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Metal-based
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#: ncreasing volumes of data handled by today’s information systems, coupled
with the growing need for more processing functionality and system through-
put, are placing stringent demands on communication bandwidths and pro-
cessing speeds. While there has been significant progress in high-speed processing el-
ement (PE) design, high-performance interconnection network design has lagged. The
primary bottleneck in today’s metal-based interconnection networks is the very lim-
ited bandwidth, which results in limited communication speed.

Silicon and GaAs-based technologies are driving device speeds into the gigahertz
(GHz) range and reducing rise times to fractions of a nanosecond. It is not device
speeds, however, but metal-based communications between subsystems and chips at
higher and higher data rates that has become the deciding factor in determining per-
formance and cost of high-speed computing systems.!? In fact, the emerging demand
for greater bandwidth, data rates, and interconnect density, along with better error
rates, is far beyond the capabilities of current metal interconnects and backplanes.?

The limitations of metal interconnects apply to both uniprocessors — high-end per-
sonal computers, workstations, and mid-range computers — and multiprocessor sys-
tems. Improved performance in uniprocessors can be generally obtained from faster
clock speeds. However, to achieve improved performance from systems operating in
the GHz range, metal interconnects must be treated as high-frequency transmission
systems. It is the nature of metal interconnect technology that skin effect, crosstalk, in-
terference, wave reflections, electrical noise due to current changes, and dielectric
imperfections can all cause severe pulse distortions and attenuation, clock skew, and
random propagation delays.2 Multiprocessor systems based on metal interconnects ex-
perience the technological limitations of communication bandwidth constraints, low
interconnect density, long network latencies, and high power requirements.

Excessive power consumption and transmission delays in high-speed systems are
two of the most obvious limitations inherent with metal interconnects. As illustrated
in Figure 1, electrical connections can perform relatively well where distances are less
than 1 millimeter, such as within chips.! Where distances are greater than 1 mm (for
example, between chips, multichip modules, boards, or frames}, metal interconnects
must, by design, occupy a larger area of the chip and consume excessive on-chip
power, which drives up the cost of achieving higher levels of performance.!?

The source of the power consumption problem stems from a fundamental
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impedance-matching problem created
when metal conductors are subjected to
high data rates. Essentially, electrical
transmission lines have low impedance
over long distances, whereas the small
logic devices that drive the electrical con-
nections have high impedance. Hence,
we cannot use high-impedance logic de-
vices to communicate logic levels over
long distances. To resolve this mismatch,
we must build large drivers that also have
low impedance, which takes up more
room on the chip and, consequently, also
increases power consumption. An addi-
tional limitation of metal interconnects
is the transmission delay that results
when capacitance of the metal conduc-
tors must be charged to the logic level,
then discharged at the remote end. For
electrical transmission, this charging ef-
fect is proportional to the length of the
line and to the number of devices at-
tached to it. The impedance-matching
problem, combined with the capacitive
loading effect, is the primary cause for
power consumption and the intolerable
delays for long-distance connections in
high-speed systems.

Another inherent limitation of metal
interconnects is crosstalk between adja-
cent conductors. Inductive/capacitive
coupling increases crosstalk at high fre-
quencies, so shielding and isolation are
required. Moreover, the timing of logic
signals as they arrive at a gate from
different parts of a circuit becomes crit-
ical, as the timing issue gives rise to se-
vere clock skew problems. Crosstalk,
impedance matching, and timing prob-
lems will ultimately limit clock speeds,
which up until now have been the pri-
mary means of improving uniprocessor
system performance.

An alternative to increasing clock
speeds is parallel processing, whereby the
system designer increases the number of

Advantages and disadvantages of optics for high-speed
and high-density interconnects

Advantages

¢ Inherent parallelism

» Higher temporal and spatial band-
widths

« Higher interconnection densities

o Less signal crosstalk

o Immunity from electromagnetic
interference and ground loops

» Freedom from quasi-planar con-
straints

» Lower signal and clock skew

* Lower power dissipation

o Larger number of fan-ins and fan-outs

» Propagation speed independent of

processing elements in the system. How-
ever, communication between PEs —
and between PEs and memory modules
— is a limiting factor in determining sys-
tem performance and cost. Unfortu-
nately, present electronic technology
faces limitations in terms of power dissi-
pation, latency, and chip area require-
ments.? Consequently, designers of fu-
ture massively parallel machines cannot
rely on electronic technology alone for
adequate and cost-effective communica-
tion support.

The metal interconnect problem exists
at various organizational levels, includ-
ing frame-to-frame, chip-to-chip, and in-
trachip levels. In the three-dimensional
model we propose later in this article, we
concentrate on chip-to-chip and board-
to-board interconnection levels. These
two levels are of particular interest be-
cause they support many high-speed sig-
nal transmissions and are directly af-
fected by the problems associated with
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Disadvantages

o Lower switching speeds of optical
switching devices (for reasonable
power levels at present time)

o Optical signal attenuation

« Difficulty in aligning optical elements

o L ow conversion (electron-to-photon,
photon-to-electron) efficiency of
present devices

 Relatively immature technology

wiring complexity, signal degradation
due to electrical multireflections, and
long delays resulting from unnecessary
channel multiplexing.

