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Abstract
In this paper we introduce a classification of misses in shared-memory multipro-

cessors based on inter processor communication. We identify the set of essential misses,
i.e., the smallest set of misses necessary for correct execution. Essential misses include
cold misses and true sharing misses. All other misses are useless misses and can be
ignored without affecting program execution.

Based on the new classification we evaluate miss reduction techniques in hard-
ware, based on delaying and combining invalidations. We compare the effectiveness of
five different protocols for combining invalidations leading to useless misses for cache-
based multiprocessors and for multiprocessors with virtual shared memory. In cache based
systems these techniques are very effective and lead to miss rates which are close to the
minimum. In virtual shared memory systems, the techniques are also effective but leave
room for additional improvements.
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THE DETECTION AND ELIMINATION OF USELESS
MISSES IN MULTIPROCESSORS

Abstract
Future shared memory multiprocessors will include features to hide the increasing

performance gap between memories and processors. Usually, stores can be overlapped
with the local execution of the processor. This overlap may increase the miss rate, as we
will show in this paper, but it also offers new opportunities to eliminate useless misses and
therefore to reduce the miss penalty as well. Attempts have been made in the past to detect
useless misses and to eliminate them by hardware or compiler approaches.

In this paper we introduce a classification of misses in shared-memory multipro-
cessors based on inter processor communication. We identify the set of essential misses,
i.e., the smallest set of misses necessary for correct execution. Essential misses include
cold misses and true sharing misses. All other misses are useless misses or false sharing
misses, and can be ignored without affecting program execution. Previous classifications
did not detect useless misses correctly and tended to overestimate their number.

Based on the new classification we evaluate miss reduction techniques in hard-
ware, based on delaying and combining invalidations. We compare the effectiveness of
five different protocols for combining invalidations leading to useless misses for cache-
based multiprocessors and for multiprocessors with virtual shared memory. In cache based
systems these techniques are very effective and lead to miss rates which are close to the
minimum. In virtual shared memory systems, the techniques are also effective but still
leave room for improvements.

1. INTRODUCTION
The design of efficient memory hierarchies for shared-memory multiprocessors is an

important problem in computer architecture today. With current interconnection and memory
technologies, the shared-memory access time is usually too large to maintain good processor effi-
ciency. As the number and the speed of processors increase, it becomes critical to keep instruc-
tions and data close to each processor. These considerations have led to two types of systems:
systems with private caches [7,21] and systems with virtual shared memory [1,3,17], in which
multiple copies of the same data may exist and coherence must be maintained among them. There
are some implementation differences between the two types of systems. The transfer of data
between caches and memories is done in blocks under hardware control and the block size is typ-
ically less than 256 bytes; in a system with virtual shared memory data transfers are managed in
software and involve pages of size typically larger than 512 bytes. In this paper we consider block
sizes between 4 and 4096 bytes and therefore we address both kinds of systems. Block sizes
between 4 bytes and 256 bytes are referred to as the caching range, while block sizes between 512
bytes and 4096 bytes are referred to as the paging range.

Write invalidate protocols are the most widely used protocols to enforce consistency
among the copies of a particular block or page. In such protocols, multiple processors may have a
copy of a block or page provided no one modifies it, i.e. the copy is shared. When a processor
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needs to write into a copy, it must first acquire ownership, i.e., it must have the sole copy among
all caches. Acquiring ownership implies that copies in remote caches must be invalidated. There-
fore, there are two types of memory requests in a system with a write-invalidate protocol: invali-
dations of remote copies and misses. While an invalidation or miss request is pending in a
processor, the processor must often be blocked. The processor blocking time during a memory
request is called the penalty of the request. Penalties reduce the processors’ efficiency and this
effect becomes worse as more powerful processors are designed and as more processors are sup-
ported. If we ever want to build truly scalable shared memory multiprocessors, we need to reduce
memory penalties to a minimum. Current research on memory consistency models is key to hid-
ing the large access latencies of shared-memory.

