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Abstract

In this paper, we explore two techniques for reduc-
g memory latency in bus-based multiprocessors. The
first one, designed for sector caches, is a snoopy cache
coherence protocol that uses a large transfer block to
take advantage of spatial locality, while using a small
coherence block (called a subblock) to avoid false shar-
ing. The second technique is read snarfing (or read
broadcasting), in which all caches can acquire data
transmaitted in response to a read request to update in-
valid blocks in their own cache.

We evaluated the two techniques by simulating 6
applications that exhibit a variety of reference pat-
terns. We compared the performance of the new proto-
col against that of the Illinois protocol with both small
and large block sizes and found that it was effective
i reducing memory latency and providing more con-
sistent, good results than the Illinois protocol with a
giwen line size. Read snarfing also tmproved perfor-
mance mostly for protocols that use large line sizes.

1 Introduction

Parallel applications exhibit a wide variety of mem-
ory reference patterns. Because of these differing ref-
erence patterns, it is difficult to design memory archi-
tectures that will serve all applications well. However,
since tolerating or reducing memory latency is one of
the main challenges to effective parallel processing,
new techniques are continually under investigation to
decrease memory traffic.

In this paper we investigate two such techniques in
the context of a cache coherent shared-memory multi-
processor architecture. For the first technique, we fo-
cus on the relationship between the coherence protocol
and the cache block size. While some applications run
better when small cache block sizes are used because of

the presence of migratory data or because false shar-
ing is avoided, others execute more quickly with larger
block sizes because they exhibit good spatial locality.
Most often, an architecture 1s implemented with the
same block size used for both transfer (memory to
cache or cache to cache) and coherence. Our tech-
nique is a snoopy cache coherence protocol that uses
different block sizes for transfer and coherence. The
goal of the subblock protocol is to obtain the advan-
tages of using large block sizes for those programs that
have good spatial locality while avoiding many unnec-
essary invalidations that result from migratory data
and false sharing. The subblock protocol performance
is compared to that of an invalidate protocol, namely
the Illinois protocol.

The other technique we evaluate is read snarfing.
Read snarfing is an enhancement to snoopy-cache co-
herence protocols that takes advantage of the inher-
ent broadcast nature of busses. In a system with read
snarfing, caches snoop the bus not only for coherence
transactions, but also for potentially useful data that
is being read by another processor. In this paper, we
evaluate the impact that snarfing has on the perfor-
mance of the Illinois protocol and on our newly devel-
oped subblock protocol.

In Section 2 we present our model architecture, in
particular a sector cache organization that allows sub-
blocks. Sections 3 and 4 describe the two techniques,
subblock protocol and read snarfing, in more detail.
Section 5 presents our evaluation methodology with
Section 6 giving simulation results. Suggestions for
improvements and further study are given in the con-
cluding section.

2 Architectural model

Our base architecture is a shared-bus multiproces-
sor. The base architecture can be seen as a cluster in a
hierarchical multiprocessor. Our investigation at this



point explores intra-cluster effects but the techniques
could be extended to inter-cluster optimizations. Each
processor has a private cache and coherence is main-
tained via a snoopy protocol. The shared bus is a
split-transaction bus.

We consider two types of caches: “usual” caches and
“sector” caches. Usual caches have a capacity C| a
block size L, and an associativity k. Corresponding
sector caches have the same (C, L, k) characteristics
but in addition the blocks are divided into subblocks
of size b. The units of coherence and transfer are the
same for the usual caches, namely L, while these units
can be L or b depending on specific protocols in the
case of sector caches. In the sector caches, both blocks
and subblocks have states. A sector cache (C, L, k,b)
will therefore require 2L/b extra state bits/block, as-
suming that subblocks have a maximum of 4 states.
Thus an (C, L/2, k) usual cache and a (C, L, k, b) sec-
tor cache require approximately the same number of
tag and state bits for L between 32 and 128 bytes and
b = 8 bytes. Note also that a usual cache with L = b
is more memory expensive than a sector cache with L
and b as above [Sez94].

Systems with sector caches also require more bus
lines to transmit bitmasks corresponding to the status
of the subblocks in a particular block. However, the
number of additional lines will be comparatively small,
since the number of extra lines required is equal to
L/b, the number of subblocks in a block.

