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Abstract 
We evaluate the advantages of reconfigurable optical 

interconnects within massively parallel systems due to 
their ability to provide versatile application-dependent 
network configurations. Furthermore, they are being 
considered as alternatives to electronic interconnects 
within high-performance computers because of their 
advantages of high bandwidth, low wire density and 
low power requirement at high data rates. Fiber optic 
interconnects based on wavelength division multiplez- 
ing and free-space holographic interconnects are two 
classes of optical interconnects that can support net- 
work reconfiguration. Using computer vision applica- 
tions, we compare these two classes of optical intercon- 
nects with electronic interconnects taking into account 
the combined effects of link speeds, link latencies, sys- 
tem size, message size and network topologies feasible 
with current implementation capabilities. 

1 Introduction 
High bandwidth and low latency are the re- 

quirements for interconnection networks for high- 
performance computers. As individual processor data  
rates and complexities grow, electrical interconnects 
may not be able to support the speeds required by 
large multiprocessor systems [ll]. Further, as the ap- 
plications executed on these systems may require di- 
verse communication patterns between processors, the 
underlying interconnection network has to be flexible 
so as to fully utilize the benefits of high-speed process- 
ing. Free-space and guided-wave optical interconnect 
configurations using a variety of switching devices and 
data  multiplexing schemes have been investigated in 
parallel computers [ll] [12]. Recent efforts in incor- 
porating optical interconnects in multiprocessors in- 
cludes a joint Honeywell-Thinking Machines project 
using fiber-optic interconnects in a Connection Ma- 
chine prototype to  lower wire density and enhance 
performance. By multiplexing a number of data  chan- 
nels onto a single fiber, a reduction in wiring den- 

sity by a factor of 512 was attained [14]. Intel used 
fiber-optic interconnects in a Touchtone Supercom- 
puter prototype to  achieve the bandwidth of 1.6 Gbps 
per mesh interface node. This was required for scaling 
the mesh from 512 nodes to  1024 nodes [9]. Among the 
free-space interconnects efforts, a 64-processor three- 
dimensional mesh topology has recently been imple- 
mented at  NTT Systems Laboratories using board- 
to-board free-space interconnects [ZO]. To study the 
advantages of network flexibility offered by optical in- 
terconnects, we consider in this paper, two promising 
schemes for optical interconnects in high performance 
multiprocessors. These are fiber-optic interconnects 
based on wavelength division multiplexing and free- 
space holographic interconnection schemes. 

In optical link implementations, every unidirec- 
tional link requires a transmitter at the source node 
and a receiver a t  the destination node, transmitting 
and receiving data  a t  a common wavelength. In wave- 
length division multiplexing (WDM) based networks, 
the bandwidth of the optical fiber is split into many 
wavelength channels, each channel carrying data at a 
particular wavelength [22]. The logical connectivity 
is obtained by assigning wavelengths to  the system’s 
transmitters and receivers. Reconfiguring the inter- 
connection network to a different topology is a sim- 
ple matter of wavelength reassignment, if the trans- 
mitters and/or receivers are tunable over the entire 
range of wavelengths used. Some performance issues 
on the reconfigurabilty offered by WDM-based fiber- 
optic networks in multiprocessors can be found in [l] 
[5]. Free-space interconnects is another class of optical 
interconnection schemes being considered for interpro- 
cessor networks [6] [ l l ] .  In free-space interconnects, 
a switching device inserted in the path of optically 
encoded data from the transmitter, directs the data 
to the appropriate receiver. This switching can be 
achieved by recording the desired source-destination 
communication patterns in a hologram. As holograms 
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can encode a high density of data, a large number of 
switching patterns can be realized with this scheme. 
In this paper, we demonstrate the advantages of high 
speeds and network reconfigurabilty offered by these 
two classes of optical interconnects over electronic in- 
terconnects with the current implementation capabil- 
ities of optical and electronic technologies. 

Existing massively parallel systems are intercon- 
nected using low node degree topologies (e.g., multi- 
dimensional mesh, fat tree) because of limitations on 
available bandwidth and wiring density when inter- 
connecting a large number of processors using elec- 
tronic interconnects. Besides, these topologies are 
suitable for local communication patterns, often en- 
countered in scientific and engineering computations. 
In order to evaluate various optical and electronic 
interconnect options, we analyze the performance of 
these interconnects in image processing and computer 
vision systems. Image processing and computer vi- 
sion tasks need high computation and communication 
rates [3]. The incoming data  rate to  a typical sys- 
tem is in millions of bytes of data  per second. As 
the applications that are run on vision systems have 
diverse communication requirements, it is important 
that the communication network topology matches the 
communication structure of the executed algorithm. 
An important advantage of optical interconnects over 
electronic interconnects, is their ability to  dynamically 
change the system topology to  best match the ezecuted 
algorithm. To evaluate the performance of optical in- 
terconnects, we derive estimates for the computation 
times and communication overheads for a represen- 
tative set of vision algorithms on the mesh and tree 
topologies. 

