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Abstract

Multi-channel optical networks, although common in
telecommunication applications, have only recently found
application in computer systems. Multi-channel optical net-
works offer the potential for high performance intercon-
nects for both local computer networks and multiprocessor
systems. In addition to providing high bandwidth, multi-
channel optical networks exhibit the capability for scalable
broadcast. The absence of scalable broadcast in conven-
tional networks has governed the choice of memory sys-
tem configuration for many systems, and has in particu-
lar favored cache-coherent non-uniform memory access (CC-
NUMA) over cache-only memory access (COMA) architec-
ture. This paper examines the choice of memory system
architecture in the presence of high bandwidth and scal-
able broadcast. Using simulation, we compare the perfor-
mance of CC-NUMA and COMA memory architectures in a
multi-channel optical network multiprocessor system. Seven
well-known parallel benchmarks are used in the study. Our
results indicate that COMA consistently and significantly
outperforms CC-NUMA in systems that support scalable
broadcast, and confirm previous results, that in the absence
of broadcast, CC-NUMA outperforms COMA for those ap-
plications exhibiting significant sharing.

1 Introduction

Fiber optical networks feature high communication band-
width and low bit error rate. However, the large communica-
tion bandwidth (about 25,000 GHz) can not be well utilized
using a single optical channel because the electronic compo-
nents coupled to the optical networks are not fast enough
to keep up with the large optical bandwidth. The optical
fibers are therefore often divided into multiple channels us-
ing either wavelength division or time division multiplexing.
Each channel is operated at the speed that can be managed

by electronic components (several GHz), while multiple
channels are used to achieve large aggregated bandwidth.

Besides providing large bandwidth, multi-channel opti-
cal networks allow concurrent transmission and processing
of data packets between different pairs of communicating
parties [29]. If more channels are available, even simul-
taneous communication from the same node can be over-
lapped. The most relevant property of optical networks
to this study is the scalable broadcast capability. Unlike
electronic high-bandwidth, multi-stage interconnection net-
works where broadcasts are normally expensive, in multi-
channel optical networks, signals (light pulses) from each
source transmitter can be observed by receivers at all nodes,
achieving scalable broadcast.

Fiber optical networks are becoming increasingly fea-
sible for both telecommunication and local area com-
puter networks as new opto-electronic technologies become
more available and cost-effective [23, 7, 12]. One recent
project demonstrated an all-optical network connecting up
to 32 nodes that employs wavelength division multiplex-
ing (WDM), and has an aggregated bandwidth of 32 giga-
bits/sec [15]. An optical time division multiplexed (OTDM)
network consisting of 250, 1 gigabit/sec channels has also
been demonstrated [21]. With further technological ad-
vances in optical fiber and opto-electronic devices, these net-
works will become increasingly feasible for many communi-
cation intensive applications, including data communication
in tightly-coupled parallel computer systems [2, 8, 9, 21, 29].

When used as the interconnection networks for multipro-
cessor systems, multi-channel optical networks offer both
high bandwidth and scalable broadcast capability, partic-
ularly in a form of WDM known as broadcast-and-select.
The absence of scalable broadcast in conventional networks
has governed the choice of memory system configuration
for many systems, e.g., [18, 1, 17, 6, 5], and has in par-
ticular favored cache-coherent non-uniform memory access
(CC-NUMA, or simply NUMA) over cache-only memory ac-
cess (COMA) architecture [27]. In this paper, we investigate
the impact of the availability of scalable broadcast on these
two memory organization alternatives. Using simulation, we
compare the performance of CC-NUMA and COMA mem-
ory architectures in a multi-channel optical network mul-
tiprocessor system. Seven well-known parallel benchmarks

(Barnes, CG, FFT3D, LU, MP3D, Radix and Water) are



used in the study. Our results indicate that COMA consis-
tently and significantly outperforms CC-NUMA in systems
that support scalable broadcast, and confirm previous re-
sults, that in the absence of broadcast, CC-NUMA outper-
forms COMA for those applications exhibiting significant
sharing.