Whereas invalidation penalties can be easily eliminated through more aggressive consis-
tency models [11,18], load miss latencies are much harder to hide. In general, misses can be clas-
sified in cold, replacement, and coherence misses. A cold miss occurs at the first reference to a
given block by a given processor. Subsequent misses to the block by the processor are either
caused by invalidations (coherence misses) or by replacements (replacement misses). Very large
(i.e., virtually infinite) caches can eliminate replacement misses. Cold misses can be dealt with by
prefetching and preloading and by using larger block sizes. Effective prefetching requires signifi-
cant compiler support, and its feasibility has only been demonstrated so far for scientific pro-
grams. Coherence misses are difficult to hide by prefetching. Bigger block sizes may increase the
number of coherence misses, because of false sharing [12,22]. Loosely speaking false sharing is
the sharing of block without actual sharing of data. False sharing misses are the consequence of
having different processors accessing different words in the same block, as opposed to true shar-
ing misses, which are caused by the sharing of data items. False sharing misses are useless misses
in the sense that they do not bring new values in cache.

Current classifications of multiprocessor misses fail to identify the set of useless misses.
Our first contribution is to revise the current classifications of misses in order to obtain more
accurate numbers for the different components of the miss rate. This new classification, intro-
duced in Section 2, shows that true sharing miss rates are underestimated and that false sharing
miss rates are overestimated with current counting techniques [12,22]. In the process we will
define the set of essential misses which is the set of misses required for a correct execution. This
new classification is important in general because we cannot evaluate and compare competitive
approaches to reducing miss rates unless we have good measures of miss rate components. For
example, in compiler-based approaches to miss reduction it is important to understand how much
improvement in the miss rate was due to the reduction of false sharing and how much was due to
better locality. Moreover, by identifying the minimum possible miss rate for a given execution,
we can understand how close we are to the minimum miss rate and whether further improvements
are possible.

Aggressive techniques to tolerate memory latency tend to change the timings of invalida-
tions. For example, in the DASH machine [18], stores are issued by the processor immediately in
a store buffer and are executed later on in the cache and in the system. Therefore invalidations are
delayed both in the local processor and later on when they are propagated in the system. This
paper focuses on the effects of the timing of invalidations on the miss rate of a program’s execu-
tion. We only consider pure write invalidate protocols with a single block size. We compare the
effectiveness of techniques that have been proposed to reduce the miss rate on shared data
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accesses in both the caching and paging ranges. The general approach is to delay invalidations
and to eliminate invalidations leading to useless misses. We show an optimum invalidation sched-
ule, which yields the minimum possible miss rate (i.e., the essential miss rate). This minimum is
reached by sending all invalidations to all processors with a copy immediately, and then delaying
and combining all invalidations received by a processor until a stale value is accessed. In practice,
it is difficult to reach that minimum but we compare the effectiveness of attempts to do so. We
also present results for a worst case propagation of invalidations consistent with release consis-
tency and which, in some cases, causes a large number of misses.

Section 2 is followed by the description of various protocols to eliminate useless misses
and of the worst-case schedule of invalidations, in Section 3. In Section 4, we present and justify
the experimental methodology. Finally, in Sections 5, 6 and 7 we present and analyze our simula-
tion results and we then conclude.

2. CLASSIFICATION OF MISSES IN MULTIPROCESSORS
Mark Hill proposed a classification of misses in uniprocessor caches [16]. Misses are cat-

egorized into compulsory, capacity and conflict misses. Such a classification is useful because it
helps explain the effects of a design decision on the miss rate. The same type of classification is
sorely needed for multiprocessor caches. In a multiprocessor, misses can be classified as cold,
replacement and coherence misses. It is useful to refine this classification to include false and true
sharing misses. Unfortunately, there is no agreement in the current literature about what a false
sharing miss should be. No fundamental definition of a false sharing miss has been given; current
proposals to detect and count cold and coherence misses, by Eggers and Jeremiassen [12] and by
Torrellas, Lam and Hennessy [22]1 yield different outcomes.