As an example of the problems facing
designers of such highly parallel machines
as the Ncube and Thinking Machines’
Connection Machine, consider the trade-
offs that have been made for the input/out-
put design at the board level to accom-
modate the natural limitations of metal
interconnects. The increased component
density of today’s integrated circuits re-
quires literally hundreds of electrical in-
terconnects for each chip and thousands of
I/O ports for the entire system. In the case
of the Ncube, as many as 512 PEs have
been restricted to a serial I/O channel. In
the case of the Connection Machine, the
PEs have had to share a common serial
I/O line. What this means is that PE com-
munication is serialized rather than par-
allel, which severely restricts the ma-
chine’s performance. The net effect is that
system throughput is drastically limited by
the I/O bandwidth at the board level, not
by the speed of the individual PE.

Why optics for inter-
connects?

Optical interconnects offer high-speed
computers key advantages over metal in-
terconnects (see sidebar above). These
include (1) high spatial and temporal
bandwidths, (2) high-speed transmission,
(3) low crosstalk independent of data
rates, and (4) high interconnect densities.
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With metal interconnects, the communi-
cation bandwidth is limited by the resis-
tance, capacitance, and inductance of the
path between different devices. With op-
tics, the bandwidth is limited only by the
carrier frequency — about 5 x 1014 Hz for
visible light — which is very high when
compared with the frequency for elec-
tronic systems — about 10 MHz to 1
GHez. In addition, because optical sys-
tems are free from planar constraints,
they can exploit the third spatial dimen-
sion, and this can dramatically increase
the available communication bandwidth.

Another factor favoring the use of op-
tical interconnects is that propagation
occurs independently of the number of
components receiving the signal, which
allows higher transmission speeds and a
much larger number of fan-ins/fan-outs
than with electronics. With traditional
metal interconnects, signal propagation
depends on the capacitance per unit
length. Therefore, the speed of signal
propagation decreases as more devices
having capacitance are attached to the
transmission line.

Despite the improvements to system
performance obtainable with optical in-
terconnects, at present it is difficult to con-
vert information into optical form effi-
ciently. Reliable communication requires
critical alignment of optical transmitters,
channel elements, and receivers. Then,
too, fabrication and integration technolo-
gies of optoelectronic transmitters/re-
ceivers are still relatively immature. Opti-
cal-source wavelength stability is another
major issue for communication reliability.
Additionally, the switching speed of opti-
cal systems is inversely related to the input
power. For high switching speed — in the
nanosecond range — excessive levels of
optical power are required. Ultimately,
however, we want to stress that the disad-
vantages we cited are technology depen-
dent and are not fundamentally insur-
mountable problems. Ongoing research
will eventually point the way to improved
performance of optical switches and con-
verting devices.

For chip-to-chip and board-to-board
interconnects, the optical approach
clearly offers several advantages over the
electrical approach because it

¢ does not require the source electron-
ics to drive a large capacitive load
created by the capacitance of the out-
put bonding pad, the signal trace, the
input bonding pad, and the input
transistor,
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Figure 2. Types of free-space interconnects: (a) space-variant interconnection; (b)

space-invariant interconnection.

¢ does not require impedance-match-
ing terminating resistors that increase
the power requirements of the source
electronics,

emay permit a higher density of
pinouts between chips, and

e may yield lower levels of crosstalk
than a metal-based approach.

Moreover, the parallel nature of optics
and free-space propagation, together
with their relative freedom from inter-
ference, makes them ideal for parallel
communication, which is very much
needed for parallel processing systems.

Types of optical interconnects. Several
research projects on optical interconnec-
tion networks are now under way.*’
These projects address the use of free-
space and waveguide interconnects.

Waveguide interconnects require phys-
ical paths for the optical signals. The
paths can be constructed by integrating
either fibers or waveguides into the pla-
nar substrate. The major drawbacks of
fiber-based waveguides at the chip-to-
chip and board-to-board levels are (1) the
relatively low interconnection density,
(2) lack of bending or looping flexibility,
(3) crosstalk between adjacent wave-
guides, and (4) severe coupling losses.
Densely connected networks that require
many interconnection lines have a seri-
ous problem with bending and looping
fibers, due to radiation losses induced by
bending. For integrated waveguides, an
important problem is the coupling of light
into and out of the waveguides. Ad-
ditionally, the density of a waveguide
array is mainly limited by the coupling-in-
duced crosstalk between adjacent wave-
guides. This crosstalk worsens in densely
connected networks. Moreover, both
fiber-based and integrated waveguide in-
terconnects have, at the chip-to-chip and
board levels, limited interconnectivity

and few fan-in/fan-out channels, since
they are similar to wires and therefore re-
quire physical paths between every two
points. Again, however, these problems
are being investigated by the optical com-
munications community.

