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Abstract

In this paper we propose the OPTNET, a novel optical network and associated coherence protocol
for scalable multiprocessors. The network divides its channels into broadcast and point-to-point groups.
The broadcast channels are used for memory block request, coherence, and synchronization transactions,
while the point-to-point channels are utilized for memory block transfer operations. The three main dis-
tinguishing features of the OPTNET are: a) its broadcast channels behave well under high contention;
b) its point-to-point channels do not require any access control mechanism; and c) it can achieve good
communication performance at a low hardware cost. We use detailed execution-driven simulations of
ten applications to evaluate a 16-node OPTNET-based multiprocessor. We compare our multiprocessor
against highly-efficient systems based on the DMON and LambdaNet optical interconnects. Our results
demonstrate that our system outperforms the DMON multiprocessors consistently for our applications,
even though the OPTNET requires no more hardware than DMON. The comparison between our multi-
processor and the LambdaNet system shows performance differences in the range of 0 to 12% in favor
of the LambdaNet. However, the LambdaNet requires a factor of � more hardware than the OPTNET,
where � is the number of computational nodes in the multiprocessor. Based on these results and on
our parameter space study, our main conclusion is that the combination of our network and coherence
protocol strikes an excellent cost/performance ratio under most architectural assumptions.

1 Introduction

The vast majority of parallel computers use electronic interconnection networks. However, relatively recent
advances in optical technology have prompted studies on the use of optical networks in parallel computers
[11, 7]. Optical fibers exhibit extremely high bandwidth and can be multiplexed to provide a large number of
independent communication channels. These characteristics can be exploited to improve the performance of
a multiprocessor by simply replacing its traditional, scalable network with an optical equivalent. However,
optical technology can usually be exploited more effectively than this. In shared-memory multiprocessors,
for instance, the broadcasting capability of optical fibers can be exploited to simplify the cache coherence
hardware and protocol.

In this paper we propose the OPTNET (OPTimized OPTical NETwork), a novel optical network and
associated coherence protocol that exploits all of these beneficial characteristics of optics in the design of
a scalable multiprocessor. The network uses Wavelength Division Multiplexing (WDM) to provide inde-
pendent high-bandwidth communication channels. These WDM channels are divided into broadcast and
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point-to-point groups. The broadcast channels are used for memory block request, coherence, and synchro-
nization transactions, while the point-to-point channels are utilized for memory block transfer operations.
Broadcasting memory request and coherence transactions simplifies the hardware by obviating the need for
directories. In addition, broadcasting coherence transactions optimizes the coherence protocol by informing
processors of changes to shared data more efficiently. Finally, our grouping of channels improves perfor-
mance by decoupling the memory write traffic from the more time-critical memory block read operations.

Another optical network proposal, the DMON interconnect [11], involves broadcast and point-to-point
channels that also segregate read and write operations in the multiprocessor. The two networks are also
similar in terms of their number of optical components. The main differences between OPTNET and
DMON-based multiprocessors are: a) our broadcast channels behave well under high contention; and b)
our point-to-point channels do not require any access control mechanism and, thus, can be accessed very
quickly. The LambdaNet proposal [9] can also provide both broadcast and point-to-point channels, but
at a significant hardware cost: a factor of � more hardware than our network, where � is the number of
computational nodes in the multiprocessor.

We use detailed execution-driven simulations of ten applications to evaluate a 16-node OPTNET-based
multiprocessor. We compare our multiprocessor against systems based on the DMON and LambdaNet
optical interconnects. Our results demonstrate that our system outperforms the DMON multiprocessors
consistently for our applications. The comparison between our multiprocessor and the LambdaNet system
shows performance differences in the range of 0 to only 12% in favor of the LambdaNet. These results can
be considered exceptionally favorable to our system, given the significant difference in hardware require-
ments between the two multiprocessors. Our parameter space study evaluates the impact of each of our
architectural assumptions, including the optical transmission rate and the second-level cache sizes.

Based on our large set of performance results, our main conclusion is that the combination of our network
and coherence protocol strikes an excellent cost/performance ratio under most architectural assumptions and
for most applications.

The remainder of this paper is organized as follows. The next section presents some background material
on WDM and describes the DMON and LambdaNet interconnects. Section 3 describes the architecture
of our network and coherence protocol in detail. Section 4 presents our experimental methodology and
application workload. Section 5 presents the results of our base experiments and parameter space study.
Section 6 discusses the related work. Finally, section 7 summarizes our findings and concludes the paper.

2 Background

In this section we discuss the background behind our work. We focus on WDM networks and the two
systems we compare performance against, DMON and LambdaNet-based multiprocessors. Note that the
DMON and LambdaNet networks were chosen for comparison for different reasons: DMON is one of only
a few networks proposed specifically for multiprocessors and, when coupled with the I-SPEED coherence
protocol, has been shown to outperform multiprocessors based solely on snooping and solely on directories;
LambdaNet trades off complexity for performance and thus can be turned into a performance upper bound
for multiprocessors, if combined with efficient coherence protocols.