Another drawback of current proposals is that true sharing misses are not directly related
to the notion of data communication among processes in a parallel computation. Intuitively, true
sharing misses should be the minimum set of misses communicating new values from other pro-
cessors; they are essential in the sense that the processor would read a stale value and the execu-
tion would not be correct if they were not executed. Similarly, the set of false sharing misses
should be the maximum set of misses such that the program would still execute correctly if they
were ignored (i.e. if the invalidation leading to them had not been executed in the cache) In the
following, we show that it is possible to detect these true and false sharing misses and then we
compare the miss counts obtained with the new detection technique with the miss counts obtained
with current techniques. We limit the discussion to infinite cache sizes.

2.1 Torrellas’s Scheme
A cold sharing miss in a trace for a block size of B words is detected on a miss if the

accessed word is referenced for the first time by a given processor. Therefore the same block can
have up to B cold misses in each processor during the simulation. A true sharing miss is detected
on a miss such that the referenced word is not accessed for the first time and such that it is also a
miss in a system with a block size of one. In practice two simulations are run: the first one is a
simulation of the target system, which can be a trace-driven or execution driven simulation, with a
block size of B words; the second one is driven by the trace of references derived from the first

1. In the following we will refer to these two proposed classifications as Eggers’s and Torrellas’s.
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simulation to detect misses in a system with a block size of one word. Any miss in the first simu-
lation is classified as a cold miss, a true sharing miss or a false sharing miss if it is a cold miss, a
warm miss or a hit in the second simulation. The intuition behind this classification is that a miss
in a system with a block size of one word is always a cold miss or a true sharing miss and is essen-
tial because without the value, the processor cannot finish its task correctly.

There are several drawbacks to this approach to classifying misses. First of all, the way
cold misses are detected is not conventional nor consistent with approaches adopted in other
papers. Usually a cold miss is counted on the first access to a given block by a given processor. As
a result, the classification is not applicable to algorithms in which there are large numbers of cold
misses. It is only targeted to iterative algorithms in which each word is accessed more than once.
Unfortunately, this removes some useful parallel algorithms from consideration. One example is
the non-shuffling FFT (see Section 4) which has only cold misses for a block size of one word.
Another one is matrix multiply. Consider the multiplication of two NxN matrices A and B storing
the result into a matrix C, shown in Fig. 1.

Fig. 1 Program for Matrix Multiplication

The only writable data in this program are the elements of the resultant matrix C. Assume
for the sake of argument that the matrices are stored row-wise in the shared-memory, that two
processors compute each half the columns of C, i.e. a submatrix NxN/2 of C, and that the block
size is equal to N data elements. False sharing misses are likely to result as each processor modi-
fies C in turns. However, since all misses on C are cold misses in the system with a block size of
one word, the misses are all classified as cold misses.

The major drawback of the classification however is that it depends on which word of the
block is accessed first on a miss. Consider the following sequence in Fig. 2, where Load i and
Store i correspond to a load and store in word i of the same block and different lines correspond
to successive references in the trace (we will comment on columns Eggers and Correct later.)

Fig.2. Sequence showing the fundamental shortcoming of current classifications
CM: Cold Miss; FSM: False Sharing Miss; TSM: True Sharing Miss

Words 1 and 2 are in the same block.

The miss at reference T4 brings a new value defined at T3 and read at T5 in the cache of

Ref. P1 P2 Torrellas Eggers Correct

T0: Load 1 CM CM CM
T1: Load 2 CM CM CM
T2: Load 1 - - -
T3: Store 1 - - -
T4: Load 2 FSM FSM TSM
T5: Load 1 - - -

For i=1,N
For j=1,N

{temp=0;
 For k=1,N

 temp=temp+A[i,k]*B[k,j];
 C[i,j]=temp;}
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processor P1, and yet it is classified as a false sharing miss. If we did not execute the miss at T4
(or equivalently ignored the invalidation at T3) and kept the old block in the cache instead P1
would read a stale value at T5. Initial word values and values communicated between two proces-
sors by a sequence of invalidation/read miss in the system with a block size of one are inputs to
the computation of a processor. Torrellas classifies a reference as a false sharing miss if the refer-
ence causing the miss is not an input to the computation. In their paper Torrellas et al. introduce
the notion of prefetching effects; however they do not attempt to quantify these effects.

