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Parallel Optical Interconnection Network for
Address Transactions in Large-Scale Cache
Coherent Symmetric Multiprocessors
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Abstract—The authors address the primary limitation of band- caches coherent. In SMPs, each address request is broadcast
width demands for address transaction in future cache coherent to all processors/memory modules connected to the network
symmetric multiprocessors (SMPs). As a solution, the authors using a shared bus. This address requeshi®pedy all the
propose a scalable address subnetwork called symmetric mul- o . L
tiprocessor network (SYMNET) in which address requests and PrOCE€SSOrs enabling Slmul_tan_ec_)us update or invalidation pf
shoop responses of shared memory multiprocessors are imple-cache blocks, thereby maintaining the caches coherent with
mented optically. As the address phase of the transaction is low latency. As the number of processors grows in the network,
!i“'é?\‘/ljpto me afddress tl’a”d"rlithh' dv&/hich is éhetmajlc(’r. btoht_tleneck contention to acquire the bus also increases. The evolution of
gYMNEsf h?é ?ﬁgscgggbﬁﬂy t?) apipre?isnsésgdgreegvsorre:qnu es'tsspﬁgﬁ{' faster processors further aggravates the situation because the
successive processors, which results in increasing the availableShared bus cannot run at speeds comparable to that of faster
address bandwidth and lowering the latency of the network. processors. This is because shared buses running at greater
An optical token is implemented to achieve mutual exclusion to than 100 MHz face some fundamental problems such as wave
the shared channel. This enables collisionless broadcast of mul- reflection, impedance mismatch, and parasitic capacitance
tiple address requests. The simultaneous insertion of multiple . o . o ’
address requests into the address subnetwork complicates cache/Vhich significantly limit the speed improvements [1], [2]'_ )
coherence. A modified coherence protocol, called COSYM, was Therefore, the bus speed and the coherence overhead limit
introduced to solve the coherence problem. The authors evaluated the rate at which address requests can be broadcast to all the
SYMNET with a subset of Splash-2 benchmarks running from processors/memory modules connected to the network [3], [4].

4-32 processors. Their simulation studies have shown 10%—-67% —,.._. -
improvement in execution time for various applications. It is also This, in turn, limits the number of processors that can share

shown that the average latency for a transaction to complete using the bus, affecting the scalability of SMP systems [4]. This
COSYM was 85% better than the electrical case. An overview of address rate/bandwidth is the main scaling limit, which cannot

the proposed optical implementation of SYMNET is presented follow the increasing demands of faster and larger numbers of
along with the theoretical power budget and bit-error rate anal- processors, limiting the scalability of shared-bus-based SMPs.

ysis. This analysis shows that SYMNET can scale up to hundreds | dertoi the add bandwidth ltechni
of processors while still using fast snoopy-based cache coherence 'MOfdertoincrease the address banawidih, severaltechniques

protocols and that additional performance gains may be attained have been introduced to build high-bandwidth low-latency
with further improvement in optical device technology. buses. These techniques include split transaction buses [5],
Index Terms—Cache coherence, parallel optical interconnects, Multiple address buses, physically separate address and data
scalable optical networks, symmetric multiprocessors (SMPs).  subnetworks [4], and moving from physically shared buses
to logical buses which are implemented as point-to-point
links. For example, each address bus is implemented as a
point-to-point link in the Sun Enterprise 10 000 [4], which uses
YMMETRIC MULTIPROCESSORS (SMPs) dominateup to four address buses and a data crossbar to scale up to 64
he server market as the most prevalent form of parallptocessors. More aggressive solutions using multiple crossbars
computer commercially available because of the followingave been adopted to increase the address bandwidth by using
reasons. First, a global physical address space and a sgmeombination of snooping and directory cache coherence
metric access to the entire memory space offers increaggdtocols in the FirePlane [6] design from Sun. Directory
flexibility and ease of programming. Second, users have leggmptocols are more scalable than snooping protocols, since
applications and are likely to prefer a single system imagke requests, responses (acknowledgment), and data responses
to manage as SMPs provide the “shared everything” modaked not be broadcast as in snooping protocols. The drawback
Third, SMPs use fast snooping protocols to maintain thef directory protocols is the higher unloaded latency because
of the directory indirection and the higher storage overhead
" _ ed S ber 25 2002 revised J 20, 2003 Tre,quired for maintaining the directory information. Hence, new
Worl(ar\:vl{asscrslﬁtp[r)%cra\éeby tf\gtel\ln;tig\al éciencé rgglusr?datiiﬂul?r?éer érant C > —ared'me_mory archltectu_res (61, [7] ha_ve moved away from
0000518. implementing pure-snooping or pure-directory protocols to
The authors are with the Department of Electrical and Computgfypridization of cache coherence protocols by implementing
Engineering, University of Arizona, Tucson, AZ-85721 USA (e—mall:both snooping and directory protocols within a single architec-
louri@ece.arizona.edu).
Digital Object Identifier 10.1109/JSTQE.2003.814189 ture model. Therefore, using current electrical technology, we
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Tanter-board