Issues in realizing versatile network topologies using 
guided wave fiber-optic interconnects and free-space 
holographic interconnects are discussed in Section 2. 
The execution time estimates derived for a representa- 
tive set of image processing and vision algorithms are 
presented in Section 3. In Section 4, we address some 
issues relevant to real-time image interpretation. 

2 Network Flexibility Using Optical 
Interconnects 

In this section, we outline the principles involved in 
realizing a network topology using WDM-based fiber- 
optic interconnects and free-space holographic optical 
interconnects. 

2.1 Wavelength Division Multiplexing 

In wavelength division multiplexing the large ca- 
pacity of the optical fiber is utilized by splitting the 

and Reconfigurability 

available bandwidth into independent, noninteract- 
ing channels, thereby supporting simultaneous com- 
munication between many source-destination pairs on 
a common medium. In WDM-based systems, wave- 
length encoded signals from the transmitting nodes 
are multiplexed onto the fiber using a device called 
the passive star coupler. The transmitters at the net- 
work nodes are connected to  the input ports of the 
star coupler. The signal power a t  each input port is 
divided uniformly amongst the output ports. Thus, 
wavelengths from all the transmitters appear a t  each 
output port. Demultiplexing is performed at  the re- 
ceivers by recovering the desired input port signal from 
the common output port signal. The desired connec- 
tivity amongst the system nodes can be obtained by 
appropriate wavelength assignments to  the transmit- 
ters and receivers. This is illustrated for a seven node 
binary tree in Figure 1. In the figure, all links are bidi- 
rectional and are implemented using fixed wavelength 
transmitters and receivers. Thus, the degree of a node 
determines the number of transmitters and receivers 
a t  that node. 

By using tunable transmitters and receivers, versa- 
tile interconnections can be realized. As the logical 
connectivity between nodes can be achieved by tuning 
the transmitters and receivers to  the desired wave- 
lengths, reconfiguration of the interconnection net- 
work to  support a different topology can be achieved 
by wavelength reassignment. With the availability of 
narrow line width semiconductor lasers and inexpen- 
sive passive star couplers [2], WDM-based optical in- 
terconnects that support reconfiguration seem feasi- 
ble for multiprocessors. Rapid progress is being made 
in the development of tunable devices, both in the 
range over which they are tunable, and their tun- 
ing times [4] [18]. Limited tuning range restricts the 
kinds of topologies that can be supported, and the 
tuning times of devices constitute the reconfiguration 
overheads. Both these parameters are decided by the 
method of tuning used. Current tuning ranges are in 
the 4 - lOnrn range and the tuning times vary from 
nanoseconds to milliseconds [4]. In this paper, we 
assume conservatively that reconfiguration overheads 
are in the milliseconds range. 

Currently available passive stars can handle a max- 
imum of a hundred wavelengths. Star couplers with 
a maximum of 128 x 128 ports are feasible with cur- 
rently available technology. An experimental ISDN 
switch architecture using eight 128 x 128 multiple pas- 
sive stars to  handle over ten thousand input port lines 
has recently been reported [4]. 
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Transmitters Receivers 
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Figure 1: (a) A binary tree with seven nodes. (b) WDM star embedding of the tree. Wij is the wavelength assigned 
for communicating from node i to node j. Wij is assigned to the transmitter at processor i and the receiver a t  node j. 

2.2 Holographic interconnects for imple- 

In the model for free-space holographic inter- 
connnects assumed here, light from the transmitters 
is coupled into fibers. The ends of the fibers from all 
the transmitters are aligned into a vertical plane re- 
ferred to as the transmitter plane. Similarly, there is a 
receiver plane parallel to  the transmitter plane. Light 
incident on the fibers in the receiver plane is carried 
to  the individual receivers a t  the nodes. The network 
connectivity can be achieved, if the light from a trans- 
mitter is coupled to  the desired fiber in the receiver 
plane. This switching of the incident light direction is 
acheived by inserting a hologram in the path of light 
from the transmitter plane. As seen in Figure 2, the 
fiber from the transmitter at node i illuminates a por- 
tion of the hologram, referred here as subhologram i. 
Information on the positions of the receivers a t  nodes 
adjacent to  node i in the desired topology is prere- 
corded in the subhologram. Light encoded data from 
the transmitter at node i is directed to  all the desired 
receivers by the subhologram by space-variant imag- 
ing. Details on different kinds of holograms (transmis- 
sive, reflective) and the available imaging and record- 
ing techniques can be found in [ 6 ] ,  [15] and [19]. 