Free-space optical interconnects ex-
ploit free space — defined as a vacuum —
for optical signal propagation. Lenses
and holograms are typical optical ele-
ments that provide communication chan-
nels for this type of interconnect. Free-
space interconnects have proven very
suitable for chip-to-chip and board-level
interconnects because (1) they have the
potential to fully utilize the large spatial
bandwidth and parallelism of optics, (2)
they have no mutual interference (light
beams can cross in space without inter-
ference), (3) they result in flexible net-
work configurations because the inter-
connects are not confined to physical
paths, and, most of all, (4) the intercon-
nects can use simple imaging optics,
which results in light-power efficiency,
very low signal skew, and simpler archi-
tectures, and permits chip-like integra-
tion of optoelectronic circuits.

Optical interconnects are classified ac-
cording to the degree of space variance $
which determines the network’s com-
plexity and regularity. A totally space-
variant network allows a completely
arbitrary interconnection between com-
ponents, as shown in Figure 2a. A totally
space-invariant network has a definite,
regular structure whereby all the nodes
have the same connection patterns, as
shown in Figure 2b. There is a trade-off
between the complexity of optical im-
plementation and the resulting degree
of connectivity and regularity achieved
with the network. Space-invariant net-
works are well matched to the capabili-
ties of optical components such as lenses,
mirrors, and holograms, and are easy to
implement. Space-variant networks, on
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the other hand, require complex optical
implementations that often result in low
interconnection density and high cost.

There is also a fundamental trade-off
between the degree of space variance and
the space-bandwidth product (SBWP).
The SBWP of an optical system is the to-
tal degree of freedom in an optical inter-
connect. 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 =
(*fy

)

where A is the wavelength of the light, f
the focal length of the system, a the area of
the input plane, and A the area of the spa-
tial frequency plane. For wavelengths near
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.

A completely space-invariant system
has minimal SBWP requirements, where-
as a completely space-variant system has
extensive SBWP requirements. We know
that the number of permissible channels
in the space-variant system is proportional
to the square root of the SBWP, while the
number of permissible channels in the
space-invariant system is directly propor-
tional to the SBWP.® Therefore, space-in-
variant systems allow more channels —
more parallelism — than space-variant sys-
tems for a given SBWP. As an example,
Jenkins et al. showed that a space-invariant
hologram can provide approximately 108
channels, whereas a space-variant holo-
gram of the same size allows approxi-
mately 10* channels.”

3D free-space opti-
cal interconnects

Optical interconnect designs are being
pursued concurrently in several different
ways. Of particular interest to us here are
network topologies that connect two-di-
mensional arrays of input nodes to 2D ar-
rays of output nodes. These architectures
exploit the high temporal, spectral, and
spatial bandwidth of optical systems.

A model for optical interconnection

network architectures. Figure 3 illustrates
our proposed model. It consists of 2D PE
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arrays on facing planes with an optical in-
terconnect module (OIM) between them,
providing completely space-invariant con-
nections.

Our model assumes that the PEs in the
network are partitioned into two sets of
equal size and that there is no inter-PE
communication link between any two
PEs on the same set (plane). Each plane
contains electronic PEs with integrated
optical sources and detectors. All inter-
PE links between planes are enabled by
free-space optics through the third di-
mension, which is perpendicular to the
planar PE arrays. The third dimension al-
lows circuit designers more layout flexi-
bility than can be attained with the pe-
riphery of the board, which is all that is
available with electrical interconnections
technology.

Our proposed model] would

(1) better utilize the full SBWP of optical
imaging systems;

(2) exploit 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 imaging and beam-steering op-
tics as the interconnects and, con-
sequently, the cost of the optical hard-
ware would be shared by many
devices;

(4) be compatible with recent advances
in compact, 2D optical logic and
switching, and optoelectronic inte-
grated-circuit (OEIC) technologies;
and

(5) because of the additional, third di-
mension, open new possibilities for
designing faster parallel processing al-
gorithms.

Optical components for the 3D optical
interconnect model. The proposed model
consists of three optical components —
sources, detectors, and an OIM. The
source can be one of four types: (1) a di-
rectly modulated semiconductor laser,
(2) a light-emitting diode, (3) a vertical-
cavity surface-emitting laser,® which is a
microlaser exceptionally well suited for
the high-density source array, or (4) a
modulator coupled with an external light
source. The modulator can be electro-op-
tic, absorptive, reflective, or even a spa-
tial light modulator such as a self-electro-
optic effect device.?

The detector is typically a photodiode
or a photoconductor connected to a bias
and preamplifier circuitry. Since a node
might have at least one source, one detec-
tor, and some processing capability, the
node could be a smart pixel, which is a
hybrid optoelectronic digital processing
element with three spatially separated
functional units — one or more optical de-
tectors to convert optical inputs into elec-
tronic signals, a processing unit that pro-
cesses the received signal, and one or more
optical sources to convert processed elec-
tronic outputs into optical signals.

