances (less than 1 mm), such 

as inside chips, electrical connections function relatively weIl[l]. However, for 

On-Chip Power 
Dissipation 

100mW 

10mW 

1mW 

100uW 

10uW 

10um 100um 1mm 

Optical 
(10um X 10um Device) 

10mm 100mm 1m 
Interconnection Length 

Figure 1.1: Minimum on-chip power dissipation at 1Gb/s. [Source: R. A.Nordin et 
al[l]] 

long distances (greater than 1mm) such as between chips, multichip modules, boards, 

or frames, electrical connections become excessively slow and expensive for achiev-

ing higher levels of performance[l, 4, 7]. Larger areas on the chip must be devoted 

to drive longer distances, and consequently more power must be used. The source 
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Figure 1.2: Minimum communication energy at IGb/s. [Source: R. A. Nordin et 
al[l]] 

of the power problem stems from the fundamental impedance matching problem[5] 

created by metal conductors at high data rates: electrical transmission lines have 

low impedance over long distances, whereas small logic devices that are used to drive 

the electrical connections carry small currents and have therefore high-impedance. 

Hence, we cannot directly match small high-impedance logic devices to communicate 

logic levels over long distances. And because of this, we must build large drivers 

which consume more power and area on the chip. Also, metal conductors present 

themselves to the drive circuit as a capacitance that must be charged to the logic 

level, and subsequently, be discharged at the remote end. For electrical transmission, 

this charging effect is proportional to the length of the line, and to the number of 
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devices attached to it. The impedance matching problem combined with the capaci

tive loading effect are the dominant causes of power consumption and the intolerable 

delays for long distance connections in high-speed systems. Another major problem 

is crosstalk between adjacent conductors. Inductive/capacit.ive coupling increases 

crosstalk at high frequencies, which requires shielding and isolation. Moreover, the 

timing of logic signals arriving at a gate from different parts of a circuit becomes crit

ical as it gives rise to severe clock skew problems[S, 9J. These fundamental problems 

will ultimately limit clock speeds which up until now have been the dominant way 

of increasing uniprocessor system performance. An alternative to increasing clock 

speeds, is to opt for parallel processing by increasing the number of processing ele

ments (PEs) in the system. Again, communication between these PEs, and between 

PEs and memory modules, is the limiting and deciding factor in determining the 

performance and cost of the system[10, 11J. Unfortunately, current electronic tech

nology is facing fundamental technological limitations in terms of power dissipation, 

latency, and area requirements[2, 6, 12, 13, 14J. Consequently, electronic technology 

alone would be unable to provide adequate and cost-effective communication support 

for future massively parallel machines. 

1.2 Why Optics for Interconnection Networks? 

One possible solution to the communication problem for high-speed computers is 

the use of optical interconnects [S, 9, 13, 15, 16, 17, IS, 19J. Optical interconnects offer 
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many advantages over electronic interconnections including high spatial and temporal 

bandwidths, high speed transmission, low crosstalk independent of data rates, and 

high interconnect densities. For metallic-based interconnections, the communication 

bandwidth is limited by the resistance, capacitance, and inductance of the path be

tween different devices, whereas in optics the bandwidth is limited only by the carrier 

frequency which is very high about 5 x 1014 Hz (500THz) for visible light, compared to 

about 10 MHz to IGHz for electronic systems. In addition, optical systems can use 

the third dimension of space since they are free from planar constraints for commu

nication, which can dramatically increase the available communication bandwidth. 

The speed of signal propagation on metallic transmission lines depends on the ca

pacitance per unit length. Thus, as more devices having capacitance are attached 

to the transmission line, the speed of signal propagation decreases. In optics, sig

Ilal propagation is independent of the number of components that receive the signal, 

which allows higher transmission speeds and much larger number of fanins/fanouts 

than electronics. Table 1.1 summarizes the advantages of optics for high-speed and 

high-density interconnects. 

Tbe electrical interconnect problem exists at various organizational levels, includ

ing frame-to-frame, board-to-board, chip-to-chip, and intrachip levels[16J. Among 

these levels, chip-to-chip and board-to-board interconnection levels (these intercon

nections can be between chips on a single board, or between several boards) are of 
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Advantages of optics for interco,nnects 
• Inherent parallelism 
• High temporal and spatial bandwidth 
• Low crosstalk and latency 
• Freedom from quasi-planar constraints 
• Immunity from mutual interference and ground loops 
• Low signal skew and distortion 
• Low power dissipation 
• Large number of fanins and fanouts 
• Bandwidth independent of distance 
• Potential for reconfigurable interconnects 

Table 1.1: Advantages of optics for high-speed interconnects. 

particular interest since they support a large number of high speed signal transmis-

sions and, therefore, have suffered from problems associated with wiring complexity, 

signal degradation due to electrical multireflections, and long delays due to unnec-

essary channel multiplexing. For example, in highly parallel machines such as the 

NCUBE and the Connection Machine, major trade-offs have been made for the in-

put/output (I/O) design at the board level due to the limitations of electrical inter-

connects (The increased density of components within the integrated circuits requires 

hundreds of electrical interconnects for each chip, and thousands of I/O ports for the 

entire package). Typically, several PEs (as many as 512 PEs) are restricted to a serial 

I/O channel (NCUBE) or even share a common serial I/O line (Connection Machine). 

This serialization of communication among PEs imposes a severe restriction on the 

overall performance of the machine. The net effect of this is that the throughput 

of the machine becomes severely limited by the I/O bandwidth at the board level, 

rather than by PE speed. 
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For chip-to-chip and board-to-board interconnects, the optical approach clearly 

offers several advantages over electrical-based interconnects because: (a) the optical 

approach does not require the source electronics to drive a large capacitive load cre

ated by the capacitance of the output bonding pad, the signal trace, the input bonding 

pad, and the input transistor, (b) the optical approach does not require impedance

matching terminating resistors that increase the power requirements of the source 

electronics, (c) the optical approach may permit a higher density of pinouts between 

chips, and (d) the optical approach may yield lower levels of crosstalk than a metallic

based approach. Moreover, the parallel nature of optics and free-space propagation, 

together with their relative freedom from interference, makes them ideal for parallel 

communication which is very much needed for parallel processing systems. These 

advantages offer an important supplement to the high-speed processing capabilities 

of electronics. 

1.3 Types of Optical Interconnection Networks 

1.3.1 Free-space and Waveguide Optical Interconnects 

Currently several research projects on optical interconnection networks are be

ing pursued (see for example [20, 21]). These projects include the use of free-space 

and waveguide interconnects as shown in Fig. 1.3. Waveguides require physical 

paths for the optical signals (See Fig. 1.3.a and b). Such physical paths can be 

realized using either fibers or waveguides integrated into the planar substrate. The 



23 

Source Channel Detector 

(0) ~ 
Fiber 

Semiconductor laser ~ Integrated 

or diode wav~e/ A 

(b) ~:;:;:;:}:;,:;:::;:;:::::::;,:::::;:::::7 
l~ ". Photodloae or 

Waveguide Photoconductor 
substrate 

External 
('I 

1191qme (c) 

I~ 
Lens 

Modulator 
V 

(d) 
Hologram 

Figure 1.3; Types of optical interconnects: (a) Guided waves using fibers, (b) guided 
waves using integrated waveguides, (c) free-space interconnects using lenses, and (d) 
free-space interconnects using holograms. 
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disadvantages[22, 16] of fiber-based waveguides at the chip-to-chip and board lev

els, compared to free-space interconnects are the low interconnection density, lack 

of flexibility, crosstalk between adjacent waveguides, coupling losses, and bending 

and looping fibers. For densely connected networks, which require a large number 

of interconnection lines, bending and looping of fibers cause radiation losses. For 

integrated waveguides, an important problem is the efficient coupling of light into 

and out of the waveguides. 

Instead of using fibers or waveguides, free-space optical interconnects exploit free

space propagation of optical signals. A free-space is defined to be vacuum where light 

velocity is exactly 3 X 108m per second, which means that the refractive index is unity. 

Lenses and holograms are typical optical elements to provide communication channels 

for free-space interconnects(See Fig. 1.3.c and d). Free-space optical interconnects 

have been found very suitable foj' chip-to-chip and board level interconnects[23, 24, 

13,8, 25] because (1) they have the potential to fully use the large spatial bandwidth 

and parallelism of optics, (2) they have no mutual interference (light beams can 

cross in space with no interference), (3) they result in flexible networks since they 

are not confined to physical paths, and most of all, (4) they are able to use simple 

imaging optics which produces light-power efficiency, very low signal skew, simpler 

architectures, and permit chip-like integration. 
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1.3.2 Types of Free-space Optical Interconnects 

Optical interconnects are also classified according to the degree of space-variance[26, 

27J which determines the complexity and regularity of the network. A totally space-

variant network allows complete generality to realize any arbitrary interconnection 

between components as shown in Fig. 1.4.a. In other words, the communication 

patterns are arbitrary. A totally space-invariant network has a very regular struc-

ture where all the nodes have the same connection patterns as shown in Fig. l.4.b. 

There is obviously a trade-off between the complexity of optical implementation and 

(a) (b) 

Figure 1.4: Types of free-space interconnects: (a) Space-variant interconnection (b) 
space-invariant interconnection. 

the degree of connectivity and regularity of the network. Space-invariant networks 

are well matched to the capabilities of optical components such as lenses, mirrors, 
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holograms, etc., and therefore call be easily and effectively implemented. Space-

variant interconnects require complex optical implementations which often result in 

low interconnection density and high cost. 

There is also a fundamental trade-off between the space-bandwidth product (SBWP) 

and the degree of space-variance. The SBWP of an optical system is the total de-

gree of freedom in an optical interconnect. The space is considered the cross section 

area and the bandwidth is the highest spatial frequency handled by the system. The 

SBWP of a linear optical system is equal to: 

aA 
SBWP = (>.1)2 (1.1 ) 

where>. is the wavelength of the light, f the focal length of the system, a the area 

of the input plane, and A is the area of the spatial frequency plane. For wave-

lengths neal' the. visible light, this is approximately equal to 100 spatial degrees of 

freedom per square micron, which is about the same size as the limit for a single 

electronic device[28]. A totally space-invariant system has minimal SBWP require-

ments, whereas a totally space-variant system has extensive SBWP requirements. It 

is known that the number of permissible channels in the totally space-variant system 

is proportional to square root of the SBWP and the number of permissible channels 

in the totally space-invariant system is directly proportional to the SBWP[27]. Thus, 

space-invariant systems allows more channels (more parallelism) than space-variant 

ones for a given SBWP. 
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1.4 Models for Optical Interconnection Network Architectures 

Several approaches to the design of optical interconnects are being pursued. Of 

particular approaches are network topologies that connect two-dimensional (2-D) 

arrays of input nodes to 2-D arrays of output nodes [29, 30, 31, 32, 33, 34J. These 

architectures exploit not only the high temporal and spectral bandwidth but also 

the spatial bandwidth of optical systems. This dissertation contributes to the on

going efforts by proposing two models for optical interconnects. One model, called a 

transmissive model, is intended for board-level optical interconnects, and the second 

model, called a reflective model, is intended for chip-to-chip interconnects. 

Figs. 1.5 and 1.6 show the transmissive model and the reflective model, respec-

tively. The separation of the 3-D interconnection network architectures into two 

models is intended to capture the benefits of transmissive optics as well as reflective 

optics. The details of the models will be discussed shortly. Common features of the 

t.wo models are as follows: The proposed models are not only built around planar 

arrays of processing elements (PEs), but are also space-invariant for simple and cost

effective optical implementations. In the models, each board contains electronic PEs, 

where each PE has optical sources and detectors integrated onto it. All inter-PE links 

are provided by free-space optics through the third dimension of the space. This al

lows circuit designers more of a three-dimensional (3-D) layout flexibility rather than 



PEO IIIIII+--------to>llllll PE3 

PE1 PE4 

PE2 PE5 

Bi-directionallink 

(a) 

Electronic chips with 
optical sources and detectors 
integrated onto 

Board1 Optical Interconnect Module(OIM) 

(b) 

28 

Board2 

Figure 1.5: The transmissive model for free-space space-invariant optical intercon
nection network architecture. This model is an abstraction of board-to-board com
munication. (a) Conceptual representation. (b) An implementation. 
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Figure 1.6: The reflective model for free-space space-invariant optical interconnection 
network architecture. This model is an abstraction of chip-to-chip communication. 
( a) The source plane and the detector plane can be conceptually separated. (b) In 
actual implementation, sources and detectors are integrated onto a single plane. 
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being limited to the periphery of the board as is the case with electrical intercon

nections. In addition, the proposed models would (1) better utilize the full SBWP 

of optical imaging systems, (2) take full advantage of the parallelism of free-space 

optics, (3) be cost-effective because the beams which will be directed orthogonal to 

the device substrate would share the same set of imaging and beam-steering optics 

for interconnects, and consequently, the cost of the optical hardware would be shared 

by a large array of devices, (4) be readily suited for the recent advances in com

pact, 2-D optical logic and switching, and opto-electronic optical integrated circuit 

(OEle) technologies, and (5) opens up new possibilities for designing faster parallel 

processing algorithms (because of the increased dimensionality of the architecture). 

1.4.1 The Transmissive Model 

The conceptual representation of the transmissive model is shown in Fig. 1.5.a. 

Fig. 1.5.b shows 3-D view of a practical implementation using multi-chip modules. 

The transmissive model consists of 2-D arrays of PEs on the planes (boards) facing 

each other and an optical interconnect module (OIM) between the planes. The OIM 

provides totally space-invariant connections between the planes. The model assumes 

that PEs in the network are partitioned into two sets of equal size and there is no 

inter-PE communication link between any two PEs on the same plane. Instead, free

space optics provides all inter-PE communication links. This eliminates all electrical 

links between PEs on the same plane, resulting in much denser realization of arrays 
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of PEs on the plane. The communication is assumed to be bidirectional; that is 

each board can send and receive data. The model is intended to provide higher 

interconnect and board densities (more PEs per board than electronic approaches), 

smaller signal skew interconnections, and minimal signal delays because the signals 

can travel between boards in a straight path without the need to route data through 

a backplane as is the case for the electrical interconnections shown in Fig.1. 7. 

Daughterboard :~.: Daughterboard 
:i:~; 

Sender Receivert 

~ The travel path I ::::: I ,i,;:i,;.~ 
::~:~ 

;'\' ____ .....0....---..11 ,~.,;.,: .. ,:.,: ;ii!l __ 

Motherboard(backplane) 

Figure 1.7: Interconnection through a conventional backplane with a longer travel 
path than the straight communication model 

1.4.2 The Reflective Model 

Fig. 1.6.a shows a representation of the reflective model and Fig. 1.6.b depicts 

a practical implementation of it using multi-chip modules. The model consists of a 

single plane with the PE array and an OIM. For the purpose of representation and 

embedding algorithm design, we separate the source plane from the detector plane in 

the reflective model. However, in practical implementation, the OIM uses reflective 

optics and optical sources and detectors are integrated into nodes on a single plane. 
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The OIM receives signals from PEs, generates multiple signals, and then, reflects 

them back to the PEs according to the communication pattern to be realized. The 

model also assumes that all inter-PE communications are provided through free-space 

optics, eliminating all electrical links between PEs. The model is intended to provide 

more chip density on the board by eliminating electrical wires between chips. 

It is clear that the transmissive model is an abstraction of inter-board (board-to

board) communication whereas the reflective model is an abstraction of intra-board 

(chip-to-chip) communication. Assume that the OIM in the models can be realized by 

the use of a single optical element and the aperture of such an element is large enough 

to cover the size of planes in the models. This assumption is valid since the OIM 

provides totally space-invariant connections and, thus, a single optical element such 

as a lens or a hologram can make such totally space-invariant connections between 

multiple sources and detectors. And such an optical element should have large enough 

aperture so that all light beams emanating from the sources can fall within the 

aperture of the element. Then, for a given network size, the transmissive model will 

require an optical element of less aperture size than the reflective model because the 

transmissive model places half of the nodes on one plane and the rest on the other 

plane, whereas the reflective model places all the nodes on a single plane. In general, 

an optical element of smaller feature size is easier and cheaper to fabricate than that 

of larger size unless the size is extremely small. Thus, the transmissive model has 

advantages over the reflective model in terms of sizes of the OIMs. However, the 
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transmissive model is limited by the fact that we cannot bipartition any arbitrary 

network(graph). We should note that a node in both models represents a PE onto 

which at least one optical source and one optical detector are integrated. 

1.4.3 Optical Components for the 3-D Optical Interconnect Models 

The proposed models consist of three optical components; optical sources, optical 

detectors, and an OIM. The source can be a directly modulated semiconductor laser, a 

light-emitting diode, or vertical-cavit.y surface-emitting lasers (VCSEL)[35J which are 

microlasers very suitable for the high density source array. A modulator[25, 36, 37, 38J 

coupled with an external light source could also be the source. The modulator can 

be electro-optic, absorptive, reflective, or even a spatial light modulator such as self

electro-optic effect device (SEED)[39J. The detector is generally a photodiode or a 

phot.oconductor connected to a bias and preamplifier circuitry. Since a node might 

have at least one source, one detector, and some processing capability, the node could 

be realized by a smart pixel[40, 41J which is a hybrid opto-electronic digital processing 

element with three spatially-separated functional units: one or more optical detectors 

to convert optical inputs into electronic signals, a processing unit which processes the 

received signal, and one or more optical sources to convert electronic outputs from 

the processing unit into optical signals. 
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1.4.4 Connection Rule 

The OIM in the models receives an image from the plane and generates multiple 

images, say M images, which are simultaneously incident on the other plane(the 

same plane for the reflective model) The locations of M image spots on the receiving 

plane are determined by the required connection patterns. Since we would like the 

system to be totally space-invariant, all the sources must have the same connection 

patterns. The connection pattern generated by the OIM determines the topology 

of the interconnection network. To describe the functionality of the OIM, we define 

a connection rule to be the amount of row-wise (upward or downward) or column

wise (left or right) spatial shifts required to achieve some interconnection topology. 

Thus, each connection rule for a network contains two entities, Rowand Col. For 

example, a connection rule such as (Row = ±1 and Col = ±1) states that in order 

to implement a given network, each plane is to be replicated into four images. Each 

replica is then shifted as follows. For a Row = +1, the corresponding image is shifted 

upwards by one row. Similarly, a Row = -1 indicates a downward shift by one row. 

A Col = +1 means a shift to the right by one column, and Col = -1 is a shift to 

the left by one column. There may be several shifts needed along a given direction, 

and that is indicated by a comma. For example, a connection rule such as Row = 

±1, ±3, Col = ±1, ±3, would require eight images of each plane. These images are 

then shifted according to the displacement indicated. The shifted images need to be 

simultaneously superposed on the plane to achieve the required connections. 
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We should note that the multiple image generation and spatial shifting functions 

(that is, the connection rule) of the OIM can be realized by the use of beam splitting 

devices or fanout elements such as holographic optical elements. The amount of 

spatial shift will be dependent on the angle of the beam transmitted by such elements 

(or reflected angle if reflective optics is used). The simultaneous superposition of the 

entire or part of shifted images on the receiving plane determines the topology realized 

by the OIM. 