Note that all transmitters and receivers operate a t  
a single wavelength, hence there is no wavelength lim- 

menting versatile topologies 
itation as in the WDM scheme. Also, if the degree of 
connectivity desired at each node is low, then these 
source-destination patterns for several topologies may 
be recorded in a single hologram. Thus as all the de- 
sired connectivity could be established by the subholo- 
gram for the node, no reconfiguration overhead will 
be incurred. However, the transmitter and receiver 
power limitations may limit the fan-in and fanout of 
nodes. Crossbar interconnections of size 64 may be 
achieved with current holographic fabrication capabil- 
ities [19]. With improvements in holographic fabri- 
cation and recording techniques, larger crossbar net- 
works and many versatile topologies may be realized. 
In these free-space interconnects, the alignment of the 
transmitter plane, the individual subholograms and 
the receivers is a critical issue. Misalignment degrades 
the received power and increases the bit error rate. 

3 Image Processing and Vision Re- 
lated Algorithms 

Computer vision uses algorithms from image pro- 
cessing, graph theory, databases and artificial intel- 
ligence [23]. These algorithms are generally classi- 
fied as low-level or high-level algorithms. Existing 
computer vision and image analysis systems are or- 
ganized as hierarchical structures. The lower levels 
of the system perform regular, computationally inten- 
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Figure 2: Free-space holographic implementation for node i. (a) The desired interconnection for node i. (b) Holo- 
graphic implementation. 

sive tasks on all pixels of the image while the higher 
levels perform image analysis tasks with data depen- 
dent communication requirements. In this section, we 
analyze some representative algorithms from various 
levels of image processing. The algorithms considered 
are the image smoothing application which is a typical 
window-based low-level image processing application, 
the Hough Transform algorithm which uses pixel data 
to detect patterns in an image, and an orthogonal clus- 
tering algorithm which is a high-level algorithm used 
to classify patterns into disjoint groups. This algo- 
rithm has a data  dependent convergence criterion. 

The window-based operations like image smooth- 
ing require local communication and so the preferred 
topology is the mesh. Both the Hough Transform and 
the clustering algorithm include broadcast and fan- 
in communication phases in some steps of algorithm 
execution. The tree topology or some variation of it 
is therefore the preferred topology for the two algo- 
rithms. We analyze the performance of the three al- 
gorithms on both the mesh and tree topologies. The 
performance measure considered is the algorithm com- 
pletion time. The algorithm completion time consists 
of the computation time and the communication time. 
Some implementation related issues considered in es- 
timating the communication overheads are discussed 

below. 

a. Physical  l ink implementation 

The properties of electronic and optical link imple- 
mentation is reflected in the effect of link latency and 
link speed on the communication time. The setup time 
for the link is denoted by a, and /3 denotes the time 
for a 32-bit floating-point word transfer. The setup 
time for the optical link includes the time for electrical 
to optical conversion, and is therefore assumed to be 
higher than that of the electronic interconnects. The 
link latency and link speed parameter values assumed 
for electronic interconnects are in the range of current 
or upcoming standards for high-speed electronic inter- 
connects like the Scalable Coherent Interface and the 
Futurebus+ [lo]. We assume, conservatively, that the 
setup time for the electronic link, denoted by ae, is 
14071s. Moreover, for the electronic implementation, 
a 32-bit word can be transferred over parallel lines at 
100 Mb/s (;.e, = l O n s  ). Fiber optic transmis- 
sion is serial. A parallel 32-bit transfer would require 
32 transmitters and receiver pairs per node, thereby 
making the system costs prohibitive. For the analysis 
in this paper, we assume that an internode optical con- 
nection is implemented as four 1 Gb/s optical links. 
The time to transfer a floating-point word between 
two nodes denoted by Po, is therefore 8ns. The link 
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speed of 1 Gb/s is considered feasible for commercial 
systems. Interface devices for 1 Gb/s links are be- 
ing designed using the Fiber Channel Standard [8] .  
The observed latency in Intel's effort in incorporating 
fiber-optic interconnects in the Touchtone supercom- 
puter program was 400 ns [9]. We therefore assume 
the value of a, to  be 400 ns. The variation in algo- 
rithm performance with the latency and bandwidth of 
optical interconnects is addressed in Section 4. 