We assume caches with dual ported tags, a com-
mon feature in current snoop-based systems and an
almost mandatory one when snarfing is implemented
so that read snarfing snoop checks don’t interfere with
processor access.

3 The subblock protocol
3.1 Subblock protocol

The motivation behind sector caches is to de-
sign a coherence protocol that takes advantage of
applications’ spatial locality by fetching large sized
blocks while avoiding invalidations and migrations of
falsely shared data by having a smaller coherence unit,
namely a subblock. The protocol is snoopy-based
[AB86]. It incorporates features from the Illinois pro-
tocol [PP84] and from protocols or write policies with
subblock (in)validations [CD93, Jou93].

The basic philosophy behind the protocol is as fol-
lows. As much as possible, we favor cache to cache
transfers. On read misses, we transfer as many valid

subblocks in the block as possible. If the needed sub-
block is in another processor’s cache, that cache sends
along not only the cached subblock, but all other
read-shared subblocks (i.e., subblocks in states Clean
Shared and Dirty Shared, see below) in that block.
In contrast with the Illinois protocol, dirty subblocks
that are transferred on read misses are not copied to
memory (hence the Dirty Shared state for ownership).
On the other hand, if the subblock is located only in
main memory, then memory will respond with the re-
quested subblock, plus any subblocks which are not
currently cached. The information about which sub-
blocks are currently cached is determined when the
request goes out over the bus. On writes to clean sub-
blocks and write misses, we invalidate only the sub-
block to be written. We do this in order to avoid the
performance penalties associated with false sharing.

To implement our protocol, we used 4 block states,
plus 4 subblock states.
ful when there is only one cache that contains a
copy of the block (state VALID EXCLUSIVE) thus
avoiding invalidations, or when all subblocks in the
block are either clean — and not owned — or invalid
(state CLEAN SHARED), thus avoiding replace-
ment. The block states are as follows:

INVALID All subblocks are Invalid.

The block states are use-

VALID EXCLUSIVE All valid subblocks in this
block are not present in any other cache. All
subblocks that are Clean Shared may be written
without a bus transaction. Note that any (or pos-
sibly all) subblocks in the block may be Invalid.
There also may be Dirty blocks which must be
written back upon replacement.

CLEAN SHARED The block contains subblocks
that are either Clean Shared or Invalid. The block
can be replaced without a bus transaction.

DIRTY SHARED The subblocks in this block may
be in any state. There may be Dirty blocks which
must be written back on replacement.

The subblock states are as follows:
Invalid The subblock is not valid.

Clean Shared A read access to the subblocks will suc-
ceed. Unless the block the subblock is a part of is
in the VALID EXCLUSIVE state, a write to
the subblock will force an invalidation transaction
on the bus.

Dirty Shared The subblock is treated like a Clean
Shared subblock, except that it must be written



back on replacement. At most one cache will have
a given subblock in either the Dirty Shared or
Darty state.

Dirty The subblock is exclusive to this cache. It must
be written back on replacement. Read and write
accesses to this subblock hit with no bus transac-
tions.

Additional detail on the subblock protocol, includ-
ing complete tables of state transitions and an example
of the protocol in action may be found in [AB94].

3.2 Related work

Goodman introduced the concept of a coherence
block which can be different in size from either an
address block (the amount of storage associated with
a cache address tag) or a transfer block, which is the
amount of data transferred from memory on a miss
[Goo87]. Goodman advocates using a large size for
the coherence block to reduce the number of coher-
ence operations that must be done to read or write
a given amount of data. However, at some point in-
creased traffic from false sharing misses will cause an
overall increase in memory latency and bus traffic.