1.5 Scalability Issues in Interconnection Networks for Parallel Processing 

and Motivation for New Scalable Networks 

On the architectural side, scalable networks and architectures are becoming more 

and more desirable for massively parallel computers. 

Scalability of a network consists of two aspects; size-scalability and generation

scalability (or time-scalability)[42]. Size-scalability refers to the property that the 

size of the network (e.g., the number of communicating nodes) can be increased 

with nominal change in the existing configuration. Also, the increase in system size 

is expected to result in an increase in performance comparable to the increasing 

size. A generation scalable network can be implemented in a new technology, and 

interconnection bandwidth of the network should grow at the same rate as processing 

speed and memory. Without increasing interconnection bandwidth, we cannot fully 
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exploit the increased speed of evolutionary processing elements. Modular networks 

enable the construction of a large network out of smaller networks. 

Numerous topologies have been explored for parallel computers[43, 44, 45, 46, 47]. 

However, the lack of size-scalability and modularity of some of these networks have 

limited their use in massively parallel computing systems despite their many other 

advantages. For example, one of the most popular network for parallel computers is 

the binary n-cube, also called as a hypercube. The attractiveness of the hypercube 

topology is its small diameter, which is the maximum number of links (or hops) a 

message has to travel to reach its final destination between any two nodes. A binary 

n-cube network has 2n nodes and the diameter is n. Each node is numbered in 

such a way that there is only one binary digit difference between any node and its 

n neighbors (node degree) that are directly connected to it. This property greatly 

facilitates the routing of messages through the network. In addition, the regular and 

symmetric nature of the network provides fault-tolerance. Despite its small diameter, 

high connectivity, simple routing scheme, and fault tolerance, the hypercube topology 

is rarely adopted in the most recent projects for massively parallel computers such 

as Intel Paragon, Cray Research MPP Model, Caltech Mosaic C, MasPar MP-I, 

Tera Computer Tera Multiprocessor[48], Stanford Dash Multiprocessor[49] which are 

based on the torus/mesh topology. One major reason is its lack of size-scalability. 

As the dimension of the hypercube is increased by one, one additional link needs 

to be added to every node in the network. In addition to the changes in the node 
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configuration, at least a doubling of the number of existing nodes is required for the 

regular hypercube network to expand and to remain as a hypercube. 

Torus networks (henceforth, the mesh is referred to as a torus if the mesh has 

wraparound connections in the rows and columns) are easily implemented because of 

the simple regular connection and small number of links (four) per node. Due to its 

constant node degree, the torus network is highly size-scalable. With a network size of 

N nodes, the minimal incremental size is approximately N 1/ 2 for a perfectly balanced 

network. However, the torus network also suffers from a major limitation which is 

its large diameter (Nl/2 for an N-node network) along with its limited connectivity. 

Despite the fact that the mesh/torus topology has limited connectivity and a large 

diameter, many recent projects for massively parallel computers targeting Teraflops 

use this topology for the interconnection network. 

1.6 Dissertation Organization 

Chapter 2 discusses design methodologies of hypercube interconnection networks 

using the proposed models, and Chapter 3 discusses design methodologies of mesh 

interconnection networks. In Chapter 4, a new scalable interconnection network for 

the massively parallel computers is proposed. Chapter 5 discusses an optical design 

of the binary de Bruijn interconnection network. Finally, Chapter 6 concludes this 

dissertation. 
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In this chapter, two design methodologies of 3-D space-invariant hypercube inter

connection networks using the proposed optical interconnect models in Chapter 1 are 

presented. 

2.1 Design Methodology for Three-dimensional Optical Hypercube Net

works Using Reflective Model 

2.1.1 Basis for a New Embedding Scheme 

The optical implementation of the hypercube interconnection network has been a 

driving force for several optics researchers [50, 51, 52J. The most noticeable among the 

proposed schemes is the space-invariant scheme proposed by Sheng[50J. Sheng uses 

an array of tilted mirrors to achieve space-invariant implementation of hypercubes. 

The embedding of nodes onto a plane is straightforward. For a four-cube embedding, 

sixteen nodes are arranged in a 2-D plane where the address-node assignment is row-

major indexing as can be seen in Fig. 2.1.a. In the rest of this chapter, we refer 

to such an assignment as the straightforward embedding scheme. Sheng uses such a 
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Empty column 

row 

(a) (b) 

Figure 2.1: (a) Embedding a four-cube interconnection in a plane. Row-majoring 
indexing is used to assign addresses to nodes. (b) The implementation of a 3-D 
four-cube using the straightforward scheme. 1 empty row and 1 empty column are 
inserted to mask off unwanted connections. 

scheme to implement hypercube networks in a space-invariant fashion. The nodes in 

the first column are connected with those in the second and third columns and the 

nodes in the second column are connected with those in the first and fourth columns. 

The interconnecti?n between the second column and the third column is prohibited. 

Nodes between rows are similarly connected. However, in order to have totally space-

invariant connections using such a scheme, an empty row and an empty column must 

be inserted onto the plane to mask off unwanted connections as shown in Fig. 2.1.b. 

Unfortunately, for hypercubes of higher dimensions (greater than 4) the number of 

empty rows and columns required to mask off unwanted connections becomes very 

large. Consequently, such an embedding scheme becomes very inefficient in terms 
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of area utilization on the plane, and in terms of volume required by the free-space 

imaging optics. 

The proposed scheme alleviates the space requirements. The basic idea is derived 

from an observation that a four-cube interconnection network can be embedded into 

a plane without inhibiting interconnections between two adjacent rows or columns, 

including wrapping around. Fig. 2.2.a shows the proposed embedding of a four-cube 

interconnection (16 nodes) in a 2-D plane. Nodes are numbered according to their 

binary addresses from 0000 to 1111. In order to avoid inserting empty rows or columns 

on the plane, we use Gray code for address-node assignment. This assignment requires 

that the binary addresses of any adjacent nodes (including wrapping around) on the 

plane differ in only one bit position (Hamming distance of one). 

2.1.2 Space-invariant Optical Implementation of a Three-dimensional Four

cube Network 

Conceptual implementation of a four-cube interconnection using the reflective 

model discussed in Sec. 1.4 is shown in Fig. 2.2.b. A number in a node of the 

source plane represents the decimal address of the corresponding binary address of 

the node, and numbers in a node of the detector plane represent the addresses of 

nodes with which the given detector is supposed to be directly connected in the hy

peJ'cube topology. For example, node 0 is connected to nodes 1, 2, 4, and 8. The 

dashed nodes on the detector plane represent falling-off images outside the detectors 
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Figure 2.2: (a) Embedding a four-cube interconnection in a plane using the pro
posed scheme. (b) Conceptual optical implementation of a four-cube interconnection 

network. 
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for the four-cube implementation. The required connections for the four-cube net

work are then obtained by superposing eight shifted images of the input plane. The 

amount of spatial shifts are ±ld and ±3d in both horizontal and vertical directions 

where d is the size of a node in a single dimension, and the origin is taken to be 

the center of the source plane. The eight shifted images are simultaneously incident 

on the detector plane in which a receiving node gets four different optical signals 

representing the required hypercube connections. It should be noted that with the 

proposed scheme, there are no wasted rows or columns on the plane for the four-cube 

network as is the case with the straightforward scheme. 

2.1.3 Signal Separation at the Receiving Node 

In Fig. 2.2.b, the number of sources is equal to the number of detectors; however, 

each detector receives signals from several sources. It is therefore, necessary for 

the detectors to have means of identifying the different sources with which they 

are connected. This can be accomplished in three ways: space division, wavelength 

division, or time division. A space division would be as follows. For an n-cube, a node 

in the source plane is subdivided into 2n smaller squares and the address of the source 

node is encoded by the position of the smaller square. A node in the detector plane 

is also subdivided into 2n smaller squares with a one-to-one correspondence between 

the subdivision of the source plane and the detector plane. In other words, each node 

mimics the encoding of the entire plane. Fig. 2.3 shows the source/detector planes 
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for the four-cube interconnection with a space division technique for signal separation 

a.t the detector plane. Sixteen nodes are placed in a 4 x 4 plane, and the nodes 
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Figure 2.3: Space division multiplexing technique for channel separation. 

are separated by dashed lines for clarity. Now, each node is subdivided into sixteen 

smaller pixels. The position of a smaller black circle indicates the address (decimal 

in t.he figure) of the transmitting node, and the positions of four smaller gray pixels 

represent the addresses of the nodes with which that particular node is supposed to 

be connected. For example, node 0 is supposed to communicate with nodes whose 

addresses are 1, 2, 4, and 8. These addresses are shown by gray pixels in the 4 x 4 

square representing node O. All other nodes (shown as white pixels) are supposed to 

be turned off during communication. Thus, the space division technique uses a single 
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source per source node and multiple detectors (2n - 1 detectors for 2-D n-cube) per 

detector node. 

The time division technique would be as follows. The transmission time is sub

divided into 2n time slots for the n-cube, and each source uses only one designated 

time slot for signal transmission. The detector buffers incoming signals and decodes 

the sources of the signals based on the time slots the signals occupied during the 

transmission. Wavelength division would require that each source emits light with a 

different frequency than any other sources in the network. Instead of using multiple 

detectors per node, time division and wavelength division techniques use a single 

source and a single detector per node. There is, however, a trade-off between these 

techniques. While the space division technique uses parallel signal transmission and 

instantaneous identification, it requires more area on the source and detection planes. 

On the other hand, the time division multiplexing technique uses much less space 

but requires buffering and decoding which may increase the overall network latency. 

Wavelength division technique also uses much less space but requires bandpass filters 

or tunable receivers. 

However, the fact is that resources are wasted in these techniques; that is, for 

n-cube, 2n - n pixels per node are not used in space division technique, and the 

same number of timeslots are wasted in time division technique. Similarly, n differ

ent wavelengths would be sufficient in wavelength division technique instead of 2n 
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different wavelengths since each node receives only n different signals from n neigh-

boring nodes. We have also developed encoding techniques to reduce resource waste. 

Fig. 2.4 shows how space division technique can work for 3-cube with 4 pixels per 

node, instead of 23 pixels. In the figure, gray pixels represent the location of 

Node 0 Node 1 Node 3 Node 2 

(j: 1 0 1+: 7 1 0 6 
: 

~)/ : 

3 2 4 5 3 2 3 .: .. -.' 

: 

·6 0 6 7 1 >7.. 6 7 

5 .•.•.••• ~ .•.• 5 4 5 3 2 4 

Node 4 Node 5 Node 7 Node 6 

Figure 2.4: An example of an efficient space division multiplexing technique for a 3-
cube. 4 pixels per node could be enough to identify incoming channels. The gray pixel 
represents the transmitting pixel for the node and white pixels for signal receiving 
pixels. 

signal transmitting pixel of the node, and white pixels represent signal receiving pix-

els in which numbers represent nodes with which that particular node is connected. 

Similar encoding technique could be applied to time division or wavelength division 

techniques. For more details, refer to Ref. [53J. 

2.1.4 Generalization of the Embedding Scheme 

The proposed embedding scheme can implement hypercube networks with dimen-

sions up to four using the space-invariant multiple imaging system without introduc-

ing empty rows or columns. However, it is questionable whether such networks can 
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be embedded into 2-D planes without having empty rows and columns to achieve 

totally space-invariant connections. We believe that, through the exhaustive search 

for the solution of the five-cube and the six-cube, four-cube is the maximal dimension 

that can be embedded using the transmissive model without inserting empty rows 

and columns. 

We now present a general methodology for constructing 3-D space-invariant n

cube networks where n is greater than four. The proposed addressing scheme for a 

four-cube can be modified by inserting empty rows/columns to mask off unwanted 

int.erconnections for hypercubes with dimensions greater than four. But as will be 

shown later, the number of inserted empty rows/columns of the proposed scheme is 

much less than that of the straightforward scheme proposed by Sheng[50]. 

The construction of an arbitrary n-cube network is carried out incrementally using 

(n -1 )-cubes. Fig. 2.5 presents four basic modules corresponding to n-cube networks 

for n = 1, ... ,4. The basic modules serve as base cases in inductive construction 

of 3-D n-cubes. To facilitate the description of the generalized embedding scheme, 

several notations are defined in Table 2.1. 



1-cube connection 2-cube connection 3-cube connection 

° • 
1 

• 

1-cube embedding 

~ 

Shift rule 
row(1) =+1,-1 
col 1 = 0 

row/col dimension 
Dr(l) = 1 
Dc(1) = 2 

°01 

2 3 

O.__-t-_ 

41J--. 
6 

Shift rule Shift rule 
row(2 =+1,-1 row(3) = + 1,-1 
col 2 = + 1 -1 col 3 = + 1 _./ +3 -3 

row/col dimension row/col dimension 
Dr(2) = 2 Dr(3) = 2 
Dc(2) = 2 Dc(3) = 4 
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4-cube connection 3 

4.-----.1 

4-cube embedding 

Shift rule 
row 4 =+1,-1,+3,-3 
col 4 = + 1 -1 +3 -3 
row/col dimension 

Dr(4) = 4 
Dc(4) = 4 

Figure 2.5: Embedding of hypercubes of dimension 1 to 4 in the plane using the 
proposed scheme. 
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cr(n) the number of empty rows that are inserted between two layouts of 
(n - 1)-cubes to construct an n-cube. 

cc(n) the number of empty columns that are inserted between two layouts 
of (n - 1)-cubes to construct an n-cube. 

'Dr { n) the row dimension of the resulting 2-D n-cube. 
'Dc ( n) the column dimension of the resulting 2-D n-cube. 
'RAn) the amount of upward rotation of an (n-1 )-cube layout to construct 

an n-cube. 
nc(n) the amount of left rotation of an (n - 1 )-cube layout to construct 

an n-cube. 
Row(n) the amount of shifts along x-axis for implementing an n-cube. 
Col(n) the amount of shifts along y-axis for implementing an n-cube. 

Table 2.1: Definitions of notations used in the generalized embedding scheme of 
hypercube networks using the reflective model. 

A. An Algorithm for Constructing a 3-D Space-Invariant n-cube from 

an (n - I)-cube Using the Reflective Model 

The following three-step algorithm constructs a 3-D space-invariant n-cube (n > 4) 

from a 3-D space-variant (12 - I)-cube network. We should note that an n-cube 

network can be constructed from two (n - I)-cube networks. 

Step one: Given a 3-D space-invariant (n-l )-cube layout, and depending on whether 

12 is odd or even, we rotate it to the left by the following number of columns if 

n is odd: 

(2.1) 

or we rotate it upwards by the following number of rows if n is even: 

(2.2) 
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The rotated plane is then placed at the right side of the original (n - 1 )-cube 

layout if n is odd, or underneath it if n is even. During the rotation, no empty 

columns or rows that already exist in the (n - I)-cube layout are counted as 

the shift amount. 

Step two: We insert the following number of empty columns or rows between the 

two (n - 1 )-cube layouts, the original and the rotated one: 

(n-l)/2-2 
fc(n) = 2(n-l)/2-2 + E fc(2i + 3) when n is odd (2.3) 

i=l 

(n-2)/2-2 

fr(n) = 2(n-2)/2-2 + E fr(2i + 4) when n is even (2.4) 
i=l 

Step three: We prefix 0 as the most significant bit in all addresses of the original 

(n - 1 )-cube layout, and 1 as the most significant bit in all addresses of the 

rotated (n - 1 )-cube layout. 

When n is odd, the resulting 3-D space-invariant n-cube has the same row dim en-

sian as that of the (n - 1 )-cube and its column dimension is 2 x (column dimension 

of the (n - I)-cube) + (the number of empty columns inserted in step two). Thus: 

When n is even, the resulting n-cube has a total number of rows equal to 2x (row 

dimension of the (n -I)-cube) + (the number of empty rows inserted in step 2), and 

the same number of columns as that of the (n - I)-cube. Thus: 
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If n is odd, the shift rule of the resulting n-cube is: 

Row(n) = Row(n - 1) and Col(n) = Col(n - 1), ±[Vc(n) - Vc(n - 3)] (2.7) 

If n is even, the shift rule of the resulting n-cube is: 

Row(n) = Row(n - 1), ±[Vr(n) - Vr(n - 3)] and Col(n) = Col(n - 1) (2.8) 

B. Example: Construction of 3-D Space-Invariant Five-Cube Networks 

To illustrate the proposed design methodology, we present the construction of a 

five-cube network. Fig. 2.6 depicts the construction of a 3-D space-invariant five-cube 

from the basic four-cube. Since n is odd, the basic plane shown in Fig. 2.6.a of a 

four-cube is rotated to the left by two columns. In general the amount of rotation 

is given by Eq. 2.1. The resulting plane is shown in Fig. 2.6.b. The rotated plane 

is then placed to the right of the original one as shown in Fig. 2.6.c. Next, empty 

columns are inserted between the two planes. The number of empty columns is given 

by Eq.-2.3. In this example, the number of empty columns inserted is one. Finally, 

a 0 is prefixed as the most significant bit in every node address of the unrotated plane, 

and a 1 is prefixed as the most significant bit in every node address of the rotated 

plane. The resulting 3-D space-invariant five-cube is shown in Fig. 2.6.d. The shift 

rule for the resulting network is: 

Row(5} = Row(4} = ±ld , ±3d 

Col(5} = Col(4} , ±7d = ±ld, ±3d, ±7d 



(b) Rotated version 

Step 2: Place the basic module and rotated version 
side by side. Insert 1 empty column between 
the two I 

(c) Two layouts in juxtaposition 

(d) The resulting space-invariant 5-cube layout 

Shift rule: row(5) = +1,-1,+3,-3 
col(5) = +1,-1,+3,-3,+7,-7 
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Figure 2.6: Example: construction of a 3-D space-invariant 5-cube network from a 
basic 3-D space-invariant 4-cube. 
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2.1.5 Area Utilization of the Generalized Embedding Scheme 

In this section we derive the area required for constructing a 3-D space-invariant 

n-cube network. We compare our results with those derived by straightforward con

struction method. We assume that the area of a smallest resolvable pixel on the 

source/detector plane is A. 

A. Required Area for a 3-D space-invariant n-cube using the Straightfor

ward Scheme 

In order to obtain mathematical recurrence equations for the total area required 

to construct an n-cube using the straightforward scheme, we extend the method to 

a five-cube. A five-cube layout using the straightforward scheme is shown in Fig. 2.7 

where two four-cube layouts are placed side by side with insertion of three empty 

columns between them. The shift rule of the five-cube using the straightforward 

scheme is (Row(5) = ±ld, ±3d) and (Col(5) = ±ld, ±3d, ±8d), where d is the 

size of a node square. At least three empty columns are required to avoid unwanted 

connections between nodes in the rightmost column of the left four-cube layout, and 

nodes in the leftmost column of the right four-cube layout for the ±3d along the 

x-axIs. 