2.1 Wavelength Division Multiplexing Networks

Through careful fabrication of optical fibers, transmitters, and receivers it is nowadays possible to build
dispersion-free optical communication systems with low attenuation and high bandwidth. The maximum
bandwidth achievable over an optic fiber is on the order of Tbits/s [10]. However, due to the fact that the
hardware associated with the end points of an optical communication system is usually of an electronic
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nature, transmission rates are currently limited to the Gbits/s level. In order to approach the full potential of
optical communication systems, multiplexing techniques must be utilized.

WDM is one such multiplexing technique. With WDM, several independent communication channels
can be implemented on the same fiber. Optical networks that use this multiplexing technique are called
WDM networks. The simplest way of implementing a WDM network is through a passive star coupler and
a set of receivers and transmitters [2]. The star coupler broadcasts every WDM channel to the processing
nodes connected to the network. Nodes usually do not “listen” to all channels however, as the number of
optical devices ultimately determines the cost of the network. In most cases a channel has a transmitter node
and a receiver node, but often “broadcast” channels are implemented, on which any node can transmit to the
other nodes.

The advent of tunable transmitters and receivers has contributed to a significant reduction of the number
of optical devices in WDM networks, but has introduced a new set of issues involved in channel access
control and communication. Different networks handle these issues in different ways, e.g. [5, 12].

Due to the rapid development of the technology used in its implementation, WDM has become one
of the most popular multiplexing techniques. WDM multiplexors and demultiplexors can now be found
commercially with hundreds of channels.

2.2 DMON

The Decoupled Multichannel Optical Network (DMON) is an interesting WDM network that has been
proposed by Ha and Pinkston in [11]. The network divides its ����� (where � is the number of nodes in the
system) channels into two groups: one group is used for broadcasting, while the other is used for point-to-
point communication between nodes. The first group is formed by two channels shared by all nodes in the
system, the control channel and the broadcast channel. The other � channels, called home channels, belong
in the second group of channels.

The control channel is used for distributed arbitration of all other channels through a reservation scheme
[5]. A node that wants to transmit on one of the channels must first wait for its turn to access the control
channel and then broadcast this desire on it. This broadcast makes other nodes aware of the communication
about to take place, thereby avoiding any conflicts. The control channel itself is multiplexed using the
TDMA (Time Division Multiple Access) protocol [5].

The broadcast channel is used for broadcasting global events, such as coherence and synchronization
operations, while home channels are used only for memory block request and reply operations. Each node
can transmit on any home channel, but can only receive from a single home channel. Each node acts as
“home” (the node responsible for providing up-to-date copies of the blocks) for ��� � of the cache blocks. A
node receives requests for its home blocks from its home channel. Block replies are sent on the requester's
home channel.

Note that the write and read transactions follow different network paths in DMON. This decoupling
of channel resources based on reference type is one of the distinctive features of DMON. Even though
decoupling has the potential benefit of reducing the average memory access latency, it can cause a critical
race when a coherence operation and memory read corresponding to the same block overlap in time.

Figure 1 overviews a network interface (“NI”) in the DMON architecture, with its transmitters (labeled
“Tx”), receivers (“Rx”), and tunable transmitters (“TTx”). As seen in the figure, in this architecture each
node requires two fixed transmitters � (one for each broadcast channel), a tunable transmitter (for the home
channels), and three fixed receivers (two for the broadcast channels and one for the node's home channel).
The overall hardware cost of the DMON architecture in terms of optical components is then �
	 � .
�
These fixed transmitters are not part of the original DMON proposal. We add them here to avoid incurring the overhead of

re-tuning the tunable transmitter all the time.
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Figure 1: Overview of DMON.
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Figure 2: Overview of LambdaNet.

The Snoopy Protocol Enhanced and Extended with Directory (SPEED) is a high-performance cache
coherence protocol created to exploit the communication features of DMON. In its invalidate version (I-
SPEED), the only version described in [11], the protocol defines four cache and memory block states: clean,
exclusive, shared, and invalid. The protocol allows only one copy of the block to be in exclusive or shared
state. A node that caches a block in one of these states is the owner of the block. A cache-forwarded copy
of an exclusive or shared block is received as clean by the requester. The home node of each memory block
includes a directory entry that stores the current owner of the block. All misses to a memory block are sent
to its home node and, if necessary, forwarded to the owner node.

I-SPEED also defines states that handle critical races. A critical race is detected when a coherence
operation is seen for a block that has a pending read. I-SPEED treats the race by forcing the invalidation of
the would-be-incoherent copy of the block right after the pending read is completed. Further details about
I-SPEED can be found in [11].

In this paper we suggest an update-based protocol for DMON. The protocol is very simple since all
writes to shared data are sent to their corresponding home nodes, through coalescing write buffers. Thus, a
cache miss can be satisfied immediately by the home node, obviating the need for any directory information.
Our update protocol also includes support for handling critical races. Like in I-SPEED, a critical race is
detected when a coherence operation is seen for a block that has a pending read. Our protocol treats the race
by buffering the updates received during the pending read operation and applies them to the block right after
the read is completed.

Given that a single broadcast channel would not be able to deal gracefully with the heavy update traffic
involved in a large set of applications, we extended DMON with an extra broadcast channel for transferring
updates. A node can transmit on only one of the coherence channels, which is determined as a function
of the node's identification, but can receive from both of these channels. Besides this extra channel (and
associated receivers), the hardware of the modified DMON network is the same as presented in figure 1.
Thus, the overall hardware cost of this modified DMON architecture in terms of optical components is then� 	 � .