The OIM in our model receives an im-
age from the plane and generates multiple
(M) images, which are simultaneously in-
cident on the other plane. The locations
of M image spots on the receiving plane
are determined by the required connec-
tion patterns. Since we’d like the system to
be completely space invariant, all the
sources must have the same connection
patterns. The connection pattern gener-
ated by the OIM determines the topology
of the interconnection network.

In describing how the OIM functions,
we define a connection rule to be the

Electronic chips
with integrated optical
sources and detectors

Plane,

Optical interconnect module (OIM)

Plane,

Figure 3. A model for free-space space-invariant optical interconnection network

architecture.



Binary n-cube and mesh networks

Two-of the most popular point-to-point interconnection
networks for parallel computers today are the binary n-
cube, also called the hypercube, and the mesh intercon-
nection network.! In-a binary n-cube (n s referred to as the
dimension of the binary cube) we have 2" nodes each of
degree n, where the degree of a node means the number
of nodes directly connected to it. The attractiveness of the
hypercube topology is its diameter, which is the maximum
number of links (or hops) a message has to travel to reach
its finaf ddstination between any two nodes. For a binary n-
cube network, the diameter is identical to the degree of a
node. Each node is numbered in such a way thatthere is a
one-binary-digit ditference between any node and its n
neighbors that are directly connected to it. This property
greatly facilitates the routing of messages through the
network. In addition, the regular énd symmetric nature of
the network provides fault tolerance.?

The second interconnection network that has been
extensivaly studied is the mesh. Mesh networks are easily
implementad because of the simple regular connection
and small number of inks (four with wraparound connec-
tions) pef node. Due to the constant node degree, the
mesh nelwork is also highly scalable compared with the
hypercube network.

1 K- Hwang, Advanced Computer Architecture: Parallelism, scah
biltty, Progmmmebm McGraw-Hill, New York, 1993 '

2. J.P, and T. Mudge, “Hypercube Supercompubers, Proc,

Definitions of scalability

The term scalability has three different meanings:
problem scalability, size scalability, and generation scala-
bility." A scalable problem is one that can be made large
enough to operate efficiently on a computer with a given
granularity. Thus, scalability in this context is referring to
the efficiency of an algorithm to solve a given problem
when the number of processing elements of a computer
is increased. In architectural terms, a size-scalable com-
puter is designed to have a scaling range from few to
many resource components with nominal changes in the
existing system configuration, such as number of commu-
nication links per processing element. Linearly increased
performance is expected as the system size grows.

Equally as important as size scalability is generation
scalability, which is adaptability of the architecture to the
rapid evolution of tectinologies. Since microprocessors
become obsolete every three years and the time to find
efficient algorithms for a new system is long, a significant
portion of the investment in a new architecture should be
preserved throughout successive generations. in a gen-
eration-scalable microprocessgy, the instruction set would
be carefully considered when anticipating the nature of
future implementations.

Reference

1. G. Bell “Ultracomputers: A Teraflop Before its Time,” Comm.
ACM, Vol. 35, No. B, Aug. 1992, pp. 27-47.

Vol 77, 1969, pp. 1,829-1,841.

amount of row-wise (up or down) or col-
umn-wise (left or right) spatial shift re-
quired to achieve an interconnection
topology. Each connection rule for a net-
work contains two entities, Row and Col.
For example, a connection rule such as
(Row =11 and Col = 1) states that to im-
plement 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 upward 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 direc-
tion, and that is indicated by a comma. For
example, a connection rule such as Row =
+1, 43, 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.
Multiple-image generation and spatial
shifting of the OIM can be achieved
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through the use of beam-splitting devices
or fan-out elements such as holographic
optical elements. The amount of spatial
shift will depend on the angle of the beam
transmitted by these elements. The simul-
taneous superposition of the shifted im-
ages on the receiving plane, whether in
whole or in part, determines the topology
established by the OIM.

Network topologies considered. Inter-
connection density between boards de-
pends on the number of PEs and the in-
terconnect topologies used. A crossbar
would be the fastest and most desirable
network topology because it provides a
dedicated channel from any PE to any
other PE with only a single step. A cross-
bar network would also be the most de-
manding on the interconnection medium,
since the number of required connections
would vary as a square of the number of
PEs involved. In terms of cost, a crossbar
network is presently prohibitive for large
systems, even with optical implementa-
tions. Additional research now under
way may one day yield a cost-effective

crossbar topology implementation.

Two other potential solutions to
achieving high-density, high-bandwidth
optical communication at a reduced cost
are (1) a point-to-point multihop topol-
ogy such as a hypercube network, and (2)
a multistage interconnection network
(MIN) —for example, Shuffle-Exchange,
Omega, Banyan, Clos, Butterfly, or
Benes, among others — that has several
links and switching stages.