Using the above observation, we derive recurrence relations to calculate the num

ber of empty rows/columns constructing an n-cube using the straightforward scheme. 

Without any empty rows/columns, 2n nodes in an n-cube can be embedded into a 
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I Empty Node Shift Rule: 
Row(5) = + 1,-1,+3,-3 
Col (5) = + 1,-1,+3,-3,+8,-8 

Figure 2.7: A five-cube layout using the straightforward scheme. Three empty rows 
and columns are inserted between the two four-cube layouts to mask off unwanted 
connections. 

2-D array of size 2Ln/2J X 2rn/21. If n is even, 2n nodes can be embedded in a square 

array. However, if n is odd, they can be embedded on a rectangular array instead of 

a. square. The flooring and ceiling functions reflect this. 

Let E:ow(i) and E~ol(j) be the number of empty rows and columns, respectively, 

to be inserted for' an n-cube using the straightforward scheme, where i = 2Ln/2J and 

j = 2rn/21. E:ow(i) has the following recurrence relation: 

E:ow(i) = 3 X E:ow (i/2) - E:ow(i/4) + i/4, i > 4 and a power of 2 



Similarly, E~o/U)o is: 

E:o/(2) = 0, 

E:o/( 4) = 1, 

E:o/U) = 3 x E:o/U /2) - E:o/U /4) + j /4, j > 4 and a power of 2 
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Therefore, the total area required by the straightforward scheme for constructing an 

n-cube when the space division technique for signal separation (see section 2.1.2) is 

used is: 

(2.9) 

The area required when the time(or wavelength) division multiplexing technique 

is used for signal separation is: 

(2.10) 

B. RequirOed Area for constructing a 3-D space-invariant n-cube using the 

Proposed Construction Algorithm 

Referring to the construction algorithm presented in Section 2.1.4, the total num

ber of empty rows denoted by E~oUl(n), and the total number of empty columns, de

noted by E:o/(n), required for the proposed scheme to construct a 3-D space-invariant 

n-cube are: 
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E:ow(n) = E~ol(n-l), n > 5 

E~ol(n) = E~ol(n - 1), n> 5 and n is even 

E~ol(n) = 2 X E~ol(n - 1) + cc(n), n > 5 and n is odd 

where cc(n) is the number of empty columns inserted between two (n - I)-cubes 

to construct an n-cube. Therefore, the total area in terms of pixel area A for the 

proposed scheme when space division is used for signal separation is: 

(2.11) 

Similarly, the area required when time(ol' wavelength) division technique is used 

is: 

(2.12) 

C. Comparison of Area Utilization with the Straightforward Scheme 

In order to compare the two methods, we calculate the minimum footprint area, in 

terms of the minimum resolvable area A, required by the two construction methods. 

The calculations were done for the space division as well as time(or wavelength) 

division multiplexing techniques for signal separation at the detector plane. The 

results are presented in Table 2.2. 
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number of pixels required by number of pixels required by 
space division technique time or wavelength division technique 

n-cube strai,qhtforward proposed straightforward proposed 
1 4 4 2 2 
2 16 16 4 4 
3 100 64 10 8 
4 625 256 25 16 
5 4,225 1,2H6 65 36 
6 28,561 6,561 169 81 
7 195,364 35,721 442 189 
8 1,336,336 194,481 1,156 441 
9 9,156,676 1,102,500 3,026 1,050 

10 62,742,240 6,250,000 7,921 2,500 
11 430,023,168 36,000,000 20,737 6,000 
12 2,947,295,488 207,360,000 54,289 14,400 
13 20,200,937,472 1,194,393,600 142,130 34,560 
14 138,458,415,104 6,879,707,136 372,100 82,94<1 
15 949,007,220,736 39,261,044,736 974,170 198,144 
16 r-v 6.5 X 1012 

r-v 2.2 X 1011 2,550,409 473,344 
17 r-v 4,.4 X 101:1 r-v 1.2 X 1012 6,667,057 1,122,816 
18 r-v 2.8 X 1014 

r-v 6.7 X 1012 17,480,760 2,663,424 

Table 2.2: Minimum required area for embedding an n-cube into a plane: space 
division technique and time(or wavelength) division technique are used on the detec
tor array (unit of area = the smallest square of the resolvable pixel on the detector 
array). 
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As a figure of merit, we define area utilization factor (A U F) which indicates how 

efficiently the area on the chip or wafer is utilized: 

Total area of non-empty nodes in n-cube 
A UF(n) = -=----:------:---'-----=-~--_:__--_:_ 

Total area of non-empty and empty nodes in n-cube 
(2.13) 

From Eq. 2.13, it can be seen that for AUF= 1, no area is wasted. Fig. 2.8 depicts 

A UF for both schemes. As can be seen from Fig. 2.8 and Table 2.2, the proposed 

Area Utilization Factor ( UF) 
1.00 1---,---,--+------/------1--

(a) Straight Fo ard Mapping: Spac Division Multiplexing 

0.90 (b) Proposed M pplng: Space Divlsi n Multiplexing 
(c) Straight Fo ard Mapping: Time ivlslon Multiplexing 

0.80 (d Pro osed M Ing : Time Divlslo Multi lexlng 

0.70 

0.60 I----\--";-i--';---',\ ----t-----j--
... \ (d) 

\\~b) \\ 
0.50 

, \ 
0.40 1-----\--\--'-;--""""' ---*------1--

\ 
0.30 

0.20 I------I--\-------'..,--'-.-j----~,'_-t--
"'" ... ~, 

"'" " 

0.10 

0.00 .... ____ ~--_--I..O---_--_~-
l 2

10 26 

Network size(# of nodes) 

Figure 2.8: Area Utilization Factor(AUF) of the proposed scheme and the straight
forward scheme, for both space and time (or wavelength) division multiplexing tech
niques for the signal separation at the detector plane. 
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embedding scheme requires much a lesser area than the straightforward scheme for 

hypercube networks of dimensions equal to or greater than 3. With such an im

provement in area utilization, the proposed scheme provides more density in terms 

of the number of nodes that can be accommodated on a plane. In addition, for a 

given network size, the proposed scheme requires less amount of shifts to accomplish 

the desired connections than the straightforward scheme because of lesser number of 

empty rows and columns. Furthermore, the proposed scheme requires less volume 

for its implementation than the straightforward method, since the volume is deter

mined by the planar area and the maximum shift (the third dimension) required. It 

can be concluded that the proposed embedding scheme is more amenable to optical 

implementations since it requires less footprint area as well as less volume. 

We should note, however, that while the proposed methodology is simple and 

easy to implement, it suffers from poor light efficiency in order to maintain the 

space-invariant property. We are currently looking into ways of reusing this power 

loss. 

D. Comparison of Area Utilization with Totally Space-variant Scheme 

Area utilization of less than 10% for 20-cube realization seems to be apparently 

impractical because of too much unused area. However, if the proposed approach 

can realize larger size of hypercubes on a given area than the totally space-variant 
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approach, then the area waste will not be the fundamental limitation of the proposed 

approach. In the following we try to give a quantitative result to this issue. 

For a given SBWP (a given area of an imaging system and a given wavelength of 

light), the number of permissible channels in the totally space-invariant approach is 

given bY[27] 

(2.14) 

and that in a totally space-variant approach is given by 

(2.15) 

where Nsi and N..v represent the number of encoding regions (Nsi could be considered 

as the number of nodes in our manuscript) in the input planes of the totally space-

invariant approach and the totally space-variant. approach, respectively. And n .• ; and 

nsv are the number of channels within each encoding region (nsi could be considered 

the number of fanouts or multiple images in our manuscript). ~~ is a constant quantity 

which is dependent on the channel geometry, i.e., shape etc. In the proposed scheme, 

nsi is equal two times the dimension of the hypercube since the proposed scheme 

requires 2 X d replicas of the source plane to realize a d-cube. In totally space-variant 

approach, we assume that nsu is equal to d for a d-cube since each node in d-cube has d 

direct links. In Eqs. 2.14 and 2.15, we can replace inequality signs with equality signs 

to derive the maximum number of nodes. Thus, for a given SBWP, the relationship 

between maximum number of realizable nodes by the totally space-invariant and the 
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totally space-variant approaches is: 

(2.16) 

Since nsi = 2llog2 Nsd in the proposed approach and nsv = llog2 NsvJ in the totally 

space-variant approach, we can rewrite Eq. 2.16 as: 

(2.17) 

Eq. 2.17 can be interpreted as follows: if the totally space-variant approach can 

realize Nsv nodes on a given area A, then the proposed approach can do Nsi nodes on 

the same area. Given the number of nodes NstJ , the totally space-variant approach 

can realize (llog2 NstJJ )-cube on the given area A. However, the propose approach 

can not always realize (llog2 N..d )-cube with N..i nodes since it requires unused nodes 

for hypercubes of dimension higher than 4. According to Table 2.2, we can determine 

the maximum dimension of the hypercube that can be realized with Nsi nodes. 

Now consider an ideal space-invariant approach that can realize hypercubes with

out insertion of unused nodes. The ideal one requires at least d replicas of the input 

plane for d-cube since each node has d links. Assume that the ideal space-invariant 

approach can resolve Nisi nodes when the totally space-variant approach can do Nsv 

nodes on the given area. Obviously, the ideal case can realize (llOg2 NisiJ)-cube with 

Nisi nodes. Therefore, from Eqs. 2.14 and 2.15, we have: 

(2.18) 
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Using Eqs. 2.17 and 2.18, the maximum sizes of hypercubes on a given SBWP are 

plotted in Fig. 2.9 for the ideal space-invariant approach, the totally space-variant 

approach, and the proposed approach. The figure shows that for a given size of a 
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Figure 2.9: Maximum realizable sizes of hypercubes on a given SBWP. 

hypercube realized by the space-variant approach what is the maximum permissible 

hypercube size that can be implemented by the proposed approach (to determine 

the cube size, refer to Table 2.2) as well as the maximum hypercube size that could 

be implemented by an ideal space-invariant one. As can be seen from Fig. 2.9, for 

a given SBWP, the proposed approach realizes smaller sizes of hypercubes than the 

ideal one due to the unused areas, but it is still better than the totally space-variant 

one despite area waste. 
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2.1.6 Optical Implementation of Hypercube Networks Using Reflective 

Models 

We propose an implementation method for t.he DIM with computer generated 

holograms (CGHs) assuming that the source and detector planes are designed accord

ing to the proposed construction algorithm. There is a wide spectrum of optical tech

niques for generating multiple images. This includes the use of phase gratings[54, 55], 

an array of pinholes[56] beam splitters[57], multi-split lenses[5S], lens let arrays[59], 

arrays of off-axis lenses[60], arrays of mi1'1'ors[50], and holographic techniques[61]. 

The design is first focused on the four-cube interconnection as a working example. 

Extensions to hypercubes with higher dimensions arc also discussed. 

CGHs can be used to realize the multiple imaging system [62,63]. Fig. 2.10 shows 

one-dimensional view of a four-cube implementation using a single space-invariant 

CGH. For clarity, only communication from node 1 to node 0 and 3 is presented. 

The light emanating from the source is collimated by Lens 1 and incident on CGH. 

The incident beam on CGH is split into eight beams, ±1d and ±3d along the x-axis, 

and ±1d and ±3d along the y-axis (d is the size of a node.). Lens 2 focuses these split 

beams on the corresponding detectors. The angles of split beams at the CGH can be 

altered by the periodicity and orientation of the grating. Since the proposed scheme 

is totally space-invariant, one single CGH can realize all the required connections. 

This greatly eases the process of producing the CGH. To implement an n-cube, the 

number of fanouts in CGH must be equal to the number of the shifts, 2 X n. The 
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Space-invariant 
Computer Lens2 Detector plane 
Generated 

Lens1 Hologram 
Source plane 

Node 0 

3 

Node 3 ••. 

Node 2 d 

Optical axis 

Figure 2.10: A 4-cube implementation using a single space-invariant computer gen
et'ated hologram. Only one-dimensional view is shown for clarity. 

diffraction angle at the CGH for each shift can be determined by the amount of each 

shift in the n-cube shift rule. 

In order to estimate the theoretical upper bound of the hypercube size that can 

be embedded into a given plane, we calculate the SBWP of the OIM. The SBWP 

of an optical system is defined as the number of resolvable pixels within the object 

plane or image plane of a lens system[27]. Suppose that the image plane and the 

resolvable pixel are of area X 2 and d2 , (d2 = A), respectively. Then, the SBWP is: 

(2.21 ) 
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There are several factors that determine the upper bound such as diffraction-limited 

pixel size on the detector plane, the diffraction angle at the CGH, abberation, crosstalk, 

etc. In this dissertation, we consider only the diffraction-limited pixel size. Assume 

that the beam aperture and the pixel on the detector plane are of sizes D2 and d2 , 

respectively. If focal length of Lens 2 is 12 and the wavelength of the light source is 

>., then the resolution of the lens or the size of the minimum resolvable pixel due to 

diffraction will be: 

From Eqs. 2.21 and 2.22, 

d = 2.44 X 12>' 
D 

( 
XD )2 

SBWP = 2.44>'12 

(2.22) 

(2.23) 

Since the SBWP is the upper bound for the number of spatial channels that can be 

transmitted by an optical system[27], the following inequality should be satisfied in 

the OIM realization: 

( 
XD )2 

N X M ~ 2.44>'12 (2.24) 

where N is the number of nodes on the detector plane and M is the number of 

fanouts per node(for n-cube, M is equal to 2n). Since the proposed scheme requires 

empty rows/columns, it cannot always realize (llog2 NJ )-cube with N nodes. With 

N nodes, the size of the hypercube is determined by Table 2.2. 

Consider a lens of diameter D = 50mm and focal length f = 120mm, the detector 

array of size X 2 = 50mm X 50mm, and the wavelength of the light>. = 810nm. The 

presented OIM can realize hypercubes of dimension up to 18 (512 X 512 nodes) when 
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wavelength division or time division technique is used. For space division technique, 

it could realize 9-cube. 

2.2 Design Methodology for Three-dimensional Optical Hypercube Net

works Using Transmissive Model 

The basic idea is derived from an observation that nodes in an interconnection 

network could be partitioned into two sets of nodes such that any two nodes in the 

same set do not share a common link (except for completely connected networks). 

This is a well-known problem of bipartitioning a graph if the interconnection network 

is represented as a graph[64]. For the binary n-cube, nodes whose addresses differ 

by more than one in Hamming distance can be in the same partition, since no link 

exists between two nodes if their I-lamming distance is greater than one. Besides 

bipartitioning the graph, we arrange the nodes in each partition onto the plane such 

that interconnections between two planes become totally space-invariant. 

2.2.1 Basis for the Embedding Scheme Using the Transmissive Model 

A conceptual 3-D implementation of a five-cube network using the transmissive 

model is shown in Fig. 2.11. Fig. 2.11.a illustrates the space-invariant embedding 

of a five-cube network. All nodes on the left plane (PlaneL) have the same connection 

patterns to nodes on the right plane (PlaneR)' Since the links are bidirectional, all 

nodes on the right plane have exactly the same connection patterns to the left plane. 
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Figure 2.11: Conceptual realization of a 3-D space-invariant 5-cube network using the 
transmissive model: (a) the 32 nodes of the five-cube network are partitioned into two 
partitions with totally space-invariant connections between them, (b) a conceptual 
optical realization of the space-invariant five-cube network. The connections of two 
nodes one from each plane are shown as an example. 
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A number in a node on the plane represents the binary address of the corresponding 

node. Conceptual implementation of a 3-D five-cube interconnection is shown in 

Fig. 2.11.b. The required connections for the five-cube network are obtained by 

superposing nine images of one plane onto the other plane (eight spatially shifted 

and one directly imaged onto the receiving plane). The amount of spatial shifts are 

±ld and ±3d in both row-wise and column-wise directions where d is the size of a 

node, and the origin is taken to be the center of the plane. Thus, the connection rule 

for the five-cube network is Row(5} = 0, ±1, ±3 and Col(5} = ±1, ±3. Recall that 

communication patterns from PlaneL to PlaneR are identical to those from PlaneR to 

PlaneTJ' The nine images are simultaneously incident on the receiving plane in which 

a receiving node gets five different optical signals representing the required hypercube 

connections. Since each node receives several signals simultaneously, it is necessary 

for nodes to have a means of identifying the different incoming signals. Incoming 

signals can be separated using wavelength division, space division, or time division 

multiplexing techriiques[65]. As can be seen in the figure, the connection pattern 

from any source node to a destination node is identical for all the nodes. That is, 

each optical signal emanating from a transmitting node is subject to the same spatial 

shifting regardless of its position in the plane (space-invariant). There are also some 

portions of shifted images that fall outside the receiving plane which are discarded. 
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2.2.2 Generalized Design Methodology for 3-D Space-invariant Hyper

cube Networks Using the Transmissive Model 

The proposed embedding scheme can implement hypercube networks with dimen

sions up to five using the space-invariant multiple imaging system without introduc

ing empty rows or columns on the planes. However, for dimensions greater than five, 

empty rows and columns are required to mask off unwanted connections, maintain

ing the connection pattern to be totally space-invariant. It is questionable whether 

such networks can be embedded into 2-D planes without having empty rows and 

columns to achieve totally space-invariant connections. We believe that, through the 

exhaustive search for the solution of the six-cube and the seven-cube, five-cube is 

the maximal dimension that can be embedded using the transmissive model without 

inserting empty rows and columns. 

We now present a general methodology for constructing 3-D space-invariant n

cube networks where n is greater than five. The proposed embedding scheme for a 

five-cube can be modified by inserting empty rows/columns to mask off unwanted 

interconnections for hypercubes with dimensions greater than five. The construction 

of an arbitrary n-cube network is based on the space-invariant {n -I)-cube network. 

Fig. 2.12 presents the optical implementation of n-cube networks, for n = 2,··· ,5, 

using the transmissive model. These implementations represent basic modules 

to be used for the implementation of larger network sizes. In order to describe the 

generalized methodology, a number of symbols are used as defined in Table 2.3. 
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PlaneR Connection rule Dimension 
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Figure 2.12: Embedding of binary n-cubes for the transmissive model where 2 :5 n :5 
5 onto planes. 
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Notation Meaning 
PlaneL A plane located on the left side of the transmissive model on which 

one of the two partitions of nodes is placed. 
PlaneR A plane located on the right side of the transmissive model on which 

one of the two partitions of nodes is placed. 
t'r(n)* the .number of empty rows that are inserted between two layouts of 

(n - I)-cubes on the plane to construct an n-cube. 
t'c(n)* the number of empty columns that are inserted between two layouts 

of (n - I )-cubes on the plane to construct an n-cube. 
'Dr(n)* the row dimension** of the resulting n-cube on the plane. 
'Dc ( n)* the column dimension** of the resulting n-cube on the plane. 
'RAn)* the amount of upward rotation of an (n - I)-cube layout on the 

plane to construct an n-cube. 
'Rc(n)* the amount of left rotation of an (n - I )-cube layout on the plane 

to construct an n-cube. 
Row(n) the amount of row-wise shifts for implementing an n-cube. 
Co I (n) the amount of column-wise shifts for implementing an n-cube. 