2.3 LambdaNet

The LambdaNet architecture has been proposed by Goodman et al. in [9]. The network allocates a WDM
channel for each node; the node transmits on this channel and all other nodes have fixed receivers on it.
In this organization each node uses one fixed transmitter and � fixed receivers, as shown in figure 2. The
overall hardware cost of the LambdaNet is then ��� � � .
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Figure 4: Overview of OPTNET Architecture.

No arbitration is necessary for accessing transmission channels. Each node simultaneously receives all
the traffic of the entire network, with a subsequent selection, by electronic circuits, of the traffic destined for
the node. This scheme thus allows channels to be used for either point-to-point or broadcast communication.

Differently from DMON, the LambdaNet was not proposed with an associated coherence protocol. The
LambdaNet-based multiprocessor we study in this paper uses a write-update cache coherence protocol,
where write and synchronization transactions are broadcast to nodes, while the read traffic uses point-to-
point communication between requesters and home nodes. Just as the update-based protocol we proposed
for DMON, the memory modules are kept up-to-date at all time, so that home nodes can reply to block
requests resulting from cache misses immediately. Again, in order to reduce the write traffic to home nodes,
we assume coalescing write buffers.

Note that the LambdaNet architecture is impractical due to its hardware cost. Our only reason for
including this scheme in our study is to use it as a basis for comparison against the other schemes. The
combination of the LambdaNet and the coherence protocol we suggest for it represents a performance upper
bound for multiprocessors, since the update-based protocol avoids coherence-related misses, the LambdaNet
channels do not require any medium access protocol, and the LambdaNet hardware does not require the
tunning of transmitters or receivers.

3 OPTNET: A Cost-Effective WDM Network for Multiprocessors

In this section we describe our OPTNET architecture. We start by overviewing its basic architecture and
then move on to describing its associated coherence protocol in detail.

3.1 OPTNET Architecture

As seen in figure 3, each node in an OPTNET-based multiprocessor is extremely simple. In fact, all of the
node's hardware components are pretty conventional, except for the network interface. More specifically,
the node includes one processor (labeled “ � P”), a coalescing write buffer (“WB”), first (“L1”) and second-
level (“L2”) caches, local memory (“LM”), and the network interface (“NI”) that connects the node to the
OPTNET.

Figure 4 overviews the architecture of our network. Just as DMON, our WDM network is implemented
with a star coupler and divides the channels into two groups: one group for broadcast-type traffic and another
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one for direct point-to-pointcommunication. Three channels, a request channel and two coherence channels,
are assigned to the first group, while the other � channels, called home channels, are assigned to the second
group.

The request channel is used for requesting memory blocks. The response to such a request is sent by
the block's home node (the node responsible for providing up-to-date copies of the block) on its corre-
sponding home channel. The coherence channels are used for broadcasting coherence and synchronization
transactions. Just like the control channel in DMON, the request channel uses TDMA for medium access
control. The access to the coherence channels, on the other hand, is controlled with TDMA with variable
time slots [5]. Differently from DMON, home channels do not require arbitration, since only the home node
can transmit on the node's home channel.

Each node can transmit on the request channel, one of the coherence channels (determined as a function
of node identification), and its home channel, but can receive from any of the broadcast or home channels.
Hence, each node in the OPTNET requires three fixed transmitters (one for the request channel, one for the
home channel, and the last for one of the coherence channels), three fixed receivers (for the broadcast chan-
nels), and one tunnable receiver labeled “TR” (for the home channels). The hardware cost of the OPTNET
is then

� 	 � optical components.

3.2 Coherence Protocol

In order to exploit the potential benefits of our network fully, the cache coherence protocol of the multi-
processor must be tailored to the network. Thus, the protocol we propose is based on update coherence,
supported by both broadcasting and point-to-point communication. The update traffic flows through the
coherence channels, while the data blocks are sent across the home channels. The request channel carries
all the memory read requests. The description that follows describes the coherence protocol in greater detail
in terms of the actions taken on read and write accesses.

Reads. On a read access, the memory hierarchy is traversed from top to bottom, so that the required
word can be found as quickly as possible. Thus, the contents of the first and second-level caches are checked,
just like in any other computer system with multiple caches. A miss in the second-level cache is handled
differently depending on the type of data read. In case the requested block is private or maps to the local
memory, the read access is treated by the local memory, which returns the block directly to the processor.

If the block is shared and maps to another home node, the request is sent to the corresponding node
through the request channel and the tunable receiver is tuned to the home node's home channel. When
the request arrives at the home node, the home reads the block and returns it via the home channel. The
requesting node waits for the block to be received, gets it from the network interface, and returns it to the
second-level cache.

Writes. Our multiprocessor architecture implements the release consistency memory model [6]. Con-
secutive writes to the same cache block are coalesced in the write buffer. Coalesced writes to a private block
are sent directly to the local memory through the first and second-level caches. Coalesced writes to a shared
block are always sent to one of the coherence channels in the form of an update, again through the local
caches. An update only carries the words that were actually modified in each block.