b. Hardware limitations on topologies 
Some limitations of electronic and optical topolo- 

gies are discussed here. For electronic interconnects, 
we assume no flexibility in the underlying intercon- 
nection network as existing massively parallel systems 
have fixed topologies. The performance of the al- 
gorithms is therefore studied on the fixed topologies 
considered, namely, the electronic mesh and the elec- 
tronic tree. Among the optical interconnects, flexibil- 
ity can be achieved by using WDM-based fiber-optic 
interconnects or holographic free-space interconnects. 
Flexibility in WDM-based interconnects is achieved 
by retuning the transmitters and receivers to a dif- 
ferent wavelength. As each tuning phase has an as- 
sociated reconfiguration overhead, within limitations 
of current technology, we do not allow for frequent 
tuning of these interface devices. This implies that al- 
though broadcast can be achieved in a single phase us- 
ing WDM-based implementations, we implement the 
broadcast and fan-in phases in the algorithms using 
a tree topology in log2N steps. This limits both the 
number of wavelengths used in the system and the 
reconfiguration overheads. 

In holographic interconnects, flexibility is achieved 
by the hologram sections that selectively focus incom- 
ing data  from transmitters onto appropriate recievers. 
Due to fabrication limitations and power constraints, 
fanout per node is limited to  64 and fan-in is limited 
to  8 [19]. For an N node network, broadcast can be 
achieved in log64N steps. Due to  fan-in restrictions 
per node, we assume a tree topology for fan-in. 

We derived time estimates for the execution time of 
the image smoothing, Hough Transform and clustering 
algorithms on the mesh and tree topologies for vari- 
ous implementations. A brief explanation of the algo- 
rithms followed by the results for the algorithm com- 
pletion time is now presented. Details of the deriva- 
tions of all the expressions that appear in this section 
can be found in [17]. We assume that an N proces- 
sor system is used to  process the incoming M x M 
image. The time for a single word addition, multipli- 
cation and division operation is denoted by t a d d l  t m u l t  

and i!d,v , respectively. 

3.1 Image Smoothing : A Representative 
Window Based Operation 

In image smoothing, a pixel in the smoothed image 
contains its pixel value averaged over a w x w window 
around it. If A(i ,  j) represents the pixel value if" the 
original image a t  position ( a ,  j), the pixel value A ( a ,  j) 
in the smoothed image within a 3 x 3 window is given 
by the following expression [21]: 

A'(i ,  j )  = [A( i  - 1, j - 1) + A ( i ,  j - 1) + A ( i +  1, j - 1) 

+A(i  - 1, j )  + A(i ,  j )  + A(i  + 1, j )  + A(i - 1, j + 1) 

+A(i ,  j + 1) 4- A(i  + 1, j + 1)]/9. 

The algorithm completion time estimates derived 
for the image smoothing algorithm on the mesh and 
tree topologies taking implementation issues into ac- 
count are presented below. 

(3.2) 
where IC = pog, N I .  As can be seen from the above 
expressions, there is a larger communication overhead 
in implementing the image smoothing algorithm on 
the tree topology. 
3.2 Hough Transform for Line Detection 

The Hough Transform is a widely used technique 
for feature detection in images. The pixels in the im- 
age space are mapped onto the parameter space of the 
features being detected. We consider here the Hough 
Transform for line detection. A line segment can be 
characterized by two parameters p and 8, where p de- 
notes the distance of the normal to  the line from the 
origin, and 8 represents the angle made by the nor- 
mal with the positive direction of the horizontal im- 
age a x i s .  The principle of the Hough Transform is to  
transform the pixel (i, j) in the image space to a curve 
in the ( p , B )  space. All pixels in the image represent- 
ing a line characterized by the values (p,  e ) ,  satisfy the 
equation p = i sin 8 + j cos 8. To compute the Hough 
Transform, the ( p , B )  space is quantized, with pmaz, 
Om,, bins along the p and 8 axes, respectively. An ac- 
cumulator array of dimension Om,, x pmaz stores the 
image pixels count in the various (p18) bins. Image 
pixels are scanned over the 8 quantization values, and 
the corresponding (p ,  8) bins are incremented in the 
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accumulator array. After the image is scanned com- 
pletely, local maxima in the accumulator array indi- 
cate the presence of lines in the image space. 