Table 2.3: Symbols used in the generalized embedding algorithm and their meanings. 
Note: (*) This amount is for each plane (PlaneL, PlaneR) in case of the transmissive 
model. (**) Row (column) dimension means the number of rows (columns) on the 
plane. 
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A. An algorithm to construct a 3-D optical space-invariant n-cube using 

transmissive model 

The following three-step algorithm constructs a 3-D space-invariant n-cube (n > 5) 

from a space-invariant (n -1 )-cube network. We should note that an n-cube network 

can be constructed from two (n - I)-cube networks. 

Step one: Given PlaneL and PlaneR of a space-invariant (n-l )-cube, and depending 

on whether n is odd or even, we rotate each plane to the left by the following 

number of columns if n is even: 

(2.25) 

or we rotate each plane upwards by the following number of rows if n is odd: 

(2.26) 

Step two: The rotated plane is then placed at the right side of the original (n -1)-

cube of the opposite plane if n is even, or underneath if n is odd. During the 

rotation, no empty columns or rows that already exist in the (n -1 )-cube plane 

are counted as the shift amount. 

We insert the following number of empty columns or rows between the two 

planes, the original and the rotated one: 

(n-2)/2-2 
t'c(n) = 2(n-2)/2-2 + E t'c(2i + 4) when n is even (2.27) 

i=l 
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(n-3}/2-2 
Er(n) = 2(n-3}/2-2 + E Er(2i + 5) when n is odd (2.28) 

i=l 

Note that this insertion is done for PlaneL of (n - I)-cube and the rotated 

version of PlaneR of (n - I)-cube, and for PlaneR of (n - I)-cube and the 

rotated version of PlaneL of (n - I)-cube. 

Step three: We prefix 0 as the most significant bit in all addresses of nodes on the 

resulting PlaneL, and 1 as the most significant bit in all addresses of nodes on 

the resulting PlaneR. 

When n is even, PlaneL and PlaneL for the space-invariant n-cube have the same 

row dimensions as those of the (n -I)-cube and column dimensions are 2x (column 

dimension of the (n - I)-cube) + (the number of empty columns inserted in step 

two). By row dimension and column dimension we mean the number of rows including 

empty rows and the number of columns including empty columns, respectively. Thus: 

(2.29) 

When n is odd, PlaneL and PlaneL for the space-invariant n-cube have row di-

mensions that are equal to 2x (row dimension of the (n - I)-cube) + (the number 

of empty rows inserted in step 2), and the same column dimensions as those of the 

(n - I)-cube. Thus: 

(2.30) 



If n is even, the connection rule of the resulting n-cube is: 

Row(n) = Row(n -1) 

Gol(n) = Gol(n - 1), ±[Vc(n) - Vc(n - 3)] 

If n is odd, the connection rule of the resulting n-cube is: 

Row(n) = Row(n - 1), ±[Vr(n) - Vr(n - 3)] 

Gol(n) = Gol(n - 1) 
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(2.31) 

(2.32) 

Since we assume bidirectional communication between two planes in the transmissive 

model, the connection rule applies to both planes. 

B. Example: Construction of Six-cube Networks Using the Transmissive 

Model 

To illustrat.e the proposed design methodology, we present the construction of six

cube network. Fig. 2.13 depicts the construction of a 3-D space-invariant six-cube 

from the basic five-cube using the transmissive model. Since n is even, each basic 

plane shown in Fig. 2.13.a of a five-cube is rotated to the left by two columns. In 

general the amount of rotation is given by Eg. 2.25. The resulting planes are shown 

in Fig. 2.13.b. Each rotated plane is then placed to the right of the original one on 

the opposite plane as shown in Fig. 2.13.c. Next, empty columns are inserted between 

the two planes; the original one and the rotated one. The number of empty columns 



(a) 
5-cube layout 

(b) 
STEP 1: 

(c) 
STEP 2: 
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Figure 2.13: Construction of a 3-D space-invariant 6-cube network from a 3-D space
invariant 5-cube network using the transmissive model. The connection rule is: 
(Row(6) = Row(5) = ±1 , ±3 ) and (Co/(6) = Col(5),±7 = 0, ±1, ±3, ±7) 
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is given by Eq. 2.27. In this example, the number of empty columns inserted is one. 

Finally, a 0 is prefixed as the most significant bit in every node address on PlaneL, 

and a 1 is prefixed as the most significant bit in every node address on PlaneR. The 

resulting 3-D space-invariant six-cube is shown in Fig. 2.13.d. The connection rule 

for the resulting network is: 

Row(6) = 

Co I (6') = 

Row(5) = ±ld, ±3d 

Co I (5) , ±7d = 0, ±ld, ±3d, ±7d 

2.2.3 Optical Implementation of Hypercube Networks Using Transmis

sive Models 

We discuss an optical implementation of the 3-D space-invariant hypercube net

work using the transmissive model. The methodology uses free-space optical multiple 

imaging technique, to replicate and spatially shift the image of one partition of nodes. 

IVlultiple images are then simultaneously incident on the other partition. The loca

tions of multiple image spots on the receiving partition are determined by the required 

connection patterns. 

There is a wide variety of optical means to generate multiple images. These include 

phase gratings[54, 55], beam splitters[57], multi-split lenses[58], lens let arrays[59], 

arrays of mirrors[50], and holographic techniques[66]. We present a multiple imaging 

technique using binary phase gratings (BPGs) to implement hypercube networks. 
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Fig. 2.14 describes a hardware arrangement of optical components which could 

implement a space-invariant 5-cube network. 

I· 
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axls. ......... . 
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Figure 2.14: Space-invariant optical implementation of a 5-cube network using a 
biliary phase grating. 

shown. A BPG is added at the pupil plane between two imaging lenses to provide 

necessary beam steering operations. This type of arrangement was first proposed in 

Ref. [67J. We extended it here for the implementation of space-invariant hypercube 

networks. Since the interconnection patterns are space-invariant, any beam-steering 

operation performed on one of the beams must be performed on all of the beams that 

pass through the BPG. The beam-steering operation of the BPG is dictated by the 

grating equation shown in Eq. 2.33 which describes the relationship between the angle 

of the incident beam(Oi), the period of the grating(p), the wavelength of the light(>'), 
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the grating order(m), and the angle of the m-th order's diffracted beam(Odm }. 

(2.33) 

Assume that the size of a node in one-dimension be d and the focal length of each 

lens be J. Let h[JEO be the distance of an image spot in PlaneR from the optical axis 

made by m-th order diffracted beam from PEO. Then, 

h[JEO = f x tan Odm (2.34) 

Given that Oi = tan-1 (1.5d/ j), Eq. 2.34 can be rewritten as: 

(2.35) 

We assume that the structure of the grating is designed such that the power of the 

incident beam is equally distributed into Oth-order, ±lst order, and ±3rd order of 

diffracted beams and others are suppressed. We can have different amounts of optical 

power from the original beam to be routed into the different orders by changing the 

pcriodi c struct ure of the grating. To have different angular spacings, we should change 

the period of the grating[66]. Since PEO is supposed to be connected with PEl, PE4, 

and PEW for the 5-cube network, the following conditions should be satisfied. 

h~EO = 1.5 x d 

/ +1 
~PEO 

h+3 
PEO 

= 0.5 x d 

= -1.5 x d 

(2.36) 
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hpko > 2.0 x d 

hp~o > 2.0 x d 

Note that conditions for hpko and hp~o make -1st and -3rd order diffracted beams 

fall outside PlaneR to avoid unwanted connections. 

Similarly, the beam from PES generates multiple spots in PlaneR for which the 

distances from the optical axis are: 

(2.37) 

To make connections from PES to PEl, PE4, and PE21, the following set of conditions 

should hold: 

h~E5 = 0.5 X d (2.38) 

h+ I 
PE5 = -0.5 X d 

,-I 
~PE5 = 1.5 X d 

1+3 LpE5 < -2.0 X d 

,-3 LpE5 > 2.0 X d 

Note that conditions for hp~5 and hp~5 make +3rd and -3rd diffracted beams fall 

outside PlaneR. Since PEO and PES are symmetrically placed, with respect to the 

optical axis, with PE17 and PE20, we can determine the period of grating(p) to 

provide the required connections for the 5-cube network by solving Eqs. 36 and 38 

given the size of a node, the focal length of the lens, and the wavelength of the light 
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source. However, we cannot have an exact solution since image spots generated by 

both PEO and PE5 cannot be placed on uniform spacings in PlaneR. An approximate 

solution could be determined by a computer program which optimizes conditions in 

Eqs. 36 and 38. By optimization we mean minimization of errors in each condition. 

For example, given that the node size in one dimension is 5mm, the wavelength of 

the light source 78512m, and the focal length of the lens 175mm, the optimum period 

of the grating is computed to be 27.5JLm which causes maximum misalignment of 

4.0/lm at PE21 from the PE5 connection. 

The size of a basic 12-cube module that can be implemented is primarily deter

mined by the number of fanouts that can be managed by the BPG since an 12-cube 

implementation requires 212 - 1 fanouts. The BPG must be able to generate 212 - 1 

beams of equal power. We should note that a hypercube of a relatively small size 

could be easily i"mplemented with electronics if the bandwidth requirement is not 

large, but as the network size grows, optics is more advantageous than electronics 

both in design complexity and bandwidth 

Powe1' Loss: The proposed hardware setup suffers at least approximately 44% power 

loss (4 out of 9 diffracted beams from each source fall outside the receiving plane) 

which is not because of the BPG but because of the totally space-invariant imple

mentation methodology. Power efficiency is traded for low design complexity and for 
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better use of the SBWP of optical components required. We are currently investi

gating other optical means such as lenslet arrays for implementing the basic modules 

which are power efficient and more robust. 
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CHAPTER 3 

'THREE-DIMENSIONAL SPACE-INVARIANT OPTICAL 

IMPLEMENTATION METHODOLOGIES FOR MESH 

NETWORKS 

In this chapter, two optical design methods for the implementation of 3-D space

invariant mesh networks are discussed. 

3.1 Design Methodologies for Mesh Networks 

A d-dimensional mesh of size kJ X k2 X, •. X kd has nodes with d address components; 

{( a1, ... ,acl)IO :::; aj < kj for 1 :::; i :::; d}, where a link exists between two nodes if and 

ollly if their address components differ by one in one component, and are identical 

in all other components. This interconnection rule does not include wrap-around 

connections of nodes on the edges. The first component of a node address is referred 

1.0 as d- th dimensional link, the second as (d - 1)-th dimensional link, and the last 

as the first dimensional link. For example, a three-dimensional mesh of size 3 X 4 X 5 

has 3 X 4 X 5 = 60 nodes with 3 address components (kJ, k2' k3 ), where 0 :::; kl < 3, 

o :::; k2 < 4, and 0 :::; k3 < 5. In what follows, we first show the 3-D embedding of a 

two-dimensional mesh, and then the 3-D embedding of a three-dimensional mesh. 
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Fig. 3.1 shows a two-dimensional mesh of size 8 X 8 with wrap-around connections. 

Each node has constant node degree (four links per node) and the increase in the 

Figure 3.1: 8 X 8 mesh with wrap-around connections. 

network size does not affect the node degree. A 3-D embedding of a two-dimensional 

mesh with size 4 X 4 using the reflective model is shown in Fig. 3.2 where the source 

plane and the detector plane are conceptually separated for clarity to facilitate the 

design of the embedding algorithm. In real implementation, the source and the 

detector plane are combined into a single plane and the aIM uses reflective optics. 

a bviously, the connection rule being independent of the size of the mesh is Row = ± 1, 

Col = ±1. 001 = 1 represents a link to the right, Col = -1 a link to the left, Row = 1 



Detector plane 

Connection rule: 
a: row = +1 
b: row=-1 
c: col = +1 
d:col=-1 
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DIM (Dptlcallnterconnect Module) 

Figure 3.2: Embedding of a two-dimensional mesh with size 4 X 4 using the reflective 
model. Node (1,1) communicates with nodes (0,1), (1,0), (2,1), and (1,2) as indicated 

by arrows. 
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a link upwards, and Row:::: -1 a link downwards. For the I X m mesh, the connection 

rule of Row = ±(l- 1), Col = ±(m - 1) provides wrap-around connections. 

A 3-D embedding of a three-dimensional mesh with size 2 X 4 X 4 (32 nodes) 

based on the transmissive model is shown in Fig. 3.3 where each plane consists of 16 

nodes. We partition 32 nodes into two sets, each of which has 16 nodes, such that 

PlaneL 

(16 nodes) 

OIM (Optical Interconnect Module) 

Connection rule: 
a: row = +1 
b: col =+1 
c: row = ° (straight) 
d: col =-1 
e: row=-1 

PlaneR 

(16 nodes) 

Figure 3.3: Embedding of a three-dimensional mesh with size 2 X 4 X 4 using the 
transmissive model. The figure shows an instance of communication from node (0,1,1) 
to nodes (1,1,1), (0,0,1), (0,1,0), (0,2,1), and (0,1,2) as well as from node (0,2,1) to 
nodes (0,1,1), (0,2,2), (0,2,0), and (0,3,1). 

all nodes whose arithmetic sums of the three address components are even belong to 

one partition and the rest to the other partition. For example, two nodes (0,0,0) and 
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(1,0,3) are in the same partition (Planed since the arithmetic sums of three address 

components are even and two nodes (1,0,0) and (0,0,3) can be in a common partition 

(PlaneR) but different partition than where nodes (0,0,0) and (1,0,3) belong since the 

arithmetic sums of three components are odd. The figure shows that the connection 

rule of Row = ±1 and Col = ±1 makes two independent two-dimensional meshes 

with size 4 X 4, one mesh with unshared nodes and another mesh with shaded nodes. 

Now, the straight connection between the two planes makes the third dimensional 

links between two meshes to form a three-dimensional mesh of size 2 X 4 X 4. We 

should note that the transmissive model can implement a three-dimensional mesh if 

the size of the third dimension is limited by two. However, it can realize any arbitrary 

size of the two-dimensional mesh. 

The connection rule, which is independent of the size of the mesh for the trans

missive model, is Row = 0, ±1 and Col = ±1 where ° means the straight connection. 

For the 2 X I X m mesh, the connection rule of Row = ±(l- 1), Col = ±(m - 1) 

provides wrap-around connections. 

The embedding can be generalized for I x m mesh as follows: 

1. Given an I x m 2-D array of nodes, we mark nodes in every other row and 

every column such that neither two marked nodes nor two unmarked nodes are 

located side by side. 
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2. PlaneD is made by removing unmarked nodes at step 1, and PlaneR by removing 

marked nodes. 

It should be noted that one plane consists of nodes whose two address components 

sums are even and the other plane with nodes of which two address components sums 

are odd. The connection rule is as follows: Row = ±1, Col = ±1. For wrap-around 

connections, the connection rule is then Row = ±(l- 1), Col = ±(m - 1). 

3.2 Optical Implementations of Space-invariant Mesh Networks 

We use a multi-split lens of which the obtainable image multiplicity is equal to 

the number of lens segments to implement space-invariant mesh networks. Fig. 3.4 

shows how a quadra-split lens[58] images the object 0 into four images II, 12, 13 , and 

h Let s be a separation of lens segments, L be the separation of 11 and 13 (or 12 

and 1.1), do be the distance between the object 0 and the lens, and di be the distance 

between the lens and the images. Then, 

(3.1) 

If the magnification of the lens is unity (di = do), then 

L = 2 x s (3.2) 

From Eq. 3.2 we can see that four images are shifted to the right, to the left, upwards, 

and downwards by the lens segment separation s, respectively, with respect to the 

object. 
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L 

Quarda-Spllt Lens 

Figure 3.4: Multiple imaging of quadra-split lens 
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Fig. 3.5 depicts optical implementation of an 8 x 8 mesh using the reflective model. 

Fig. 3.5.a shows a possible setup which consists of a PBS, a HWP, a quadra-split 

lens (QSL), several lenses, and mirrors. Suppose that sources on the node plane emit 

vertically polarized beams and only horizontally polarized beams can pass through the 

PBS. Then, vertically polarized beams from sources on the node plane are reflected 

by the PBS and routed via three mirrors to enter the left side of the OIM which 

can be considered as the virtual source plane of the reflective model as described in 

Fig. 1.6. The polarization of the light leaving the OIM is inverted as it goes through 

the HWP, and passes through the PBS to be incident on the detectors on the node 

plalle. 

Fig 3.5.b shows details of the OIM inside the dashed box in Fig. 3.5.a. In ac

cOl'dance with the representation of the reflective model in Fig. 1.6.a, we call the 

entering side of the OIM as the source plane and the other side as the detector plane. 

For clarity, only 2-D side view is depicted and consequently, two lens segments of a 

quadra-split lens are shown. Because of image inversion by the QSL, address-node 

assignment is done from bottom to top on the detector plane which is inverted again 

by lens L1 in Fig. 3.5.a before being incident on the node plane. The figure shows 

an instance of communication from node (2,0) to nodes (1,0) and (3,0). From Eq. 

3.2, we can easily see that the size of the node is equal to L/2. Due to the totally 

space-invariant nature of connection patterns, a single quadra-split lens can provide 

all the required connections for all nodes. 
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Figure 3.5: Implementation of the mesh network in the use of a quadra-split lens 
using the reflective model. (a) Hardware setup in accordance with the reflective 
model. (b) Details of the function of the OIM shown in the dashed box of (a). For 
clarity, it shows only side view of the 8 X 8 mesh, with no wrap-around connections, 
implementation using a quadra-split lens. An instance of communication from node 
(2,0) to nodes (1,0) and (3,0) is depicted using virtual source and detector planes. 
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The size of the mesh that can be implemented using the quadra-split lens will be 

limited by aberrations and diffraction of the lens[68]. In terms of diffraction limits, 

smaller focal length and larger diameter of the lens allows for smaller node size, 

resulting in implementation of a larger network size in a given area. However, it 

is hard to fabricate lenses with large diameter and small focal length. Also, as the 

size of the lens grows, the communication reliability decreases due to aberrations. 

Efficient solutions to the above engineering problems are under way. 
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In this chapter, we propose a new scalable interconnection network, called Optical 

rVIulii-Mesh Hypercube (OMMH), for massively parallel computers, 

4.1 Optical Muti-Mesh Hypercube Networks 

In this section, we define the topology of the OMMH network and discuss the 

properties of the OMMH. 