For the purposes of our model and this
article, we examine a 3D free-space and
space-invariant optical implementation of
two point-to-point topologies — hyper-
cube and mesh networks (see sidebar
above). For recent work on the 3D optical
implementation of MINs, see the litera-
ture. 3

3D optical
hypercube networks

Basis of the new design methodology.
In some networks, nodes, or PEs, can be
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PE29 communicates with
PEs 13, 21, 25, 28, 31

(b)

Plane
00000 | 00011 01010 | 01001
(PEO) | (PE3) |(PE10) | (PE9)
00101 ]| 00110 o111 01100
(PE5) | (PES6) (PE15) | (PE12)
10100 | 10111 11110 11101
(PE20) | (PE23) | (PE30) | (PE29)
10001 10010 | 11011 11000
(PE17) | (PE18) | (PE27) | (PE24)
(a)
Space-invariant
Plane | optical interconnect module Plane

Connections: straight,
+1 row, +1 column
13 row, +3 column

+ row

PE4 communicates with
PEs 0, 5, 6, 12, 20

Figure 4. Conceptual realization of a 3D space-invariant five-cube network using the proposed model: (a) the 32 nodes of the
five-cube network in 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.

partitioned into two sets such that any two
nodes in the same set do not share a com-
mon link. For the binary n-cube, nodes
whose addresses differ by more thar one
in Hamming distance (no link exists be-
tween the two nodes) can be in the same
partition. Furthermore, we can arrange
the nodes in each partition on the plane
so that interconnections between the two
planes are entirely space invariant.

A conceptual 3D implementation of a
five-cube network, based on the proposed
model, is shown in Figure 4. Figure 4a il-
lustrates the space-invariant embedding of

32

a five-cube network. Notice that the con-
nection pattern of nodes from the left
plane (plane; ) is identical to that of the
right plane (planeg). Since the links are
bidirectional, all nodes on the right plane
have exactly the same connection pattern
to the nodes on the left plane. Another way
to consider this is to say that the connection
pattern from any source node to destina-
tion nodes is identical for all nodes. A num-
ber in a node on a plane represents the bi-
nary address of the corresponding node.
Figure 4b shows the conceptual inter-
connection of a 3D five-cube network.

Here, the required connections are ob-
tained by superposing nine images of one
plane onto the other plane; eight are spa-
tially shifted and one is directly imaged
onto the receiving plane. Each optical sig-
nal emanating from a transmitting node is
subject to the same spatial shifting, re-
gardless of its position in the plane (space
invariant). The amount of spatial shift is
+1d and +3d in both row-wise and column-
wise directions, where d is the size of a
node in a single dimension and the origin
is taken to be the center of the plane. Our
connection rule for the n-cube network is

COMPUTER



Plane Plane Conlfl\‘?gtion Dimension
00 11 Row(2) =0 D(@)=1
Zoube o | @
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o101 | om0 | 1111 | 1100 Colfd) = 1,13 Dfay=2
(5) (6) (15) (12)
00000 | 00011 | 01010 | 01001
(0) (3) (10 9)
00101 | 00110 | 01111 | 01100
(5) (6) (15) (12) Row(5) =0, +1, +3 Dr(5) =4
5-cube =
10100 | 10111 | 11110 | 11101 Col(5) =+1, 13 D) =4
(20) (23) (30) (29)
10001 | 10010 | 11011 | 11000
an | 08 | @ | @

Figure 5. Embedding of binary n-cubes (2 < n < 5) onto planes, using the proposed model.

Row(n) and Col(n). Therefore, the con-
nection rule for the five-cube network is
Row(5) =0, +1, £3 and Col(5) = +1, +3.

Recall that the communication pattern
from plane; to planeg is identical to that
from planeg to plane. The nine images
are simultaneously incident on the re-
ceiving plane in which a receiving node
acquires five different optical images
(signals) that represent the required hy-
percube connections. The remaining four
images fall outside the receiving plane
and are discarded. Since each node re-
ceives several signals simultaneously,
nodes must have a means of identifying
the different incoming signals. Incoming
signals can be separated by using wave-
length-, space-, or time-division multi-
plexing techniques. We explain incom-
ing-signal separation techniques in more
detail elsewhere.!0

Design methodology for 3D space-in-

variant hypercube networks. As de-
scribed above, our proposed embedding
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scheme can implement hypercube net-
works with as many as five dimensions
using the space-invariant multiple-imag-
ing system. No empty rows or columns
need be introduced on the planes. How-
ever, for networks with more than five
dimensions, empty rows and columns are
required to mask off unwanted connec-
tions. In doing so, we maintain a com-
pletely space-invariant connection pat-
tern. It’s doubtful whether hypercube
networks can be embedded into 2D
planes without empty rows and columns
and still achieve entirely space-invariant
connections. Through the exhaustive
search for the solution of the six-cube and
the seven-cube, we have come to believe
that the five-cube is the maximal dimen-
sion that can be embedded using the pro-
posed model without inserting empty
rows and columns.

