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Abstract

This paper presents a hybrid shared memory archi-
tecture which combines the scalability of a multistage
interconnection network with the contention reduction
benefits of coherent caches. We achieve this by replacing
the memory modules and final stages of a multistage
interconnection network with clusters of coherent caches.
The performance of Cache Coherent Hybrid Intercon-
nected Memory Extension (CCHIME) is evaluated by
analyzing the results of extensive simulations of the net-
work and coherent cache clusters. These results indicate
that the CCHIME architecture can achieve lower memory
access latencies and higher throughputs than typical mul-
tistage interconnection networks.

1. Introduction

In order to achieve the goal of teraflop computing
speeds by the end of the century, the number of process-
ing nodes in a multiprocessor will have to increase sub-
stantially. However, as the number of processors grows,
so does the impact of two problems inherent to multipro-
cessing in a shared memory environment: how can
memory and processors be efficiently connected, and how
can the side effects of memory contention be controlled?

A number of architectures are commonly used to
interconnect a large number of processors through shared
memory. A bus-based shared memory architecture using
coherent caches is the least expensive, but is inappropri-
ate for systems with a large number of processors because
the memory traffic is limited by the capacity of a single
bus. Another popular shared memory architecture is a
multistage interconnection network (MIN) which con-
nects N processors through logjN levels of j×j switches to
N memory modules. Unlike bus-based shared memory
architectures, MINs can scale to provide sufficient
bandwidth for large numbers of processors. However,
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MIN architectures can suffer significant performance lim-
iting effects arising from contention.

Contention for memory modules in MINs leads to
an undesirable phenomenon known as hot spots. Hot
spots are nodes within the network, memory modules, or
specific addresses which receive a disproportionately
large share of memory traffic. This concentration of
traffic can be caused by events such as references to
shared or global variables, block transfers, or a coinciden-
tal concentration of requests to memory modules or inter-
nal switches. When nonuniform traffic occurs, queues at
the hot spots become full and can not accept further
requests; requests which are blocked will remain in the
switches feeding the hot spot. The queues at these
switches can also fill, and the effects will propagate back-
wards through the network forming a tree of nodes whose
queues are full. This condition is called tree saturation
[PfNo85].

A number of methods of improving MIN perfor-
mance in the presence of hot spots and tree saturation
have been studied. In this paper, a hybrid of shared bus
and multistage interconnection networks called CCHIME
(Cache Coherent Hybrid Interconnected Memory Exten-
sion) is proposed. Instead of switching nodes, the last lev-
els of the network are replaced by small clusters of
coherent caches, where each cluster of caches connects to
a single shared memory module as is illustrated in Figure
1. Note that coherence is only maintained within cache
clusters; maintaining coherence globally across clusters is
not necessary. Each coherent cache cluster along with its
associated memory module can be thought of as function-
ing as a single multi-ported memory. If the cache clusters
are small enough, and the cache hit rates are high enough,
cache accesses should suffer little performance degrada-
tion due to cache miss delays.

1.1. Previous Approaches

The use of caches at the processors to mitigate
traffic in a multistage interconnection network has been
previously suggested. However, while caching at this
level improves the latency of cold requests, it does not
alleviate memory contention and tree saturation caused by
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Figure 1.
CCHIME Topology with Cache Cluster Size = 4

hot spots [PfNo85]. Systems with such caches must also
deal with complex cache coherency issues, some of which
are addressed in Stenstrom [Sten89].

The incorporation of caches in the switching nodes
of the network has also been discussed
[MaTi90, MBLZ89]. However, simulations have indi-
cated that the substantial complexity and expense of
maintaining caches and cache coherence at all nodes
internal to the network is not warranted by the limited
increase in throughput.

A hybrid network combining a MIN and a collec-
tion of shared busses has been proposed by Harper and
Jump [HaJu90]. In this architecture the final stages of a
multistage interconnection network are replaced by
busses which connect directly to memory modules. This
architecture can be thought of as a compromise between
bus-based and MIN based architectures. The Harper
Jump hybrid provides greater throughput than a bus, but
less than a MIN. It also is more expensive to implement
than a bus, but less expensive than a MIN.

The CCHIME architecture can be viewed as a
modification of the Harper and Jump architecture in
which the shared busses that connect to memory modules
are equipped with coherent cache clusters. These
coherent caches clusters allow the CCHIME architecture

to actually achieve performance that is superior to an
unmodified MIN. (the incorporation of caches at the
memory modules is orthogonal to other methods of con-
trolling memory contention and tree saturation, such as
combining [GGKM83, LeK86, PfNo85]).