The data  partitioning method to  implement the 
Hough Transform [3] of an M x M image on an N 
processor system was considered in deriving the ex- 
pressions presented below. This is a three phase al- 
gorithm consisting of parallel computation of partial 
accumulator arrays, merging of partial accumulator 
arrays, followed by the broadcast of the final accumu- 
lator array and parallel computation of local maxima. 
Note that in the expressions presented below, the su- 
perscripts refer to the phase of the algorithm and the 
subscripts refer to the topology. 

where f denotes the maximum fraction of dark pixels 
in the image and w is the window size for computing 
local maxima. Note that p denotes the submesh size 
for parallel merge and should be N'I4 to minimize 
algorithm completion time. The total time for Hough 
Transform on the tree and mesh topologies are given 
below [17] 

On the holographic interconnects, the broadcast 
takes 1og64N steps as opposed to 1og2N steps on the 
tree. The time to perform the Hough Transform on 
the holographic interconnects is given by the following 
expression [17] 

+(a + Pmazemaz . P )  . log64 N (3.5) 
A substantial overhead is incurred in implementing 

the Hough Transform on the mesh. For large system 
sizes, the computation time on the mesh implementa- 
tion increases with the number of processors. When 

increasing the number of processors, the number of 
partial accumulator arrays to be merged increases and 
as a result, more additions have to  be performed. The 
communication overhead on the mesh varies as f i , 
and for large system sizes, the communication time 
dominates the computation time on the mesh. The 
variation in algorithm completion time with the num- 
ber of available processors for holographic and tree 
based implementations is shown in Figure 3. The im- 
age size is 512 x 512. The values of w, f ,  Pmazr and 
Om,, were taken as 3, 0.5, 512 and 180, respectively. A 
lOns processor clock was assumed for this system and 
the time for a single addition, multiplication and di- 
vision operation is taken as Ions, 80ns and 120ns, re- 
spectively. The communication patterns of fan-in and 
broadcast required in some phases of the Hough Trans- 
form are better met with the tree topology than the 
mesh topology. Mesh based implementation curves 
are not included in the figure as their execution time 
is two to ten times larger than the electronic tree for 
the system sizes considered. This shows that network 
topology is an important factor in algorithm perfor- 
mance. The holographic interconnect has the low- 
est communication overhead and therefore the lowest 
overall execution time. Among the implementations 
of the tree topology, the WDM-based optical tree im- 
plementation performs better than the electronic tree 
implementation. Note here that although optical links 
have a higher latency than the electronic links, the op- 
tical tree performs better because the amount of data  
transferred over a link in a communication phase is 
large (512 x 180 words). Thus the speed advantage of 
optical interconnects offsets the high latency. 

3.3 Orthogonal Clustering for Pattern 

Orthogonal clustering is a high-level image process- 
ing algorithm used to  classify input patterns into dis- 
joint classes. The input to  the algorithm is a set of P 
pattern vectors, each vector having m attributes. The 
goal of the algorithm is to classify the input pattern 
into K clusters. We apply the K - mans algorithm 
to classify patterns into different clusters [13]. A pat- 
tern X is assigned to  cluster j, if its Euclidean dis- 
tance from the center of the j t h  cluster, is less than 
that from all other cluster centers. Once all the P 
pattern vectors are assigned cluster labels, the clus- 
ter means are updated. The cluster labelling proce- 
dure is repeated until the algorithm converges. At 
this point, the cluster means are stable. We com- 
puted an upper bound on the number of iterations 
the algorithm would need to  converge. This turns out 
to be P . (K - 1) - (K-') i (K-2)  and is denoted by 

Classification 
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Figure 3: The execution time of Hough Transform for line detection on the mesh and tree as a function of the system 
size ( 2k processors). 

Imaz. This was required to estimate the worst case 
algorithm completion time on an N node distributed 
memory system. A single iteration of the algorithm 
was implemented in three phases. The expressions for 
the time taken by the three steps in a single iteration 
are summarized below [17]. 