Below, we introduce a general meth-
odology for constructing 3D space-in-
variant n-cube networks where n is
greater than five. The proposed embed-

ding scheme for a five-cube can be mod-
ified by inserting empty rows and colu-
mns to mask off unwanted interconnec-
tions for hypercubes with more than five
dimensions. Construction of an arbitrary
n-cube network is based on the space-in-
variant (n — 1)-cube network. Figure S
presents the optical implementation of n-
cube networksforn=2,...,5. These im-
plementations represent basic modules
meant to be used in constructing still larger
networks. Table 1 defines the symbols we
use in describing our methodology.

An algorithm to construct a 3D space-
invariant n-cube using the proposed
model. The following three-step algo-
rithm constructs a 3D space-invariant z-
cube (r > 5) from a space-invariant
(n - 1)-cube network. We should note
that an n-cube network can be con-
structed from two (n ~ 1)-cube networks.

Step I: Given plane; and planeg of a
space-invariant (n — 1)-cube, and de-
pending on whether n is odd or even,
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we rotate each plane to the left by the
following number of columns if » is
even:

n—4

R(m)=272 @

or we rotate each plane upward by the
following number of rows if n is odd:

n-3

Rr (n) =2 B (3)

Step 2: The rotated plane is then placed
at the right side of the original (# — 1)-
cube of the opposite plane if n is even, or
underneath if n is odd. During the rota-
tion, no empty columns or rows that al-
ready 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:

L—fl
g.(n)=22
n-t (4)
2
+ Zsl (2i +4) when n is even

(=]

o Q)
+ 28,(2i+5) when 7 is odd
i=1

0

where =1 is defined to be 0.

Note that this insertion is done for
plane; of the (n - 1)-cube and the rotated
version of planey of the (1 — 1)-cube, and
for planeg of the (n - 1)-cube and the ro-
tated version of plane; of the (n — 1)-
cube.

Step 3: We prefix 0 as the most signifi-
cant bit in all addresses of nodes on the
resulting planer, and | as the most sig-
nificant bit in all addresses of nodes on
the resulting planeg.

When n is even, plane; and planeg for
the space-invariant n-cube have the same
row dimensions as those of the (n — 1)-
cube, and column dimensions are 2 x
(column dimension of the (n - 1)-cube) +
(the number of empty columns inserted
instep 2). By row dimension and column
dimension, we mean the number of rows
including empty rows and the number of
columns including empty columns, re-
spectively. Thus,

34

Table 1. The meaning of symbols used in the generalized embedding algorithm.

Notation Meaning

Plane, A plane located on the left side of the model, on which one
of two node partitions is placed.

Planey A plane located on the right side of the model. on which one
of two node partitions is placed.

&(ny* The number of empty rows inserted between two layouts of
(n —1)-cubes on the plane to construct an n cube.

e(n)* The number of empty columns inscrted between two layouts
of (n — 1)-cubes on the plane to construct an n-cube.

D.(n)* The row dimension** of the resulting n-cube on the plane.

D (n)* The column dimension** of the resulting n-cube on the plane.

R.(n)* The amount of upward rotation of an (n — 1)-cube layout on
the plane to construct an n-cube.

R (ny* The amount of left rotation of an { # — 1)-cube layout on the
plane to construct an n-cube.

Row(n) The number of row-wise shifts for implementing an n-cube.

Col(n) The number of column-wise shifts for implementing an » cube.

* This number is for each plane (planc,, plane,).

** Row (column) dimension means the number of rows {columns) on the planc.

D (ny=D,(n-1)

: (6)
D (n)y=2xD.(n-1)+¢g.(n)

When 7 is odd, plane; and planey for
the space-invariant n-cube have row di-
mensions equal to 2 x (row dimension of
the (r - 1)-cube) + (the number of empty
rows inserted in step 2), and the same col-
umn dimensions as those of the (n -~ 1)-
cube. Thus

D, (n)=2xD(n-1)+g,(n)

D.(n)=D.(n—1) @

If n is even. the connection rule of the re-
sulting n-cube is

Row(n) = Row(n—1)
Col(n) =Col(n-1), ®)
+[D(n)~ D(n-3)]

If n is odd, the connection rule of the re-
sulting n-cube is

Row(n)=Row(n-1),
t [D.(n)-D,(n-3)] (9
Col(n)=Col(n-1)

Since we assume bidirectional communi-
cation between two planes, the connec-
tion rule applies to both planes.