Each update must be acknowledged by the corresponding block's home node before another update by
the same node can be issued, just so the memory modules do not require excessively long input queues (i.e.
update acks are used simply as a flow control measure). The other nodes that cache the block simply update
their local caches accordingly upon receiving the update. When the home node sees the update, the home
inserts it into the memory's FIFO queue, and sends an ack through the request channel. The ack might not
be sent immediately however, if the memory queue is filled beyond a hysteresis point. In that case, the home
node delays the transfer of the ack until it can safely allow the updating node to issue another update. A
node can only acquire a lock or pass a barrier point after having emptied its memory FIFO queue.
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Operation Latency (in processor cycles)
OPTNET LambdaNet DMON

1. 1st-level tag check 1 1 1
2. 2nd-level tag check 4 4 4
3. Avg. TDMA delay 16 – 16
4. Reservation – – 2 �

5. Tuning delay – – 4
6. Memory request 2 � 2 � 3
7. Flight 1 1 1
8. Memory read 44

�
44

�
44

�

9. Avg. TDMA delay – – 16
10. Reservation – – 2 �
11. Block transfer 22 22 � 23
12. Flight 1 1 1
13. NI to 2nd-level 16 16 16
Total 2nd-level miss 107 91 133

Table 1: 2nd-Level Read Miss Latency (in 5-ns pcycles) for OPTNET, LambdaNet, and DMON.

Note that update acks usually do not overload the request channel, since an ack is a short message (much
shorter than multi-word updates) that fits into a single request channel slot.

Finally, like the update protocol we proposed for the DMON network, our coherence protocol treats the
critical races that might result from decoupling read and write transactions by buffering updates and later
combining them with the block received from memory.

4 Methodology and Workload

We are interested in evaluating the performance of our proposed network and coherence protocol and com-
paring them against previously-reported proposals for other optical network-based multiprocessors. Hence,
we use simulation of real applications for our studies.

4.1 Multiprocessor Simulation

We simulate multiprocessors based on the OPTNET, DMON and LambdaNet interconnects. We use a
detailed execution-driven simulator (based on the MINT front-end [18]) of 16-node multiprocessors. Each
node of the simulated machines contains a single 200-MHz processor, a 16-entry write buffer, a 4-Kbyte
direct-mapped first-level data cache with 32-byte cache blocks, a 16-Kbyte direct-mapped second-level data
cache with 64-byte cache blocks, local memory, and a network interface. (Note that the cache sizes we
simulate were purposedly kept small, because simulation time limitations prevent us from using real life
input sizes.)

Shared data are interleaved across the memories at the block level. All instructions and first-level cache
read hits are assumed to take 1 processor cycle (pcycle). First-level read misses stall the processor until the
read request is satisfied. A second-level read hit takes 12 pcycles to complete. Writes go into the write buffer
and take 1 pcycle, unless the write buffer is full, in which case the processor stalls until an entry becomes
free. Reads are allowed to bypass writes that are queued in the write buffers. A memory module can provide
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Operation Latency (in processor cycles)
OPTNET LambdaNet DMON-U DMON-I

1. 2nd-level tag check 4 4 4 4
2. Write to NI 10 10 10 2
3. Avg. TDMA delay 8 � – 16 16
4. Reservation – – 2 � 2 �
5. Update/Invalidate 15 13 14 3
6. Flight 1 1 1 1
7. Avg. TDMA delay 16 – 16 16
8. Reservation – – 2 � 2 �
9. Ack 2 � 2 � 2 2
10. Flight 1 1 1 1
11. Write – – – 8
Total coherence transaction 57 31 68 57

Table 2: Latency (in 5-ns pcycles) of Coherence Transactions for OPTNET, LambdaNet, DMON-U, and
DMON-I. Assuming 8 words written in block.

Program Description Input Size
CG Conjugate Gradient kernel 1400 	 1400 doubles, 78148 non-zeros
Em3d Electromagnetic wave propagation 8 K nodes, 5% remote, 10 iterations
Gauss Unblocked Gaussian Elimination 256 	 256 floats
Mg 3D Poisson solver using multigrid techniques 24 	 24 	 64 floats, 6 iterations
Ocean Large-scale ocean movement simulation 66 	 66 grid
Radix Integer Radix sort 512 K keys, radix 1024
Raytrace Parallel ray tracer teapot
SOR Successive Over-Relaxation 256 	 256 floats, 100 iterations
Water Simulation of water molecules, spatial alloc. 512 molecules, 4 timesteps
WF Warshall-Floyd shortest paths algorithm 384 vertices, i,j connected w/ 50% chance

Table 3: Application Description and Main Input Parameters.
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the first two words requested 12 pcycles after the request is issued. Other words are delivered at a rate of 2
words per 4 pcycles. Memory and network contention are fully modeled.

In the update-based coherence protocols we simulate only the secondary cache is updated when an
update arrives at a node; the copy of the block in the first-level cache is invalidated. In addition, in order to
reduce the write traffic, our multiprocessors use coalescing write buffers for all protocol implementations.
A coalesced update only carries the words that were actually modified in each block. All the protocol
implementations assume a release-consistent memory model.

