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\}\Tlohmon and Reif, 1987]? devised an efficient electro-optical message routing
system. We implemented a small prototype holographic router for demonstration of basic
principals. The routing system uses a volume hologram to do message switching. It uses
optimal O(n log(n)) number of switches, constant time, and opn'mal volume. This work
can be applied to do very high speed message routing for massively parallel machines such
as required by the Connection Machine. e

We implemented a small prototype holographic router for demonstration of basic
principals. In particular, [Maniloff,Johnson, and Reif, 1989] demonstrated a small
working prototype holograplic routing system, using Ni2 address bits. The small
prototype was butlt in late spring, 1989, to verify the feasibility of this new holographic
message routing system. Subcontractor Johnson and Maniloff built this prototype
holographic routing system [Maniloff, Johnson, and Reif, 1989] at the Center for
Optoelectronic Computing Systems at University of Colorado, Boulder, and Colorado
State University. [Strasser, Maniloff, Johnson, and Goggin. 1989] developed a procedure
for recording multiple-exposure holograms with equal diffraction efficiency in
photorefractive media, which was further refined in 1990.
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9. Outline of Research Findings:
Summary of Accomplishments:

The problem in massively parallel processing machines is the communication
bottleneck. For example, in the Connection Machine, a 65,536 SIMD parallel processing
message routing is one thousand times slower than the instruction time of n individual
processor. This is, in part, due to contention problems and in part to the necessity for
global control of the interconnection network. Our approach to solve this problem is to
implement a fully-parallel, high-speed message router, using locally-controlled spatial
light modulators and volume holograms.

[Johnson and Reif, 1987] devised an efficient electro-optical message routing svstem. We
implemented a small prototype holographic router for demonstration of basic
principals.The routing system uses a volume hologram to do message switching. It uses
optimal O(n log(n)) number of switches, constant time, and optimal volume. This work
can be applied to do very high speed message routing for massively parallel machines such
as required by the Connection Machine.

We implemented a small prototype holographic router for demonstration of basic
principals. In particular, [Manilofi,Johnson, and Reif, 1989] demonstrated a small
working prototype holographic routing system, using Ni2 address bits. The small
prototype was built in late spring, 1989, to verify the feasibility of this new holographic
message routing system. Subcontractor Johnson and Maniloff built this prototype
holographic routing system [Maniloff, Johnson, and Reif, 1989] at the Center for
Optoelectronic Computing Systems at University of Colorado, Boulder, and Colorado
State University. {Strasser, Maniloff, Johnson, and Goggin, 1989] developed a procedure
for recording multiple-exposure holograms with equal diffraction efficiency in
photorefractive media, which was further refined in 1990.




Extent of Progress

The work done by the University of Colorado at Boulder includes prototyping a 4-to-4
interconnect network using locally-controlled spatial light modulators addressing
photorefractive volume holograms.

A knowledge-based task is to increase the number of holograms, and hence destination
addresses that can be stored with equal and maximum diffraction efficiency in photore-
fractive LINbOs, a volume holographic recording media.

During this past year, we have succeeded in both constructing and testing the prototype
message router, and storing multiple-exposure holograms in volume photorefractive
LiNbOas, with equal and maximum diffraction efficiency. These results are described in
detail in the journal publication entitled, "Dynamic Holographic Interconnects Using
Static Holograms." The reconfiguration rate of the interconnect network is limited by the
speed of changing a pattern on the spatial light modulators (SLMs) using ferroelectric
liquid crystal. SLMs were purchased from Displaytech, Inc. We can reconfigure the
network at a 20 kHz rate. Work is in progress at Colorado State University (CSU) under
the direction of Professor Derek Lile to build state-of-the-art SLMs that switch at 6
Gigahertz rates.

This work, described in the journal publication entitled, "Insulated-Gate MQW Optical
Modulator on InP/InGaAs," has succeeded in fabricating multiple quantum well modula-
tors with nanosecond response times. This will yield five orders of magnitude increase in
routing using the prototype optical architecture.