cannot have a large number of processors and at the same 1 iwrenancetions
implement fast pure-snooping cache-coherence protocols

improve the limited address bandwidth in SMPs. . Seatable Optical Address Subetorrk
4°A &
A. Optical Interconnects for Address Bandwidth Limitation  weeon. interesmeesons
Optical Foken
. . . . Ring
.One technology thqt can.pro_v|de high cor_nmunlcanon ban AN 7\ 7\ 7\ |

width and low latency is optical interconnection technology [8 ~-1Z ¥ .V~ AL N N
The ability to transmit data at 5-10 GHz is possible becau -+ 1 Lo LD S RS S R S
optical fibers or waveguides are free from load adaptatio ruwi: \\ \ ,/ bouran SN 4
reflection, or capacity problems and are mainly limited by th Vi DY
complexity of the opto-electronic (OE) interfaces. Two uniqu Scatable Optical Dats Subnetwork
propgrties of optics, namely unidiregtiongl pr_opagation A e SYMNET comructed wsing dust
predictable path delays [9], are exploited in this paper to si "~ SplitteriCaupler for address subnetiwons
n|f|Cant|y reduce Iatency and InCI’ease the address bandWiCG)TG; Opticat Token Generator = T m—————— Optiest Data Subretwork inlerconnection
Optical pulses can coexist on the same optical line witho .yt ol Foken Ring

interference if they are sufficiently separated, which is not

possible using electrical interconnecthis enables multiple Fig. 1. Proposed optical symmetric multiprocessor network (SYMNET) in
address requests to propagate within the same waveguide/fib’éFCh the processors are connected to two subnetworks: address subnetwork
The data transmission rate of a vertical-cavity surface emiff2d data subnetwork.
ting laser (VCSEL) is approximately 3-5 Gb/s. An array of

such VCSELs enables address transmission with data rates in

excess of 200-300 Gb/s [10]. This could satisfy the ban@- Related Work
width demands of future SMPs. These advantages provide Ugytica|-hus-based multiprocessor systems using coincident

Fhe |mpetus.to look at optical technology for developing a]5‘ulse technique provided optical solutions to the problems
interconnection network for scalable SMPs. of bus design in areas of data transfer, bus arbitration, and
device addressing [12]. The photobus smart pixel interconnec-
B. Our Approach tion system for shared-memory multiprocessors used optical
buses for address requests and broadcasts, but arbitration was
This paper proposes an integrated solution to solve theplemented using electronic buses leading to buffering of
address bandwidth requirements of large scalable SMPs auliiress requests at the smart pixel very large-scale integration
still use fast snooping protocols to maintain cache coheren84.Sl) chip [13]. The constraints of access arbitration are
with low latency using optical technology. An optical addressliminated in the U-bus [3] design for SMPs, which extends
subnetwork called SYMNET using parallel optical interconthe address bandwidth, but a new coherence protocol has to
nects is proposed using one-to-many communication usingh@ designed to maintain consistency across the caches. In the
single wavelength. Parallel optical interconnects provide high§PEED [14] architecture, write requests are broadcast using
bandwidth—density product as compared to serial interconnegig snooping protocol and read requests are unicast using the
which provide higher bandwidth—distance product. An opticglirectory protocol. Lightning network [15] uses directory cache
token is implemented to achieve mutual exclusion to th&herence protocols in which all transactions are completed
shared channel. The simultaneous insertion of multiple addrgss, single hop and is constructed as a tree configuration with
requests complicates cache coherence. We have introdugg@elength partitioner at each level of the tree. Optical net-
a modified snooping coherence protocol, called COSYNy4rks discussed so far employ serial links to transmit address
and verified its correctness. The use of transient Statesréﬁuests, address responses and data responses between the
not a new concept as it has been widely documented, Wi .ce and the destination using wavelength division multi-

thet tra?sua_nfct staltes n _f[)hu;harchltecture is used to _solve ing (WDM) technology. Second, directory cache coherence
write atomicily aiong wi € SNOOp TESPONSE requUIreMenig. 4|5 are used to maintain the coherency, which again in-

C.OSYM relies completely on snooping protocols and aVolt3ease the latency because of the directory indirection. The
directory protocols altogether. COSYM is compared against .. : .
tical solutions so far have not been able to integrate fast

electrical-bus-based networks using Splash-2 benchmarks [fq00ping cache coherence protocols and improve the address

Our simulation studies have shown a 10%-67% improvemen . . S

in execution time for various applications. It is also sﬁown th%tandw'dth demands to scale the architecture significantly.
the average latency for a transaction to complete using COSYM
was 85% better than the electrical case. SYMNET can scale up
to 128 processors which is based on theoretical power budget
and BER analysis using current optical technology. GreaterThe proposed optical symmetric multiprocessor network
scalability can be expected with improvement in optical devic@YMNET is shown in Fig. 1. It consists of the processing
technology. elements/memory modules and an interconnection network,