2.2 Eggers’ Scheme
Cold misses happen at the first reference to a given block by a given processor and all fol-

lowing misses to the same block by the same processor are classified as invalidation misses.
Invalidation misses are then classified as true sharing misses if the word accessed on the miss has
been modified since (and including) the reference causing the invalidation. All other invalidation
misses are classified as false sharing misses.

If we ignore the discrepancy between the definitions of cold misses, Eggers’s scheme
counts more false sharing misses and less true sharing misses than Torrellas’s because any true
sharing miss in Eggers’s classification must also be a true sharing miss in Torrellas’s. It is not dif-
ficult to find sequences such that more true sharing misses are counted in Torrellas’s method. The
sequence in Fig. 3 shows such an occurrence as well as the discrepancy in the classification of
cold misses. The correct classification shows the shortcomings of both classification schemes.

Fig. 3. Sequence showing the differences between Eggers’s and Torrellas’s classifications
CM: Cold Miss; FSM: False Sharing Miss; TSM: True Sharing Misses

Words 1 and 2 are in the same block.

2.3 Correct Classification
The two existing schemes for classifying invalidation misses count a true sharing miss

only when the reference causing the miss accesses a new value communicated to the process.
These values can be defined by a store from another processor at any time in the past for Torrel-
las’s scheme while Eggers scheme considers only values defined since the invalidation causing
the miss.

However, values can also be communicated after the occurrence of the miss. In Fig. 2, the
value modified by P2 at T3 is read by P1 at T5. Both current classification schemes incorrectly
classify the miss in P1 at T4 as a false sharing miss. Therefore, both schemes tend to overestimate
false sharing and underestimate true sharing. It is important to classify misses correctly so that the

Ref. P1 P2 Torrellas Eggers Correct

T0: Load 2 CM CM CM
T1: Load 1 CM CM CM
T2: Store 2 - - -
T3: Load 1 CM FSM FSM
T4: Store 1 - - -
T5: Load 2 TSM FSM TSM
T6: Load 1 - - -
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proper remedy can be applied to remove them. Clearly, it is impossible to eliminate misses that
communicate inputs to each individual process.

To explain the miss classification algorithm we first need some definitions. Consider a
given block. The lifetime of a block in the cache following a miss is the time between the miss
bringing the block into the cache and the invalidation removing it from the cache. When a proces-
sor modifies a word in the block it sends a new value to all other processors. These processors
may receive the value when they access it for the first time. Besides values received from other
processors the processor also needs to receive the initial value of the data in the block. Cold
misses and true sharing misses form the set of essential misses. Values are communicated to a
processor when they are loaded into the cache on an essential miss. These definitions lead to the
following classification of misses in a system with infinite caches.

Essential miss: A miss is an essential miss if, during the lifetime of the block in the cache, a pro-
cessor reads for the first time a value defined since the previous essential miss. The first miss to
the block by one processor is also an essential miss.

Cold miss: The first miss to a block by a processor.

Pure True Sharing miss (PTS): An essential miss that is not cold.

Pure False Sharing miss (PFS): A non-essential miss.