Other authors have proposed directory based
schemes in which the unit of coherence is smaller
than an address block. Chen and Dubois [CD93] de-
scribe an extension to a full-map directory protocol
in which a valid bit is associated with each invali-
dation block. They show a substantial decrease in
both miss rates and memory traffic when partial in-
validations are used. Dubnicki and LeBlanc [DL92]
propose adjustable block size caches where the size
of an address block dynamically grows or shrinks, in
a buddy-system like fashion, in response to various
patterns of write sharing. Unlike Chen’s protocol,
Dubnicki’s protocol 1s not easily adaptable to non-
directory based coherence protocols. Tomasevi¢ and
Milutinovi¢ [TM91] advocate a Word Invalidate Proto-
col (WIP) that uses per-word valid bits and additional
block states to reduce the “pollution” of valid blocks
with invalid words. Using a synthetic benchmark to
evaluate their protocol, they found that the WIP pro-
tocol overall performed slightly better than the the
write-update Dragon protocol for their parameters.

4 Snarfing

Read snarfing is an enhancement to snoopy-cache
coherence protocols that takes advantage of the inher-
ent broadcast nature of the bus. Under read snarfing,

the cache snoop mechanism of every cache, and not
only of the requesting cache, checks the address asso-
ciated with all completed read operations on the bus.
If the address of the data matches in the cache, but the
state of the block (subblock) is invalid, the cache will
read the value of the block from the bus, and set the
state of the block (subblock) to read shared (clean-
shared in the subblock protocol). The main benefit
of read snarfing is that it reduces the number of read
misses for blocks that were invalidated because of co-
herence actions. The first processor to reload a block
because of an invalidation miss will effectively supply
the block to other processors whose blocks were in-
validated in the past, assuming that the invalidated
blocks were not overwritten by other data.

We expect that read snarfing will enhance the over-
all performance of the system (reduction in elapsed
execution time and in bus utilization). Note however
that snarfing can produce an “anomaly”, namely an
increase in the miss rate (this actually happened in
two of the benchmarks discussed later). To see how
this can happen, consider a system that uses test and
test and set (TTS) locks. The code for TTS locks is
as follows:

Li: (1) Load L (L is the lock location)
(2) If L != 0, goto L1
(3) Load 1 into a register
(4) Atomically swap L with register
(5) If register != 0, goto L1
(Lock succeeds)

To unlock the lock, the holder simply swaps a 0 into
the lock location.

Each time a lock is released and acquired, the value
of the lock transitions from 1 to 0, then back to 1. A
processor unsuccessfully contending for the lock would
see 2 misses - one for each transition. One miss would
be a read miss at statement (1) which is caused by
the transition from 1 to 0, and the other would be a
swap (write) miss at statement (4) since the processor
successful in getting the lock would have invalidated
all other copies. This is the case when bus and lock
contention are low.

However, when bus contention is high, it might take
a long time for the load that results from the first miss
to be completed. The load could be delayed so long
that the value loaded is 1, not 0. The processor would
only tally one miss (a read miss), not two, as a result
of the lock being released and acquired.

When snarfing is used, the processor’s read request
is satisfied quickly, since one of the contending reads
succeeds even under high bus loading. Because of this,



the processor will tally more misses under snarfing. It
tallies more write misses, since all processors contend-
ing for the lock fall through to statement (5), unlike
the case when there is no snarfing and high bus con-
tention. It also tallies more read misses, because under
snarfing, all processors contending for the lock reach
statement (4) at about the same time. The first con-
tending processor to get the bus will succeed in taking
the lock; all others will fail. The first processor to fail
(call it A) will branch back to L1, where it spins. The
second processor to fail will then execute statement
(4), invalidating the copy in A’s cache, which causes a
read miss. Depending on the interleaving of requests
on the bus, processor A may experience one or more
read misses due to failed attempts to take the lock.
This undesirable behavior could be avoided by using
a queue lock which works well under both heavy and
light contention.

Despite the additional misses caused by snarfing,
using it can reduce overall execution time and bus
loading, because most of the extra misses incurred do
not require a bus access to satisfy them; the value of
the lock is reloaded through snarfing.

Read snarfing was discussed in previous work
by Rudolph [SR84], Goodman [GW8S§], and Eggers
[EK89]. Of these, only Eggers evaluated the perfor-
mance benefits of read snarfing. Under a single-ported
tag directory assumption she found that although read
snarfing resulted in a decrease in invalidation misses
and bus utilization for most applications, total exe-
cution time increased, due to processor lock-out from
the cache and the need to for caches to acknowledge
that they have completed a snoop. With our assump-
tion of dual-ported tag directories (c.f. Section 2), the
processor lock-out problem is no longer present.