4.1.1 Definition of OMMH Network 

An OMMI-I is characterized by a triplet (/, m, n), where I represents the row di

mension of a four-nearest-neighbor-connected mesh, m the column dimension of the 

mesh, and n the dimension of a binary hypercube, The total number of nodes in 

(/, Tn, n)-OMMH is I X m x 2n , An address of a node consists of three components: 

(i,j)~), where 0 :.:; i < I, 0 :.:; j < m, 0 :.:; k < 2n , and i,j, k are integers, The first 

two components, i and j, represent the address of the node in a mesh, and the last 
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component, k, represents the address of the node in a hypercube. Connection rules 

of the (I, m, n)-OMMH, for two nodes (it,jl' kt) and (i2,j2, k2), are as follows: 

Rule 1: There is a link, called a hypercube link, between two nodes if and only 

if (1) il = i2, and (2) jl = j2, and (3) kl and k2 differ by one bit position in their 

binary representation (I-lamming distance of one). Connection rule 1 generates I X m 

hypercubes with dimension n and these hypercubes are separated from each other 

until the following connection rule is applied. 

Rule 2: A link, called a mesh link, exists between two nodes if and only if (1) 

/;:1 = ":2 and (2) two components, i and j, differ by one in one component while the 

other component is identical. This rule generates 2n meshes with dimension I X m. 

If we neglect hypercube links made by rule 1, the meshes generated by rule 2 are 

also separated from each other. The combination of both rule 1 and rule 2 connects 

hypercubes and meshes such that I X m nodes (one node from one hypercube) in the 

same positions of I X m hypercubes are linked together to form a mesh with dimension 

I X rn. 

From the above connection rules, the interconnection functions[10], denoted by 

omrnh(id,lc) where i,j, k are three address components of a node, of the (I, m, n)

OMfvIH network with the wrap-around mesh can be described as follows: 

• ommhm1 (i,j, k) = ((i + 1) mod I, j, k) 

• ommhm2 (i,j, k) = ((I + i -1) mod I, j, k) 
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• ommhma(i,j, k) = (i, (j + 1) mod m, k) 

• ommhm4 (i,j, k) = (i, (m + j - 1) mod m, k) 

• ommhcAi,j, kn - 1 ... kd+1kdkd-l ... ko) = (i,j, kn- 1 ... kd+1kdkd-l ... ko), for d = 

0,1"" ,n -1, where kn- 1··· kd+lkdkd-l'" ko is a binary representation of in

teger k. 

The first four interconnection functions, ommhmt' ommlZm2 , ommlZm3' and ommlZm., 

are for the four-nearest-neighbor connections including wrap-around connections and 

ommhCd ' for d = 0,1"" ,n - 1, determines the hypercube interconnection. 

Figure 4.1 shows a (4,4,3)-OMMH interconnection where solid lines represent 

hypercube links and dashed lines represent mesh links. Small black circles represent 

nodes of' the OMMH network which are, in this dissertation, abstractions of processing 

elements or me~ory modules or switches. Both ends of mesh links, dashed lines, are 

connected for wrap-around connections of the mesh if they have the same labels. 

The size of the OMMH can grow without altering the number of links per node by 

expanding the size of the mesh; for example, by adding 3-cubes on the perimeter of the 

mesh in Figure 4.1. This feature allows the OMMH to be scalable. More discussion 

on the scalability issue will follow in subsection 4.2. A (4,4, 3)-OMMH consists of 

4 x <1 X 23 = 128 nodes. It can be viewed as 8 concurrent meshes where 8 nodes 

having identical mesh addresses form one 3-cube. Alternatively, it can be viewed as 

16 concurrent 3-cubes in which 16 nodes having identical hypercube addresses form 
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Figure 4.1: An example of the optical multi-mesh hypercube network: a (4,4,3)
Ol\HvII-I (128 nodes) interconnection is shown. Two links with the same labels are 
connected for the wrap-around connections of the mesh. Only few addresses are 
shown in the parenthesis for clarity. Solid lines represent hypercube connections and 
dashed lines mesh connections. 
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a <1 x 4 mesh. The (4,4, 3)-OMMH in Figure 4.1 looks like a 3-cube-clustered 4 X 4 

mesh. 

An interesting isomorphic network is shown in Figure 4.2. The same network is 

redrawn as a 4 X 4 mesh-clustered 3-cube. Depending on the problems at hand, 

the OMMH can be configured as mesh-clustered hypercubes or hypercube-clustered 

meshes. This configuration flexibility is very suitable for MIMD (Multiple Instruction 

stream Multiple Data stream) mode of computation. 

4.1.2 OMMH Network Properties 

A. Message Routing in OMMH 

The distributed routing scheme for the OMMH network gives many alternative 

paths between any two nodes. For an (I, Tn, n)-OMMH network, let the addresses of 

two arbitrary nodes Sand T be (is,).., ks) and (it,jt, kt), respectively, where 0 ::; is < 

I, 0 ::; it < I, 0 ::; j,. < Tn, 0 ::; jt < Tn, 0 ::; ks < 2\ and 0 ::; kt < 2n. The message 

routing scheme from S to T is that of an n-cube network or that of an I X Tn mesh 

network or a combination of the two depending upon the relative locations of the 

nodes. 

1. Routing within a hypercube: if is = it and js = jt, then Sand T are within the 

same hypercube. The routing scheme for this case is exactly the same as that 

of the regular n-cube network [10]. 
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2. Routing within a mesh: if ks = kt, then Sand T are within the same mesh. 

The routing scheme for this case is exactly the same as that of the regular I X m 

mesh network [69]. 

3. Routing through meshes and hypercubes: if none of the above two cases is true, 

Sand T share neither a hypercube nor a mesh. The routing scheme for this 

case is first to use the hypercube routing scheme until the message arrives at 

the same mesh where T resides, and then to use the mesh routing scheme for 

the message to arrive at T. Or the mesh routing scheme can first be applied 

to forward the message to the same hypercube where T resides, and then the 

message can reach T using the hypercube routing scheme. We can also mix the 

hypercube and the mesh routing until the message is forwarded to the same 

hypercube or to the same mesh where T resides, and then we can forward the 

message to T using the hypercube or the mesh routing scheme, respectively. 

The OMIVIH is less sensitive to performance degradation due to faults in links or 

nodes because the routing scheme in the OMMH has no preferred path, meaning 

all alternative paths have the same number of hops between any two nodes. This 

is an important advantage over other networks which have preferred paths such as 

I-lypernet[70], Enhanced hypercube[44], or Extended hypercube[71]. 
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B. Diameter and Link Complexity 

The distance between two nodes in a network is defined as the number of links 

connecting these two nodes. The diameter of a network is defined as the maximum of 

all the shortest distances between any two nodes[llJ. The diameter of the network is 

of great importance since it determines the maximum number of hops that a message 

may have to take. For two extreme cases, the diameter of a linear array with N nodes 

is (N - 1) while that of a completely connected network is unity. An l X m four

nearest-neighbor mesh has diameter (ll/2J + lm/2J) if the mesh has wrapped-around 

connections, otherwise (l + m - 2). The diameter of a hypercube with N nodes is 

log2N. Thus, the diameter of (l, m, n)-OMMH is (l + m + n - 2) if the mesh does 

not have wrapped-around connections, otherwise (ll/2J + lm/2J + n). 

Link complexity or node degree is defined as the number of links per node. The 

higher the link complexity, the greater is the hardware complexity and, consequently, 

the cost of the network. The node degree of a hypercube with N nodes is log2N 

amI that of (l, m, n)-OMMH is (n + 2) or (n + 3) for outermost nodes, (n + 4) for 

inner nodes if the mesh does not have wrapped-around connections. An (l, m, n)

OMMH with the wrap-around mesh has (n + 4) links at every node. N is equal 

to (l X m X 211) if the hypercube and the OMMH have the same network size. A 

comparison of diameters should be accompanied by a comparison of link complexity, 

because a higher connectivity resulting from a higher link complexity is expected to 

lead to smaller diameters. Figure 4.3(a) compares the diameters of the hypercube 
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and the OMMH, where (16,16, n)-OMMH means the size of the mesh in the OMMH 

is fixed and the size of the hypercube in the OMMH is changed to have the same 

network size for comparison purposes. Similarly, (l, m, 4)-OMMH implies the size of 

the hypercube in the OMMH is fixed and that of the mesh is changed. Figure 4.3(b) 

compares link complexities or node degrees of the hypercube and the OMMH. It 

should be noted that (l, m, 4)-OMMH has constant link complexity over the network 

size. This feature enables OMMH network to be scalable; that is, the growth of the 

network size does not affect the link complexity. Figure 4.3( c) depicts the growth of 

the total number of links in the network as the network size increases. For a network 

size of one million nodes, the hypercube network contains about 10.5 million links 

while the (l, m, 4)-OMMH has about 4.2 million links and (16,16, n)-OMMH has 

approximately 8.4 million links. Since one link implies one physical path, electrical 

or optical, between two nodes, the OMMH network is cost-efficient compared to the 

regular hypercube network in terms of hardware requirement. 

C. Communication Efficiency 

The average message distance in a network is defined as the average number of 

links that a message should travel between any two nodes. It plays a key role in 

determining the queueing delay in a computer network[43]. In general, as the num

ber of links per node increases, the average message distance decreases. In order to 
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obtain a realistic comparison between different networks with different link complex

ity, some normalization should be made. For this purpose, it is assumed that the 

communication bandwidth available at a node is constant. As a consequence, the 

available communication bandwidth per link at a node decreases as the number of 

links at a node increases. In this context, the normalized average message distance 

was proposed as the average message distance multiplied by the number of links at 

the node [45]. This normalization is practical since, with no limits on ~~e number 

of links, a completely connected network whose average message distance is unity 

could be designed. Thus, the above assumption is based on the fact that there are 

physical limitations in the number of pins and in the amount of power available to 

drive communication lines. Figure 4.3(d) plots the normalized average message dis

tallces against the network size of the hypercube and the OMMH, assuming that the 

message traffic is globally uniform; that is, the probability of a message being sent 

from allY node to any other node is the same for all pairs of nodes. If the message 

traffic is globally uniform, the normalized average message distance of the OMMH 

with the fixed mesh size is no more than that of the regular hypercube. 

However, it seems reasonable to assume that an efficient and realistic multicom

puter system will show much heavier traffic over short distances than over long 

communication paths since tasks which can be partitioned into smaller subtasks 

would usually be assigned to neighboring processors. To characterize the locality of 
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messages in multicomputer systems, the Threshold Model and the Geometric Dis

tribution Model have been suggested and used to show performance of computer 

networks[70, 45, 72J. The threshold model assumes that a fraction of all message 

destinations is uniformly distributed within some distance (threshold) of the source. 

The remaining destinations are uniformly distributed over the entire network. The 

geometric distribution model is defined as follows. For every source S, the nodes 

of the network are divided into regions Rt , R2,'" of increasing distance from S. A 

fraction (:J of all messages is destined for region R t of S, (:J of the remaining messages 

go to region R2 , and so on. Within each region, the distribution is uniform. 

Figure 4A( a) shows the normalized average message distance of localized messages 

using the threshold model of S-linl< threshold and Figure 4.4(b) shows the the nor

malized average message distance using the geometric distribution model where each 

region is 4-hop wide. We compare normalized average message distances of the 

hypercube and the (I, m, n)-OMMH when the two networks have the same number of 

nodes. With N nodes as the network size, the dimension of the hypercube is log2 N 

alld I x m x 2n nodes in the OMMH must be equal to N. The size of the mesh 

in the OMMH is chosen as square as possible. Figure 4.4(a) indicates that as the 

message traffic becomes more localized, the network size within which the normalized 

average message distance of the (I, m, 10)-OMMH is shorter than that of the hyper

cube increases, where (1, m, 10)-OMMH means that the size of the hypercube in the 

OlVIMH is fixed and the size of the mesh is changed to have the same network size. 
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Figure 4.4(b) reveals that, with the geometric message distribution model, the in

crease of the normalized average message distance of the OMMH with constant cube 

with respect to the growth of the network size is negligi ble (constant in the graph) 

while that of the hypercube grows logarithmically with respect to the network size. 

This implies that t.he OMMH can be scaled up with little increase in the normalized 

average message distance. 

D. Fault Tolerance 

As the number of components in a system grows, the probability of the existence 

of faulty components increases. For a large-scale system, we cannot always expect 

that all components in such a system are free from failures. However, we need to 

expect such a system to continue to operate correctly in the presence of a reasonable 

number of failures. Due to the concurrent presence of meshes and hypercubes in 

the OMMI-I, rerouting of messages in the presence of a single faulty link or a single 

faulty node can easily be done with little modification of existing fault-free routing 

algorithms. 

In the OMMH, any single faulty link or any single faulty node can be bypassed 

by only two additional hops as long as that particular node is not involved in the 

communication, namely, the node is neither the source nor the destination for any 

message. This can be proved as follows. As discussed in subsection 4.1.2, a mes

sage in the OMMH is routed using a mesh routing function if both the source and 
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t.he dest.inat.ion of t.he message are in t.he same mesh subnetwork, or a hypercube 

routing function if t.hose of the message are in the same hypercube subnetwork, or 

combination of these two routing functions if those of the message are neither in the 

same mesh nor in the same hypercube subnetwork. Consider the rerouting scheme in 

the presence of a single faulty link when the mesh routing function is being applied. 

When the message arrives at the node which is connected to the faulty link, it is 

forwarded to the neighboring mesh via one hop of the hypercube link (n such neigh

boring meshes exist in (l, m, n)-OMMH.). By applying the mesh routing function, 

the message arrives at a node which is one hop (one hypercube link) away from the 

destinat.ion since the message has been routed in the neighboring mesh to detour the 

faulty link. Similarly, a single faulty link when the hypercube routing function is be

iug applied can be bypassed by forwarding the message to the neighboring hypercube 

via a mesh link (four such hypercubes always exist in the OMMH). The rerouting 

scheme in the presence of a single faulty node is the same as that in the presence of a 

single faulty link but the message forwarding is done at the node located at one hop 

ahead of the faulty node. Thus, rerouting in the presence of a single faulty node or 

link can be done with two additional hops with little modification of the fault-free 

routing methods. 

Figure 4.5 shows a rerouting scheme in the OMMH network in the presence of 

a single faulty node. Suppose that the source of a message is node a and the 

destination node f. In the absence of faults, a message is forwarded from a to c 
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by a hypercube routing scheme and from c to f by a mesh routing scheme. In the 

presellce of a faulty node e, the message is forwarded to a neighboring mesh at node 

d which is one hop ahead of the faulty node. From g, the same mesh routing scheme 

is applied and when the message arrives at node i, it is returned to the original mesh 

where the final destination f belongs. Thus, two additional hops are sufficient for 

rerouting the message to bypass the faulty node. 

E. Software Compatibility 

As can be seen from Figures 4.1 and 4.2, multiple meshes and hypercubes con-

currently exist in the OMMH. It can be considered as a hypercube-clustered mesh 

network 01' a mesh-clustered hypercube network. Thus, depending on the problems 
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at hand, the OMMH can be configured in either way. This feature provides an ar

chitectural support for parallel processing and distributed computing. In addition, 

a wide body of parallel algorithms that have been developed for the hypercube and 

the mesh interconnection topologies are readily implementable on the OMMH with 

little modification [73, 74, 75]. 

F. Synchronization 

Synchronization is a special form of communication where control information 

is exchanged between communicating processes. Since resources such as CPUs, in

terconnection networks, and memory units may be involved in synchronization of 

parallel computation, synchronization mechanisms will differ from one architecture 

to another. In an SIMD (Single Instruction stream Multiple Data stream) archi

t.ecture, synchronization may be achieved using lockstep at compile time, while in 

an I'vIlMD (Multiple Instruction stream Multiple Data stream) architecture synchro

nization strategies may depend on the interconnection scheme. For example, atomic 

operations such as read-modify-write can easily be realized in a bus-based network. 

In multistage networks, Fetch-and-Operation primitive can be used for the synchro-

Ilization. 

We can distinguish between MIMD architectures using a bus, crossbar, multi

stage network, switch lattice, or direct connection between processing elements (PEs). 

The proposed network (OMMH) uses direct connections like other hypercube-based 
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networks such as Extended Hypercube[71], Enhanced Hypercube[44], Hypernet[70], 

Hypertree[45j, where it was assumed that processes are synchronized by passing mes

sages; and the messages are small compared to the computation required by the 

process. The OMMH is a packet-based message-passing network using direct connec

tions. In Sec. 4.3, we present an optical implementation of barrier synchronization 

to support process synchronization primitives in the OMMH network. 

4.2 Optical Implementation ofOMMH Network: Two-level Design Method

ology 

111 this section, we first discuss modularity and scalability issues of the OMMH in

terconnection architecture, and then present an optical implementation of the OMMH 

network. 

4.2.1 Size-scalability of the OMMH Network 

Size-scalable networks have the property that the size of the system (e.g., the num

ber of communicating nodes) can be increased with nominal changes in the existing 

configuration. Also, the increase in system size is expected to result in an increase in 

performance to the extent of the increase in size. As the dimension of the hypercube 

is increased by one, one more link needs to be added to every node in the network. 

In addition to the changes in the node configuration, at least a doubling of the size is 

required for the hypercube network to expand. This implies that the hypercube does 
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not; allow an incremental expansion of small sizes. Thus, the hypercube network is 

not scalable according to the above definition. We should note that the hypercube 

network may be scalable at a greater cost. Moreover, it is not modular[45J. The 

lack of size-scalability and modularity have limited the applicat.ion of the hypercube 

topology to large-scale massively parallel systems. 

As can be seen in Fig. 4.3(b), the OMMH with a constant cube as a basic building 

block (e.g., (I, m, 4)-OMMH) has a constant node degree, which means that. the size 

of t.he OMMH is ready to be scaled up by expanding the size of the torus without 

affecting the link complexity of existing nodes as is the case in expanding the size of 

the hypercube network. However, we cannot just add one node to the OMMH. For 

an (/, m, n)-OMMH, we need to add at least I X 2n nodes (if I < m) when the torus 

subnetwork needs to be balanced. 

An OMMH network is constructed from simple building blocks (hypercubes) in a 

modular and incremental fashion. These building blocks, once constructed, are left 

undisturbed when the network grows in size. The OMMH can be viewed as a two-level 

interconnection network: high-density, local connections for hypercube links (within a 

basic module), and high bit rate, low-density and long connections for the torus links 

connecting the basic building blocks. Thus, the size of the OMMH can be increased 

by adding hypercube modules, which provides modularity and size-scalability. 
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4.2.2 Generation-scalability of the OMMH Network 

Generation-scalable architecture are designed with consideration of what future 

implementation might be like. Such architectures will survive throughout generations. 

A generation scalable network can be implemented in a new technology, and intercon

nection bandwidth of the network should grow at the same rate as processing speed 

and memory. Without increasing interconnection bandwidth, we cannot fully exploit 

the increased speed of evolutionary processing elements. Generation-scalability in the 

OMMH interconnection architecture is provided by the use of high-bandwidth optics 

which would match communications bandwidth requirements of future processing 

elemellts. 