The first miss in a processor for a given block is a cold miss. This miss communicates all
the initial values plus all the values modified by other processors since the start of the simulation.
Any store by other processors into the block following this cold miss sends new values. The pro-
cessor may never receive any of these values. The first true sharing miss occurs when the proces-
sor receives one of these values during the lifetime of the block in the cache; at this time all values
defined since the initial cold miss are also communicated to the processor. Note that between the
initial cold miss and the first true sharing miss there may have been several false sharing misses;
during the lifetime of the block following these false sharing misses no value was received which
was sent after the initial cold miss. Therefore these intervening false sharing misses are useless in
the sense that the execution from the cache would still be correct if the block had not been loaded
and the processor had kept accessing the value loaded on the cold miss instead. True sharing
misses can be detected one after the other by detecting first accesses to values that were modified
since the previous essential miss.

In some cases it may be useful to refine the definition of cold misses, as follows.

Cold and True Sharing miss (CTS): Cold miss which communicates a value defined since the
start of the simulation and received during the lifetime of the block in the cache.

Cold and False Sharing miss (CFS): Cold miss which communicates a value defined since the
start of the simulation but not received during the lifetime of the block in the cache.

Pure Cold miss (PC): Cold miss which only communicates initial values (i.e., it is not preceded
in the trace by any modification by other processors.)

PC misses can be eliminated by preloading blocks in the cache. CFS misses can be elimi-
nated by preloading blocks in the cache if we also have a technique to detect and eliminate false
sharing misses. CTS misses cannot be eliminated.
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In a system with finite caches PTS and PFS misses can become replacement misses. Also
new misses are introduced because of replacements. Since we do not use finite caches in this
study, we will not pursue this classification further.

Fig.4 High-level specification of the classification algorithm into PTS, CTS, PC, CFS, and PFS misses
P is the number of processors

2.4 Classification Algorithm
One communication flag (C-flag) is associated with each word in memory and each pro-

cessor. When a C-flag is set, the latest value of the word has not been communicated to the pro-
cessor. Whenever a processor modifies a word it sets all other processors’ C-flags for the word.
An essential miss flag (EM-flag) per cache blockframe detects that a word with the C-flag set has
been read during the lifetime of the block in the cache. The EM-flag is set and the C-flags of a
block are reset in a processor at the time the new value is received by the processor. The classifi-
cation is done based on the value of the EM-flag at the time when a block is invalidated; more-
over, at the end of the simulation, the caches are scanned and the classification is done on all the
remaining valid block.

For each word: C-flag vector: P binary flags, initially reset
For each block:EM-flag vector: P binary flags

FR-flag vector: P binary flags, initially reset

Actions taken on each read:
Upon a read miss:
The EM-flag is reset

Always:
If the C-flag of the accessed word is set,
the EM-flag for the block is set, and
all C-flags for the words in the block and processor are reset

Actions taken on each write:
All actions performed on a read, followed by:
If the copy is shared do:

For each valid block copy (in cache i): **classification**
If all C-flags of the block for processor i are reset and
if the FR-flag and the EM-flag are reset then PC++

If any C-flag for processor i is set and
if the EM-flag is reset and the FR-flag is reset then CFS++

If the EM-flag is set and the FR-flag is reset then CTS++
If the FR-flag and the EM-flags are set then PTS++
If the FR-flag is set and the EM-flag is reset then PFS++
Set the FR-flag of processor i

Always:
The C-flags for the word and for all processors are set
The C-flag for the writing processor is reset

Actions taken at the end of the simulation:
Scan all block frames and classify the misses of all valid
blocks according to the **classification**
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The algorithm also uses a first reference flag (FR-flag) per block and per processor to
detect and classify cold misses. A high level description of the classification algorithm is shown
in Fig. 4. PTS, CTS, PC, CFS and PFS are counters counting misses in the different miss classes.

2.4 Effect of Block Size on Essential Miss Counts
Essential misses form the set of necessary and sufficient misses for a correct execution.

One interesting observation is that the number of essential misses observed in a trace cannot
increase when the block size increases. Cache block sizes increase in power of two. If a refer-
enced word is in a block of size B1 and in a block of size B2 such that B1 is smaller than B2, then
B1 is included in B2. The ith essential miss for a system with block size B1 must happen before the
ith essential miss for a system with block size B2, because each miss with a block size B2 brings
more values into the cache and the number of communicated values after any number of refer-
ences cannot be less in the system with block size B2.