5 Methodology
5.1 Benchmarks

We modified the Cerberus multiprocessor
instruction-level simulator [BAD89, AB93] to evalu-
ate both the sector cache protocol and snarfing. The
basis for comparison (with usual caches) is the Illinois
protocol. The use of an instruction-level simulator
not only allowed us to evaluate the merits of the two
improvements but also to check that they were work-
ing correctly by comparing the results of application
runs on the simulator against runs on the native work-
station. Instruction references and references to non-
shared locations are assumed to always hit in a private
cache. The width of the bus in all simulations was 64

bits. The latency of main memory was assumed to be
10 cycles.

We chose six applications to evaluate our protocol.
The applications’ reference behaviors fall into three
categories:

e Applications that have good spatial locality and
exhibit high cache hit rates, and therefore do well
with large block sizes (Gauss, Cholesky)

e Applications that exhibit both true and false
sharing, that perform better with small block
sizes (MP3D, Topopt, Pverify)

e Application that have few shared accesses, so the
choice of block size is less important (Barnes)

Gauss is a standard gaussian elimination program
which solves a system of linear equations. We ran our
simulation on a 250x250 matrix, comprising approxi-
mately 161 million instructions on a single processor.

Cholesky is a program from the SPLASH bench-
mark suite for sparse matrix factorization [SWG92].
Our simulation used the BCSSTK14 input file (65 mil-
lion instructions).

Another program from the SPLASH suite is MP3D.
MP3D is a 3-dimensional particle simulator which has
poor locality and incurs a great deal of coherence
misses. We ran MP3D on 50000 molecules for 50 steps
(21 million instructions).

Topopt performs topological optimization on VLSI
circuits using a parallel simulated annealing algorithm
[DN87]. This application exhibits a fair amount of
both true and false sharing [EJ91]. We used the
cplal.lomim input file (1.7 billion instructions).

Pverify determines whether two boolean circuits
are functionally identical [MDWSS87]. It exhibits a
great deal of false sharing, even when using moderate-
sized blocks [EJ91]. We ran Pverify on the circuits
(C880.21.berkl and (€880.21.berk2 (1 billion instruc-
tions).

Our final applications is Barnes-Hut, from the
SPLASH suite. It simulates the effect of gravity on
a system of bodies. Barnes exhibits a very low coher-
ence miss rate, even when 64 processors are used. We
simulated 128 bodies (111 million instructions)

5.2 Simulated architectures

Our experiments simulated both usual and sector
caches. In all experiments the subblock size b was 8
bytes and caches were two-way set-associative (k = 2).

In order to minimize simulation time, we only sim-
ulated relatively large caches (C' = 128K). Previous



work [AB94] indicates that using a smaller cache size
does not significantly change the results. The block
size was either 8 or 64 bytes. For the usual caches we
used the Illinois protocol. For the sector caches we
simulated the protocol described previously (of course
there was no simulation of sector caches with a block
size of 8 bytes).

Finally, we simulated the applications on systems
with 1, 4, 16, and 32 processors.

5.3 Metrics

The principal metric we used to evaluate the proto-
cols was execution time in simulated clock ticks. For
all programs, all measurements were done only on the
parallel section of the application; for the programs
studied, the execution time of the serial section of the
code is negligible compared to the time spent in the
parallel section.

We also gathered other performance metrics that
allowed us to interpret the simulation results. The
two most important ones are the number of (shared)
data bytes transferred during execution, and the num-
ber of bus transactions needed. These metrics are
important not only because they allow us to under-
stand why one protocol performs better than others,
but also because they can be used to project how tech-
nology advances will affect our results. For example,
we can project the impact of faster processors or of
wider busses by expressing the total elapsed time as
the sum of the “computational cycles” and of the “bus
cycles” | with differing values for these “cycles” and a
factor for varying bus contention. We are currently
building a model that will allow us to predict perfor-
mance in this fashion. The model will be validated by
running the instruction-level simulator with adequate
parameters.