Applications

This message router has applications to solving the communication bottleneck between
parallel processing machines and providing a method for fast access images stored in an
optical data base using an associative memory. An address displayed on the SLM per-
forms an associative match with a large database stored in the LiNbO; crystal. Such an
approach could be used by Dr. Stoll at Northrup Corporation to provide parallel access of
our 500 images comprised of 220x200 pixels stored in their volume of LiNbOa.
Application of fast switching SLMs being developed at CSU include 1/0 data display,
high-speed filtering, correlation and processing, and fast sensors. Future work in this
program includes further characterizing a 6-to-6 message router, fabricating an array of
InP/InGaAs modulators, and developing a completc model for multiple-exposure
holographic storage in photorefractive LiNbOs.




Reif developed an optical expander system [Reif and Yoshida, 1989] which is used to
decrease the number of address bits used by the router (to use only 2 log n address bits per
proczssor) and to improve separation of distinct address patterns matched by the
holograms. Computer experiments by consultant Barakat at Harvard verified this optical
expander system [Barakat and Reif,1990]. Reif also investigated in 1990 [Reif, Yoshida,
90] how to improve this optical expander system. He has also investigated how it can also
be applied to improved holographic storage systems.

Comparison of
Message Routing Systems

Routing Number
Method Time  Switches

Omega Network 2log(n) 2nlogn

Crossbar using

Matnx-Vector 1 n2
Multiplier

Holographic 1 nl.5
Message Router

without optical

expander

Holographic 1 2nlogn
Message Router
with optical expander

Summary of Work Completed and Future Work

Reif has completed tests of the optical expander system via computer experiments both at
Duke and with Barakat at Harvard. The availability of a device which can control light
with a high spatial resolution and with a short cycle time is critical to the successful
realization of a second generation system; therefore subcontractor Derek Lile of
Colorado State University has developed imiproved SLMs. Johnson is planning to build in
the future a second generation holographic routing system connecting a larger number of
processors using these improvements.
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Details of Work at Duke

Optical Expanders |

An optical expander is a non-linear electro-optical system which creates N dictinct
orthogonal boolean pattemns, each of size N bits from N distinct input patterns. each of size
d bits. where d is no greater than 2 log N. In other words, an optical cxpander takes as an
input a pattern encoded in d bits, and transform it to an expanded pattern as its outpul
which is encoded in N bits. Each output pattern is required to be orthogonal to every
other pattern.

More precisely, an optical expander takes as input one of N distinct boolean vectors
Py ... pN of length d, where d = ¢ log N. (Note: ¢ can be about as small as 1.5,
However, setting ¢ = 2 makes the coding scheme simple, and thus may be preferable n
practice.) We call these vectors the {\em input pattems}. Each input pattern is optically
encoded by using d pixels, each pixel being either ON (denoted by 1) or OFF (denoted by
0). We will require that each input pattern has exactly d/2 pixels ON. The optical
expander produces a spatial output pattern r; from given input pattern p;. Each output
pattern r; is one of NV distinct orthogonal boolean vectors of length N. Furthermore. we

assume each output pattern is represented by a coherent light beam—a coherent light
beam can address a hologram.

A linear optical system can not be used as an optical expander. since any linear miap-
ping from input of size d creates no more than d linear independent output pattems. Thus.
1t 1s 1mpossible to create a set of N distinct orthogonal patterns by any linear optical sys-
tem.

There are various ways to introduce non-linearity in an optical system. One
nossibility is to use different coding schemes. In other words, we can apply some linear
filtering operations in the spatial frequency domain After the filtering operations, the
coding can be transformed back to the original spatial domain. In coherent optics. spatial
fourier transform can be easily implemented by a lens. Another possibility is to use a
threshold device. When the intensity of light illuminating a surface 1s thresholded at a
certain level, the thresholded output becomes a non-linear function of the intensity. In this
approach, depending on a type of thresholding devices, either coherent or incoherent
optics can be used. Our optical expanders use threshold devices to introduce non-
linearity.