Similarly the number of cold misses cannot increase with the block size because more val-
ues are brought in on every miss in a system with a larger block size.

Fig. 5. Sequence showing that the number of PTS misses can increase with the block size
Words 0 and 1 are in the same block of size 2.

The number of pure true sharing misses decreases also with the block size in general, but
this is by no means certain. In Fig. 5, when the block size goes from one word to two words, the
number of essential misses decreases, the number of cold misses decreases, and the number of
pure true sharing misses increases. Some CTS misses may become PTS misses when the block
size increases. However, the total number of CTS and PTS misses cannot grow when the block
size increases, for the same reason as for the essential misses, i.e. more values are communicated
at each miss when the block size increases.

2.5 Detection and Elimination of Useless Misses through Hardware
It should be clear that it is impossible to eliminate essential misses in a pure write invali-

date protocol. On the other hand, designing a hardware protocol which detects and eliminates use-
less misses as defined in this paper is not difficult. In this Section we wish to introduce a simple
protocol which totally eliminates useless misses. We do not claim that this protocol is efficient or
should be implemented. We simply want to show that the new classification of misses leads to
clearer understanding of how to eliminate them. We also want to show a general approach for
designs tolerating some false sharing in order to reduce the overhead of detection.

We need to avoid executing in the cache any invalidation leading to a false sharing miss.
This means that we should not invalidate the block until the processor attempts to read a stale
value. This can be done if the protocol is write though. Instead of invalidating the block every

Ref. P1 P2 Classification
(B=1word)

Classification
(B=2words)

T0: Store 0 PC PC
T1: Load 0 CTS CTS
T2: Store 1 PC -
T3: Load 1 CTS PTS
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time an external write hits in the cache, we buffer the address of the modified word in an invalida-
tion buffer and invalidate the block when a local access is made to a word whose address is
present in the buffer. The miss immediately follows the invalidation with an access to the stale
word and therefore is a PTS miss (actually it is a true sharing miss in any of the three classifica-
tions.) The invalidation buffer could also be implemented with a dirty bit associated with each
word in each block of the cache. Note that this implementation “mimics” the essential miss detec-
tion algorithm that we have proposed in Section 2.3 and its miss rate is the essential miss rate of
the trace.

Fig. 6. Sequences showing that the number of essential misses depends on the interleaving of the trace
Words 0 and 1 are in the same block.

2.6 Invalidation Delaying and Combining
There are many ways to improve the efficiency of the write-through protocol of the previ-

ous section but we are only interested in the idea behind the approach: invalidations are delayed
and combined in the invalidation buffer until an invalidation leading to an essential miss is
detected. Invalidation combining can be done at both ends. Consecutive stores to the same block
can be delayed and combined in the sending processor so that a single set of invalidations is sent
for all the combined stores. Delaying the sending of a store per se does not help. It can increase
the false sharing miss rate when the store is delayed across an essential miss in the receiving pro-
cessor (without the delay, it would have ben combined with that essential miss, but after the delay
it may create a new miss.) Actually, it may even increase the essential miss rate as we show in
Fig. 6. Delaying stores at the sending end can only help if the delays lead to combining of invali-
dations. Delaying at the receiving end is never harmful to the miss rate, because optimum com-
bining of invalidations from any processor can take place, by simply ignoring the invalidations
until one of them causes an essential miss.

The essential miss rate--even in its more fundamental form introduced in this paper-- is
not an intrinsic property of an application, as previously believed [22]: it is only a property of a
particular execution (or a particular interleaved trace) and is timing dependent, as is shown by the
sequences in Fig. 6. The two sequences are equivalent executions but the second one yields less
essential misses, in any existing classification. That sequence also shows that delaying stores may
in some cases increase the essential miss rate.