Il. ARCHITECTURAL OVERVIEW
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Up-stream Down-stream
Y-coupler Y-Splitter

which in turn consists of two subnetworks (address and da

subnetworks). The address and data subnetworks are separe N ’ Spiter N
reducing the design complexity and enabling the design 1 Y-couplerisplitier o . “ L v
large scalable SMPs. Scalable data subnetworks have be 2/"3 NE
studied elsewhere [16]; therefore, this paper focuses only ¢ L -

scalable address subnetwork. In what follows, we descrit Y e

the SYMNET address subnetwork and then explain how tt \\n.,u“.l-r.,h.nm..g

architecture is implemented. o oken |
The address subnetwork follows a two-level hierarchice J -
architecture design. The first level consists of grouping
few processors on the boards using intraboard interconne L
tions and the second level consists of interconnecting the
boards by using interboard interconnections. The interboa W vesesama
and intraboard interconnections are constructed using dy B et
Y-splitter/coupler combination to form the address subne
work. Time-division multiple access (TDMA) protocol is
used as a control mechanism to achieve mutually exclusiy, et from frocsor2atdoctd
access to the shared channel. Several TD_MA pI‘OtOC0|S SL}_Q_ 2. Overview of a single board of SYMNET, which shows the
as preallocation-based protocols, reservation-based protoG&l§connections for four processors. Processors are connected to dual
with preallocated reservation control, and token-based TDMycouplers by optical waveguides/fibers.
protocols have been reported [15], [17], [18]. In this paper, we
consider an optical token-based TDMA protocol with preaprocessor 1 is in propagation at the next level of the address
location to prevent collision of address requests. The optigalbnetwork, the token is received by processor 2, which can
token is atmost with one processor, which ensures that addrgaasmit an address request, and is shown in the shape of a
request inserted into the interconnect does not collide with agjamond. In cycle 3, the address request from processor 1
other request already propagating through the interconnestbeing rerouted using the downward Y-splitter and at the
The address requests from successive processors are pipeliggghe time the address request from processor 2 has moved
which allows multiple requests to be propagating through thg the address subnetwork. The optical token is now received
address subnetwork. It must be noted that multiple addréggprocessor 3, which can transmit an address. In cycle 4, the
requests propagating through the same address subnetvi$iress request from processor 1 has reached all the processors,
is a unique feature of the proposed architecture in contrasttk@reby the address request is broadcast to all the processors
all electrical shared-bus solutions where only a single addressultaneously. In cycle 5, the address request from processor
request is issued at a time due to the serial nature of the bpishas reached all the processors. Broadcasting the address
These address requests move up the hierarchy and then ared@uest results in simultaneous reception of the request by
transmitted back to all processors and memory simultaneously, the processors/memory modules enabling snooping of the
which ensures serialization of requests. same request, after which appropriate coherence action is taken
The basic building block of the SYMNET address subnegs dictated by the snoopy protocols.
work is shown in Fig. 2. The address subnetwork is constructedTDMA protocols are useful in optical interconnection where
using dual Y-couplers and provides two-way address transmiggh-communication bandwidth can be exploited. Optical pulse
sion (see the inset in Fig. 2). The up-stream Y-couplers are useghsmitted on a fiber or waveguide have two distinct properties,
for combining the address requests from the processors. Afieimely unidirectional propagation and predictable propagation
reaching higher levels, this address request is rerouted throwighays [9], that are not shared by electronic signal transmission.
the downstream Y-splitters. This enables broadcasting of the &% a result, fibers or waveguides support pipelining, i.e., at
dress requests to all the processors and memory modules. dhg instance, several addresses encoded as light pulses can be
optical token is a single pulse generated by a high-frequengsveling down a fiber, one address request behind the other.
(10 GHz) high-powered token generator. It provides a time refz an optical multiprocessor, connected to a fiber, relationships
erence for insertion of address requests into the subnetworkidggtween the spatial and temporal positions of the transmitted
each individual processor. The optical token is tapped by thelses can be established [12]. If two processors transmit a
processor and this triggers the electronic interface to drive thaelse having the same spatial extension at two different times,
address request. The token is delayed by using a delay elemhstdifference between the arrival times of these two pulses at
and provides sufficient time to drive the electronics and also esmy checkpoint is equal to the propagation delay between the
sures that the address requests from successive processorsaargprocessors. In other words, the spatial separation of the
transmitted without collision. two processors determines the temporal separation between the
The optical clock and the token generator are synchronizguilses they transmit. The transmission time of the processor is
thus, successive processors receive the token every clock cyctatrolled by the optical token which dictates when the processor
As shown in Fig. 2, in cycle 1 indicated by square shapean insert an address request. Therefore, by controlling the
the optical token is received by processor 1, which transmttansmission time of the processor, multiple address requests
an address request. During cycle 2, when this address froan propagate through the interconnect simultaneously.

v5
\
\
\\.-,]