6 Results

We report our results in three groups, correspond-
ing to the classification used in section 5.1. First,
we present results for the two applications (Gauss
and Cholesky) that do well using large block sizes.
Next, we present data for the three applications
(MP3D, Topopt, and Pverify) that perform better us-
ing smaller block sizes. Finally, we report on our re-
sults running Barnes, for which the choice of block
size 1s not very important. Note that in the following
discussion, “81 protocol” refers to the Illinois protocol
used with an 8 byte block size; similarly, “641 proto-

col” refer to the Illinois protocol and a 64 byte block
size.

6.1 Gauss

The Gaussian elimination application has little
write-shared data, and good spatial locality. There-
fore, using a large block size provides important per-
formance benefits (see Figure 1A). Running Gauss on
the 641 protocol results in linear speedup up to 16
processors, and a speedup of about 21 on 32 proces-
sors. In contrast, the 81 protocol peaks at a speedup
of about 10 using 16 processors. The reason for this
is that the 81 protocol generates over 7 times as many
bus requests as the 641 protocol, both for small and
large numbers of processors (Figure 1C). This more
than makes up for the small reduction (from 7% to
13%) in the number of bytes transferred when using
the 81 protocol (Figure 1B).

The 64 byte subblock protocol outperformed even
the 641 protocol on the Gaussian application. Because
the subblock protocol transfers as much of a cache
block as possible when satisfying read requests, it took
advantage of the spatial locality in Gauss, which re-
duced the number of bus transactions needed. At the
same time, the subblock protocol reduced the number
of bytes transferred when compared to the 641 pro-
tocol, to a level in between that of the 641 and 81
protocol.

Snarfing had a small but beneficial impact on pro-
gram performance, mostly for the 32 processor config-
uration. Snarfing reduced the number of bytes trans-
ferred for the 641 configuration by 5%; for other config-
urations, the figure is smaller. This is not surprising,
given the limited number of opportunities available for
snarfing.

6.2 Cholesky

While linear speedup was not reached in Cholesky,
this application actually exhibits good spatial and pro-
cessor locality; the lack of speedup is due to the small
example that was simulated (Figure 2A). Because of
its good locality, there was little difference in over-
all speedup between the various protocols simulated.
The 641 protocol did run slightly faster than the 81
protocol, primarily due to the fewer bus transactions
needed by the 641 protocol (Figure 1C). The 81 proto-
col required about 5 times more bus transactions than
the 641 protocol to complete the program, whether
for 1 processor or 32 processors. These additional
bus transactions caused bus utilization to roughly dou-
ble for the 81 protocol, despite the fact that using a
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smaller block size reduced the number of bytes trans-
ferred by at least 33% when using 4 or more processors
(Figure 2B).

The subblock protocol performance was closer to
that of the 81 protocol than to that of the 641 protocol.
The reason for this is the large number of bus trans-
actions required by the subblock protocol: 20% less
than the 81 protocol but up to 4 times more than the
641 protocol. The subblock protocol required many
more invalidations than the 641 protocol, since inval-
idations are done on the (smaller) subblock level. Tt
also required more read requests than the 641 proto-
col. These additional requests were needed on cache
to cache transfers, despite the fact that when a cache
supplies a subblock in response to a read request, it
sends along all other read-shared subblocks. From this
we can infer that a great many of the subblocks in each
cache are owned by that cache, necessitating a sepa-
rate read request for each subblock needed.

Overall, snarfing provided relatively small benefit
to this application. It did reduce the number of bytes
transferred by all three protocols, but only by 13%
in the best case. It slightly reduced the number of
bus transactions, and had a very small impact on bus
utilization.

6.3 MP3D

MP3D has a great deal of both true and false
sharing [CGM91, EJ91]. Such sharing tends to limit
speedups as more processors are devoted to the prob-
lem. Because of MP3D’s sharing behavior, using a
large block size severely impacts performance when
using 16 or 32 processors, as can be seen in Figure
3A for the 641 protocol. Speedup in that case reaches
a maximum of 5.77 for 16 processors, a figure already
quite low, and actually decreases to 5.33 for 32 proces-
sors. By comparison, the small block 8I protocol has
speedups of 10.15 for 16 processors and 12.15 for 32
processors (saturation has been reached). The differ-
ence in performance is due to the increased amount of
data transferred under the 641 protocol (Figure 3B).
For 16 processors, the 641 protocol transfers 8 times
more data than the 81 protocol with only 17% fewer
transactions; for 32 processors, the factors are 8.8 and
12%. The additional traffic hurts performance, since
even under the 81 protocol, bus utilization is already
high (60% or greater).