The rest of the paper is organized as follows. In Section 2
and 3 we describe the implementation of NUMA and COMA
memory systems using point-to-point and multi-channel op-
tical networks. In Section 4, we describe how the perfor-
mance of these systems is evaluated, and present experi-
mental results. In Section 5 we discuss related work, and in
Section 6 we summarize our results.

2 COMA and NUMA in Conventional
Interconnection Networks

2.1 Network Model

Current interconnection networks range from bus-based to
multi-level packet-switched interconnection networks. Buses
provide convenient broadcast but are bandwidth-limited,
and cannot support the communication needs of large paral-
lel systems. Many research and commercial multiprocessor
systems use some kind of high-bandwidth, packet-switched
network, such as two- or three-dimensional meshes or fat-tree
connections [18, 1, 17, 6, 5]. These networks allow high-speed
point-to-point communication, but one-to-all broadcast nor-
mally takes multiple point-to-point messages.

2.2 NUMA in Conventional Interconnection
Networks

In NUMA systems, each memory block is assigned a home-
node according to a memory placement policy. A home-node
provides a convenient reference point when a cache miss oc-
curs and a remote memory access is needed. Each home-
node maintains consistency in all caches for the portion of
memory it governs, maintains information in a directory, and
initiates appropriate coherence messages across the network.

NUMA is particularly appropriate for point-to-point in-
terconnection networks. When a cache miss occurs, causing
a remote memory access, the memory address is used to de-
termine the home-node for the data. Only a single message
is needed from the requester to the home-node. In the case
of an invalid memory line in the home-node, the home-node
forwards the request to the node with the most current copy.
The directory maintained on the home-node provides infor-
mation about the valid node. The response requires two
messages, one to send the data from the valid node to the
home-node, and the other from the home-node to the re-
quester. This multi-hop coherence traffic increases memory
access latency as well as network loads. The latency can
be avoided in multi-stage networks if the paths from the re-
sponder to the requester and the home-node are disjoint.
Broadcast, if available, reduces the request latency by elim-
inating forwarding and the response message from the valid
node to the home-node.

Cache miss latency in NUMA systems can be very sensi-
tive to the memory placement policy. Data replication and
migration is limited to the size of processor caches, which

normally are not large enough to cover all of the applica-
tion’s working sets [24]. Without compiler or runtime system
support, static memory placement is unlikely to be effective.
Moreover, these problems are exacerbated with increase in
system size, since the proportion of accesses that will be
remote memory accesses increases with system size.

2.3 COMA in Conventional Interconnection
Networks

COMA systems do not require the home-node found in
NUMA systems. Each memory line is free to be cached
and replicated in all nodes’ memory, sometimes referred to
as the COMA-cache, since memory at each node acts more
as a cache than as conventional memory.

The COMA-cache provides a large depository cache to
the processor, in addition to the first- and second-level pro-
cessor caches. It captures a larger application working set
than the processor cache alone, and therefore can reduce
remote memory accesses. Memory lines are automatically
cached and coherency is maintained by cache-like memory
controller.

The main difficulty with COMA in a point-to-point net-
work is the lack of an efficient tracking mechanism for cache
misses. Unlike NUMA, where a request can be directed to
the home-node in one network transaction, COMA may re-
quire multiple network transactions to locate a valid copy.
The directory in COMA is often organized into a tree struc-
ture to reduce this seek time. Stenstrom et al. showed that
the tree directory has adverse impact on COMA’s perfor-
mance when a large number of tree traversals are needed [27].
We have observed that the large capacity of COMA-cache in-
creases cache line residence time, which can result in COMA-
cache coherence misses that do not exist in processor caches
(see Section 4). In certain applications (MP3D and Radix),
this also has a large impact on COMA’s performance.