@ Delay Element

[i] Address Request from Processor 1 at elock i
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Ill. OPTICAL IMPLEMENTATION » Arrays of Couplers/Splitters: The optical pulses from the
VCSELs are routed through polymer waveguides to arrays
In this section, we analyze a possible implementation of of integrated 2x 1 couplers. These couplers can easily be
optical SYMNET for address request propagation using parallel constructed using optical polymer waveguides and these cou-
optical interconnects such as VCSEL/photodetector arrays,plers are further connected to the next 2 coupler to con-
integrated arrays of X 1 y-splitters and 1x 2 y-couplers, struct the address subnetwork [19], [23], [25].
polymer waveguides/ribbons, and integrated semiconducterSemiconductor Optical Amplifier: An oxide confined ver-
optical amplifiers. tical cavity semiconductor optical amplifier, with a gain of
20 dB, fast response time of 60 ps, and narrow amplifica-
tion bandwidth at 980 nm, has been reported [26]. Arrays
of semiconductor optical amplifiers (SOA) are used only at

« Parallel Optical Interconnects: The key component of the root of the network to offset the losses caused by the
SYMNET is the VCSEL/photodiode (PD) arrays (trans- Y-splitter/coupler combination.
ceiver arrays) capable of transmitting at data rates in excess
of 3 Gb/s per channel, V\(hich results in providing aggregage Technology for Integrating Electronic and
c'iata rates of several gigabytes per second. The low-Ce$ytonic Components
linear arrays of VCSEL offer a number of advantages over
conventional edge emitting laser diodes [19]. High-perfor- Optical interconnects based on complimentary-metal-oxide-
mance GaAs- and InGaAs-based selectively oxidized semiconductor (CMOS)/VCSEL technology have been widely
proton implanted top-emitting bottom-emitting VCSEL arproposed for high-performance computing applications [20],
rays emitting at 780 to 980 nm have been widely reported j&7], [28]. The approach followed in our design is the most
the literature [19]-[22]. Even commercially, several opticakidely used hybrid integration using flip-chip bonding of
component manufacturers such as Xanoptix, TerConne®t-VLSI components [20], [21]. The VCSEL/PD arrays can
Agilent, Corona, Cielo, Emcore, Infineon, and Picolight [10be fabricated on a GaAs substrate such that the devices are
have developed one- and two-dimensional transceiver arralgsigned to be back-side emitting because of the desire to
with geometries of (Ix 12, 4 x 12, 6 x 12) operating at flip-chip bond them to CMOS driver circuits. The n-contact
the lower spectrum of a 850/980-nm wavelength. Thereforand p-contact should then be on the top surface of the wafer
parallel optical interconnects for short distances are vialiie facilitate electrical connectivity with CMOS circuits. The
options for developing an optical interconnection network.GaAs substrate can then be selectively etched leaving the

* Polymer Waveguides/ribbons Optical polymers are in- VCSEL/PD contact pad on the back side of the wafer and all
creasingly considered as highly versatile elements that ogptical sources/detectors on the other side of the wafer. The
be readily transformed into single-mode, multimode, andCSELs and PDs can now be integrated onto the CMOS driver
micro-optical waveguide/fiber structures as they exhibitsing flip-chip bonding and substrate removal techniques [27],
excellent thermal stability, low optical loss, humidity resisf28]. The passive alignment of VCSELs to waveguides by
tance, low birefringence, flexibility, mechanical robustnegslacing the alignment pedestals on the assembly surface at the
and have demonstrated capability in a variety of demanditgrations in reference to the OE component fiducial marks have
applications. Acrylate-based polymers, developed by Allidaeen demonstrated, which showed efficient coupling between
Signals, have shown optical loss less than 0.1 dB/cm atvaveguide and VCSEL array [29]. VCSEL-waveguide cou-
0.8 um [23]. The low loss in these polymers makes therling using 45 mirrors has also been demonstrated [30], where
an attractive material for constructing thex21 couplers, the mirror loss was estimated to be 0.2 to 0.8 dB at @u&3
1 x 2 splitters, and for routing optical pulses from VCSELs A possible CMOS-VCSEL-waveguide integration is pos-
to these couplers/splitters in the SYMNET interconnectiosible by feeding the address request to the CMOS transmitter
network. Multimode waveguides with a dimension ofC through the address port controller, which, in turn, drives the
65x 651um have been fabricated using laser direct patterningCSELSs. The direction of light launched into the waveguide is
with an excellent sidewall control. The ability of thischanged by 90with a 45 mirror. The address pulses propagate
polymer to be fabricated on a variety of substrates makis the waveguides through different levels of couplers and
it suitable to be directly interfaced to micro-optical elesplitters. At the receiving end of the waveguides, the direction
ments such as micro-optical mirrors,°4Bnicro-reflectors, of light pulse is once again changed by°9@sing the 45
micro-optical lenses, and also to fiber-to-waveguide intemirrors. The light pulses are detected by the photodetector after
connect structures. Optical waveguides constructed usiagplification and returned back to the address port controller
other techniques such as photolithographic techniquésm the CMOS receiver IC for processing the received address
reactive ion etching, excimer laser ablation, molding, arméquest. Fig. 3 shows the overview of connections between
embossing techniques have been reported [23]. Polynteno adjacent processors n andt- 1. The processor’s request
waveguides can be machined using excimer lasers to fofon an address in case of a miss is forwarded to the cache
mechanical structures with a high degree of accuracy tontroller. The cache controller forwards the request to the
place on the module and can be connectorized to MT-typddress port controller, which will buffer it until the optical
ferrule packaged with push/pull housing connected to taken arrives. When the optical token is received by the address
standard ribbon fiber [24]. port, it forwards the address request to the transmitter IC which