2. The CCHIME Architecture

CCHIME is a hybrid of the bus-based cache-
coherent and multistage interconnection network architec-
tures. In the CCHIME architecture the function of the
multi-stage interconnection network is not to connect pro-
cessors and memory modules, but to connect processors
and caches (see Figure 1). As can be seen in Figure 1,
groups of memory modules are combined into larger
memory modules, and caches take the place of the origi-
nal smaller memory modules. These caches are grouped
in coherent clusters, and all caches in a cluster are con-
nected by a bus to a single memory module. Since the
memory module is now much larger, covering more
addresses, the number of network stages required has
been reduced. In the case of figure 1, four memory
modules have been combined and replaced by four
caches, and the number of stages in the interconnection
network has been shorted by two.

Bus-based coherence schemes are not scalable past
a certain point due to bandwidth limitations of the coher-
ence bus. However, they can be effective for limited clus-
ter sizes [ArBa86]. Therefore, CCHIME only provides
cache coherence across small clusters of caches attached
to a single memory module.

This approach can reduce both the amount of
memory contention and the latency of memory requests in
a number of ways. For example, concurrent read requests
to a single memory location can be processed simultane-
ously, since the memory location can be replicated across
multiple caches in a cluster. Caches also typically have
faster access times than memory modules, which reduces
latency for cache hits. In addition, due to the smaller
number of levels in the network, requests pass through
fewer switches. By decreasing both the number of levels
in the network and the degree of memory contention, the
amount of tree saturation which occurs in non-uniform
traffic conditions is reduced, thereby lowering average
request latency.

3. Simulations

3.1. The Network Model

In order to test the effectiveness of this architecture,
a number of modifications to the MIN simulator used in
[FaWW91, ScSo90] were made and a range of simula-
tions were performed. The topology of the network used
in the CCHIME architecture is that of a data manipulator,
which has been shown to be isomorphic with the flip,
omega, banyan, and indirect binary n-cube networks. The
processors and caches are connected by a network with
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2×2 crossbar blocking switches. The number of levels in
the network vary as a function of the number of proces-
sors (and caches), N, and the size of a cache cluster, K.
Each time K increases by a power of 2, the new caches
replace one additional level in the network. Each proces-
sor can reach exactly one of the caches in each of the
M/K clusters via the network.

Each switching node is capable of receiving one
request from each node input per cycle, and will place
that request in a FIFO queue before the next network
cycle; queues can accept up to two inputs per cycle. Each
queue feeds the next stage of the network, and can hold
up to 4 elements. The queue that lies between the final
stage of the network and the caches can hold up to 8 ele-
ments.

The model also provides two complete interconnec-
tion networks, one to propagate requests from the proces-
sors to the caches, and one for the reverse trip. Each pro-
cessor has a network interface which interacts with both
the forward and the reverse networks and is responsible
for requests being released or received. Each processor
may make at most one request per network cycle via its
processor network interface, and there is no limit on the
number of requests a processor may have outstanding.

3.2. The Coherent Cache Cluster Model

Caches are grouped in coherent clusters, and all
caches in a cluster are connected by a bus to a single
memory module. If the coherence bus is busy processing
a cache miss when a new cache miss occurs, the new miss
queues up for access to the cache bus. On writes to
shared data, coherence is maintained within each cluster
using a write −invalidate policy for updating the other
caches. Simulations were performed assuming that each
cache miss requires either three or five processor cycles
(six or ten network cycles) to service. We expect a cache
miss to require about three processor cycles to service,
but additional simulations with the more pessimistic five
processor cycles per cache miss were done to examine the
impact of a slower cache miss service time on perfor-
mance.

Cache hit rates of 95%, 97%, and 99% were simu-
lated. These cache hit rates are meant to reflect a mixture
of instruction and data references for a relatively large
cache, (256K to 1M bytes). Although data hit rates will
probably be lower than 95%, the instruction hit rates
should be quite high. Because instructions account for
the majority of cache accesses, the high instruction hit
rates will result in high combined instruction/data hit
rates.

3.3. The Workload Model

Our workload model assumes a uniform distribu-
tion of memory requests with a small user-selectable per-
centage of requests directed to a designated "hot" memory

module. The model does not differentiate between time
spent in hot spot versus uniform traffic conditions. It has
been noted that hot spots are transient [LeK86], but the
amount of time spent in different states (both in terms of
the degree of nonuniformity and the percentage of hot
processors) has not been fully explored in the literature,
and is not examined here. We assume a steady-state
representation. Further, the model is somewhat optimistic
in forcing only one hot spot at a time. It will allow more
than one hot spot to arise, but this will only happen if the
random distribution of uniform requests leads to an addi-
tional hot spot. In practice there may be nonuniform
requests to several memory modules simultaneously,
although Pfister and Norton suggest that typically there
are only one or two hot memory modules at one time
[PfNo85].

3.4. The Simulations

The simulator was run under a variety of condi-
tions, varying parameters such as number of caches in
each cluster, hot rate, cache access time, cache hit rate,
etc.