The optical transmission rate we simulate is 5 Gbits/s, which leads to the 2nd-level cache read miss
and coherence transaction latencies listed in tables 1 and 2, respectively. Table 2 lists the latencies of
the NetCache, LambdaNet, DMON with update-based coherence (DMON-U), and DMON with I-SPEED
(DMON-I) systems and assume 8 words written in the cache block. All numbers in the table are in pcy-
cles and assume channel and memory contention-free scenarios. The values marked with “*” and “+” are
the ones that may be increased by network and memory contention/serialization, respectively. The total
2nd-level cache read miss latencies in table 1 show that the LambdaNet entails 18% less overhead than
OPTNET in these operations, at least in the absence of any type of contention. Under the same conditions,
the OPTNET involves 24% less overhead than the DMON network in 2nd-level read misses. The total co-
herence transaction latencies in table 2 show that the LambdaNet entails 46% less overhead than OPNET
and DMON-I in these operations, at least in the absence of contention and assuming 8 words written per
block. Under the same conditions, the OPTNET and DMON-I systems involve 19% less overhead than
DMON-U in coherence transactions.

Note that in our base simulations the minimum TDMA slot duration is 2 pcycles for both DMON and
OPTNET networks. Thus, each control channel slot in DMON and request channel slot in OPTNET are 2
pcycles long. Each coherence channel slot in the OPTNET is at least 2 pcycles long; the actual duration of
each slot depends on the number of words updated.

The simulation parameters we assume represent our perception of what's “reasonable” for current and
near future multiprocessors. The parameter space study presented in section 5 allows us to investigate the
impact of our most important architectural assumptions.

4.2 Workload

Our application workload consists of ten parallel programs: CG, Em3d, Gauss, Mg, Ocean, Radix, Raytrace,
SOR, Water, and WF. Table 3 lists the applications and their input parameters.

Ocean, Radix, Raytrace, and Water are from the SPLASH-2 suite and have been described in detail else-
where [19]. CG and Mg are parallel implementations of the conjugate gradient and multigrid benchmarks
of the NAS suite, which is described in detail in [1]. Em3d is from UC Berkeley [3] and simulates electro-
magnetic wave propagation through 3D objects. Gauss, SOR, and WF have been developed locally. Gauss
performs unblocked Gaussian Elimination without pivoting or back-substitution. SOR performs successive
over-relaxation on a grid of elements. WF uses a parallelization of the Warshall-Floyd algorithm to compute
the shortest paths between all pairs of nodes in a graph represented by an adjacency matrix.

5 Experimental Results

In this section we evaluate the performance of a multiprocessor based on our network and cache coherence
protocol, while comparing it to multiprocessors based on the LambdaNet and DMON networks. We start
with speedup and execution time results and then move on to a detailed analysis of the performance of
read and write operations in each of the systems we study. Finally, we assess the effect of several of our
simulation assumptions.
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Figure 5: Speedups of 16-Node OPTNET-Based
Multiprocessor.
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5.1 Overall Performance

Figure 5 shows the speedup of our applications running on a 16-node OPTNET-based multiprocessor. The
figure demonstrates that, except for CG and WF, our applications exhibit reasonably good speedup levels on
16 nodes. Em3d, SOR, and Water, in particular, achieve excellent speedup. The two extremes in speedup
performance, Em3d and WF, deserve further discussion. Em3d achieves superlinear speedup as a result of its
terrible single-node 1st and 2nd-level cache behaviors; caches are simply not effective for this application
on a single node. WF achieves poor performance on 16 nodes as a result of large barrier overheads due
mostly to significant load imbalance.

Figure 6 shows the running times of our applications again on a 16-node multiprocessor. For each
application we show, from left to right, the OPTNET, LambdaNet, DMON-U, and DMON-I performances,
normalized to the OPTNET results. This figure demonstrates that DMON-U performs at least as well as
DMON-I for all applications, except Water. The performance differences between these two systems average
11%, being most significant for Em3d (16%), Gauss (16%), Ocean (43%), and Radix (14%).

As one would expect, a comparison between the LambdaNet and DMON-U systems is always favorable
to the former multiprocessor. SOR and Water exhibit only a small performance advantage of the LambdaNet
system. For the other applications, the performance differences range from 16% for Gauss to 28% for CG
and average 22%.

A comparison between the OPTNET and DMON-U systems is clearly favorable to our system in all
cases, except SOR and Water for which the two systems perform similarly. For the other 8 applications,
the performance advantage of the OPTNET multiprocessor ranges from 10% for Mg to 21% for Radix,
averaging 16%.

Figure 6 demonstrates that the OPTNET and LambdaNet multiprocessors are essentially equivalent for
4 applications: Radix, Raytrace, SOR, and Water. For the other 6 applications, the performance advantage
of the LambdaNet multiprocessor is never greater than 12% and averages 8%. Given that the LambdaNet
requires

���
� ��� optical hardware, a factor of � more hardware than the OPTNET, we regard these as excellent

results in favor of our system.