3 COMA and NUMA in Multi-channel
Optical Networks

3.1 Network Model

The multi-channel optical network evaluated here is a single-
hop, broadcast-and-select optical WDM network configured
in a passive star topology [12, 8, 20]. Each node is equipped
with a transmitter that is tunable over the entire range of
wavelengths used in the system, and a receiver that de-
multiplexes optical signals and selects each in turn. Though
an N-channel network, where N is the number of nodes in the
system, has the desired property of being contention free (no
contention among accesses from different nodes), it is neither
necessary nor cost-effective for the purpose of providing ad-
equate bandwidth for data communication in most parallel
applications [29]. This study focuses on a four-channel net-
work in a 32-node system, where network contention is in
the range of low to medium. Each transmitter is therefore
required to tune rapidly to any of the 4 wavelengths, and
the receiver de-multiplexes input wavelengths into separate
channels. After opto-electronic conversion at the receiver
ends, the electronic signals are buffered and processed.



In addition to fast tuning transmitters and receivers, an
efficient medium access control protocol is essential in coor-
dinating transmissions between various nodes to achieve high
throughput in the network. This protocol needs to resolve
possible contention from more than one transmitter send-
ing at the same wavelength, and more than one transmitter
sending to the same receiver. In this study, we assume token-
passing protocols to resolve transmission contention within
each channel. The receiver de-multiplexes all input optical
signals concurrently. We assume an infinite receiver buffer
to avoid packet loss and retransmission caused by receiving
multiple packets simultaneously.

3.2 COMA and NUMA in Multi-Channel Op-

tical Networks

Because of the home-node directory mechanism, NUMA sys-
tems only require point-to-point communication. A broad-
cast mechanism can eliminate the potential need to forward
a request from the home-node, as well as the need to respond
to the home-node first. We evaluate both point-to-point and
broadcast NUMA architectures in Section 4, and show that
broadcast offers little benefit to NUMA for the applications
studied.

In contrast to NUMA, a broadcast mechanism is very
beneficial to COMA systems. The broadcast capability
provided in multi-channel optical networks eliminates the
tree traversal during COMA-cache misses seen in previous
COMA systems [27]. Instead, COMA-cache misses can be
satisfied in two network transactions. By checking the in-
formation kept locally in each node, only one node will re-
spond to the request, while others will ignore the request.
A possible drawback of a broadcast implementation is the
packet processing pressure seen by the network receivers.
The difference between the processing latency in NUMA and
COMA is the additional tag-lookup of the memory address
in the COMA-cache, which is normally much less than pro-
tocol processing overhead. An additional owner bit field (de-
scribed below) can also help to offload processing pressure.
For this study, we assume tags and owner bit fields are du-
plicated, so that access contention to tags and owner bit
fields is negligible. We also ignore tag-lookup overhead in
the simulation.

Network contention is otherwise accurately modeled. In
networks with realistic bandwidth, reducing the number of
network messages is as important as reducing cache miss la-
tencies. A COMA-cache not only reduces overall memory
access latencies but also network traffic.

3.3 Cache Coherence Schemes

A write-invalidate protocol is used as the default protocol
for maintaining cache coherence in both COMA and NUMA
systems. In addition, an owner bit field is attached to each
memory line in the COMA implementation. Read requests
broadcast in the network are only responded to by the owner;
nodes that find they are not the owner of the memory line
simply discard the message without further processing. In-
validation packets are processed regardless of owner field
value. The owner field of a cache line is initially set by the
first processor that references it, and is set subsequently to

the last processor requesting an exclusive copy. The owner
field does not change during reads. The owner field is used
to prevent more than one node from responding to the same
read request. This information may also be duplicated to
reduce access contention.

In this implementation, each COMA-cache only main-
tains local information, in contrast to point-to-point COMA
implementations where information about the memory lines
of all nodes in the subtree is maintained in the directory of
a tree node. In point-to-point COMA, any node that needs
any information about that particular line is forwarded to
that directory, while in broadcast COMA, each node only
keeps information about the local COMA-cache; all read and
invalidation requests are broadcast system-wide.