Ref. P1 P2 Classification

T0: Store 0 PC
T1: Load 0 CTS
T2: Store 1 -
T3: Load 1 PTS

Ref. P1 P2 Classification

T0: Store 0 PC
T1: Store 1 -
T2: Load 0 CTS
T3: Load 1 -
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2.7 Comparison Between the Classification Schemes
We have run a few traces to see whether there was a significant difference between the

different classifications for real data. Table 1 shows some results for some of the benchmarks runs
with the larger data set sizes (see Section 4), namely JACOBI64, WATER288, LU200 and
MP3D10000 both in the caching and in the paging ranges. As can be seen from Table 1, current
measures of false and true sharing are totally unreliable. Eggers’s scheme tends to exaggerate the
amount of false sharing and to underestimate true sharing, because the classification of a miss is
done at the reference that misses and ignores the possibility of communicating new values in sub-
sequent references. In some cases the measures are off by one order of magnitude.

Errors in the detection technique used by Torrellas are less consistent. Torrellas’s scheme
tends to underestimate true sharing for the same reason as Eggers’s does. However, this effect can
be compensated by the fact that a new value can be loaded in cache on several true sharing misses
and still cause a true sharing miss itself. The sequence in Fig.7 illustrates this point. Since the true
sharing misses are the minimum number of misses needed to communicate new values to each
process, the correct classification considers that the new values of words 1 and 2 defined at times
T2 and T3 by P2 are communicated to P1 at T4. In Torrellas’s scheme however, the value of word
1 is still considered communicated to P1 at time T6, causing an additional PTS miss. Another
problem with Torrellas’s classification is the effect of classifying a large number of PTS and PFS
misses as PC misses. Overall the cumulative effects of these three discrepancies are impossible to
predict. The numbers in Table 1 indicate that in general the net effect tends to be an overestima-
tion of the number of false sharing misses.

Table 1: Comparison between the three classification schemes

BENCHMARKS JACOBI JACOBI WATER WATER LU LU MP3D MP3D

BLOCK SIZES 32 1024 32 1024 32 1024 32 1024

PTS-CORRECT 21,352 7,048 394,256 93,384 5,769 7,941 188,120 82,125

PTS-EGGERS 19,709 980 393,810 68,145 2,845 2,558 178,206 67,447

(error in %) -7.7 -86.1 -0.1 -27.0 -50.7 -67.8 -5.3 -17.9

PTS-TORRELLAS 19,743 1,044 393,788 73,085 597 183 177,272 112,562

(error in %) -7.5 -85.2 -0.1 -27.1 -89.6 -97.7 -5.8 +37.1

COLD-CORRECT 5,216 396 24,034 1,837 110,955 5,545 46,242 4,058

COLD-TORRELLAS 5,257 4,206 24,122 2,756 113,812 9,827 52,264 26,011

PFS-CORRECT 22,987 154,991 5,712 91,297 11,839 79,882 31,206 266,245

PFS-EGGERS 24,630 161,059 6,158 116,536 14,763 85,265 41,120 280,923

(error in %) +7.1 +3.9 +7.8 +27.6 +24.7 +6.7 +31.8 +5.5

PFS-TORRELLAS 24,555 157,185 6,092 110,677 14,154 83,358 36,032 213,855

(error in %) +6.8 +1.4 +6.6 +21.2 +19.5 +4.3 +15.5 -19.7
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Fig. 7. Sequence showing overestimation of PTS misses in Torrellas’s scheme
Words 1, 2, and 3 are in the same block.

3. SCHEDULING OF INVALIDATIONS
Previous studies have shown that delaying invalidations reduces the miss rate and the traf-

fic for shared blocks [10,17]. The protocol of Section 2.5 demonstrates that the essential miss rate
is reachable if the protocol uses write-through caches and invalidations are combined in an invali-
dation buffer until the processor accesses a word of the block with an invalidation pending in the
buffer. Unfortunately, write-through caches generate an unacceptable amount of write traffic. To
improve the protocol we need to add ownership and make it write back. Ownership has its costs in
terms of miss rate. At any one time there can be only one writer for the block and the writer must
have the latest copy of all the words of the block so that it can provide the valid block copy when
a miss occurs in a different processor. Loads are not affected, but a store miss must be executed
every time a store accesses a non-owned block with a pending invalidation for ANY one of its
words. These additional misses are the performance cost of enforcing ownership.