Note that the explanation for the performance differences presented above is the average cost of reads
and writes in the various systems for each application. Thus, in the next two subsections we detail the
performance of these operations for all systems and applications in our suite.
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5.2 Performance of Reads

Figures 7 and 8 concentrate our statistics on the performance of read operations on each of our systems and
applications. Figure 7 presents the average latency of read operations, while figure 8 presents the average
latency of 2nd-level cache read misses. Figure 8 breaks down the average 2nd-level read miss latencies
into a contention-free component (“base”) and delays caused by network contention (“network”), memory
contention (“memory”), and contention for off-processor-chip access and memory bus access (“other”). In
both figures, the bars correspond to OPTNET, LambdaNet, DMON-U, and DMON-I, from left to right.

Figure 7 shows that the average read latency entailed by the three update-based systems (OPTNET,
LambdaNet, and DMON-U) is lower than that of DMON-I, except in the cases of Radix and Water. This
result can be explained in part by the fact that the update-based systems exhibit lower 2nd-level cache
read miss rates than DMON-I. The differences in miss rates are not terribly significant however, since our
applications are dominated by replacement misses. As shown in figure 8, the most important factor in this
comparison is that read misses take longer to satisfy in DMON-based systems than in the OPTNET and
LambdaNet systems, even in the absence of contention. Furthermore, the DMON-I multiprocessor suffers
more significantly from memory and network contention than the other systems. For instance, discarding
the Radix and Water results, DMON-I exhibits overall 2nd-level read miss latencies that are longer than the
OPTNET latencies by 42% on average, while their contention-free latencies only differ by 24%. Network
and memory contention are more pronounced in the DMON-I system due to writebacks of dirty cache blocks
that are evicted from caches, the directory lookups required in all memory requests, and the extra messages
involved in forwarding requests to the current owners of blocks.

Among the update-based systems, the LambdaNet multiprocessor exhibits the lowest average read la-
tency, while the DMON-U system exhibits the highest. The average OPTNET read latency sits in between
these two extremes. Discarding the Radix and Water results, the read latency in the LambdaNet system
is only 7% shorter on average than in the OPTNET multiprocessor, while in the DMON-U multiprocessor
reads are 20% more expensive on average than in the OPTNET system.

As seen in figure 8, the LambdaNet multiprocessor is usually more prone to contention effects than the
OPTNET and DMON-U systems, due to two characteristics of the former system: a) its read and write
transactions are not decoupled; and b) its absence of serialization points for updates from different nodes
leads to an enormous update throughput. As a result of these characteristics, whenever an application
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Program OPTNET LambdaNet DMON-U DMON-I
Stall (%) Flush (%) Stall (%) Flush (%) Stall (%) Flush (%) Stall (%) Flush (%)

CG 0.1 0.5 0.0 0.1 0.0 0.4 0.1 2.2
Em3d 0.0 0.2 0.0 0.4 0.0 0.2 0.0 0.5
Gauss 0.1 0.6 0.0 0.4 0.1 0.6 0.2 0.8
Mg 0.5 0.2 0.0 0.3 0.7 0.2 2.2 0.6
Ocean 1.8 3.4 0.1 1.1 1.4 3.4 2.2 11.3
Radix 23.5 0.1 14.6 0.1 38.6 0.1 43.7 0.1
Raytrace 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.1
SOR 0.2 0.4 0.0 0.2 0.2 0.5 0.3 1.4
Water 1.1 0.0 0.0 0.0 0.2 0.0 0.0 0.0
WF 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0

Table 4: Write Stall and Write Buffer Flush Overheads as Percentages of Run Time for OPTNET, Lamb-
daNet, DMON-U, and DMON-I.

involves an excessive amount of update traffic (Radix and Water being extreme cases), the read transactions
are slowed down, as reads and writes compete for the same communication, cache, and main memory
resources. Nevertheless, the performance degradation generated by contention is usually not enough to
outweigh the very good base latencies in the LambdaNet system. For instance, discarding the Radix and
Water results, the LambdaNet system exhibits overall read miss latencies that are shorter than the OPTNET
latencies only by 8% on average, while their contention-free latencies differ by 15%.

Contention affects the DMON-U and OPTNET systems in similar ways; both their contention-free and
overall 2nd-level read miss latencies differ by 24% on average. Since contention-free 2nd-level read misses
take longer to satisfy in the DMON-U system, this multiprocessor exhibits worse read behavior than its
OPTNET counterpart.

In summary, these read latency results are favorable to our system for all applications, given the hardware
complexity of the LambdaNet system. Even in the cases of Radix and Water which behave somewhat
differently than the other applications as a result of their intense coherence traffic, our system achieves good
read performance.

5.3 Performance of Writes

Having discussed the performance of read operations in each of the systems we study in the previous sub-
section, we move on to a study of the performance of write operations.

Table 4 presents the write stall and write buffer flush overheads as percentages of the overall execution
time of each of our applications running on the different systems. The table shows that, except for Radix,
the latency of write operations is negligible in all systems, showing that a 16-entry write buffer is usually
enough to hide the overhead of coherence operations. In Radix writes are very frequent (roughly a rate of
one write per 5 cycles) and cannot be coalesced in the write buffers, causing the buffers to stall the execution
frequently. The table also shows that write buffer flush overheads are negligible as a percentage of the
overall execution time, even in the case of Radix. The only exception is Ocean running on DMON-I, where
the write flush overhead represents 11.3% of the execution time of the application.