A. Components Required for SYMNET
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VCSEL Array integrated to the

transmitter IC by Mip-chip bonding In SYMNET, each processor inserts an address request upon

receiving the optical token. This address request reaches all

Processor 1/ Processor n+1 the processors/memory modules simultaneously as explained

VCSEL Array couple — 7 in Section IIl. The processors/memory modules snoop on the
e e e e ) o) o)) address request, make state transitions, and respond by giving
N~ A A////// TR the snoop response. Hence, the first criteria of coherence that
i > T Ay write requests be propagated to all processors is satisfied since

Fiber
Delay /
Element

gt o the at any request read/write is broadcast to all processors. All pro-

brfip-hipbordinz cassors make requests in program order, hence program order
criteria for consistency is also satisfied. The write atomicity re-

Polymer waveguides coupled to

Polymer wmumem#;};»»’ Vo MM Pholodeiector wing 45 quirement of memory consistency extends the write serializa-

Yreoupler o Pty e s tion required by coherence [31]. The optical token can be atmost

Integrated Polymer Wavcguides carrying VSplter Array with one processor at any given clock cycle. This ensures mu-
e e e tual exclusion to the shared channel and, hence, address requests

Integrated Polymer Waveguides recciving from different processors can be injected into the network at dif-

hicrarchy which b forwanded 1o proctasor 5 and 151 ferent clock cycles. The token propagation maintains a total se-

_ ' ' rial order among all operations from different processors to the
Fig. 3. Interconnections betwe_en two processors having an array of VCSE§me location, therefore satisfies the atomicity requirement.
and detectors. Polymer waveguides are used to route the address requests fr beai ith ite-i lidat dified d lusi
the processors which are fed to a Y-coupler. Y-splitter feeds the return signal € egln W' awrite-invalidate modined, owned, exclusive,
back to the individual processors. shared, invalid (MOESI) [34] cache coherence protocol as the

base coherence protocol and modify it accordingly to suit our

. requirements. When a new request is issued, the memory con-
drives the VCSEL arrays. The address request encoded as | q‘er should know whether to supply the data or not, and if

pulses propagates through>21 up-stream couplers, reacheg js 4 read request, then the requesting processor should know
the root, and is transmitted back usingx12 down-stream \nether to load the data in E or S state. In an electrical bus,
splitters. When the address request is received by the recegll%op responses are implemented using two wiRdines,
IC, itis forwarded to the cache controller through the addreggaredandowned The processors sharing the block assert the
port controller. At the intraboard level (levél = 0), two 0 gnared line if the block is in the shared state or the owned line
four processor/memory modules are connectgd using array$Qfe plock is in any of the following states: E, M, or O. The
up-stream y-couplers and down-stream y-splitters. At the n&f{ared snoop line could be asserted by more than one processor.
level (levelk = 1), similar couplers and splitters are connectegh an optically interconnected multiprocessor system, if more
from different intraboards. At the highest level (level= 2),  than one pulse is inserted into the network as snoop response by
these up-stream and down-stream couplers are connected tghaRiple processors, collision of snoop responses from several
array of semiconductor optical amplifiers. The optical pulsgsiocessors results in erroneous response being received by the
are routed through waveguides at the intraboard/interbogedjuestor as they operate at a single wavelength. Therefore, the
levels and through polymer fibers between boards. MT Fefonstraint for the snoop response in our architecture is that it
rule type push—pull connectors [19] are used for connectigfiould bea single response from a single processir achieve
the waveguides and fibers. The addition of newer boardstfgs, we maintain an owner for every cache block shared, which
facilitated by disconnecting the root board (level = n) is responsible for providing the snoop response. In case of a
and inserting another board between lekel= n and level dirty block, the owner is the most recent processor which wrote
k = n — 1 and then reconnecting the root board to the newtp that block. In case of reads, if the block is clean, then there
inserted board. Hence, SYMNET provides an easy addition @fuld be several processors sharing the block. In order to de-
boards without significantly altering the existing architecturéermine a single owner the protocol is modified such that if a
which facilitates scalability of the address subnetwork. read-only request is issued to an E block, the block is upgraded
to O, instead of S, thereby becoming the owner of the block.
Hence, a single snoop respons#G{ or Low) can determine
all the relevant information required such as the following.
Coherence and consistency are different aspects of e Snoop HighDirty block exists, memory need not respond
the memory system behavior, both of which are critical to the requestor, and if it was for a read request, the block
for executing correct shared-memory programs [31]. In isloaded in S state.
shared-memory systems, if a processor modifies the shareds Snoop LowNo dirty block exists, memory responds with
memory location, then this information should be propagated the data to the requestor, and if it was for a read request
to all caches existing in the multiprocessor system either by the block is loaded in E state.
invalidating or updating the shared location; thus, every readin the COSYM protocol, cache controllers react to all kinds
should return the latest write to it [32]. Write propagation andf transactions such as read, write, and write-back requests and
serialization are the two requirements of coherence; prograimange states accordingly. COSYM handles write-backs differ-
order and write atomicity are the two requirements of consiently when compared to MOESI protocol. The snoop response
tency [33]. We discuss how these two requirements are satisfis@dlways provided by the owner of the block. When the owned
in SYMNET. block is replaced, there are caches that share the block in the