4 Performance Evaluation
4.1 Performance Prediction

The performance improvement (or degradation) of COMA
over NUMA is determined by several factors, including the
applications’ processor cache miss rate, the nature of these
misses, the number of write-backs, NUMA memory place-
ment policy, and the number of COMA-cache coherence
misses. In this section we first qualitatively discuss the im-
portance of these factors, and then demonstrate the effect of
these factors using simulation.

Cache misses are commonly classified into three cate-
gories: cold misses, capacity misses (including conflict misses
caused by limited set associativity), and coherence misses
(also called invalidation misses) [10]. The miss types have
different effects in NUMA and COMA systems.

Cold Misses: Cold miss counts and latencies remain the
same in both systems under the same cache configuration,
i.e., the same cache line size, cache size, and set associativity.

Coherence Misses: Coherence miss counts remain the
same under NUMA and COMA architectures. Miss laten-
cies in COMA depend upon the COMA implementation. In
a tree directory implementation, as in the KSR-1 [16], co-
herence misses incur a large overhead of multiple network
transactions due to tree traversals. Large coherence miss
overhead can result in inferior performance for COMA im-
plementations [27]. A flat COMA implementation is often
used in machines implementing COMA systems in point-to-
point networks [27]. At a coherence misses, at most three
network transactions are needed, at the cost of a more com-
plex cache coherence scheme and additional network traffic
between home-nodes and master nodes of the data [13]. The
alternative COMA implementation proposed in Section 3.2
utilizes the scalable broadcast capability of multi-channel
optical networks so that coherence misses require only two
network transactions. In this study, in addition to point-
to-point NUMA, we also simulated broadcast NUMA. In
broadcast NUMA implementation, all remote memory ac-
cesses can be satisfied in two network transactions. Thus
coherence misses are the same for both broadcast COMA
and NUMA implementations.

Capacity Misses: Capacity miss counts are again the
same for both NUMA and COMA systems. Misses that can

be satisfied in COMA-caches incur only bus access overhead,



while NUMA capacity misses may incur network access over-
head if remote accesses are needed. Since the COMA-cache
capacity is typically at least an order of magnitude larger
than processor cache capacity, we follow [27] and assume in-
finite COMA-caches, i.e., all processor cache capacity misses
(subtracting the portion of capacity misses that encounter
COMA-cache coherence misses as explained below) can be
satisfied by the COMA-cache. COMA improves total capac-
ity miss latency, therefore, by an amount equivalent to the
number of remote capacity misses that can be satisfied in
the COMA-cache times the network access latency.

COMA-cache Coherence Misses: COMA-cache cold
misses are the same as processor cache cold misses provided
that the line sizes are the same in the two caches. For the
assumed infinite COMA-cache, there is no capacity misses.
Coherence misses, however, are higher than that in processor
cache. This is because a remote invalidation to a line that
has been written back to the COMA-cache will invalidate
the line in the COMA-cache but not the processor cache.
Subsequent access to the line will encounter capacity miss
in the processor cache, but will encounter coherence miss
in the COMA-cache. This type of processor cache capacity
misses, therefore, can not be satisfied by COMA-caches.

Write-backs Another potential benefit of COMA is re-
duced write-back latency. The write-backs increase network
traffic in NUMA systems if remote write-backs are required,
while write-backs in COMA only require bus accesses to the
local COMA-cache.

Cache misses, including write-backs, are sensitive to ap-
plication working set size [24, 26]. Capacity misses are de-
termined by the processor cache size and the working set
size of the application. These relative sizes also determine
the write-back rate seen by the application. In this study, we
have scaled both application problem sizes and system cache
sizes in order to appropriately model actual problem sizes
on “real” machines. Increasing processor cache capacity re-
duces processor cache capacity misses, which diminishes the
performance benefit of COMA. However, application prob-
lem size is usually limited by memory size and application
data sets are unlikely to fit entirely in the processor caches.
In these situations, COMA provides a substantial reduction
in remote access rate.