TAea,, = 2 * ( f i -  1)*(a$p*K*77%) 

T,',,, = log N . (a + p K . 77%) 

T1 = - . (377%. K + m +  1) * tadd + K . m-tmult 
P 
N 

TAesh = K * (77% + 1) ' (4 N4 - 4) ' tadd 

$2. (6 - 1) * (a + p . K . (77% + 1)) 
T;,, = K . (m+ 1) 'log N ' t a d d  +log N .  (a K ' m )  

T3 K * m .  + t a d d )  

Here, the superscripts refer to the phase of the al- 
gorithm, and the subscripts refer to the topology. T' 
denotes the computation time for the label assignment 
phase and T3 denotes the computation time for updat- 
ing cluster means and checking for algorithm conver- 
gence. The worst case algorithm completion time on 
the two topologies is given by the following expres- 
sions: 

To evaluate the performance of different implemen- 
tations, we consider an example by assuming a set 
of 128 input patterns that have to be assigned to 8 
clusters. Each pattern is described by two attributes. 
The parameters values for the arithmetic operations, 
the link latencies and speeds are the same as those 
used in the Hough Transform. Our estimates show 
that on a 128 node system (the maximum number 
of processors that can be used for clustering if P = 
128), it takes a maximum of 9.41 ms on the free-space 
holographic implementation, 11.72 ms on the WDM- 
based optical tree implementation, and 26.26 ms on 
the WDM-based optical mesh implementation. The 
corresponding worst case algorithm completion time 
on the electrical implementation of the tree and mesh 
is 9.02 ms and 18.16 ms, respectively. Note that the 
performance of the electronic interconnects is better 
than that of the optical interconnects for fixed topol- 
ogy implementations. As the latency of the optical 
interconnects is high and the amount of data  trans- 
ferred per link in a communication phase is small, the 
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latency of the optical interconnects dominates. The 
performance of the electronic tree is better than all 
other schemes for this algorithm. 

4 Real-Time Vision Considerations 
The performance of an image processing and vi- 

sion system depends on the sequence of tasks per- 
formed and on the system architecture. A typical 
image processing system receives medium resolution 
(512 x 512 pixels) images at a standard frame rate of 
30 frames/second and with three bytes per color pixel. 
This represents a rate of almost 24 million bytes of 
data per second [3]. To interpret images or data at  
this rate, a large number of high-speed processors are 
required. The algorithms used in image processing 
and analysis have varying computational and com- 
munication requirements. The performance of these 
systems can be improved if the communication struc- 
ture offered by the interconnection network topology 
matches the communication requirements of the al- 
gorithm. Existing vision systems have hierarchical 
and partitionable architectures, and provide limited 
reconfigurability in their electronically implemented 
networks [23]. 

Optical interconnects between high-speed proces- 
sors may provide real-time image interpretation capa- 
bilities through the speed and flexibilty they offer in 
the underlying network. In this section, we compare 
the performance of the fixed and flexible optical im- 
plementations against the fixed topology implementa- 
tions of the electronic topology by considering a sam- 
ple vision application. This application is later used 
to study issues in real-time image processing. 
4.1 Effect of Reconfiguration, Communi- 

cation Latency and Speed 
Typically, an image processing application consists 

of a sequence of low-level algorithms followed by a few 
high-level algorithms. The low-level algorithms ex- 
tract preliminary data  from the incoming image. This 
is then used by the high-level algorithms in image anal- 
ysis tasks. The sample application considered here, 
therefore, involves a sequence of window-based opera- 
tions followed by the Hough Transform to detect lines 
in an image. The orthogonal clustering algorithm is 
then applied to the detected lines to group them into 
disjoint classes. 

We now compare the performance of the optically 
implemented topologies against the electronically im- 
plemented ones for the sample application. The per- 
formance measure is the total time to execute the se- 
quence of algorithms in the application. We assume 
that the time estimate derived for the image smooth- 
ing operation is representative of a window-based op- 

eration. Algorithm completion time expressions de- 
rived for the Hough Transform and clustering algo- 
rithm are used here. The parameter values for link 
properties, time for arithmetic operations, and param- 
eters of the individual algorithms are identical to the 
ones in Section 3. 