Example: Construction of 3D optical
space-invariant six-cube networks using
the generalized embedding algorithm.
Now let’s see how we would construct a
six-cube network with the embedding al-
gorithm. Figure 6 depicts the construction
of a 3D space-invariant six-cube devel-
oped from the basic five-cube. First, since
niseven, each basic plane shown in Figure
6a of a five-cube is rotated to the left by
two columns. The amount of rotation is
generally determined by Equation 2. The
resulting planes are shown in Figure 6b.
Next, each rotated plane is situated to the
right of the original one on the opposite
plane, as shown in Figure 6¢. Following
rotation, empty columns are inserted be-
tween the two planes (the original plane
and the rotated plane). The number of
empty columns is determined by Equa-
tion 4. In this example. the number of
empty columns inserted is one. Finally, a
0 is prefixed as the most significant bit in
every nodec address on plane;. anda 1 is
prefixed as the most significant bit in every
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Plane Plane ,
00000 } 00011 | 01010 | 01001
(0) <)) (10) ©
00101 | 00110 01111 01100
® [ ® | 08| 02
5-cube layout
10100 | 10111 11110 11101
(20) (23) {30} {29)
1000t | 10010 | 11011 | 11000
7 (18) 27) (24)
(2) /—7 7
Rotate by two columns Rolate by two colymns
01010 | 01001 | 00000 | 00011
{10} [ ©) 3)
01111 §01100 | 00101 | 00110
(15) (12) (5) ®)
s‘ep 1 11110 | 11101 | 10100 | 10111
@) | @9 | o | @
11011 | 11000 | 10001 | 10010
(b) 27) (24) {17) {18)
|
_Place side by side and Place side|by side and
ingert one empty column insert ana empty column
00000 | 00011 § 01010 | 01001 01010 | 10001 | 00000 | 00011
© | @ || ® | e | @] ®
00101 | 00110 01111 | 01100 at111 [ 01100 [ 00101 | 00110
® | ® [ os | a2 ws) |2 | ® | ®
S‘epz 10100 | 10111 110 11101 11110 | 11101 10100 | 10111
@y | @ | Go | @ @) | @9 | @0 | 3
10001 | 10010 | 11011 | 11000 11011 | 11000 | 10001 { 10010
(c) (17) (18) @7 (249 @7 {24) {17} {18)
Prefix 0 as most significant bit Prefix 1 as most significant bit
000000 | 000011 | 001010 | 001001 101010 101001 | 100000 | 100011
© [® || ® “2) | @y | @ | e
000101 |000110 | 001111 | 001100 101111 | 101100 (100101 | 100110
® | ® | o) 12 @n | wa | @n | @8
Step 3:
010100 | 010111 | 011110 | 011101 111110 | 111101 | 110100 | 110111
2o | @3 | 6o | @ ©) | 61 | B2 | 65
010001 | 010010 § 011011 | 011000 111011 { 111000 [ 110001 { 110010
a7 (18) @n (24) {59) (56) (49) (60)
d) Plana The resulting 8-cube network Plane ,

Figure 6. Construction of a 3D space-invariant six-cube network from a 3D space-invariant five-cube network. The connection
rule is (Row(6) = Row(5) = 0, %1, +3) and (Col(6) = Col(5), 7 = £1, £3, 7).

node address on planeg. The resulting 3D
space-invariant six-cube is shown in Figure
6d. The connection rule for the resulting
network is

Row(6) =Row(5)
Col(6)

=0, +1d, £3d
=Col(5), +7d ==+1d,+3d,+d

3D optical mesh
networks

In this section, we show how a mesh net-
work would be handled with a 3D space-

invariant optical implementation. A d-di-
mensional mesh of size k;x kyx ... x k,
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has nodes with d address components;
{(ay,-..,a,)l0<a <k for1<i<d), where
a link exists between two nodes if and only
if their address components differ by one
in one component and are identical in all
other components. This rule does not in-
clude wraparound connections of nodes
on the edges. The first component of a
node address is referred to as the dth di-
mensional link, the second as the (d—1)th-
dimensional link, and the last as the first-
dimensional link. For example, a
three-dimensional mesh of size 2 X 4 x 4
has 2 x 4 x4 =32 nodes with three address
components (k;, ks, k3), where 0< ky <2,
0<k;<4,and0<k;<4.

A 3D embedding of a three-dimen-
sional mesh with size 2 x 4 x 4 (32 nodes)
based on the model is shown in Figure 7,
where each plane consists of 16 nodes.
We partition 32 nodes into two sets, each
of which has 16 nodes, such that all nodes
whose arithmetic sums of the three ad-
dress components (thatis, ky + k; + k3 for
node (k;, k3, k3)) are even belong to one
partition and the rest to the other parti-
tion. For example, nodes (0,0,0) and
(1,0,3) are in the same partition (plane; ),
since the arithmetic sums of three address
components are even. Nodes (1,0,0) and
(0,0,3) can also be in a common partition
(planeg), but this must be a different par-
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Optical interconnect module

Plane
(16 nodes)

Connection rule:
a: row = +1
b: col = +1
c: row = 0 (straight)
d: col =1

e: row = -1

Figure 7. Embedding of a three-dimensional mesh with size 2 x 4 x 4. 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 (1,2,1), (0,1,1),
(0,2,2), (0,2,0), and (0,3,1).