IV. CACHE COHERENCE INSYMNET
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TABLE |

BENCHMARKS
Benchmark | Description of Application Input Data Set
FFT Complex 1-D radix-/n 6-step FFT 64K points
LU Blocked dense matrix LU factorization 256 x 256, 16 x 16 blocks
RADIX Integer radix sort IM integers, radix 1024
OCEAN Simulates large scale ocean movements 130 x 130 ocean
CHOLESKY | Blocked sparse matrix Cholesky factorization | tk16.0
WATER-NQ | Quadratic-time simulation of water molecules | 512 molecules

system. Therefore, the ownership of the block has to be tramigh-frequency (10-GHz) laser source, is split as shown in
ferred to the next processor sharing the block. In order to &g. 2. One part of the optical signal is detected by the address
so, each cache block in addition to tag, address bits, and capbé controller and the other part is delayed at the delay element
state, maintainthe next sharer for the blogkf the block is in implemented using a fiber loop. Now, we calculate the débay
either an Owned or Shared state only. If the block is in E or W transmitting an address request into the address subnetwork
state, then it is the owner and, therefore, there is no next shargithe address port controller. This delay should account for the
for the block. This results in an owned block being written bactignal detection, OE conversion, and the rise time of address
if the block is unshared. The details of the COSYM protocgiulses driven by VCSEL arrays. The delRyis given by

and the verification of its correctness are a subject of a different

S
publication [35]. D=-2+20.+G;+ (1)
Ve m.Vd
V. PERFORMANCE EVALUATION where S, is the distance of separation between the delay

element at processor and the detector at processor- 1,
v 1S the velocity of light in fibers,O. is the latency of OE

We have chosen Limes [36] (Linux Memory Simulatorronversion,GG; is the gate delay faced by the token at the
which is an event-driven execution simulator to evaluate tlaeldress port controllern is the number of parallel links
performance of SYMNET with electrical-bus-based networkis the number of address bits (including one bit for snoop
considering realistic delays for address and data transactioesponse), ant; is the VCSEL data rate. O-E conversion takes
Limes models a single-level cache and a blocking bus. Vidace when the optical signal is detected by the address port
have extended the simulator to implement a two-level cachentroller and E-O conversion takes place when the address
with a split transaction bus by merging or delaying conflictingits encoded as optical pulses are driven by the VCSEL array.
requests for the electrical system. The interconnection netwdtls assumed that a single gate delay is seen by the address port
consisting from 4 to 32 processors was simulated to evaluatentroller when it receives the token. Assuming thiat= 4 cm,
the performance of SYMNET. We used as workloads six. = 2 x 108, O, = 75 ps, G4 = 0.2ns, V; = 3 Gb/s and
applications from the SPLASH2 suite benchmarks, namelith m = b, D is estimated to be 0.88 ns. The optical token
FFT, LU, Ocean, Radix, Water-nsquared, and Cholesky whishould be seen by the next processor with a delay greater than
are described in Table I. Throughout this evaluation, we ha@e88 ns to prevent collision of address requests. Therefore, the
considered processor clock cycles (pcc) as the base time wtiter part of the optical signal at the delay element should be
for all measurements. Each node of the simulated netwatklayed by more than 0.88 ns. Adding guard timelxpwe
contains a 1-GHz processor and 16-KByte direct mappedsume the delay to be 1 ns. Considering 1 ns as the required
first level (L1) cache blocks with 32 bytes block size. Theelay, we can estimate the length of the delay element to be
second level cache (L2) is a 64 KByte, four-way set associati2é cm(= (2 x 10%) x 1 ns). The delay element is implemented
with 32-byte block size. All instructions and first-level cachéy using a fiber loop 20 cm in length. Therefore, the time taken
reads/writes hits are assumed to take 1 pcc. First-level cadilyeeach processor to insert its address request is estimated
misses stall the processor until the request is satisfied. L1ttobe 1 ns or 1 pcc. The delay encountered by a address
L2 line size is assumed to be 8 bytes, which will result in fouransaction to be visible is equivalent to the number of stages
cycles for data transfer between the two levels. in the address subnetwork. This is assumed to be twice the