4.2 Simulated System Architecture

We simulated a 32-processor system with 4KB, 64-byte line
size, four-way set associative processor caches. Processors
are assumed to be RISC, and run at 100 MHz. Buses are
64-bits wide and support split transactions. A bus cycle
requires 20 ns.

All networks are multi-channeled, operating at 1 giga-
bit/sec for each channel. Our results focus on the perfor-
mance for four-channel networks. Four-channel networks ex-
hibit low-to-medium contention [29]. We also present results
for one- and sixteen-channel networks, representing high and
low network contention, respectively. Bus and network con-
tentions are accurately simulated. Where multiple channels
are used, channels are allocated dynamically, i.e., each node
is allowed to use the first available channel [29]. Processors
communicate using point-to-point messages or by broadcast,
as appropriate.

Memory can either be sequentially or release consistent.
We compared the performance of COMA and NUMA for
both consistency models, but we present results for release
consistent systems only. The results for sequential consistent
systems were similar to that for release consistent. Write
buffers contain sixteen entries.

Two memory placement policies were evaluated for
NUMA. One was a page-cyclic placement policy, where 1024-
byte pages are allocated to memory in a round-robin fashion.
The second placement policy places each line of 64-bytes on
the node that references the line first. This policy is im-
practical to implement, but performs better for statically
partitioned applications. Initial memory loads are not simu-
lated (i.e., all lines are assumed to be in at least one node’s
memory for both NUMA and COMA systems). The de-
fault cache coherence protocol is a standard ownership-based
write-invalidate protocol [11] for both COMA and NUMA
systems. Read latencies, in the absence of bus and network
contention, are summarized in Table 1.

4.3 Application Characteristics

Seven parallel applications were used: an N-body gravi-
tational force computation (Barnes-Hut), Conjugate Gra-
dient (CG), 3D Fast Fourier Transformation (FFT3D),
LU Decomposition (LU), a Monte-Carlo particle simulation
(MP3D), an integer sort (Radix), and a molecular dynamic
simulation (Water). CG and FFT3D are from the NAS
benchmark suite [3], and have been rewritten in the C lan-
guage. MP3D is from the SPLASH suite [25]. Barnes, LU,
and Water are from SPLASH-2 [28]. All applications are
compiled with gcc -02 version 2.5.8. Table 2 lists problem
and important working set sizes for each application.

The smaller working set (WS1) was found for each appli-
cation to be the size of the most frequently referenced data
objects [24, 26]. For example, WS1 is the size of the tree
data for one body in Barnes, the size of one row of the ma-
trix in FFT3D, the size of one block in LU, the size of one
particle plus one cell in MP3D, and the size of one molecule
in Water. The listed WS1 size takes into account the 64-byte
cache line size in the simulated architecture, and is rounded
to the closest power-of-two. The larger working set (WS2)
is the partition of shared data of each processor assuming
a 32-processor system, except for CG and MP3D. WS2 is
the largest working set that each processor requires. CG
and MP3D are different because some shared variables are
accessed by all processors (as explained below). Our 4KB
processor caches are chosen to be representative of realistic
sizes of application and cache, where processor cache sizes
are large enough to hold WS1 (except for Radix, which does
not have a well-defined WS1), but small enough to not hold
WS2.

MP3D: The most important shared variables are par-
ticles and cells. The large working set WS2 includes the
processor’s partition of particles and cell space. The num-
ber of cells accessed is unknown until runtime. If particles
are spread out uniformly, the entire cell space will be refer-
enced. The particle partition is 34KB, and the cell space is
396KB, resulting in a WS2 of 420KB.