Running MP3D under the 64 byte subblock pro-
tocol did improve performance over the 641 protocol,
but the subblock protocol didn’t match the perfor-
mance gains obtained by using the 8I protocol. The
primary reason for this is that the subblock protocol

attempts to transfer as much of a block as practicable
when satisfying reads. While this helps performance
on applications with a great deal of spatial locality
(like Gauss), it results in additional unnecessary data
traffic in MP3D. The amount of data transferred is
about 3 times that of the 8I protocol and 40% that
of 641. The number of bus transactions is also in be-
tween those of 641 and 8I. And, not surprisingly, the
speedups are also in between those of the two other
protocols.

Snarfing is moderately effective in this application,
especially in the 641 protocol. Under the 641 protocol,
speedup does not degrade when going from 16 to 32
processors when snarfing is used; moreover, snarfing
improves the performance of the 641 protocol by 25%
for the 16 processor case, and 30% for the 32 processor
case. However, even with snarfing, the 641 protocol is
not competitive with the 81 protocol. With large block
sizes, it is more likely that two (or more) processors
are accessing data in the same block. Thus it is more
likely with larger block sizes that a snarfed block will
actually be used. This can be seen in Figure 3B, where
snarfing decreased the number of bytes transferred un-
der the 641 protocol by 35% for 16 processors, and by
40% for 32 processors. In addition, snarfing reduced
641’s number of transactions by about 17%. These two
effects contribute directly to an improvement in per-
formance, since high bus latency due to contention is
the bottleneck for this application. In contrast, snarf-
ing reductions for the 81 protocol are, percentage-wise,
only half that of the 641 protocol: the amount of data
transferred is reduced by only 22% and the number
of transactions by 9%. This results in speedup in-
creases of only 5% (for 16 processors) to 10% for 32
processors. Snarfing also improved the performance of
the subblock protocol. Just as the subblock protocol’s
performance was in between that of the 81 and 641
protocols, the benefits the subblock protocol obtained
using snarfing were also in between those of the 81 and
641 protocols.

6.4 Toptopt

The Topopt application exhibits both true and false
sharing. Because of this, using an 8 byte block size re-
sulted in much better speedup performance than us-
ing a 64 byte block size (see Figure 4A). Using a small
block size resulted in near-linear speedup, while using
a large block size achieved a speedup of only 10 on 16
processors, and 17 on 32 processors. The effect of false
sharing can be seen in graphs that show the number of
bytes transferred (Figure 4B), and the number of bus
transactions (Figure 4C). The 641 protocol transferred
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from 15 to 18 times more data than the 81 protocol
when more than 1 processor was used. The 641 pro-
tocol also used nearly twice as many bus transactions
than the 81 protocol. The decrease in the number of
bytes transferred (and bus transactions) for the 641
protocol when 32 processors were used is due to the
decrease in capacity/conflict misses.

The performance of the subblock protocol on
Topopt was mediocre. Without snarfing, the subblock
protocol outperformed only the 641 protocol (with-
out snarfing) on speedup. The subblock protocol also
transferred far more data and incurred more bus trans-
actions than the 8I protocol, though it did perform
better than 641 protocol in these measures. Part of the
reason why the subblock protocol performed poorly in
the absence of snarfing is its policy of transferring ad-
ditional subblocks on cache-to-cache reads in addition
to the one requested.

The addition of snarfing to the 641 protocol was ef-
fective in narrowing the performance gap between the
641 and 8I protocols. Snarfing increased the speedup
for the 32 processor 641 case from 17 to 28. Snarfing
cut the number of bytes transferred by a factor of 2 for
16 processors, and by a factor of 3 for 32 processors. It
also significantly reduced the number of bus transac-
tions needed. Snarfing reduced the detrimental effect
of false sharing on the performance of the 641 protocol.
In contrast, snarfing had little effect on the 81 proto-
col. Snarfing significantly improved the performance
of the subblock protocol. With snarfing, the subblock
protocol finished faster than either the 81 or 641 proto-
cols. The subblock protocol also did nearly as well as
81 protocol in minimizing the number of bytes trans-
ferred, and had fewer bus transactions than the other
protocols.