In the Gigaplane architecture from Sun [4], the electrical buggarithm of the number of processors connected in the address
runs at 83.3 MHz (12 ns), and it takes two cycles to broadcastbnetwork. The snoop response also takes a similar number
a single address request. With a 1-GHz simulated processarcycles. The delay in data transfer for the optical network
it takes 24 pcc to broadcast a single address request in dapends on the data rate of current multiwavelength VCSEL
simulated address bus. The number of cycles required for dateays. At 5-Gb/s VCSEL data rate, to transmit a 32-byte
transfer is fixed at two electrical network cycles, irrespective dlock, it takes around 52 fis (32 x 8)/(5 x 10%)) and this
whether the memory or some cache responds as in Gigaplanaesponds to 52 pcc. The data network considered for all
[4] design. This results in 24 pcc for data transfer in owimulation is the SOCN [16] network which is an optical
simulated electrical system. In SYMNET, the optical tokenrossbar constructed using VCSEL/PD arrays and diffraction
is implemented such that the optical signal, generated bygeating. The number of wavelengths is assumed to be equal

A. Simulation Methodology and Architectural Assumptions
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Fig. 4. Normalized execution time for processors varying from 4 to 32 f
MOESI and COSYM protocols.

to the number of processors, with each processor allocated
the wavelengthk, such thatt = N mod m, wherem is the

total number of wavelengths available.

B. Simulation Results

We evaluated two parameters of interest, namely the execu-
tion time and the average delay incurred for a transaction to
complete.

» Normalized Execution Time Fig. 4 shows the normal-

ized execution time for varying number of processors
for different applications. Normalized execution time
for a given application is calculated by considering the
maximum number of simulated cycles for a particular
number of processors and dividing the simulated cycles
for all the other cases by that value. COSYM shows
almost 36% improvement over MOESI protocol for FFT
application. For the LU application, the improvement is
43%. For Radix, as the number of processors increases,
the difference also slowly expands. For 32 processors, the
improvement in performance is 37%. Ocean application
consumes much higher bandwidth compared to other
Splash-2 applications. The improvement in performance
is almost 67% for the COSYM protocol as compared to
MEOSI protocol. Cholesky and Water-nsquared applica-
tions show lower improvement in performance. Cholesky
shows an improvement of 10% and water shows an im-
provement of 29% for COSYM as compared to MEOSI.

(Eig. 5. Normalized average latency of a transaction for processors varying
from 4 to 32 for MOESI and COSYM protocols.

« Average LatencyFig. 5 determines the normalized av-

erage delay for a transaction to be completed for varying
number of processors. The delay in completing a trans-
action was calculated from the time the address request
was received by the L2 cache to the time the data was re-
ceived by the L2 cache for each processor. The ratio of the
total number of transactions to the total time consumed
for all processors was used to determine the average
delay. Normalized average delay for a given application
is calculated by considering the maximum number of
simulated cycles for a particular number of processors
and dividing the simulated cycles for all the other cases
by that value. The average delay was much higher for
the electrical case for all applications which increased
linearly with the number of processors. This is directly
attributed to the saturation of the electrical bus, as the
number of processors increases in the interconnect, the
delay to acquire the bus also increases, thereby increasing
the latency for a transaction to complete. The SYMNET
address subnetwork uses statically predetermined time
slots for address insertion by different processors. Now,
as the number of processors connected in the system
increases, token waiting time will also increase, but the
effects of such control mechanisms on delay are minimal
for two reasons: 1) higher clocking speeds using optics
and 2) pipelining successive address requests on the same
fiber. Therefore, even though the delay is increasing, as
compared to the electrical case, the delay is minimal
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and does not dramatically explode as the number of pr
cessors increases in the system. The COSYM protoc
with a faster address interconnect and a data cross
provides much better performance for all the cases. T
improvement in latency is as high as 85% for radix
fft,and lu using COSYM.

These simulation results clearly indicate that the proposs
optical SYMNET with COSYM as the coherence protocol prc§
vide much better support for scalable SMPs than their ele2
trical counterparts. We modeled realistic delays for curre%
electrical systems and for our proposed optical interconne§
system making our simulation results significant. The exec*
tion time is reduced for all applications ranging from 109
improvement for Cholesky to 67% for ocean running for 3
processors for COSYM protocol as compared to the electric

bus network using MEOSI protocol. The average latency re-
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duction is greater than 85% for all the applications using th&y. 6. Received output power in the address subnetwork for varying number

COSYM protocol.

of processors. For 128 processors, the received powe22s57 dBm or-52.57

dB for a BER 10715

C. Power Budget and BER Estimation

Calculation of a power budget and the signal-to-noise ratio
at the receiver is important for confirming the realizability
and scalability of any optical interconnect implementation.
The signal-to-noise ratio at the receiver gives an indication
of the expected BER of the digital data stream. For optical
communication, the standard BER is taken as® Gvhereas
for a parallel computing interconnect, the BER maybe as
low as 10715, The sensitivity of a digital optical receiver is
characterized by the average optical power [37] required for
producing a digital output with specified BER

levels. Forn processors, the loss is3 dBxlog,(n).
This path is traversed twice and, therefore, the total loss
is —6 dB xlog,(n).

) Fiber-waveguide (L;.): The address pulses are routed

using waveguides on the system boards and are further
connected to the next levels of the address subnetwork
using MT Ferrule push—pull type connectors. Assuming
there are two levels of the address subnetwork, the loss in
each pair of connectorsid4 dB, and the fiber-waveguide
loss is estimated to be4 dB.