Figure 4 shows the performance of an application 
on a 512 node system. The application consists of 20 
window-based operations followed by a Hough Trans- 
form and a single clustering algorithm. The figure 
shows the variation in computation and communica- 
tion time for implementing the application on various 
electronic and optical implementations. Here E mesh 
and E tree refer to the electronic implementations of 
the mesh and tree topologies, respectively. 0 mesh 
and 0 tree denote the optical mesh and optical tree 
implementations based on fiber-optic WDM intercon- 
nects, respectively. 0 Tec refers to the reconfigurable 
scheme implemented using fiber-optic WDM-based in- 
terconnects, and 0 holo refers to the holographic in- 
terconnects. The mesh is the preferred topology for 
window-based operations and the tree is the preferred 
topology for the Hough Transform and the cluster- 
ing operation. The Hough Transform is the domi- 
nant algorithm in the application as it requires the 
largest component of the application execution time. 
As seen from the figure, the communication overhead 
in implementing the application on the optical and 
electronic mesh topologies are high. This shows that 
network topology is as important as the implemen- 
tation technology. Among the optical and electronic 
implementations of the tree topology, we see that the 
electronic tree performs better than the optical tree. 
This seems to be counter-intutive. This behavior is 
explained by considering the overhead in implement- 
ing the mesh-based algorithms on the tree topology. 
The latency of the optical interconnects dominates in 
this case, because the number of words transferred in a 
communication phase is small, the speed advantage of 
optical interconnects cannot compensate for the high 
latency. Optical interconnects on a preferred topology 
can outperform the electronic implementations when 
the amount of data transferred in a communication 
phase is large. This was observed in Figure 3 for the 
Hough Transform algorithm. 

The WDM-based reconfigurable optical intercon- 
nects use the mesh topology for window-based opera- 
tions and the tree topology for the Hough Transform 
and clustering algorithm. This reduces the communi- 
cation overheads, as can be seen from Figure 4. The 
reconfiguration overhead is not included in the figure. 
It varies from ns to ms depending on the method 
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Figure 4: The variation of the sample application execution time for various implementations on a 512 node system. 
The shaded part of each bar plot is the computation time. 

of tuning used. Taking the reconfiguration overheads 
into account, the WDM-based reconfigurable optical 
interconnects perform better than the electronic tree 
interconnects if the reconfiguration overhead is less 
than 6 ms. For holographic interconnects, the mesh 
and tree topologies, and the broadcast communication 
patterns are encoded in the hologram. They there- 
fore exhibit the lowest communication overhead. Free- 
space holographic interconnects can provide a 17 % 
improvement in execution time, and a 37 % improve- 
ment in communication time over the WDM-based re- 
configurable schemes. They provide a 27 % improve- 
ment in overall execution time and a 51 % improve- 
ment in communication time over the electronic tree 
implementations. As can be seen from the figure, the 
flexible optical interconnects perform better than the 
other fixed optical and electronic schemes. 

Based on speed and power considerations, elec- 
tronic interconnects beyond the speeds of a few Gbps 
may not be feasible for multiprocessors. Optical inter- 
connects on the other hand are expected to support 
much higher data  rates [7]. With improvements in 
electro-optic interface technology, it may be possible 
to achieve lower latency for optical interconnects. Fig- 
ure 5 depicts the effect of each of these parameters on 
the execution time of the sample application for var- 

ious optical implementations on a 512 node system. 
The optical tree and the reconfigurable schemes per- 
form better than the electronic tree for a, < 300 ns 
and ,Bo < 7 ns. We note that over the wide range of 
communication parameter values considered in the fig- 
ure, the holographic interconnects have the best per- 
formance. 
4.2 Real-Time Constraints 

In this section, we study the effect of imposing a 
constraint on the total execution time for the sample 
application. The objective is to execute the given ap- 
plication in real time. Typically, an image processing 
system receives images at the rate of 30 images per 
second. We therefore assume that the real-time limit 
on the sample application is 33.33ms. By varying the 
system size and the algorithm mix in the sample appli- 
cation, we estimate the system sizes and interconnec- 
tion topology implementations that meet the real-time 
limit. 

As noted earlier, the Hough Transform is the domi- 
nant algorithm in the application. As seen in Figure 3, 
a system of 2' nodes using holographic interconnects 
can just meet the real-time constraints for a single 
Hough Transform. With the optical tree implementa- 
tion, system sizes from 512 to  8192 nodes are required 
to perform a single Hough Transform within real-time 
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limits. For the electronic tree, system sizes between 
2’ and 211 nodes meet the real-time limit considered 
here. Thus it may be possible to  execute an appli- 
cation consisting of a sequence of window-based al- 
gorithms followed by a single Hough Transform and 
a clustering algorithm. As the optical and electronic 
mesh implementations do not meet real-time limits for 
a single Hough Transform, they are excluded from fur- 
ther discussion. 