4.2.3 Optical Implementation of OMMH Network 

In this Subsection, we show how to design torus links to connect such hypercube 

modules to construct the OMMH network using basic hypercube modules designed 

in Sec. 2.2.3. 

A. Design of Torus Links to Connect Hypercube Modules 

An (l, m, n)-OMMH can be constructed as follows: 

(1) I x m n-cube modules as described in Sec. 2.2.3 are placed in a I X m matrix 

form. 
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(2) I x Tn nodes, each of which is from the same location of the n-cube modules, are 

connected to form a torus of dimension I x m. 

(3) Step 2 is repeated until every node is connected, resulting in 2n toruses of size 

I X m. 

Since two adjacent n-cube modules are connected by 2n torus links, the number 

of optical fibers required grows exponentially as n increases. A possible solution 

for reducing the number of optical fibers required is the use of a wavelength division 

multiplexing (WDM) technique. However, a straightforward use of the WDM also re

quires a prohibitively large number of different wavelengths. For example, to connect 

two ten-cube modules, we need 210 = 1024 different wavelengths. A wavelength-node 

assignment technique[76] can alleviate this problem as follows. 

Rcf'el'l'ing to Sec. 2.2.2, an n-cube layout (PlaneL or PlaneR) consists of 2L(n-I)!2J 

non-empty rows and 2r(n-I)!21 non-empty columns. For PlaneL and PlaneR, we assign 

the following wavelengths to the nodes in the first row; >11, A2, "', A2r(,l-l)/21. Then, 

we assign A2, "', ).2[(,.-1)/21, AI, as wavelengths to the nodes in the second row. 

In general, wavelength-assignment in a row is achieved by rotating the wavelength

assignment of previous row by one column. This wavelength assignment results in 

no two nodes in the same row or column having an identical wavelength. Figure 4.6 

shows a wavelength-assignment for a 5-cube module. We then use a 2Hn-I)!2L 

channel wavelength multiplexed fiber to connect two rows in the adjacent two n-cube 
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Figlll'e 4.6: Wavelength assignment for a 5-cube. Wavelengths are assigned such that 
no two nodes in the same row or column have an identical wavelength. 

modules. Similarly, a 2l(n-l)!2Lchannel fiber is used to connect two columns in the 

adjacent two n-cube modules. Thus, an implementation of (l, m, n)-OMMH using 

the above wavelength assignment method requires no more than 2Hn- 1)!21 different 

wavelengths. In addition, no more than 2r(n-l)!21 optical fibers will be required for 

the connections between any two adjacent n-cube modules. 

Now, we consider an optical implementation of the (l, m, n)-OMMH network. We 

assume the availability of two optical components: a quadrant beam splitter (QBS) 

which splits a single beam into four beams (the QBS also combines four beams into 

one since it is bi-directional) and an i-channel wavelength multiplexor (WMUX) 
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which multiplexes beams with i different wavelengths into a single beam (also de

multiplexes since it is bi-directional). The realization of these two components with 

CUlTent. technology will be discussed in detail in the following subsection. We also 

assume that each node has two light sources; one source, SIL, illuminates the BPG to 

generate the required hypercube links and the second source, St, is coupled with an 

opt.ical fiber for the torus links. A QBS is attached to every St to provide the four 

fanouts, StN' Sts, StE' and Stw (north, south, east, and west). A WMUX is located 

at both ends of each row and each column. Let each WMUX at the right end of a 

row be WMUXE, each WMUX at the left end of a row be WMUXw, each WMUX 

at the top of a column be WMUXN, and each WMUX at the bottom of a column be 

WMUXs. In a given row, a WMUXE multiplexes lights from the StE sources of that 

row into a single fiber which is then connected to a WMUXw in the neighboring n

cube module. Similarly, StNS StsS, and StwS are multiplexed by WMUXN, WMUXs , 

and WMUXII', respectively. Figure 4.7 illustrates a five-cube module with torus link 

int.erface. For clarity, only the 2-D view is shown and, thus, only two fanouts by 

a Qns is given. Figure 4.8 shows a full size representation of the (3,3, 5)-OMMH 

implementation emphasizing the torus links. For clarity, only links among PlaneLs 

arc depicted. 
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Figure 4.7: A 2-D view of a 5-cube module to interface with torus links for the 
construction of the (I, m, 5)-OMMH network. 
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Quadrant beam splitter 
at each node 
1 x4 multiplexer/demultiplexer 
at both ends of each row and 
column 
Fiber links between quadrant 
beam splitter and multiplexer 
4 channel wavelength division 
multiplexed fiber links 

Figure 4.8: A full size representation of a (3,3, 5)-OMMI-I network emphasizing torus 
links. Only connections among PlaneL are shown for clarity. Similar connections 
among PlaneR exist. Two links with the same labels are connected for wraparound 
connections. In the parenthesis, first two address components of (3,3, 5)-OMMI-I (i.e., 
torus address components) are shown. 
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B. Optical Hardware Required for Torus Links 

In this Subsection, we discuss the functionality and limits of two optical compo

nents used in the implementation of torus links. 

Quadmnt Beam Spiitte1'(QBS): 

The function of the QBS is to either split one beam into four beams or combine 

four beams into a single beam. An optical arrangement of the QBS using graded 

index (GRIN) lenses[77J is illustrated in Fig. 4.9.a. Four small GRIN lenses are 

placed on the end facet of the large GRIN lens. The large lens is used to collimate 

a beam from a single trunk fiber and the aperture of the collimated beam is divided 

into four by the smaller lenses. The small lenses then focus the beams onto fibers. 

Beam combination or merging is performed but in the opposite direction. Figure 4.9.b 

illustrat.es the geometry of the QBS with GRIN lenses for the purpose of calculating 

power loss occurring at. the connection between the large GRIN lens and small GRIN 

lenses. Since four small GRIN lenses do not cover the entire end-facet area of the 

large GRIN lens, some portion of beam aperture from the large GRIN lens cannot be 

captured by four small GRIN lenses, resulting in power loss. Suppose that a radius 

of a small lens is 1'. The smallest possible radius of the large lens that can cover four 

small lenses is then l' + /27'. Thus, 471'1'2 j[7I'( 1 + /2)21'2J = 68.6% of the end-facet area 

of the large GRIN lens is covered by the four small lenses. Therefore, approximately 
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31.4% of power is lost from the large GRIN lens to the four small lenses during beam 

splitting process. However, there is a fanin loss during beam combination process. 

A more power efficient (less than 20% power loss) QBS has been reported in 

Ref. [78J using substrate mode holograms to reduce mechanical alignment and chro

matic sensitivity. The QBS design with substrate mode holograms is better than the 

design with GRIN lenses in terms of power efficiency, alignment, and fiber coupling 

efficiency. However, substrate mode multiplexed holograms for the QBSs are not 

commercially available at this time. 

Wavelength Multiplexo7'(WMUX): 

A wavelength multiplexor/demultiplxor (WMUX) using a GRIN lens and a blazed 

grating is discussed in Ref. [79J. WMUXs of this type allow more of the total band

width of the optical fiber to be used and more than ten channels are currently avail

able. Typical values of the insertion loss and the crosstalk in available WMUXs 

are generally 1 '" 2 dB and less than -30 dB, respectively. Since (l, m, n)-OMMH 

requires 2r(n-l)!21.channel WMUXs, wit.h 16-channel WMUXs, it is possible to im

plement any size of OMMH networks if n ::; 9. 

C. Single Channel Communication Bandwidth of Torus Links 

The optical power budget is referred to as the power that must be delivered to each 

receiver to maintain a specified bit-error-rate. The optical power budget has been 
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considered to calculate the communication bandwidth of torus links to maintain bit

error-rate of 10-17 which is reliable enough for inter-PE communications[80J. We 

assume sources and detectors with characteristics +4dBm and -4dBm, respectively. 

The remainder of the characteristics are as follows. It is assumed that the fiber has 

a loss of 3.5dB pel' kilometer. Typical insertion loss for a fiber connector is taken 

to be IdB. QBS insertion and extraction losses are assumed to be 7.6dB and IdB, 

respectively, as discussed in Subsec. 4.2.3. Insertion loss of WMUX is taken to be 

IdB. 

Considering the fanout of four for the torus topology, the proposed design of the 

torus links in the OMMH can provide bandwidth of lO lD bits per second per channel. 

4.2.4 Rationale for the Two-level Design Approach 

The optical implementation of the OMMI-I network consists of two levels: free

space space-invariant optics for the constl'tlction of basic building blocks, and multi

wavelength fibers for the torus links. The rationale for the two-level design approach 

is as follows; the use of space-invariant free-space optics would result in compact and 

simple building blocks that can be easily reproduced[27, 65J. However, it would not 

be easy to implement scalable optical interconnects with totally space-invariant op

tics only, since a single space-invariant optical component such as a hologram is used 

to image multiple nodes for totally space-invariant interconnect.s. Thus, it would be 
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necessary to redesign the component in order to increase the number of nodes. How

ever, since the minimum incremental size of the OMMH is one hypercube module (a. 

basic building block), the use of space-invariant optics within the basic building block 

will not limit the scalability of the OMMH. We use multiwavelength fiber optics to 

connect the basic building blocks because fiber optics would provide affordable scal

able interconnects and the wavelength division multiplexing technique would make a 

better utilization of t.he transmission capacity of an optical fiber[3, 81, 82, 83J. The 

breakdown of functional requirements for the OMMH network is consistent with the 

advantages of free-space and optical fiber technologies. 

4.3 Optical Support for Barrier Synchronization 

Architectural support for efficient process synchronization is an important aspect 

of the design of any MIMD multiprocessor. Message-based synchronization prim

itives require minimal hardware support but they would not be appropriate in a 

massively parallel system since lots of messages (overhead) are required in such a 

system whenever a barrier is encountered. Barrier synchronization is a mechanism 

that guarantees that all processes have reached a specified point in their execution 

before any are allowed to proceed. In Fig. 4.10, we present an optical setup which 

implements a barrier mechanism for fast synchronization. This setup could be used 

as a control subnetwork when the OMMH network is used in a massively parallel 

system. The source array could be a spatial light modulator illuminated by a laser 
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Figure 4.10: Optical setup for the barrier synchronization. 

where the i-th row represents processor Pi and the j-th column represents barrier 

point bj. In the detector array, the rows and the columns have the same meaning 

as those in the source array but the rows are numbered from bottom to top due to 

the image inversion. Let (Pi, bj ) denote a cell where i-th row and j-th column meet. 

Suppose that a logical 1 is coded as the presence of light and a logical 0 as the absence 

of' light.. For a given synchronization pattern, (Pi, bj) is set to 1 if barrier point bj 

is involved in the synchronization pattern and Pi is initiated. When Pi finishes its 

execution, (Pi, bj ) is reset to O. Since the monitor vector is a row vector which is the 

column-wise logical OR (by cylindrical lens L1 ) of the source array, mj is 0 only when 

all processors which need to be synchronized at barrier bj finish their jobs. Now, the 

value of mj is broad casted to all processors through cylindrical lenses L2 and L3 on 

the detector array. Processor Pi knows the time when all other processors reach the 

balTier point bj by detecting when the value of (Pi, bj) changes from 1 to O. A similar 
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electronic implementation can be found in Ref. [84] where wired-NOR logic is used. 

The above dynamic barrier synchronization is possible only if the synchronization 

pattern is predicted at compile time and process preemption is not allowed. How

ever, as discussed in Ref. [84], the above scheme along with counting semaphores can 

support multiprogrammed multiprocessors where preemption is allowed. 
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CHAPTER 5 

THREE-DIMENSIONAL OPTICAL IMPLEMENTATION 

OF BINARY DE BRUIJN NETWORKS 

In this Chapter, we present an optical implementation of the binary de Bruijn 

interconnection network. We first discuss why such a network is currently receiving 

much attention as an alternative to the hypercube interconnection network. We then 

discuss the definition and an optical implementation of the network. 

5.1 Binary de Bruijn Interconnection Networks for Parallel Computers 

The recent quest for massively parallel computing systems is placing a major em

phasis on scalable networks with small diameters and bounded node degrees[42]. As 

all alternative to the hypercube and the mesh topologies (refer to Chapter 1 for the 

discussion of properties of the hypercube and the mesh topologies), the de Bruijn 

topology[85, 86] has recently been receiving much attention. Its properties and ap

plications have been studied by several researchers[87, 88, 89, 90, 91]. Its topological 

properties show that the de Bruijn network is a good candidate for interconnection 

networks of the next generation of parallel computers after the hypercube. The 

de Bruijn network behaves like the hypercube, and retains most of the same desired 

properties (logarithmic diameter, fault-tolerance, and simple routing). The de Bruijn 
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network possesses two major additional advantages. The first advantage is that the 

de Bruijn network requires fewer physical links than the hypercube for the same net

work size (the same number of nodes). For example, to construct a network of 1,024 

nodes, the hypercube network requires 5,120 physical links whereas the de Bruijn net

work requires only 2,048 links. The second major property of the de Bruijn network 

is that the node degree is constant, whereas in the hypercube the node degree varies 

as log2 N for an N-node network. For a binary de Bruijn network, the node degree is 

always four regardless of the network size. It should be noted that the node degree 

of the mesh network is also four independent of the network size, but the binary de 

Bruijn network has much smaller diameter than the mesh for the same network size. 

Recent work has also shown that most of the algorithms proposed for the hy

pel'cube network can be easily transposed onto the de Bruijn network without any 

increase in the complexity of the algorithms[88]. This coupled with a constant node 

degree, makes the de Bruijin network a highly desirable architecture for future large

scale systems. 

Despite its many attractive properties, the de Bruijn network is considerably less 

known compared to the hypercube network because it is much less amenable to VLSI 

implementations. The VLSI implementation of the de Bruijn network is nontrivial 

since the network is neither fully symmetric nor modular[89, 88] as is the case with 

other popular networks. Additionally, the de Bruijn network requires many more 

global connections than the hypercube and the mesh, and such global connections 
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make its VLSI implementation more difficult. Currently, the de Bruijn topology 

is used in a couple of parallel machines: The Triton/1 computer developed at the 

University of Karlsruhe[92]' and the de Bruijn VLSI network with 8192 nodes being 

built by NASA's Galileo project[89J. 

Optics, owing to its three-dimensional (3-D) nature, global connectivity property, 

and its flexible signal routing capability, seems to be very suitable for realizing non

symmetric global connections[6, 7, 27, 93, 94, 95J. In this chapter, we propose a 

3-D optical implementation methodology for the de Bruijn network. The proposed 

methodology provides a partitionable optical implementation; i.e., the de Bruijn net

work is first decomposed into a few primitive operations (subnetworks) each of which 

call be efficiently implemented, and then, such subnetworks are combined together 

with simple optics to realize the de Bruijn network. In addition, the presented im

plementation is based on currently available optical devices and not on futuristic 

ones. 

5.2 Definition and Prop~rties of Binary de Bruijn Networks 

A binary de Bruijn network with 2n nodes is denoted by n-BdB. Let node i 

(0 :::; i < 271) in the n-BdB be represented by an n-bit binary number, say i = 

a 71-la71 -2"·aO. Node i is connected to four neighboring nodes (it,i2 ,i3 , and i4) as 

follows. 

(5.1 ) 



i2 = 

i3 = 

i4 = 

an-2an-3···ataoan-t 

aoan-t an-2··· a2at 

aoan-t an-2 ···a2at 
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(5.2) 

(5.3) 

(5.4) 

Node it connection from node i in Eq. 5.1 is obtained by rotating node i address to 

the left by one bit position, which is equivalent to the perfect shuffle (PS) operation. 

Node i2 connection from node i in Eq. 5.2 is obtained by rotating node i address to 

the left and then complementing the least significant bit which is also a perfect shuffle 

complement (PSC) operation. Similarly, node i3 connection from node i in Eq. 5.3 

is obt.ained by a right rotation operation which is equivalent to the inverse perfect 

shuffle (IPS) operation, and node i4 connection from node i is obtained by a right 

rotation and complement operation or a inverse perfect shuffle complement (IPSC) 

operation. In Fig. 5.1 a three-BdB and a four-BdB network are shown. It should 

be lIot.ed that the BdB network is not modular (i.e., as can be seen from the figure, 

we cannot build a four-BdB network by simply connecting two three-BdB networks 

as is the case with the hypercube network), not fully symmetric as the network size 

grows, and the connectivity is not localized (as is the case with the mesh network). 

A node in the BdB network has four neighbors as defined in Eqs. 5.1-5.4. Thus, 

the node degree of an n-BdB network is always 4 which is constant and independent 

of the network size. In actual implementation, the node degree means the number 

of fan-ins or fan-outs. Thus, the fact that the node degree is constant greatly eases 
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Figure 5.1: (a) A three-BdB network with 8 nodes, and (b) a four-BdB network with 
Hi nodes. Node addresses are represented by binary numbers. A four-BdB network 
can not be built by simply connecting two three-BdB networks since the BdB network 
is neither fully symmetrical nor modular. 

the design of large-scale systems using the BdB network compared to the hypercube-

based one whose node degree grows logarithmically with respect to the network size. 

As call be seen from Eqs. 5.1-5.4, a node in the n-BdB network can be reached from 

any other node in at most n hops. Thus, the diameter of the n-BdB network with 2n 

nodes is n (the diameter increases logarithmically with respect to the total number of 

nodes in the network). Table 5.1 compares major topological properties of the BdB 

network with several popular networks, where the last column (constant edge length) 

indicates whether the given topology can be realized with edges (links) of the same 

length. A detailed comparison of the n-BdB network with the two most popular 

networks, the binary n-cube and the mesh networks, is summarized in Table 5.2. 
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Network Nodes Diameter Constant Constant 
node degree edge length 

I-D mesh n n-1 YES YES 
2-D mesh n2 2(n - 1) YES YES 
3-D mesh n3 3(n - 1) YES YES 
binary tree 2n -1 2(n - 1) YES NO 
4-ary hypertree 2n(2n+l - 1) 2n YES NO 
pyramid (4n 2 - 1)/3 2logn YES NO 
butterfly (n + 1)2n 2n YES NO 
hypercube 2n n NO NO 
cube connected cycle n2n 2n YES NO 
shuffle-exchange 2n 2n -1 YES NO 
de Bruijn 2n n YES NO 

Table 5.1: Characteristics of various network topologies. (Adapted from M. J. 
Quinn[96]). A network has a constant edge length if all the edges (links) can be 
realized with the same length. 

binary n-cube 2n/2 X 2n/2 mesh n-BdB 
total number of nodes 2n 21l 21l 
node degree n constan t (4) constant (4) 
total number of links n/2 X 2n 2 X 21l 2 X 2n 

diameter n 2n/2 n 
fault tolerance Yes Limited Yes 
routing easy self-routing easy self-routing easy self-routing 
det.ours around faults difficult difficult easy 

Table 5.2: Characteristics of the binary n-cube, the two-dimensional mesh, and the 
n-BdB networks. It is assumed that the mesh network has wraparound connections 
in the rows and columns. The table shows that the n-BdB network is an attractive 
alternative over binary n-cube and the mesh network. 
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5.3 Optical Implementation of Binary de Bruijn Networks 

III this section, we first present a model for 3-D free-space optical interconnection 

networks and, using the model, propose an optical implementation methodology for 

the binary de Bruijn network. The presented methodology provides a partitionable 

optical implementation; the de Bruijn network is decomposed into a few primitive 

operations (subnetworks) that can be efficiently implemented and then, such subnet

works are combined together to realize the de Bruijn network. 