6.5 Pverify

Pverify has great deal of false sharing, even for
moderate blocks sizes [EJ91]. Tt is not surprising,
therefore, that using a large block size substantially
degrades performance, as can be seen in Figure bA. In
contrast, using a small block size leads to near-linear
speedup. The poor performance of the 641 protocol
is due to the increased number of invalidations, and
the bus traffic needed to satisfy the read misses which
result from the invalidations. As can be seen in Figure
5B, using the 641 protocol (without snarfing) transfers
over 16 times as much data as the corresponding 8l
protocol when 32 processors are used. Using a large
block size also increases the number of bus transac-
tions (by 76% for 32 processors) required to complete
the application (Figure 5C).

Using the subblock protocol substantially improved
the performance of Pverify as compared to the 641
protocol, nearly matching the 81 protocol in speedup.
The reason for this can be seen in Figures 5B and 5C,
where the subblock protocol reduced both the number
of bytes transferred by 65% and the number of bus
transactions by 29% (for 32 processors) when com-
pared to the 641 protocol. One interesting aspect to
Figure 5B is the drop in the number of bytes trans-
ferred under the subblock protocol as the number of
processors increases. This is due to the fact that as the
total amount of cache in the system increases, capacity
and conflict misses decrease, necessitating fewer reads
from memory. While this phenomenon also occurs un-
der the 81 and 641 protocols, the effects are masked by
the increase in reads due to invalidation misses.

Snarfing was a large benefit to the 641 protocol,
while it was only a small benefit for the 8I protocol.
For 16 processors or less, the speedup benefit was small
for all protocols (at most 10%). However, at 32 pro-
cessors, snarfing improved the speedup of the 641 pro-
tocol by 67%, which is still not enough to make the
641 protocol competitive with the other two protocols.
The improvement is due to large reductions in both
the number of bytes transferred, and the number of
bus transactions. Snarfing reduced the number bytes
transferred by 35% for 16 processors, and 43% for 32
processors. Improvements for the number of transac-
tions was smaller: 24% for 16 processors, and 33% for
32 processors. Gains for the 81 protocol were much
smaller. There was little difference in speedup, except
for 32 processors (6%). Snarfing did improve the num-
ber of bytes transferred for the 32 processor by 24%,
and the number of transactions by 20%. We observed
an anomaly in our results when we looked at snarf-
ing under the subblock protocol. Contrary to what
we expected, snarfing slightly decreased performance
in all three categories of speedup, bytes transferred,
and bus transactions. We are investigating the cause
of this unusual result.

6.6 Barnes

Overall, the Barnes-Hut application exhibits good
locality, primarily because it does relatively few shared
read (10-15%) and shared write references (.1%). Be-
cause of this, varying the block size, or using the sub-
block protocol or snarfing had little effect on overall
speedup (Figure 6A). However, if we look at the num-
ber of bytes transferred (Figure 6B), and the number
of bus transactions (Figure 6C), then we do see dif-
ferences between the tested configurations. Since the
working set for the application fits in a single 128K
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cache, most of of the bus traffic is due to invalidations
and the subsequent misses due to invalidations. As we
can see in Figure 6B, using the 641 protocol resulted in
over b times more bytes transferred than the 81 pro-
tocol. While using the 641 protocol did reduce the
number of bus transactions by 25%), the large number
of bytes transferred under the 641 protocol resulted in
much higher bus utilization than the 81 protocol.

The subblock protocol performed well on the
Barnes application. It substantially reduced the num-
ber of bytes transferred over the 641 protocol, ap-
proaching the performance of the 81 protocol. It used
fewer bus transactions than either the 641 or 81 pro-
tocols. And its bus utilization was lower than either
of the two Illinois protocols.