CG: CG is a sparse matrix application that uses conju-
gate gradient to find the smallest eigenvalue and correspond-



| Types | Time (proc. cycles) |
Cache Hits 1
Cache Misses Filled from Local COMA-cache or Local NUMA Memory 39
Cache Misses Filled from Remote COMA-cache or Remote NUMA Memory 167

Table 1: Read Latencies.

| Application | Problem Size

[ WS1 (KB) WS2 (KB) |

Barnes 2048 bodies in 4 time steps 1KB 50KB
cG 1400 by 1400 matrix, 78148 non-zeros in 4 0.5KB 38KB
main iterations and 4 CG iterations

FFT3D 32 by 32 by 32 points in 3 iterations 0.5KB 58KB
LU 192 by 192 matrix, block size 6 0.5 KB 10KB
MP3D 40000 particles, 23 by 33 by 7 cells in 5 time steps 0.25KB 420KB
Radix 256K keys, radix 1024, maximum key 512 K 32KB 32KB
Water 343 molecules in 2 time steps 1KB 8KB

Table 2: Applications Problem and Working Set Sizes.

ing eigenstate of a matrix. The main computation involves
a matrix-vector multiplication. The results of the multipli-
cation are placed in a gradient vector. The partition of the
gradient vector is WS1 in CG, which is 350 bytes for each
processor (total of 32 processors). WS2 is the partition of
the matrix plus the entire dense vector that is used in the
multiplication. The dense vector is about 12KB, and repre-
sents 78% of the total misses with a 4KB cache.

4.4 Simulation Results

Figure 1 depict the performance of each of the seven ap-
plications for six different system configurations: page-
cyclic point-to-point NUMA (PC-PTP-NUMA), page-cyclic
broadcast NUMA (PC-BR-NUMA), first-reference point-
to-point NUMA (FR-PTP-NUMA), first-reference broad-
cast NUMA (FR-BR-NUMA), point-to-point COMA (PTP-
COMA) and broadcast COMA (BR-COMA). The results
shown in Figure 1 are for the four-channel configuration.
Each bar in the figure represents the execution time
of the labeled configuration normalized to the execution
time of PC-PTP-NUMA (the first bar) in each application.
Execution time is broken down into processor busy time
(Busy), processor read latency (Read), processor write la-
tency (Write) and synchronization time (Synch). For each
application, the processor busy time remains unchanged
across the six configurations. The write latency is insignif-
icant except in two applications (FFT3D and Radix), be-
cause with the release consistent memory model, the write
latency is largely hidden from the processor. There is also
little change in synchronization latency across the six config-
urations. The read latency, varies significantly across the six
configurations, however. Read latency represents the largest
proportion of execution time for all applications except Wa-
ter, which has a high computation-to-communication ratio.
Similar experiments were performed for one- and sixteen-
channel network configurations. For these two network
configurations, Table 3 presents the normalized execution
time for the two NUMA performance extremes (PC-PTP-
NUMA and FR-BR-NUMA), as well as PTP-COMA and

BR-COMA.

Table 3 is divided into two parts. The first four columns
depict execution times for the one-channel network configu-
ration, and the last four columns are execution times for the
sixteen-channel network configuration. The execution time
is again normalized to the execution time of PC-PTP-NUMA
in each channel configuration. For example, for Barnes, the
execution time of FR-BR-NUMA is 97 percent of the execu-
tion time of PC-PTP-NUMA in the one-channel configura-
tion, and the execution time of PTP-COMA and BR-COMA
are 39 percent and 14 percent, respectively, of the execution

time of PC-PTP-NUMA.

4.5 Results Summary

Our results are as follows: (1). While point-to-point COMA
outperforms page-cyclic point-to-point NUMA in Barnes,
CG, FFT3D and Radix, it performs poorly in LU, MP3D
and Water. This is consistent with the results in [27]. (2).
NUMA does not benefit significantly from scalable broad-
cast in either memory placement policy. The improvement is
only significant for the one application (MP3D) that exhibits
appreciable forwarding at read misses. For the rest of the ap-
plications, the improvements are less than 5%. (3). COMA,
on the other hand, benefits significantly from broadcast in all
cases. The poorer performance of point-to-point COMA in
LU, MP3D and Water caused by directory traversals is elim-
inated using broadcast. Broadcast COMA consistently out-
performs all NUMA cases and point-to-point COMA cases
for all applications. (4). A comparison between the best
NUMA performance and the best COMA performance shows
that attempts to optimize memory placement for NUMA
succeeded only for LU, FFT3D, MP3D, and Radix, but not
for Barnes, CG and Water. (5). The performance benefit
of COMA is more significant in higher contention networks,
and less significant when network contention is low.
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Figure 1:COMA and NUMA Execution Time.