If we assume a Ga—As metal-semiconductor FET receiver®) Waveguide cross-over(L.): There are excess losses

with a quantum efficiency:, of 80%, an FET channel noise
factor G of 0.7, an optical pulse-weighting functiofy of
0.0868, an FET transconductance gm ofri36, a total capac-
itanceCr of 0.75pF, and a data rate of 10 Gb/s [38], we can
achieve a BER of 10' with an optical power at the receiver of
4.12 4W or -23.844 dBm or -53.844 dB at 98-nm wavelength.

The total optical loss in the system is the sum total of the 6)

losses (in decibels) of all optical components that a beam must

pass through from the transmitter (VCSEL array) to the receiver
(photodetector array). Optical losses are incurred in the fol-
lowing components of the address subnetwork.
1) VCSEL-waveguide coupling(L,.): There are losses in-
curred while coupling the beam emitted from the VC-
SELs into the optical waveguides using4birrors. It has

incurred due to the crossings of several waveguides
in the address subnetwork. It has been shown that the
excess losses with hundreds of crossings using polymer
waveguides at 850 nm are 2.2 dB [30]. We assume the
same value for the waveguide crossover losses in our
interconnect.

Receiver Coupling (L,.): There will be some loss
incurred when the beam is coupled from the polymer
fiber onto the optical receiver. This loss is assumed to be
—0.2 dB.

The total transmission loss for the address subnetwork is the

been estimated that the mirror loss is to be 0.2 t0 0.8 dB at

0.83 um [39]; therefore, we estimate the VCSEL-wave-
guide loss to be the same region-e9.2 dB.
2)

total of all the losses

Ltotal :Lruf + Lf + Ly + Lfc -+ ch + LC
— 6.6 dB + —6 dB x log,(n).

)

The size-dependent parameter of the loss equation is the

Fiber/waveguide (Ly): Polymer optical fibers/waveg- losses in the Y-coupler. All the other losses are fixed and

uides provide low loss for short reach interconnects, witlence will not vary with the size of the network. High-powered
distances of less than 100 m. Acrylate-based polym@SCEL arrays delivering output power as high as 4 mE and
fibers, manufactured by Allied Signal, have a loss dbOA producing a gain of 20 dB at 980 nm has been reported
0.02 dB/cm at 840 nm [23]. Assuming the maximunfl0], [26]. For SYMNET, we consider a VCSEL array, which
path of the network from the processors to the root of thean deliver power of 4 mW at 980 nm. For such values, it is
hierarchy to be 50 cm, since this path is traversed twicpggssible to calculate the received power by varying the number

the fiber loss is estimated to be0.5 dB.
3)

of processors connected in the address subnetwork. For 128
Y-coupler (Ly): The loss in an Y-coupler/splitter is aprocessors, the received power-$2.57 dB or—22.57 dBm

fundamental loss of-3 dB for every Y-coupler. The for a BER 10°'°, as shown in Fig. 6. This is significant
Y-couplers/splitters are used at the board and interboardnsidering the largest pure-snoopy electrical SMP can support
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64 processors [4]. Greater scalability can be expected with[7]
further improvement in optical device technology.

V1. CONCLUSION (8]

In this paper, we addressed the primary limitation of address
bandwidth in SMPs. As a solution, we propose a parallel optical
interconnect-based SYMNET and a modified cache coherenc
protocol called COSYM. Using the modified Limes simulator,
we simulated the SYMNET using COSYM cache protocol from[10]
4to 32 processors. The improvement in execution time was se iy
for all applications ranging from 10% for cholesky to 67% for
ocean. The average latency for the transaction also decreased by
as much as 85% for various applications of the Splash-2 benck[m
marks. Using theoretical power analysis, we have shown sig-
nificant improvement in terms of scalability of SYMNET, as
compared to current SMPs. This network architecture provideﬁ3
distinct performance and cost advantages over traditional elec-
tronics interconnect and even over other optical networks.

Moore’s law expects that the computing speed of eIectroniJ:M]
systems available at a given cost will increase exponentially. Sun
MicroSystems has increased its broadcast-coherency bandwidth
from 0.08 to 9.6 GB/s over the lastten years, a scaling rate abo
the same as Moore’s Law (2 every 18 mo). Optical systems
built today are clocked well over 2-5 GHz. It has been seen that6l
short optical clock pulses (100ps-10fs) can be generated and
will be available commercially in the future. Improvement in
data rates by generating short pulses will increase the availabl&’]
bandwidth for address transactions. It is expected that execution
time/latency will further decrease with improved optical device
technology and can provide better performance than electronlégl
systems in the future. The available address bandwidth can
be further increased by using techniques such as WDM. Each
wavelength will be controlled by a separate optical token/19]
which propagates through the token ring. Different tokens are
assigned to different memory address spaces and transmission
to a particular address space is issued at the wavelength assigned
to that address space. These techniques are being pursuedt
further improve the performance of SYMNET in terms of
bandwidth and latency. 21]
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