Snarfing produced large benefits for all three pro-
tocols studied. Using snarfing with the 641 protocol
reduced the number of bytes transferred to nearly the
level of the 8I protocol which did not use snarfing.
Adding snarfing to the 8I protocol reduced the num-
ber of bytes transferred by about 75% for the 16 and
32 processor systems. Snarfing also reduced the num-
ber of bus transactions. For 32 processors, snarfing
reduced the number of transactions by about 70% for
both the 81 and 641 protocols, and by 57% for the
subblock protocol. Snarfing dramatically reduced bus
utilization for the 81 (from 17% to 4% for 32 proces-
sors) as well as that of the 641 protocol (from 31% to
7%) and the subblock protocol (14% to 4%).

6.7 Results summary

Overall, the subblock protocol performed well. On
four of the six applications (Gauss, Cholesky, Pver-
ify, and Barnes) it executed about as fast (or faster
than) the better of two block sizes used with the Illi-
nois protocol. The other two applications (MP3D
and Toptopt) performed better using a small block
size. However, on Topopt the subblock protocol used
with snarfing was faster than all other configurations
tested. The subblock protocol did not do well on
MP3D because of its policy of transferring multiple
subblocks when responding to read requests, a fea-
ture that, by contrast, was found to be very beneficial
for applications with good spatial locality. On every
application, the subblock protocol transferred fewer
bytes than the 641 protocol, but more than the 8I
protocol. Similarly, for bus transactions, the subblock
protocol usually performed in between that of the best
choice of block size to reduce bus transactions (641 for
Gauss, Cholesky, and MP3D; 81 for the Pverify) and
the worst choice; for Barnes, it actually outperformed

both.
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Generally speaking, snarfing is an effective tech-
nique to reduce the amount of data transferred and
the number of bus transactions, and to improve execu-
tion time, especially when the application does not ex-
hibit good spatial locality. Snarfing greatly improved
the performance of the 641 protocol on those appli-
cation with a great deal of sharing (MP3D, Topopt,
Pverify). Snarfing also sharply reduced the amount of
data transferred, the number of bus transactions, and
bus utilization for Barnes.

7 Conclusion

In this paper, we have presented two techniques
for improving application performance on bus-based
multiprocessors. The first technique was the use of a
subblock cache coherency protocol that takes advan-
tage of the spatial locality found in many programs by
using a large sized block for transfers, while avoiding
the performance problems caused by false sharing by
using a smaller sized subblock for invalidations. The
second technique was read snarfing whose intent is to
reduce the number of read misses caused by previous
coherence actions.

The subblock protocol performed as well or better
than the Illinois protocol using the best block size (64
bytes) on those applications with good spatial locality.
The subblock protocol also performed well on the ap-
plications that exhibited a great deal of true and false
sharing. For these applications, it was always better
than the Illinois protocol with large block size and
was close to the Illinois protocol with small block size
with the exception of the MP3D benchmark. When
the subblock protocol did not do as well as the Illinois
protocol (when using a small block size), the prob-
lem was due to the subblock protocol’s use of a large
transfer block. Our experience shows the difficulty of
creating a non-adaptive cache coherency protocol that
works well with all applications. The policy of us-
ing a large transfer size in our subblock protocol that
helped us get good performance in the Gauss appli-
cation hurts performance in MP3D. Overall, however,
the subblock protocol was either best or close to the
best of all protocols.

We also investigated the effects of read snarfing,
and found that it is an effective technique in improving
application performance on bus-based machines, espe-
cially when large block sizes are used and the program
exhibits a great deal of false sharing. Snarfing is ef-
fective in reducing the amount of data transferred and
the number of bus transactions, which in turn leads to
lower bus utilization and higher application speedups.



The combination of the subblock protocol and
snarfing produced the best results in 2 out of 6 cases;
of the other 4 cases, it came in a close second in 3
cases. In only one (MP3D) did the subblock proto-
col ever perform more than 11% worse than the best
choice of Illinois protocol (with snarfing).

In future work, we will apply the two techniques
to systems that consist of a hierarchy of busses. We
will evaluate how effectively the subblock protocol and
read snarfing can reduce the amount of bus traffic gen-
erated by the application so that more processors can
be effectively utilized by the program.
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