We now vary the system size and look for imple- 
mentations that would execute the complete applica- 
tion within the real-time limit. Figure 6 shows the 
variation of the total execution time of the applica- 
tion with the number of window-based operations, on 
a 1024 node system. As can be seen from the fig- 
ure, the holographic free-space implementation is the 
only implementation that meets the real-time limit. 
The maximum number of permissible window-based 
operations is 37. None of the other electronic or op- 
tical schemes considered meet the real-time limit. On 
varying the system size in powers of 2, we have noted 
[17] that for system sizes below the 1024 node sys- 
tem, none of the optical or electronic implementations 
meet the real-time limit. For a 2048 node system, the 
holographic implementation is still the only one that 
meets the real-time limit. 

We now consider the possibility of pipelined exe- 
cution of algorithms that make up the sample appli- 
cation. As noted earlier, the minimum system size to 
implement a single Hough Transform on the free-space 
holographic, optical tree and electronic tree is 256, 512 
and 512 nodes, respectively. The Hough Transform 
and the clustering algorithm can individually meet 
the real-time limit for these system sizes. We there- 
fore assume that they are performed on seperate sets 
of nodes so that their execution may be overlapped. 
Following our earlier assumption, we use 128 nodes 
connected according to  the tree topology for the clus- 
tering algorithm. As the window-based operations and 
the Hough Transform use pixel data from the incom- 
ing image, we assume that they are performed on the 
same set of nodes. As the line patterns detected by 
the Hough Transform are used as inputs to  the clus- 
tering algorithm, we assume that this pattern data 
is transferred between the two sets of nodes through 
a dedicated link connecting the root node of the tree 
used for the Hough Transform and the root node of the 
tree used for the clustering algorithm. The execution 
of the clustering algorithm on data from one image 
is overlapped with the execution of the window-based 
operations and the Hough Transform on the next im- 
age data. Using this pipelining scheme, Table 1 sum- 

marizes the system sizes required, and the permissi- 
ble number of window-based operations that can be 
executed within the real-time limit for different topol- 
ogy implementations. We have shown in [17] that the 
sum of the time required to  transfer the largest pat- 
tern set between the two sets of nodes, and the time 
to  execute the clustering algorithm in the implemen- 
tations considered is less than the time required to  
execute the Hough Transform. The system size re- 
quired is the sum of the system sizes required for the 
Hough Transform and the clustering algorithm. We 
see that although the electronic tree meets the real- 
time constraints, the maximum number of permissi- 
ble window-based operations that can be performed 
within the real-time limit is small. Among the flexible 
optical schemes, holographic interconnects can meet 
the real-time limit with the minimum system size of 
384 nodes and the maximum number of permissible 
window-based operations limited to  13. A system size 
of 640 nodes allows a reasonable number of window- 
based operations. 

In this section we have demonstrated that systems 
with hundreds of nodes are needed to  meet the real- 
time processing constraints. As noted in Section 2, 
there are limitations on the number of wavelengths 
and number of inputs to  a passive star coupler for im- 
plementing WDM-based fiber-optic interconnects. We 
have shown [17] that by using multiple star couplers 
and appropriately mapping nodes onto these couplers, 
networks with hundreds of nodes connected according 
to these topologies can be realized. Our report [17] 
also includes some issues in realizing large networks 
using holographic interconnects. For optical intercon- 
nects to be commercially viable in multiprocessors, the 
hardware interface costs have to be reduced. Some 
variations of network topologies to  reduce interface 
costs have been reported in [16]. 

5 Conclusions 
We have demonstrated that reconfigurable opti- 

cal interconnects have advantages over fixed-topology 
electronic interconnects in massively ,parallel systems. 
This is due to  the higher bandwidth they provide, and 
their ability to provide versatile application dependent 
network configurations. In this paper, we estimated 
the performance improvement of optical interconnects 
over electronic interconnects in image processing and 
computer vision systems. The performance of a sam- 
ple vision application was analyzed taking into con- 
sideration the effect of latency, bandwidth, available 
network size, the preferred topology of the algorithm 
in the application and limitations of electronic and 
optical technologies. To study the performance en- 
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hancements that can be achieved by using flexible op- 
tical interconnects, we considered two classes of opti- 
cal interconnects that may be used to implement ver- 
satile topologies. These are fiber-optic interconnects 
based on wavelength division multiplexing and free- 
space holographic interconnects. We demonstrated 
that flexible optical interconnects performed better 
than fixed topology electronic and optical intercon- 
nects. Among the flexible schemes, the free-space 
holographic interconnects performed better than fiber- 
optic interconnects based on wavelength division mul- 
tiplexing. Real-time limits on the sample application 
could be best met with holographic interconnects. 
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