These results show that the overhead of coherence operations is not a serious performance concern in
most cases, even for the update-based systems which stress the communication system with a large number
of updates. However, this is only the case because these systems include multiple coherence broadcast
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Figure 9: Run Times on 16-Node OPTNET System
with (from left to right) 1, 2, and 4 Update Chan-
nels.
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Figure 10: Run Times on 32-Node OPTNET Sys-
tem with (from left to right) 1, 2, and 4 Update
Channels.

channels. Increasing the number of coherence channels has a significant impact on the medium access
delay and on the amount of serialization imposed on coherence transactions by different nodes. As an
example of this impact, consider a system with 16 nodes and a single TDMA coherence channel. In such a
system, a node would be delayed an average 8 TDMA slots before getting access to the coherence channel.
Furthermore, only one coherence transaction could be started during any slot. On the other hand, with two
coherence channels, the same node would only be delayed an average 4 TDMA slots before starting its
coherence transaction. Moreover, two coherence transactions could be started in parallel during any slot.

To quantify this effect in the case of the OPTNET system, consider figures 9 and 10. The figures show
the running time of each of our applications on 16 and 32-node OPTNET systems, respectively, assuming 1,
2, and 4 coherence channels. The bars in the figure are broken down into busy time and read, write stall, and
synchronization (including write buffer flush) overheads. All bars are normalized to the 1-channel results.

Three main observations can be made from these figures. The first is that performance can be signif-
icantly improved by using more than one coherence channel for several applications. This effect is more
pronounced in large machine configurations, where the serialization of the access to a single coherence
channel has a greater negative impact on performance. Performance improvements come primarily from
improvements in write performance, i.e. reduced write stall times and write buffer flush overheads. Note
however that these improvements sometimes cause a significant increase in read latency, as in the cases of
Radix and Water on 16 nodes, as a result of increased contention. This effect is particularly pronounced in
Radix with either 16 or 32 nodes. In table 4 we see that write stalls represent a significant fraction of the
running time of the application with two coherence channels. As seen in figures 9 and 10, the improvement
in write stalls is completely counter-balanced by the increase in read latency.

The second observation is that two coherence channels are enough to get most of the benefit achievable
by utilizing multiple channels, at least up to 32-node multiprocessors. Given that the gains achievable by
increasing the number of update channels decrease exponentially, we believe that two coherence channels
should deliver a better cost/performance ratio for machines with up to 64 or 128 nodes.

The third important observation to be made out of these figures is that applications can clearly be divided
into two groups: the ones for which one coherence channel is enough (CG, Em3d, Mg, Raytrace, and WF)
and the ones for which two coherence channels suffice (Gauss, Ocean, Radix, SOR, and Water).

In summary, these write stall and write buffer flush results show that all systems are equivalent in terms
of the performance of write operations in most cases. The exception is the Radix application, for which
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Figure 11: Run Time on 16 Nodes as a Function of Secondary Cache Sizes.

the LambdaNet system exhibits the lowest write stall overhead. The results in this section also justify our
choice of two as the number of coherence channels in the OPTNET.

5.4 Impact of Architectural Parameters

In this section we evaluate the impact of several of our simulation assumptions in order to understand the
behavior of the OPTNET architecture more fully. We start by studying the effect of the secondary cache
size, moving on to a study of the impact of different transmission rates, and finally addressing the effect
of different memory block read latencies. To simplify our analysis, we concentrate on one representative
application from each of the groups identified in the previous section: Mg and Ocean.

5.4.1 Secondary Cache Size

The size of the 2nd-level cache can potentially affect the comparison between the systems we study, given
their different read miss latencies. Our initial intuition was that cache size increases should reduce the
(absolute and percentage) running time differences among the multiprocessors, as long as these increases
lead to read miss rate reductions. In addition, for very large caches the update-based systems should benefit
more from cache size increases than DMON-I, since the miss rate in the former systems tends to the cold
start miss rate, while the miss rate of the latter systems tends to the sum of the cold start and coherence miss
rates.

Figure 11 presents the impact of the secondary cache size on the running time of Mg and Ocean on
16-node OPTNET (“ON”), LambdaNet (“L”), DMON-U (“DU”), and DMON-I (“DI”) multiprocessors.
The figure confirms our intuition. In particular, the figure shows that increases in cache size do reduce the
running time differences for Mg. This application exhibits excellent locality of reference and, thus, increases
in cache size greatly reduce their read miss rates under both the update-based systems and DMON-I. The
reductions in read miss rates as a function of cache size increases are not as significant in Ocean, especially
in the case of DMON-I. Although this is not completely obvious from the figure, DMON-I is improving at
a lower rate than the update-based systems.

5.4.2 Transmission Rates

The optical transmission rate also has a potential effect on our comparisons. Intuitively, higher transmission
rates should also reduce the (absolute and percentage) running time differences between the update-based
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Figure 13: Run Time on 16 Nodes as a Function of
Memory Block Read Latencies.

multiprocessors, as a result of smaller discrepancies in read miss and coherence transaction latencies. Fig-
ure 12 presents the running time performance of 16-node systems as a function of the transmission rate
(in Gbits/s) of each channel. The figure confirms our expectations, showing that, as optical technology ad-
vances, the performance difference between the OPTNET and LambdaNet multiprocessors will decrease,
making our system even more desirable.