Binary

Obiject Lens phase grating Lens Image

+1st order
; e .
| Optical
axis
8, of ~1st order
Figure 8. Space-invariant computer-generated binary phase grating.
! pace-:nvarnai t
computer- Lers Plane
as 1 generated P
Plane - hotogram H
L
Nogr 0 I 7 Node 1€
-
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-
No e 17 Nude
Dptical axis

Figure 9. Side view of five-cube implementation using computer-generated holo-
grams.

tition distinct from where nodes (0,0,0)
and (1,0,3) belong, since the arithmetic
sums of three components are now odd.

The figure shows that the connec-
tion rule of Row = =1 and Col = =1
makes two independent two-dimensional
meshes with size 4 x 4, one mesh with
unshaded nodes and another mesh with
shaded nodes. Now, the straight con-
nection between the two planes makes
the third-dimensional links between the
two meshes form a three-dimensional
mesh of size 2 X 4 x 4. Note that the
model can implement a three-dimen-
sional mesh if the size of the third di-
mension is limited by two; however, it
can realize any arbitrary size of the two-
dimensional mesh.

The connection rule, which is inde-
pendent of the size of the mesh, is Row
=0, £1 and Col = 1, where 0 means the
straight connection. For the 2 x I xm
mesh, the connection rule of Row = +(/ -

1), Col = =(m—1) provides wraparound
connections.

Optical implemen-
tation of 3D hyper-
cube network OIMs

Here we discuss optical implementa-
tions of OIMs for the 3D space-invariant
hypercube networks based on the de-
sign methodologies presented in this ar-
ticle. The implementation discussions
are intended to be general in nature. A
wide variety of optical techniques exist
that can be used to develop the OIM.
These include phase gratings, pinhole
arrays, beam splitters, multisplit lenses,
lenslet arrays, off-axis lens arrays, mirror
arrays, and holographic techniques. We
present a binary-phase-grating tech-
nique for hypercube implementation.

The binary phase grating is a subclass
of the diffraction grating wherein the ef-
fect of a grating on an optical beam is
well described by the laws of diffraction.
Itis called binary because the amplitude
transmittance has only two levels —
zero and one. Since the computer helps
to design and fabricate the binary phase
grating, it is also called a computer-gen-
erated hologram.!! Due to diffraction,
the optical power within a beam di-
rected at a binary phase grating will be
redirected from the grating into several
orders that dre symmetric about the
zero-order beam, as shown in Figure 8.
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The relationship between the angle of the
incident beam (8), the period of the grat-
ing (p), the wavelength of the light (1),
the grating order (m), and the angle of
the mth order’s diffracted beam (8,) is
shown in Equation 10.12
p(sin®, —sin 6,)=mk (10)

We can alter the amount of optical
power routed from the original beam into
the different orders by changing the pe-
riodic structure of the grating. To have
different angular spacings, we should
change the period of the grating.

Figure 9 illustrates a five-cube imple-
mentation using a binary phase grating.
For clarity, only a 2D side view of the
five-cube is shown where an instance of
communication, from node 5 to nodes 1,
4, and 21, is illustrated (a second grating
oriented 90 degrees with respect to the
first grating shown in the figure is not de-
picted due to the 2D side view). It should
be noted that the address-node assign-
ment is from bottom to top on planeg due
to image inversion by the lenses.

Because the connection pattern is to-
tally space invariant, a single hologram
can provide all of the required connec-
tions for each node. According to the
connection rule for the 3D space-invari-
ant five-cube, we need one straight beam
and eight diffracted beams — four
diffracted beams per axis. Since the fig-
ure depicts a 2D side view, the straight
beam and the four diffracted beams are
shown. The Oth-order beam corresponds
to communication from node 5 to node 4,
+1st order from node 5 to node 21, and
~1st order from node S to node 1. +3rd-
order diffracted beams miss the planeg
and are discarded.

To estimate the theoretical upper
bound of the hypercube size that can be
embedded into a given plane by the pro-
posed architecture, we need to calculate
the SBWP of the proposed architecture.
There are several factors that determine
the upper bound, such as diffraction-lim-
ited pixel size on the receiving plane, the
diffraction angle at the BPG, aberration,
crosstalk, and so forth. Only diffraction-
limited pixel size is considered to show
the upper bound of the hypercube size.!?

Despite many attractive features of
holograms for optical interconnects —
ease of beam routing, small feature size,
and the ability to provide numerous
fan outs — several technological prob-
lems, such as wavelength-stabilized light
sources and fabrication-integration tech-
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nologies, remain to be solved for cost-ef-
fective implementations.

Ithough faster device switching
A speeds will eventually be neces-

sary for future massively parallel
computing systems, the deciding factor
in determining system performance and
cost will be subsystem communications
rather than device speed. Free-space op-
tical interconnects, by virtue of their in-
herent parallelism, high data bandwidth,
small size and power requirement, and
relative freedom from mutual interfer-
ence of signals, already show great pro-
mise in replacing metal interconnects to
solve communication problems. B
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