Each processor will attempt to offer a request dur-
ing each processor cycle time, P. If the network can not
accept the request because the first-stage queue is full, the
processor must wait to resubmit. Simulations were run
with processor cycle time P = 2. A processor cycle time
of 2 indicates that a processor cycle is twice as long as a
network cycle. We expect the processor cycle time to be
longer than a network cycle time because the network
nodes perform much simpler operations during a network
cycle than a processor does during a processor cycle.

For each processor, the effective maximum
bandwidth is calculated by the following formula:

Issue Rate = (Total Number of Requests) / (TIME x N)

where TIME is the simulated number of network cycles
elapsed, accumulated from the first cycle in which a
request was generated. The maximum bandwidth of a
MIN can only approach unity, even if there are no hot
spots, because collisions in both the nodes and the
memory modules occur even under uniform traffic
[DiJu81].

3.5. Performance of CCHIME

Our simulations measured the performance of the
CCHIME architecture in terms of issue rate and round
trip memory latency. In the simulation results presented
in this paper, the number of processors was set to 256, the
number of network cycles per processor cycle was set to
two, and the cache access time was set equal to the pro-
cessor cycle time. As stated earlier, processors generate
requests to random memory modules on every processor
cycle, and there is no limit to the number of requests a
processor can have outstanding.
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These parameters were chosen to maximize the
number of requests the network must deal with, in order
to observe the performance of the network under the most
pessimistic conditions.

3.5.1. Simulation Results

Figure 2 shows the issue rates of requests for simu-
lations with a hot rate of 2%, five different memory
configurations (cache clusters K of size 0, 2, 4, 8, and 16),
the hit rate of the caches set to 95%, 97%, and 99%, and
the time to service a cache miss set to 10 network cycles
(5 Processor Cycles).

The memory modules are assumed to be pipelined -
a cache miss at time t will be serviced at time t + Cache
Miss Service Time. However, the model does take into
account coherence bus collisions by forcing multiple
misses within a coherent cache cluster to wait extra cycles
until the bus becomes clear. (Note that the zero cache
case is simply an unmodified MIN network without
caches.)

Figure 2 shows how CCHIME can dramatically
increase the issue rate. Examining the figure we see that
when all the processors are making hot requests,
configurations with caches uniformly provide a higher
issue rate than the zero cache configuration. In fact, the
configuration with K=4 has an issue rate that is usually
over twice as high as that of a configuration with no cache
clusters, and in many cases is over 2.5 times as high.

Figure 2 also shows that the CCHIME architecture
is relatively sensitive to cache hit rates for larger cache
cluster sizes. This is not unexpected, since a larger
number of caches in a cluster will cause more contention
for the coherence bus and memory (just as in a bus-based
multiprocessor the bus begins to saturate as the number of
processors increases). These effects can be seen quite
clearly by looking at figures 2b and 2c; the larger cluster
sizes (8, 16) start to show serious performance degrada-
tion when the cache hit rate falls to 95%. However, it is
also interesting to note that even under these conditions,
when all processors are making requests to the hot
module (at the 2% rate), the configuration with cache
cluster size of 16 still outperforms the unmodified MIN
network.

CCHIME has an even more dramatic impact on
round trip latency. (Round trip latency is defined as the
amount of time from the point at which a request success-
fully enters the network until its return to the issuing pro-
cessor.) Round trip latencies do not increase dramatically
for cache cluster sizes of 4 or more as the number of pro-
cessors making requests to the hot module increases. In
fact, for cache cluster sizes of 8 and 16, the round-trip
times stay virtually constant. However, the sensitivity to
cache hit rate does show up again; the round trip latency
of K=16 is uniformly higher than other configurations.
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Issue Rate of a CCHIME Network, Hot Rate = 2%
Cache Miss Service Time = 10 cycles
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A cache cluster size of K=4 consistently outper-
forms the unmodified MIN network. When all processors
are issuing hot requests the K=4 configuration round trip
latency is 40% to 50% that of the zero cache
configuration, and in all cases the K=4 configuration
appears to be most insensitive to cache hit rates.

4. Conclusions

This paper has presented a hybrid shared memory
architecture which combines the advantages of multistage
interconnection networks and coherent caches. Simula-
tion results show that this architecture decreases both the
throughput limiting effect of hot spots as well as memory
reference latency. According to simulation results, the
optimal size for a cache cluster appears to be 4. This
value shows the best resistance to coherence bus satura-
tion effects, increasing the issue rate by a factor of 2
while providing a round trip latency 40%-50% that of an
unmodified MIN network. Since CCHIME is a direct
extension of existing MINs and cache coherent architec-
tures, its implementation should be relatively straightfor-
ward.

The simulations performed so far present a worst-
case scenario, with requests being issued every clock by
all processors. Simulations currently underway will more
closely model the actual performance of a CCHIME
architecture. In addition, the characteristics of memory-
side caches which service multiple processors must be
examined in order to discover the optimal cache
coherency protocol. Traces of actual parallel programs
may also be useful in more accurately determining the
behavior of caches in a CCHIME architecture.
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