In the following section (2), we describe applications of our optical expanders. In
order to understand the basic idea, we first describe holographic matching in section
(2.1), and then in section (2.2) holographic interconnects are discussed. In section (3). we




describe our optical expander in detail. Our optical expander consists of two parts; a lin-
ear part and a non-linear part. The linear part is a matrix-vector multiplier, and the non-
linear part is an array of thresholding devices. In section (3.1), optical matrix-vector
multipliers are discussed. In section(3.2), thresholding operations are discussed.

We describe and investigate an optical system which is called the optical expander.
An optical expander creates a large number N of distinct orthogonal boolean patterns by
use of an electro-optical device with at most d boolean inputs, where d >=2 log N. We
show that an optical expander can not be constructed by using linear optical systems, and
so a non-linear optical filter must be used. In our optical expanders, non-linearity is
introduced by threshold operations.

Applications of of our optical expanders include a holographic memory storage
system and a holographic message routing system. A holographic memory storage system
stores N images, each image indexed by a pattern. These patterns must be orthogonal in
order to minimize crosstalk among other images. Our optical expanders produce these N
orthogonal patterns with input of d pixels. Thus, with our optical expanders, addressing
stored images can be carried out by directly using bmary encoded addresses which are
sent from the electric interfaces.

Our optical expanders can be used to implement an optical interconnection
network, which is capable of dynamically connecting N source units to N destination units
in a single step. Without our optical expanders, such an optical network typically requires
setting of N2 individual switches—each source unit must electrically set N switches to
connect itself to its destination. In a VLSI system where the wiring is confined on a two
dimensional plane, configuring physical wires to set these switches may produce a prac-
tical problem for large N. Our optical expanders solve this problem by not actually
setting individual N2 switches, but optically creating a set of spatially modulated patterns

which corresponds to setting of N2 switches. Then, the set of patterns can be used to
optically establish connections from N source units to N destination units via holograms.

Thus, our optical expanders are essential in implementing practical optical intercon-
nection networks.

Description of Optical Expanders

An Optical expander is a non-linear electro-optical system which creates N distinct
orthogonal boolean patterns, each of size N bits from N distinct input pattems, each of size
d bits, where d is no greater than 2 log N. In other words, an optical expander takes as an
input a pattern encoded in d bits, and transform it to an expanded pattern as its output
which is encoded in N bits. Each output pattern is required to be orthogonal to every
other pattern.



More precisely, an optical expander takes as input one of N distinct boolean vectors
Pys Pyy o Py Of length d, where d = ¢ log N. (Note: ¢ can be about as small as 1.5.
However, setting ¢ = 2 makes the coding scheme simple, and thus may be preferable in
practice.) We call these vectors the input patterns. Each input pattern is optically encoded
by using d pixels, each pixel being either ON (denoted by 1) or OFF (denoted by 0). We
will require that each input pattern has exactly d/2 pixels ON. The optical expander pro-
duces a spatial output pattern rj from given input pattern p;. Each output pattern r; is one
of N distinct orthogonal boolean vectors of length N. Furthermore, we assume each
output pattern is represented by a coherent light beam—a coherent light beam can address
a hologram.

Optical Expanders require Non-linear optical systems

A linear optical system can not be used as an optical expander, since any linear mapping
from input of size d creates no more than 4 linear independent output patterns. Thus, it is
impossible to create a set of N distinct orthogonal pattemns by any linear optical system.

Non Linear Optical Filters

There are various ways to introduce non-linearity in an optical system. One possibility is
to use different coding schemes. In other words, we can apply some linear filtering
operations in the spatial frequency domain. After the filtering operations, the coding can
be transformed back to the original spatial domain. In coherent optics, spatial fourier
transform can be easily implemented by a lens. Another possibility is to use a threshold
device. When the intensity of light illuminating a surface is thresholded at a certain level,
the thresholded output becomes a non-linear function of the intensity. In this approach,
depending on a type of thresholding devices, either coherent or incoherent optics can be
used. Our optical expanders use threshold devices to introduce non-linearity.

Our optical expander consists of two parts; a linear part and a non-linear part. The linear
part is a matrix-vector multiplier, and the non-linear part is an array of thresholding de-
vices. See [Reif and Yoshida,90] for details.