Normalized Ezxecution Time
Application 1-channel 16-channel
NUMA COMA NUMA COMA
PC-PTP FR-BR PTP BR PC-PTP FR-BR PTP BR

Barnes 100 97 39 14 100 98 83 69
cG 100 95 39 14 100 93 76 52
FFT3D 100 16 9 5 100 48 46 42
LU 100 58 179 56 100 89 121 89
MP3D 100 49 124 42 100 83 111 81
Radix 100 73 53 28 100 86 76 63
Water 100 79 69 41 100 98 102 94

Table 3: Normalized Execution Time.

4.6 Quantitative Comparison

In the following discussion, we concentrate on broadcast
COMA and the best NUMA (the first-reference broadcast
NUMA), unless otherwise mentioned. Also, to simplify the
comparison, we ignore write latency since it is only signifi-
cant in two applications (FFT3D and Radix), and is reduced
in a similar way as read latency.

The expected performance difference between NUMA and
COMA can be quantified as follows. The difference in write
latency is ignored in the formula.

Difference = NUMA - COMA
= ( Coherence Misses )
x ( NUMA Latency - COMA Latency )
+ ( Remote Capacity Misses
- COMA Coherence Misses )
x ( Network Read Latency ) (1)

We will analyze this relationship using CG and MP3D as
examples. In CG, 88% of processor cache misses are capac-
ity misses. These capacity misses mainly result from accesses
to the dense vector, vector p, since the vector (12KB) does
not fit in the processor caches. There are few coherence
misses and write-backs in CG, and few COMA-cache coher-
ence misses as well. Because each processor needs to access
the entire vector of p, and only 1/32nd of the vector is in each
node’s local memory, 31/32nd of these capacity misses result
in remote memory accesses. The improvement, therefore, is
the large number of capacity misses times network read la-
tency. With no contention in the network, the network read
latency is 167 processor cycles. The average waiting time
in the network queue is, however, 330 cycles. So the total
improvement of COMA over NUMA is the remote capacity
misses times 497 cycles, which amounts to about 75% of the
NUMA execution time. This network latency is eliminated
in COMA, hence, COMA achieves a 4-fold improvement over
NUMA.

In contrast to CG, coherence misses dominate in MP3D.
Sixty-four percent of the total number of cache misses are
coherence misses and 20% are capacity misses. The large
number of coherence misses causes the point-to-point COMA
to perform more poorly than NUMA. In broadcast COMA,
coherence misses have the same latency as with broadcast
NUMA, so coherence misses do not cause as much prob-
lem as in point-to-point COMA. The remote capacity misses

are low for the particle objects, because particle objects are
partitioned statically among processors. Most references to
particle objects by each processor are to the ones that were
initially touched by that processor, which have been placed
in that processor’s local memory. The reduction in remote
accesses to particle objects is hence very small. Most of re-
mote capacity misses in MP3D are caused by accesses to the
cell objects. Remote capacity miss latencies to cell objects
are not reduced in COMA, however, because a large number
of these capacity misses are reflected in the COMA-cache as
coherence misses. These capacity misses can not be satis-
fied by the COMA-cache. Only 4% improvement is achieved
due to the reduced capacity miss latency. The remaining
improvement in COMA is achieved by reducing the overall
network load caused by writing back to local COMA-caches.