5.3.1 Decomposition of the de Bruijn Network into Primitive Operations 

In this subsection, we discuss basic optical operations required to implement 3-D 

BdB networks. As shown in Eqs. 5.1-5.4, a BdB network can be decomposed into 

four subnetworks: a PS subnetwork, a pse subnetwork, an IPS subnetwork, and 

all IPSe subnetwork. Since the model for the 3-D optical interconnects takes an 

image of the 2-D source array and generates images on the 2-D detector array, these 

subnetworks and their corresponding shuffle operations should be done on 2-D arrays. 

There are two kinds of 2-D perfect shuffles[97, 57, 60, 31, 98, 99, 100, 101]: the 2-D 

separable perfect shuffle (SPS) and the 2-D folded perfect shuffle (FPS). In the 2-D 

SPS, the rows and the columns are shuffled independently, whereas in the 2-D FPS 

the rows and columns of the input are obtained by folding a 1-D input array. The 

mathematical relationship between the 2-D SPS and the 2-D FPS has been shown 

in Ref. [34]. In this subsection, we first summarize the mathematical relationship 
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between the 2-D SPS and the 2-D FPS derived in Ref. [34J, and then extend it to 

derive the relationship between the 2-D separable inverse perfect shuffle (SIPS) and 

the 2-D folded inverse perfect shuffle (FIPS). We derive the relationship between 

folded shuffles and separable shuffles since the proposed optical implementation is 

based on the 2-D separable shuffies and uses preprocessing/postprocessing modules 

to achieve the 2-D folded shuffles. The rationale for using separable shuffies for the 

proposed optical implementation will be discussed in detail in Subsec. 5.3.2. 

Let IlS consider that N nodes (N = 2n and n is even) are arranged in a 2n/ 2 X 2n/ 2 

array (or 2-D plane). A binary address of a node can be represented by (a,,-lan -2 ... 

a,,/2,(ln/2-1 ... al(lO), where an-la,,-2 .•. an/2 represents the row index and a,,/2-1 ... alaO 

represents the column index. Note that the row index and the column index are sep

arated by a comma. 

A 2-D FPS (denoted as hD FPS) can be expressed as: 

(5.5) 

A 2-D SPS (denoted as 12-DsPs) can be expressed as: 

(5.6) 

As can be seen in Eqs. 5.5 and 5.6, a 2-D FPS is obtained by rotating the binary 

address as a whole to the left by one bit position, and a 2-D SPS is obtained by 
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rotating to the left by one bit position the row address and the column address 

separately. 

Relationship Between 2-D Folded Perfect Shuffle(FPS) and 2-D Separable Perfect 

Sh1ljjle(SPS) 

From Eqs. 5.5 and 5.6, it can be seen that the 2-D FPS is equivalent to (i) exchanging 

most significant bits (MSBs) of the row address and the column address, and then 

(ii) performing a 2-D SPS as follows[34J. 

(i) Exchange MSBs in (an-I' .. an/2, an/2-1 ... aD) = (an/2-1 an-2 ... an/2, an-I' .. aD) 

(5.7) 

(5.8) 

If we divide the addresses of nodes placed in the source array into four quadrants; 

Ql, Q2, Q3, and Q4, the exchange of MSBs is equivalent to the exchange of Q2 and 

Q3 as depicted in Fig. 5.2.a. 
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01 02 01 03 

address= address= 
OXX ... X,oxx ... xx ... X,1XX ... l 

address= fddres~= OXX ... X,OXX ... ) XX ... X, xx ... ) 

• 
03 04 02 04 

rddres~= XX ... X, xx ... ) rddress= xx ... x,1xx ... ) addres~= XX ... X, xx ... ) rddress= XX ... X,1XX ... ) 

(a) Exchange of most significant bits In the row Index and the column Index. 
An 'x' represents don't care bit. 

01 02 03 04 03 01 

address= address= 
oxx ... x,oxx ... x xx ... x,1xx ... x fddres~= rddress= xx ... x, XX ... l xx ... x,1xx ... 1 

steE! 1. 

rddres~= address= 

step 2. 
XX ... X, xx ... ) Oxx ... x,oxx ... x 

03 04 01 02 04 02 

rddress= xx ... x,Oxx ... x rddress= 
xx ... x,1xx ... x 

address= 
oxx ... x,OXX ... x address= xx ... x,1xx ... ) rddres~= XX ... X, xx ... ) address= XX ... X,1XX ... ) 

(b) Complement of most significant bit In the row Index (step 1) followed by the exchange of 
most significant bits in the row index and the column Index (step 2). An 'x' represents 

. don't care bit. 

Figure 5.2: In an n-bit (n even) address of a node, the most significant n/2 bits 
represent the row index and the rest represent the column index. (a) The exchange 
of MSBs in the row index and the column index is equivalent to the exchange of 
quadrants Q2 and Q3, and (b) the complement of MSB in the row index (an-I), 
followed by the exchange of MSBs in the row index and the column index results in 
clockwise rotation of quadrants by one position. 
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Relationship Between 2-D Folded Perfect Shuffle Comp/ement(FPSC) and 2-D 

Separable Pelfect Shuffle(SPS) 

Now we del'ive the 2-D FPSC (denoted as /2.0 FPSC) from the 2-D SPS. We define a 

2-D FPSC as: 

(5.9) 

which is equivalent to (1) complementing the MSB of the row address (an-d, (2) 

exchanging MSBs of the row address and the column address, and (3) performing 

a 2-D SPS on the resulting address. Since the complement of the MSB in the row 

address corresponds to the exchange of quadrants Ql and Q3, and the exchange of 

Q2 and Q4, steps (1) and (2) result in clockwise rotation of quadrants by one position 

as explained in Fig. 5.2.h. 

Relationship Between 2-D Folded Inverse Perfect Shuffle(FIPS) and 2-D Separable 

Inverse Pelfect Shuffle(SIPS) 

We derive the mathematical relationship between the 2-D FIPS and the 2-D SIPS. 

We denote a 2-D FIPS as !2-0 FIPS and define it as: 

Similarly, we denote a 2-D SIPS as h-o SIPS and define it as: 

(5.11) 
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Eqs. 5.10 and 5.11 show that the 2-D FIPS is equivalent to (1) performing 2-D 

SIPS, and (2) exchanging most significant bits (MSBs) in the row address and the 

column address of the resulting node address. The latter is equivalent to the exchange 

of quadrants Q2 and Q3. 

Relationship Between 2-D Folded Inverse Perfect Shuffle Complement(FIPSC) and 

2-D SIPS 

Finally, we derive the relationship between the 2-D FIPSC and the 2-D SIPS. A 2-D 

FIPSC (denoted a.s h-D FIPSC) is defined as: 

which is equivalent to (1) performing the 2-D SIPS, (2) exchanging most significant 

bits (lVISBs) in the row index and the column index, and (3) complementing the MSB 

in the row index of the resulting source array. As shown in Fig. 5.2. b, steps (2) and 

(3) correspond to the clockwise rotation of the quadrants by one position. 

In the following section, we discuss optical implementations of the above 2-D 

folded shuffle operations (FPS, FPSC, FIPS, and FIPSC) using 2-D separable shuffle 

modules. 
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5.3.2 Three-dimensional Free-space Optical Implementation of Binary de 

Bruijn Networks 

As discussed in Subsec. 5.3.1, the BdB network can be implemented using FPS 

and FIPS modules. Several proposals have been presented for the design of optical 

PS based networks[97, 57, 60, 31, 98, 99, 100, 101]. However, these methods can 

not. be directly used in the implementation of BdB networks because a number of 

them[GO, 98, 99, 100, 57] are based on masking operations, where the light signals 

blocked by the masks create an unavoidable energy loss. In addition, the fact that 

the masks spatially block some portion of area for each node makes unavoidable 

areCl wClste. The rest of the proposed methods[97, 31, 101] require a unique beam 

steering operation for each node, which is very hard to realize and cost-prohibitive 

for large-scale networks. Thus, a PS implementation which requires neither masking 

operations nor complex beam steering operations would be ideally suited for the basic 

building block of the BdB network implementation. 

In this chapter, we propose optical implementations of 2-D FPS and 2-D FIPS 

modules in terms of 2-D SPS and 2-D SIPS modules which are, in turn, based on a 

light. efficient implementation of the l-D IPS. The proposed implementation methods 

do not use any beam masking. We also present optical realizations of a quadrant 

exchange module and a quadrant rotation module which are required in generating 

folded shuffles from the separable shuffles as discussed in Sec. 5.3.1. 
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5.3.2.1 Optical Implementation of 2-D Separable Inverse Perfect Shuffle 

Module 

In this subsection, we first present an optical setup of 1-D IPS and then we ex-

tend it to 2-D SIPS. Figure 5.3 shows the I-D IPS with eight nodes. The source 

L2 

Detector array 

o 
S 1~~~2 ouree array 

m-~~~--H---~~4 6 
J2JJ---Hff\' 1 

Polarizing beam Half-wave 
splitter plate 

.J.-It-'JIOfotI 3 

5 
7 

Legend: 
(f) horizontal polarization 

o vertical polarization 

L 1 : negative lens 
L2 : positive lens 
ILl : toeallength ot L 1 (negative value) 
III : toeallength of L2 (positive value) 

Figure 5.3: Optical setup for the I-D inverse perfect shuffle of eight nodes. 

array is assumed to be polarized in such a manner that the odd-numbered nodes 
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have vertically polarized beams and the even-numbered nodes have horizontally po

larized beams. With the help of a horizontally polarized beam splitter (PBS), all 

beams out of odd-numbered nodes will be reflected by the PBS and rerouted through 

the mirror whereas beams from even-numbered nodes will pass straight through as 

shown in Fig. 5.3. Lenses Ll and L2 are used to resize the array image to the size 

of the source array. This kind of the lens setup for the purpose of image magnifi

cation/demagnification is called Galilean telescope system[102J. The half-wave plate 

(HWP) rotates polarity of beams out of the even-numbered nodes so that all beams 

at. the detector array have the same polarity. The HWP is inserted because the 

modules following the shuffle module require uniform polarity across the array image 

as shall be discussed shortly. Thus, the IPS of the given 8 nodes is achieved at the 

detector array. It should be noted that beams emanating from even-numbered nodes 

have shorter optical paths than those emanating from odd-numbered nodes. This 

may be compensated by the I-IWP to some extent or may require some optical delay 

elements to be inserted between the PBS and the lens to equalize the optical path. 

A 2-D SIPS module can be realized by cascading a column-wise I-D IPS module 

with a row-wise I-D IPS module as shown in Fig. 5.4. Figure 5.4.a shows a 

columll-wise IPS extended from Fig. 5.3, considering the nodes in Fig. 5.3 to be 

columns of nodes in Fig. 5.4.a. Fig. 5.4.b depicts an optical setup of the 2-D SIPS 

where a column-wise IPS and a row-wise IPS are applied in series. Let us assume 

that beams out of the source array have vertical polarization. PI is a special wave 
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(a) Column-wise Inverse perfect shuffle module 

Legend: 
P1 : Waveplates (alternating the polarization 

rotation by column) 
P2 : Waveplates (alternating the polarization 

rotation by row) 
CIPS : Column-wise Inverse perfect shuffle module 
RIPS: Row-wise Inverse perfect shuffle module 

(b) 2-D separable Inverse perfect shuffle module 

Figure 5.4: Optical setup for the 2-D separable inverse perfect shuffle. (a) Column
wise extension of the 1-D perfect shuffle module in Fig. 5.3. Different colors in the 
source array represent different polarizations. (b) The column-wise inverse perfect 
shuffle and the row-wise inverse perfect shuffle are done in series to achieve 2-D 
separable inverse perfect shuffle. 
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plate that consists of alternating full- and half-wave plates, with the purpose of 

creating alternating polarizations across the columns. This device could be replaced 

by a liquid crystal television (LCTV), for the time being, which will be considered 

ill Sec. 5.4. CIPS performs the column-wise IPS while cylindrical lenses instead of 

spherical ones resize the image. The output beams of CIPS have vertical polarity as 

can be seen from Fig. 5A.a. Now, P2 rotates the polarity in every other row and 

RIPS (a row-wise version of Fig. 5.4.a) does the row-wise IPS. The detector array 

then receives the 2-D SIPS image of the source array. 

5.3.2.2 Optical Implementation of 2-D Separable Perfect Shuffle Module 

We first discuss the maskless optical implementation of the 1-D PS, and then we 

ext.end it to the 2-D SPS. Figure 5.5 shows an optical 1-D PS of 8 nodes. It 

can be seen that the setup for the 1-D PS is very similar to that of the 1-D IPS 

if the source and the detector arrays are swapped, except for the additional on

axis lenslet arrays. In order to implement the 1-D PS, beams emanating from the 

source array are polarized in such a manner that the first half of the nodes (nodes 

o to 3) have vertical polarization and the rest have horizontal polarization. The 

source array is magnified by a factor of two by negative lens L1 and positive lens L2. 

With lenslet arrays L3 and L4 the size of each beam is demagnified to the original 

size while the separation between nodes remains the same. The shrinking of the 

beams is required to avoid crosstalk when they are interlaced on the output plane. It 
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Figure 5.5: Optical setup for the maskless 1-D perfect shuffle of eight nodes. 
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should be noted that the lenslet arrays behave like the masks of previously proposed 

implementations[60, 98, 99, 100] without blocking any portion of light emanating 

from a node. Suppose that the PBS reflects horizontally polarized beams only. Then, 

beams from the first half of the nodes routed by the mirror are reflected at the PBS 

to the detector array. Thus, the 1-0 PS is achieved. However, It should be noted 

that optical path length difference needs to be compensated. 

A 2-0 SPS connection based on the 1-0 PS is depicted in Fig. 5.6. A column-

CPS Pl RPS 

HWP2 
P1 : Waveplate (alternating the polarization 

rotation by column) 
CPS: Column-wise perfect shufHe module 
RPS : Row-wise perfect shuffle module 
HWP1 : half-wave plate covering 02 and 04 
HWP2 : half-wave plate covering 03 and 04 

Figme 5.6: Optical setup for the 2-0 maskless separable perfect shuffle. The column
wise perfect shuffle and the row-wise perfect shuffle are done in series. 

wise (row-wise) extension of the 1-0 PS module can be constructed in a similar way 

of tile construction for the column-wise (row-wise) extension of the 1-0 IPS module 

as depicted in Fig. 5.4.a. It is assumed that all beams out of the source array are 

vertically polarized. A half-wave plate, HWPl, rotates the polarity of beams out 

of quadrants Q2 and Q4 (second half of the columns) of the source array. Now, 

t.he column-wise perfect shuffle is done at CPS which is a column-wise extension of 
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the 1- D PS in Fig. 5.5 with cylindrical lenses in place of spherical lenses. Beams 

out of CPS have alternating polarizations by column, and a special wave plate, PI, 

rotates polarization in every other column to make all beams out of CPS have vertical 

polarization. Now, HWP2 rotates the polarity of beams out of quadrant Q3 and Q4 

(second half of the rows). The row-wise perfect shuffle is performed at RPS. Thus, 

the detedor array receives the vertically polarized 2-D SPS image of the source array. 

As can be seen from the figure, the proposed optical implementation for the 2-D 

SPS does not require any masking (in comparison with previous methods[60, 98, 99, 

100D, and, therefore, are expected to be much more light efficient. 

5.3.2.3 Optical Implementation of Quadrant Exchange and Quadrant Ro

tation Modules 

As described in Subsec. 5.3.1, quadrant exchange operations are needed to generate 

the 2-D FPS (FIPS) from the 2-D SPS (SIPS). Figure 5.7 depicts an optical setup 

for the quadrant exchange module (QEM) which exchanges quadrants Q2 and Q3 of 

a 2- D source array. Let's assume that nodes in the Q2 quadrant are horizontally 

polarized and those of the Q3 quadrant are vertically polarized. If PBSl reflects 

horizontally polarized beams and PBS2 reflects vertically polarized beams, then light 

beams emanating from Q2 are first reflected by mirror M1 to PBS1, reflected by 

PBSl, and finally pass through PBS2 to impinge on the output plane in the original 

position of Q3. Similarly, lights emanating from Q3 are passed by PBS1, reflected 
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Legend: 

g~ ; ~~~lro"n71~~Fn~I;~od 
/):>':7 Mirror (Ml, M2) 

PBS1: Polarized boam splitter 
(roflocts horizontal polarization) 

PBS2: Polarized boam splitter 
(roflectD vortlcal polarization) 

Figure 5.7: An optical implementation of the quadrant exchange module (QEM). 
Lights emanating from Q2 are routed by Ml, reflected at PBSl, and pass through 
PBS2. At the same time, lights from Q3 pass through PBSl, reflected at PBS2 and 
at ~d2. Consequently Q2 and Q3 are exchanged at the output plane. 

by PBS2, and finally reflected by mirror M2 to impinge on the output plane in the 

original position of quadrant Q2. As a consequence, Q2 and Q3 are exchanged. 

As discussed in Subsec. 5.3.1, quadrant rotation operations are needed to generate 

the 2-D FPSC (FIPSC) from the 2-D SPS (SIPS). Figures 5.8 and 5.9 depict an optical 

setup of the quadrant rotation module (QRM). The way the QRM works is very 

similar to that of the QEM. Suppose that nodes in the Ql and Q2 quadrants are 

horizontally polarized, and those in Q3 and Q4 quadrants are vertically polarized. 

Fig. 5.8.a shows how Ql and Q3 are routed to the original positions of Q3 and Q4, 

respectively. Fig. 5.8.b shows how Q2 and Q4 are routed to the original positions of 
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Figure 5.8: Partial optical implementation of the quadrant rotation module (QRM). 
(a) Ql is routed to the output plane at the original position of Q3. At the same time, 
Q3 at the original position of Q4. (b) Q2 and Q4 are routed to the output plane at 
the original positions of Q2 and Q4, respectively. 
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Legend: 

01,02: horizon!ally polarized 
03, 04 : vertically polarized 

L1iI Mirror (M1,2,3,4) 

145 

~ PBS1,3 : reilecls vertically 
polarized beams 

M PBS2,4 : reilecls horizonlally 
polarized beams 

Figure 5.9: Optical implementation of the quadrant rotation module (QRM). Clock
wise rotation of quadrants is achieved if Fig. 5.S.a and b are combined. 
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Ql and Q2, respe~tively. The overall setup is shown in Fig. 5.9 which is a combination 

of Fig. 5.S.a and Fig. 5.S.b. As a consequence, quadrants are rotated clockwise. 

