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Application-Specific Optical Interconnects for
Embedded Multiprocessors

Neal K. Bambha and Shuvra S. Bhattacharyya

Abstract—As transistor sizes shrink and we approach routing these interconnections is a significant challenge
the “end of Moore’s law”, interconnects—both on-chip for the electronic design automation tools.
and off-chip—will represent the biggest bottleneck for  Embedded systems typically run a limited and fixed
embedded systems designers. Several groups are researchsat of applications. We can use this application-specific

ing optical interconnects to cope with this trend. Optical 0 mation to optimize the interconnection network.
interconnects enable new system architectures. These newFOr ouUr bUMDOSES. an optimal network is defined in the
architectures in turn require new methods for high-level purp ’ p

application mapping and hardware/software co-design. In CONteXt of a set _of applications and constraints. The
this presentation, we discuss high-level scheduling and constraints may include the latency, throughput, and
interconnect topology synthesis techniques for embedded power consumption for the given applications, along
multiprocessors. We focus on designs that are streamlined with cost and area constraints of the overall system.
for one or more digital signal processing (DSP) applica- A key distinguishing feature to our algorithm is that

tions. That iS, we seek to Synthesize aﬂpplication-specific we perform the appllcatlon Schedu“ng and Interconnect
interconnect topologyor a multiprocessor DSP design. We synthesis jointly.

show that flexible interconnect topologies that allow single-
hop communication between processors offer advantages
for reduced power and latency. A. Optical Interconnects

We have previously shown that multiprocessor schedul-  |n recent years, optics have played an increas-
ing algorithms can deadlock in the general case of a g gl in multiprocessor systems. Commercial high-
topology graph that is not strongly connected, or if g ance computers now use fiber ribbons to connect
communication is limited to be single hop. We have also i . .
demonstrated an efficient algorithm that can be used multiple processing no.des.. Other examples |nc!ude stor-
in conjunction with existing scheduling algorithms for age area networks using fiberchannel, and optical clock
avoiding this deadlock [1]. In this presentation we discuss distribution to reduce clock skew across a chip. Programs
the advantages of performing application scheduling and such as the DARPA VLSI Photonics [2] program are
interconnect synthesis jointly, and present a probabilistic pushing to integrate photonics technology on a single
scheduling/interconnect algorithm utilizing graph isomor-  chip. Intel is currently backing an effort to bring “fiber-
phism to pare the design space. We demonstrate the perfor- to-the-processor” [3]. The idea is to break the processor
mance advantages that an application-specific interconnect to cache bottleneck by using an optical waveguide inte-
topology can produce for several DSP benchmarks. .

grated on the processor chip.
Index Terms—interconnect synthesis, multiprocessor,

scheduling. B. Connection Topologies

Electrically connected multiprocessor systems gen-

. INTRODUCTION erally have a regular interconnection pattern, due to

Interconnect considerations are important for todaythe physical constraints imposed by two-dimensional
embedded systems designs. As transistor density dircuit board layout. Some examples include ring, mesh,
creases, more functional units can be placed on a singles, and hypercube interconnect topologies. Using these
chip, and the number of possible interconnections (link&pologies, communication between remote processors
between them increases. The longest wires on the ch#guires multiple hops, which increases both latency and
are usually due to these links. These wires contribute gower, and increases contention throughout the network.
delay and limit the maximum achievable clock rate. Also, In contrast, optically connected multiprocessors, par-
ticularly those utilizing free space optics and three di-

N. Bambha is with the US Army Research Laboratory. . or : TP : _
S. Bhattacharyya is with the Department of Electrical and CommenSIOHS, are free to utilize arbitrarily irregular inter

puter Engineering and Institute for Advanced Computer Studie%?nne.Ction net‘f\’orks- ane the Sigr!al is in the optical
University of Maryland, College Park. domain, there is very little attenuation, so the energy
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Fig. 1. GA output versus generation.

required to transmit a unit of data is essentially indepen-
dent of distance. The required energy instead is a fureessors. The algorithm works in conjunction with a list
tion of the number of electrical-to-optical conversionscheduling algorithm to jointly optimize both the sched-
that must be performed [4], which in turn is determinedle and the interconnect topology. The algorithm is able
by the number of hops. With single-hop schedules the account for different distributions of local vs. global
overhead associated with routing data through interm@ng) interconnect routing tracks via a procesiorout
diate processors is eliminated. Furthermore, due to tbenstraint It uses graph isomorphism to significantly
flexibility of the communication medium, it is generallypare the search space in order to search more efficiently.
possible to avoid multi-hop communication operations We evaluated our interconnect synthesis algorithm on
by simply activating direct communication channels beeveral DSP benchmark application graphs. Figure 1
tween the source and destination processors. Togetlsbiows the convergence of the GA vs. generation number
these properties make it desirable to limit the numb@r an FFT application with a maximum allowed fanout
of hops per communication operation when exploringf 4. In this plot the y-axis refers to the schedule
configurations (interconnection patterns and task graptakespan of the best interconnection topology found for
mappings) for an optically connected, embedded mult-given generation. We see that GA was able to reduce
processor. the makespan by almost a factor of two over the best
In order to quantify this effect, we scheduled seuwopology in the initial population.
eral DSP benchmark applications using our modified We calculated how the makespan improves as the
scheduling technique, which takes the number of hopsrasximum fanout constraint is increased. This amounts
an input parameter. We scheduled the benchmarks withan area/performance tradeoff in the system. We also
hop constraints of one hop and three hops, and compacethpared the performance of systems with topologies
the communication energy required. For our purposesjailable with electrical interconnects vs. optical inter-
we assumed all communication tasks transferred tbennects. These topics will be described in the presen-
same number of bits, so the energy cost of all IP@ation.
actors was equal. Tablg | shows the reduction in the
required communication energy for single-hop schedules REEFERENCES
over three-hop schedules for the benchmark applica_tiogﬁ.N K. Bambha, S. S. Bhattacharyya, and G. Euliss, “Design
For these benchmarks, we found that any undesirable considerations for optically connected systems on chip,” in
effect on the makespan of the additional constraint for Proceedings of the International Workshop on System on Chip
single-hop schedules was very small, as can be seen infor Real Time Processingalgary, Canada, June 2003, pp. 299-
Table]]. In two qf the benchmarks (Irr and Lap!ac_e), th .‘i?tfh://WWW_darpa_m”/mtoMsi_,,
makespan was in fact better (lower) when we limited thg (2004) The Primarion website. [Online]. Available: http:

scheduler to single hops. /www.primarion.com
[4] R. Kostuk, J. Goodman, and L. Hesselink, “Optical imaging ap-

_ _ plied to microelectronic chip-to-chip interconnectiondfplied
C. Interconnect Synthesis Algorithm Optics pp. 2851-2858, 1985.
We present a genetic algorithm for synthesizing effi-
cient interconnection networks for embedded multipro-



Abstract

As transistor sizes shrink and we approach the “end of Moore's law", interconnects, both
on-chip and off-chip, will represent the biggest bottleneck for embedded systems
designers. Several groups are researching optical interconnects to cope with this trend.
Optical interconnects enable new system architectures. These new architectures in turn
require new methods for high-level application mapping and hardware/software co-
design. In this presentation, we discuss high-level scheduling and interconnect
topology synthesis techniques for embedded multiprocessors. We focus on designs that
are streamlined for one or more digital signal processing (DSP) applications. That is, we
seek to synthesize an application-specific interconnect topology for a multiprocessor

DSP design. We show that flexible interconnect topologies that allow single-hop
communication between processors offer advantages for reduced power and latency.

We have previously shown that multiprocessor scheduling algorithms can deadlock in
the general case of atopology graph that is not strongly connected, or if communication
Is limited to be single hop. We have also demonstrated an efficient algorithm that can be
used in conjunction with existing scheduling algorithms for avoiding this deadlock. In
this presentation we discuss the advantages of performing application scheduling and
interconnect synthesis jointly, and present a probabilistic scheduling/interconnect
algorithm utilizing graph isomorphism to pare the design space. We demonstrate the
performance advantages that an application-specific interconnect topology can produce
for several DSP benchmarks.




Deadlock and Flexibility

® Existing scheduling algorithms assume every pair of processors can communicate

» Scheduling not well studied for irregular interconnection networks

» Can deadlock for arbitrary topologies
* Developed algorithms to adapt existing list scheduling algorithms to avoid

deadlock

« Some scheduling moves have greater flexibility

Partial Schedule
A on proc. 2
B on proc. 1

Constraint Sets
F[A] = {2}

F[B] = {1}

F[F] = {1}

F[D] = {1,2}

FIE] = {1,2,3}
FIC] ={1,2,3}
Flexibility = 11/24

1127130

Topology graph

Application graph

Partial Schedule
A on proc. 2
B on proc. 3

Constraint Sets
FIA] = {2}

F[B] = {3}

F[F] ={0,3}

F[D] ={1,2,3}
F[E] ={0,1,2,3}
F[C] ={0,1,2,3}
Flexibility = 15/24




Effect of Topology
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Link Synthesis Algorithm

®* Developed both deterministic and evolutionary (GA) algorithms

* GA objective utilizes DLS scheduling modified with flexibility metric
» Crossover operators allow fan-out constraints to be preserved
» Use graph isomorphism to pare the design space

Paring the design space
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* Consider only isomorphically unique
graphs
* Reduction by orders of magnitude

makespan

Link synthesis results
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Introduction

e Develop software tools and algorithms to efficiently map
digital signal and image processing (“DSP”) applications
onto Systems on Chip.

— Joint scheduling/interconnect synthesis optimization

— Scheduling for low-hop communication on arbitrary
topologies

— Synthesize an optimal application-specific interconnect
topology

Neal K. Bambha HPEC September 28, 2004 2/6
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Scheduling

e Taskgraph G(V,FE),ve V,ec€ E

— Dataflow specification
— General point-to-point networks

e Topology graph T'(P,L),p€ P,l € L

— Link constraints
— Processor fanout constraints
— | = (p;, p;) assigned weights—delay and power

= E(G,T,n) = ¥oe s (TPCO) Xrerouteqe) bl

e Communication hop limit

Neal K. Bambha HPEC September 28, 2004 3/6
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Effect of Topology

Topology 1
Topology 2
C A
B—C
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Application graph
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= D
D Lower makespan and communication E
E energy for topology 1 Schedule 2
Schedule 1
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Compare communication energy across a range of randomly
generated topologies with single-hop and 3-hop limit.
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Application-Specific Interconnect
Topologies

e Design constraints for optical interconnects

— Topology—total links, maximum fanout
— Performance—throughput, power

¢ Joint schedule/topology optimization

— GA generates population of solution candidates T'(P, L)

— Scheduler evaluates fithess of each T
x DLS adapted for arbitrary topologies
x Avoids deadlock, calculates flexibility
x Contructs hop-limited schedules
— Given constraints on 7', miximize performance

— Given constraints on performance, optimize T

Neal K. Bambha HPEC September 28, 2004 6/6
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