In essence, COMA achieves a more “active” sharing
among processors. It allows a larger working set of data
to be cached locally in each processor’s COMA-cache than
just in the processor cache. Active sharing is not always
necessary if the access requires an exclusive copy. In this
situation, COMA may have more coherence misses in the
COMA-caches than that in the processor caches. The per-
formance improvement afforded by COMA depends on the
relative weight of these two factors, as well as the amount of
network loading caused by factors such as the frequency of
remote write-backs.

5 Related Work

The Kendall Square Research KSR-1 employed a COMA
memory system [16]. The KSR-1 used a hierarchical token-
ring bus network to connect up to 1088 nodes. A hierarchical
directory was used to keep track of the states of the COMA-
caches. The directory was a natural result of the hierarchical
connection. A similar architecture was implemented in the
Data Diffusion Machine [14].

compared COMA and NUMA mem-
ory systems for a hierarchical directory with a mesh inter-
connection network. Bus and network contention were not
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considered. A “flat-COMA” memory was proposed, which
resembled a combination of a COMA memory with a NUMA
home-directory. Our implementation of COMA differs from
flat-COMA in that no central directory is required, since
broadcast is available.



Network caches have been previously studied [19, 4]. Net-
work caches can be viewed as a combination of both NUMA
and COMA. The large network cache allows a larger work-
ing set to be captured locally, while memory is organized
like NUMA, and a home-node directory is consulted at lo-
cal cache misses. Compared with a network cache architec-
ture, COMA eliminates the need to manage a large shared
cache and memory at the same time, simplifying the design.
COMA also simplifies other design decisions, such as how to
partition the total available memory hardware between net-
work cache and memory, and how to achieve locality through
memory placement policy and/or migration support.

A wide range of medium access control protocols exists
that explore design trade-offs between hardware requirement
and protocol complexity in multi-channel optical networks.
For example, multi-hop protocols may only need one fixed
transmitter and receiver at each node, while single-hop pro-
tocols, in general require more complex hardware. A sur-
vey and review of medium access control protocols can be
found in [20, 22]. While token passing is not suitable for
long-haul communication, because of long propagation de-
lays, delays in a tightly-coupled parallel systems are small
compared with transmission time. For example, with a sys-
tem span of 10 m, the propagation delay is 5 ns. With a data
rate of 1 gigabit/s, the packet transmission delay for a packet
length of 64 bytes is 512 ns, two orders of magnitude greater
than the propagation delay. Hence, the concern associated
with long propagation delays that is an issue in long-haul
communication is less relevant to a computer system.

6 Conclusion

The interaction of memory and network subsystems in a
parallel system is complex, and requires careful examina-
tion in order to achieve desired performance. In a net-
work that supports efficient broadcast, COMA memory sys-
tems offer significant reduced remote memory accesses, with-
out incurring appreciable coherence overhead. Current sys-
tems, designed with a multi-dimensional mesh-connection
or other multi-stage interconnect often lack a viable broad-
cast or multi-cast capability. These systems usually rely on
point-to-point communication to maintain coherence using
a directory-based protocol. Supporting COMA in these sys-
tems is costly due to the lack of knowledge of the communi-
cation destination during COMA-cache misses.

Network bandwidth is another important factor in com-
paring the overall system performance of COMA and
NUMA. The cost of a COMA implementation can only be
justified when superior performance can be achieved. In a
high-contention network, the significant reduction of remote
memory accesses in COMA systems greatly reduce network
contention. Because the network is the most important per-
formance bottleneck in these systems, this reduction of net-
work traffic results in superior performance for COMA sys-
tems. However, as network bandwidth is increased, the im-
portance of memory access latency decreases, and the overall
performance of NUMA systems approaches that of COMA
systems.

In this paper we have demonstrated the impact of both
scalable broadcast and the number of channels in the per-

formance of memory organization alternatives. We observed
that COMA consistently outperforms NUMA if broadcast is
available. These performance gains vary depending on the
number of channels available in the network. The higher the
network contention, the more benefit is seen from reduction
of remote memory accesses.
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