As the optical implementation of QEMs and QRMs (Figs. 5.7, 5.8, and 5.9) require 

only passive and classical optical components (beam splitters and mirrors), they are 

best suited for planar optical technology[103, 104] which will potentially alleviate 

misalignment problems, reduce system size and weight, and increase the stability 

and robustness of the entire system. 

To this end all the primitive operations required for optically implementing a de 

Bruijin network have been described. We next present an optical setup for the 3-D 

free-space optical realization of de Bruijin networks based on these basic operations. 

5.3.2.4 Construction of 3-D Optical Free-Space Binary de Bruijin Net

works 

111 this subsection, we integrate modules designed above to construct a 3-D optical 

BdA network. We showed how to decompose a BdB network into four subnetworks, 

namely the FPS, FPSC, FIPS, and FIPSC, in Sec. 5.3.1. 

Figure 5.10 shows an optical arrangement for the BdB network. It is assumed 

that the sources in four quadrants (QI, Q2, Q3, and Q4) are horizontally polarized. 

The image of the source array (pO) is split into two images (pI and p2) by a beam 

splitter (BSl). Q3 and Q4 of pI are rotated in their polarization by a half-wave plate, 

HI. Such polarizations are necessary for the input requirements of the QEM1 and 



~ z 
Definition of system axis 

147 

Output 
plane 

de Bruijn connection 
patterns of the Input plane 

Legend: 

QEM : Quadrant exchange module 
QRM : Quadrant rotation module 
H : Half-wave plate 
SPS : Separable perfect shuffle 
SIPS : Separable Inverse perfect shuffle 
BS : Beam splitter 
Be : Beam conbiner 
M : Mirror 

Figure 5.10: A 3-D optical implementation of the binary de Bruijn network. Image 
p8 is superposition of the 2-D folded perfect shuffle and the 2-D folded perfect shuffle 
complement of the input plane, and image p14 is superposition of the 2-D folded 
inverse perfect shuffle and the 2-D folded inverse perfect shuffle complement of the 
input plane. Thus, pIS achieves the binary de Bruijn connections of the nodes of the 
input plane. 
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QRMI (See Figs. 5.7, 5.8 and 5.9.). BS2 further splits pI into p3 and p4, which are 

inputs to the QEMI and the QRMl, respectively, where quadrants are exchanged or 

rotated. A beam combiner (BC1) then combines the outputs of the QEMI and the 

QRMI into p7, which is, in turn, the input of the 2-D SPS module. It should be noted 

that H2 (H3) rotates polarity of Q2 and Q4 (Ql and Q3) in p5 (p6). As discussed in 

Subsec. 5.3.1, pS is now the superposition of the FPS and FPSC images of the input 

plane. On the other hand, p2 enters the 2-D SIPS module which outputs image p9. 

As p9 passes through H4, the polarity of quadrants Q3 and Q4 is rotated to match 

the input polarity requirement of QEM2 and QRM2 (See Figs. 5.7, 5.S and 5.9.). 

BS3 splits p9 into pl0 and pll which enter the QEM2 and the QRM2, respectively. 

H5 located at the output side of the QEM2 rotates the polarity of quadrants Q2 and 

Q3 of p12. Similarly, H6 rotates polarity of Q1 and Q3 of p13. Thus, p14 is the 

superposition of the FIPS and FIPSC images of the input plane. Finally, pS and p14 

are combined to provide a binary de Bruijn connections between the input plane and 

t.he output plane .. 

5.4 Performance Analysis of the Proposed Optical Implementation 

In implementing the de Bruijn !1etwork in optics, the system must prove feasible 

by 1) being implementable with obtainable devices, 2) being compact in size to al

low placement of the system within the computer shell, and 3) being able to handle 
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the massive number of data channels required by today's massively parallel com

put,cr architectures. With these guidelines, we now analyze the proposed network 

implementation with some practical components. 

11. A n Example Implementation of the de Bruijn Network 

In keeping to an implementation with obtainable devices, it is desired to keep the 

component sizes within the 2.5cm to 5cm range. However, the high number of data 

channels guideline requires an array with a large number of laser sources. Fortunately, 

such arrays have been developed. An array designed by Bell Labs contains upwards to 

lOG lasers within a lcm2 area[35]. The lasers on this device operate with a wavelength 

of O.980ltm, have a 1.0flm diameter, and produce 1.0mW in optical power. These 

lasers have been shown to operate at a rate of 1 Gb/s with a bit error rate (BER) of 

less t.han 10-10 errors per second. For this analysis, the size of the source array and 

the number of sources used is dependent upon other parameters and will be discussed 

later. 

To determine the size of the optics, it is necessary to examine the size of the 

SOUl'ce array image. The primary imaging optics of the system are located in the 

SPS (Figs. 5.5 and 5.6) and SIPS (Figs. 5.3 and 5.4) modules, where the image 

size is doubled along a single dimension. However, since there are two of these 

modules placed sequentially along the optical path with each operating in orthogonal 

directions, the signal array occasionally doubles in size along each axis for a portion 
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of t.he opt.ical system. In keeping with the need to use available optics, the largest 

optic is kept at 5cm. However, since this largest image only occurs at the positive lens 

of the system, only the positive lenses need to be 5cm in size. The negative lens may 

be 2.5cm in size to allow for the use of shorter focal lengths which also means shorter 

path lengths for the signal beam. The choice of 5cm optics as the largest optics in 

the system results in the source array being 2.5cm X 2.5cm. Since the rest of the 

system only deals with the image of the source array, these components may be 2.5cm 

01' 3.54cm in size for waveplates and mirrors/beamsplitters respectively. Finally, the 

minors and polarized beam splitters in the QEM and QRM require precise matching 

with the input array to ensure the proper swa.pping of the array qua.drants. If these 

devices are too large, their positioning must be adjusted or else the quadrants of 

the anay will be separated too much for the SPS and SIPS units to work. With 

the 2.5cm source array, these devices need to be 1.77cm per side. As discussed in 

Subsec. 5.3.2.3, planar optical technology would alleviate the packaging problems of 

QEM and QRM. 

In this analysis, the imaging lenses of the SPS and SIPS modules have focal 

lengths of /Ll = -25mm and /L2 = 50mm. Furthermore, the lenses and wave

plates contain anti-reflection coatings to boost the system efficiency. The one device 

that is not readily available is the special half-wave plate used to induce alternat

ing row-wise/column-wise polarizations in the SPS and SIPS modules. However, 

the same effect can be realized with liquid crystal televisions (LCTVs) without the 
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polarizers[105]. The LCTVs would be hardwired to permanently display alternating 

black and white columns so that the active switching ability of the liquid crystal 

would not be used. Meanwhile, 50-50 beam splitters are used for the beam combin-

ers. Table 5.3 shows a list of the components used in this implementation and their 

characteristics. 

Component type quantity dimensions {mm} efficiency 
Source array 1 25.4 X 25.4 1.0 m W output 
Negative lens 4 Dia. = 25.4 99.75% 

foe. len. = -25 
Positive lens i1 Dia. = 50.8 99.75% 

foe. len. = 50 
Half-wave plate 8 25.4 X 12.7 99.75% 
Mirror 10 35.9 X 25.4 99.0 % reflect 
Mirror 12 17.7x17.7 99.0 % reflect 
(in QRM and QEM) 
Polarized 4 17.7x17.7 99.75% s-polarity 
beam splitter 95.0 % p-polarity 
50-50 6 35.9 X 25.4 50.0 % transmit 
beam splitter 50.0 % reflect 
Special column 4 25.4 X 25.4 99.75% 
half-wave plate 
Liquid Crystal 4 25.4 X 25.4 50.0 % 

Table 5.3: List of. the components used in the example implementation with sizes, 
qualltities, and power efficiencies. 

B. System Volume and Longest Path Length 

With these component sizes, a calculation is possible to determine the system 

volume. The different modules shown in Fig. 5.10 are placed as close together as 

possible to reduce the path lengths and the total volume. Thus, the y dimension 

is dictated by the the tallest components in the system which are the 5cm lenses 
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in the SPS and SIPS modules. As for the system width, this is limited by the side 

to Ride placement of the QEM and QRM modules and the other components in 

these paths. These path widths are 2.S4cm wide. Therefore, the total width will be 

10.16cm. However, this number must be slightly altered, since a slight offset for each 

QEM/QRM set associated with the SPS and SIPS modules is required to ensure 

that the SPS/SIPS modules receive centered images. The inclusion of this offset 

result.s in a total width of 12.Scm. Finally, the depth of the system is defined as 

the distance between the source and detector arrays which measures out at 27.0Scm. 

The total system thus takes the dimensions of Scm x 12.Scm x 27.0Scm. Likewise, 

the longest optical path of the system can also be calculated. This path occurs with 

the comer pixel of the source array along the PS interconnect route. Using the same 

close spacing as was used in finding the system volume, the longest path is calculated 

to be 41.9cm. This is also t.he same distance covered by a corner pixel along the 

IPS route. These dimensions are primarily due to the use of bulk optics in a free

space environment. The use of planar optical technology will dramatically reduce 

these figures. By placing the components within a bulk substrate, much of the spare 

space that is required in the free-space system due to the bulk of the components is 

climinated[104] . 

One of the limitations imposed upon the system is the number of allowable nodes. 

Diffraction of the signal beams requires a separation between the channels to avoid 

signal beam overlap. Since diffraction is a function of optical path distance, the 
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length of the longest signal path defines the beam spot size on the output plane. 

With the 41.9cm path calculated above, the smallest beam size allowable by the 

syst.em is 0.533mm. This equates to a source array with 2048 nodes. However, with 

the inclusion of corrective optics at the midpoint of the signal paths (i.e. at the 

elltrance of the SPS unit and at the exit of the SIPS unit), the number of nodes 

doubles to over 4000. Furthermore, improvements in optics technology and the use 

of planar optics can help this number by shortening the path lengths of the system, 

thereby reducing the diffractive spot size. 

C. Signal OutPlLt Power and System Efficiency 

Next, we proceed with calculating the optical power of the output signal beam. 

This process begins with obtaining the efficiencies of the various components used 

in t.he system. These efficiencies are provided in Table 5.3. Within this table are 

included a predicted value for a specially constructed half-wave plate as well as a 

value for a liquid crystal device[106J. This will allow a comparison between a system 

using the LCTV versus the theoretical efficiency of the half-wave plate for performing 

the alternating polarizations. Given these component efficiencies, the powers of the 

foUl' output signals are calculated for an implementation containing special half-wave 

plates and an implementation using LCTVs. The results of these calculations are 

shown in Table 5.4. In both cases, the output power is limited by the least efficient 

pat.h, which turns out to be the perfect shuffle path. The calculated output power of 
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II Implementation with special half-wave plates 

signal path output beam power [m W} 
perfect shuffle 0.04970 
perfect shuffle complement 0.05044 
inverse perfect shuffle 0.05044 
inverse perfect shuffle compo 0.05006 

" Implementatwn wzth lzquzd crystal devzces 
signal path output beam power [m W} 
perfect shuffle 0.01249 
perfect shuffle complement 0.01267 
inverse perfect shuffle 0.01267 
inverse perfect shuffle compo 0.01258 

Table 5.4: Optical output beam powers for the different interconnection paths in the 
optical de Bruijn network. Implementations utilizing special column wise half-wave 
plntes and liquid crystnl devices are examined. These figures are for systems using 
50-50 beam splitters to provide beam combination. 

this path with the special half-wave plates is a low 0.04970m W while the liquid crystal 

implementation is even worse at 0.01249mW. This equates to signal path efficiencies 

of" .970% and 1.249% respectively. It should be kept in mind that the system operates 

by forming four output beams from each source. The total power output from the 

syst.em is the combination of power from these four beams, which in this case is 

0.201mW and 0.050mW for the half-wave and LCTV systems respectively. Thus, 

the t.otal power efficiency of the system is four times higher or 19.88% and 4.996%. 

These figures are still fairly low, but an examination of the system shows that most of 

the power loss occurs from the beam combiners. Since 50-50 beam splitters are used 

to implement this operation, 50% of the light is lost at each combiner. However, by 

replacing each beam splitter with a multigrating volume hologram, the efficiency of 

the beam combination reaches 90% or higher[107J. With this replacement, the output 
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power of the PS path becomes 0.161mW for the half-wave plate implementation and 

0.04rn W in the LCTV implementation as shown in Table 5.5. The efficiency of each 

path in the half-wave implementation approaches 16% and the total system power 

efficiency reaches 65%. Likewise, the LCTV implementation shows improvement to 

4% path efficiency and 16% total power efficiency. 

II Implementation with special half-wave plates 

signal path output beam powe7' {m W] 
perfect shuffle 0.16101 
perfect shuffle complement 0.16343 
inverse perfect shuffle 0.16344 
inverse perfect shuffle compo 0.16221 

II implementatwn wzth izqltzd crystal devzces 

signal path output beam power {m W] 
perfect shuffle 0.04045 
perfect shuffle complement 0.04106 
inverse perfect shuffle 0.04106 
inverse perfect shuffle compo 0.04076 

Table 5.5: Ouput optical beam powers for the different interconnection paths for a 
de Bruijn network utilizing multi-grating holograms to provide beam combination. 
The use of these holograms increases the output power by approximately 300% over 
the system using 50-50 beam splitters to provide beam combination. 

Another characteristic to consider is the signal skew of the system. This factor 

can be important from a bandwidth point of view. If the time between two signals 

reaching the detector plane is too high, timing errors will result and the data can be 

misinterpreted. Already, the longest path of this system was calculated to be 41.9cm. 

The shortest path in the system occurs in the SPSC path and measures at 30.Bcm. 
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The path difference between the two paths is 11.1cm. Since, most of the travel by 

the optical signals occurs in free-space, the signal separation time can be calculated 

by 

T 
_ D.path - , 

c 
(5.13) 

where T is the skew time, D.path is the difference in path distance, and c is the speed 

of light. i,From this equation, the signal skew time is 370ps. This indicates that the 

channels in the examined network should not operate faster than 2.70GH z. Given the 

2048 laser source array, the total bandwidth of the system is 5.35 X 1012 • However, 

the use of planar technology will also help these numbers as the reduction of the 

systcm volume will also reduce the signal skew. 

In summary, the proposed implementation is capable of being implemented in a 

5an X 12.5cm X 27.05cm volume. The signal paths vary between 30.8cm and 41.9cm 

creating a 370ps skew difference between the optical channels. This yields a maximum 

chanllcl bandwidth of 2.7 X 109 bits per second and a total system bandwidth of 

5.53Tbps in a 2048 node system. The worse case channel exhibits a 16.101 % power 

efficiency although an implementation using LCTVs force this figure down to 4.045%. 

Since the de Bruijn network operates by splitting one input to four different outputs, 

the total power efficiency is 65% normally and 16% for the LCTV implementation. 

This data provides an indication of the feasibility of the de Bruijn implementa-

tion. As initially mentioned, feasibility relies on the spatial volume, use of available 
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components, and capability of handling a large number of data channels. As demon

strated, this implementation employs common 2.5cm and 5cm optical devices and 

the final system size is sufficiently small to fit within the case of a supercomputer. 

This volume will improve with the use of planar optical technology. The system 

also shows good optical power efficiency given the complexity of the operations per

formed. Furthermore, the network gives the potential of handling the high bandwidth 

communications necessary for the massively parallel computing environment. 
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Although improvements in device switching speeds will be necessary for the re

alization of future massively parallel computing systems, the deciding factor for the 

performance and cost of systems will be communication between subsystems rather 

than the speed of devices. The bottlenecks of current metal-based interconnects are 

typically the very limited bandwidth and connectivity. Free-space optical intercon

nects are showing promise for a potential solution to the communication problems. 

Advantages of free-space optical interconnects over metal-based ones include a large 

amount of inherent parallelism, high data bandwidth, small size and power require

ment, and relative freedom from mutual interference of signals. 

On the architectural side, scalable networks and architectures are becoming more 

and more desirable for massively parallel computers since they can grow in size with

oui major changes of the existing system configuration (size-scalability), as well as 

they are able to employ new evolving technologies (generation-scalability). In fact, 

scalable network topologies are becoming the preferred choice for the computer in

dustry despite their inherently limited topological characteristics such as low con

nectivity, large diameters, long average distances, and lack of fault tolerance. For 

example, many recent projects for the development of ultracomputers (Intel Paragon, 
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Cray Research MPP Model, Caltech Mosaic C, MasPar MP-1, Kendall Square Re

search KSR-l, Stanford Dash Multiprocessor, Tera Computer Tera Multiprocessor, 

and Thinking Machine Corporation CM-5, etc) are based on the scalable topologies 

such as the mesh/torus, ring or tree. Interconnection networks which are not only 

scalable, but also possess good topological characteristics such as small diameter, 

high connectivity, constant node degree, simple routing scheme, and fault tolerance, 

would greatly enhance the performance of massively parallel computers. 

In this dissertation, we have proposed two models for high-density free-space op

tical interconnection architectures for chip-to-chip and board-to-board communica

tions. The models utilize free-space optics to connect electronic processing islands 

alld is intended to provide high enough communication bandwidth as well as paral

lelism required by massively parallel computing systems. Using the proposed models, 

we have abo developed implementation methodologies of several existing popular in

terconnection networks such as the binary n-cube, the mesh networks. 

In addition, we have developed a new interconnection network, called the Optical 

Multi-Mesh Hypercube (OMMH), for massively parallel computers. The distinctive 

features of the OMMH network are its scalability, both in size and generation, and 

modularity while retaining positive features of both the hypercube (high connectivity, 

small diameter, simple message routing, and fault tolerance) and the mesh (constant 

node degree and scalability) topologies. We also proposed an optical interconnection 

architecture of the OMMH and its three-dimensional implementation. The proposed 
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implementation is divided into two levels; space-invariant free-space optical intercon

nects for localized high-density hypercube modules and high bandwidth multi wave

length optical fiber links for global low-density mesh connections. This breakdown of 

functional requirements for the OMMH implementation is intended to fully exploit 

the advantages of free-space space-invariant optics (parallelism, simple and compact 

design, high connectivity, and cost efficiency) as well as wavelength multiplexed fiber

based optics (full utilization of transmission bandwidth and scalability). In addition, 

the breakdown is intended to provide modularity and scalability both in size and 

generation. 

The two-level design methodology enables the construction of the OMMH network 

ITI a modular and incremental fashion (size-scalability) and the use of high band

width wavelength multiplexed optics in the OMMH can satisfy communication band

width requirements of the current or near future processing elements (generation

scalability). We have also discussed functionality and limitations of possible optical 

hilrdware which implements the OMMH network. 

Fillally, we have developed an optical implementation of the binary de Bruijn 

interconnection network. The binary de Bruijn network is currently receiving much 

attention as an alternative to the hypercube interconnection network. 

With the advances in optical and opto-electronic device technologies, we expect 

stich interconnects to playa major role in future parallel computing systems. 
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