5.4.3 Memory Block Read Latency

Memory service time is yet another factor that could affect our system comparisons. One would expect
that increases in memory block read latency should reduce the percentage running time differences between
the update-based multiprocessors, as a result of smaller percentage differences in read miss latencies. In
comparison to DMON-I, the update-based systems should become even more attractive under high latency,
since any differences in miss rate produce an even more pronounced effect. Figure 13 shows the running
time performance of 16-node multiprocessors as a function of the memory block read latency (in pcycles).
Although the performance trends are not very pronounced in the figure, our experiments do confirm our
intuition.

In summary, we find that the size of the 2nd-level cache, the transmission rate, and the memory service
time do have a significant effect on performance. However, this effect is only quantitative, i.e. varying these
parameters does not qualitatively change the trends observed and the outcome of the comparisons made in
sections 5.1, 5.2, and 5.3.

6 Related Work

A common approach to using optical communication in computer networks is through WDM networks
[5]. The use of this type of networks has become widespread as a result of recent advances in tunable
transmitters and receivers and integrated optics technology [8, 13]. A WDM network is ideal for small to
medium-scale parallel computing as it can provide point-to-point channels between each pair of nodes on
a single optical medium with broadcasting capability. Larger systems can be constructed by replacing this
single-hop scheme with multi-hop or multidimensional WDM approaches [15, 4].

Optical networks with OTDM (Optical Time Division Multiplexing) have been proposed as an alterna-
tive to WDM networks, e.g. [17, 16]. Nowatzyk and Prucnal [16] proposed OTDM-based fully-connected
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multiprocessors to take advantage of the scalable broadcasting of optics. Like in our work, their approach
recognizes that optics provides unique opportunities to simplify cache coherence protocols and synchroniza-
tion in scalable multiprocessors. OTDM networks do have some advantageous characteristics in comparison
to WDM networks, but the OTDM technology is not yet mature. Our network architecture focuses on WDM
technology due to its immediate availability, but there is nothing in our proposal that is strictly dependent
on this specific type of multiplexing.

Optical networks with WDM have been a part of other scalable parallel computer designs. Ghose et al.
[7] proposed a WDM-based optical bus called Optimul to explore the benefits of the concurrent operation
of multiple channels for both shared-memory and message-passing parallel computers. The architecture of
Optimul is similar to that of the LambdaNet. However, in order to reduce the number of receivers, several
nodes share (i.e. transmit on) the same wavelength (channel). The medium access strategy used in Optimul
is implemented through an electronic network that interconnects all the nodes and provides an arbitration
mechanism. The LambdaNet is a performance upper bound for Optimul; contention for shared channels
degrades Optimul's performance proportionally to the number of nodes sharing each channel. Optimul for
a multiprocessor employs a snoopy write-update scheme to take advantage of the high bandwidth of optical
links. Our comparison of OPTNET and LambdaNet-based systems indicates that our network should also
have a better cost/performance ratio than Optimul, since: a) the performance differences between OPTNET
and Optimul systems should be even smaller than between the OPTNET and LambdaNet systems; and b)
the optical hardware cost of Optimul is only a constant factor better than that of the LambdaNet.

Ha and Pinkston [11] have proposed the DMON network and the DMON-I system studied in this paper.
Our performance analysis has shown that the OPTNET multiprocessor outperforms the DMON-based sys-
tems in most cases. However, DMON-based systems have an advantage over OPTNET systems: they allow
certain latency tolerance techniques, such as prefetching or multithreading, that the OPTNET systems, as
presented here, do not. This limitation results from the star coupler subnetwork having a single tunable
receiver that must be tuned to a single home channel on a read access. Latency tolerance techniques could
be implemented on top of our network, if it were extended with a larger number of tunable receivers.

Dowd and Chu [5] studied the interaction of different channel access control mechanisms and coherence
protocols for scalable multiprocessors. More specifically, the performance of a system with a directory-
based coherence protocol with TDMA access protocol is compared to a system with a snooping-based co-
herence protocol and a reservation-based access protocol. Both systems utilized write-invalidate coherence
protocols. Their results show that the snooping-based system outperforms its directory-based counterpart
under most architectural assumptions. DMON-I, on the other hand, uses both snooping and directories to
create a system that outperforms snooping or directory-only systems based on write-invalidate. The OPT-
NET, LambdaNet, and DMON-U systems do not use directories, but apply write-update protocols, which
are known to outperform their write-invalidate counterparts in the presence of abundant bandwidth.

7 Conclusions

In this paper we proposed the OPTNET, a novel optical network and associated coherence protocol for
scalable multiprocessors. Through a large set of detailed simulations, we showed that an OPTNET-based
multiprocessor outperforms DMON-based systems consistently, even though the OPTNET requires no more
hardware than DMON. In addition, a comparison between our system and a LambdaNet-based multiproces-
sor shows performance differences in the range of 0 to 12% in favor of the LambdaNet. We find this result
to be extremely favorable to our system, given that the LambdaNet requires a factor of � more hardware than
the OPTNET, where � is the number of nodes in the multiprocessor. Based on these results, our main con-
clusion is that the combination of our network and coherence protocol strikes an excellent cost/performance
ratio under most architectural assumptions.
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