Another performance cost is the detection of stale words. The protocol in Section 2.5
required one dirty bit per word in every blockframe of each cache. This is acceptable for cache-
based systems with small block sizes but it may not be acceptable for page-sized blocks in virtual
shared memory systems. Another approach to detecting potential stale words relies on synchroni-
zations. The sending of invalidations can be delayed and combined until the next release and
received invalidations can be delayed and combined until the next successful acquire. In this case,
there may be additional performance costs. First of all, the effect of delaying the sending of stores
is mostly unpredictable unless it leads to the combining of several invalidations. In this case, the
delaying and combining of stores lessen the performance cost of enforcing ownership. Another
problem is that the acquire causing the invalidation may not be close enough to the reference trig-
gering the essential miss in the write-through protocol; in fact, the acquire could be totally unre-
lated to that word. The resulting additional false sharing misses are the performance cost of
relying on synchronization to prevent the reading of stale words.

We have simulated various schedules of invalidations, in order to understand their effects
on the miss rate. We also adopt the terminology introduced in [10]. Similar protocols have been
published under different names in [1,3,17]. They are: MIN, OTF, RD, SD, SRD, WBWI, and
MAX.

MIN: Write-through with Word Invalidation
This is the ideal write-through protocol of Section 2.5. It has no false sharing and yields

Ref. P1 P2 Torrellas Eggers Correct

T0: Load 1 PC PC PC
T1: Load 2 - - -
T2: Store 1 PC PC PC
T3: Store 2 - - -
T4: Load 2 PTS PTS PTS
T5: Store 3 - - -
T6: Load 1 PTS PFS PFS
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the essential miss rate of the trace.

OTF: On-The-Fly Protocol
Each reference is scheduled one by one in the simulation. The miss rate of the OTF proto-

col is the miss rate usually derived when using trace-driven simulations.

RD: Receive Delayed Protocol
Processors execute their store without delay. Whenever a processor executes a store to a

word of the block, it must be an owner and must have the latest copy of all words of the block.
Invalidations are propagated without delay and stored in an invalidation buffer when they are
received. When a processor executes an acquire all blocks for which there is a pending received
invalidation are invalidated. There are two reasons why the hit rate of a received delayed protocol
is not as high as the hit rate of MIN: invalidation time is based on the time at which an acquire is
executed and ownership must be enforced. To avoid these two problems we can try to delay the
sending of the invalidation.

SD: Send Delayed Protocol
Each processor has a buffer for sending invalidations. This buffer can be a write cache

similar to the one described in [6]. A write cache is similar to a write buffer but contains entire
blocks with 1 dirty bit per word to signal modified words. If the processor is the owner at the time
of the store, the store is completed without delay. Otherwise, the store is done in the write cache.
Stores for the same block combine in the write cache, possibly reducing the number of invalida-
tions sent. On a replacement in the write cache, ownership is acquired for the replaced block. The
latest time to remove a block from the write cache is at the execution of a release. When an inval-
idation is received, it is executed immediately in the cache. The effect of delaying stores on the
miss rate is unpredictable, but it usually helps because of store combining. When we reach a store
in the simulation of the SD protocol, we first check for ownership. If the cache owns the block the
store is executed immediately; otherwise it is inserted in a store cache of infinite size. In essence,
we apply the OTF protocol on a modified trace: the delayed stores are moved in FIFO order to a
location in the trace directly preceding the next release by the processor.

SRD: Send and Receive Delayed Protocol.
Each processor has a buffer for received invalidations and one for sending invalidations.

The buffer for sending invalidations can be a write cache. A store is buffered in the write cache if
the processor is not an owner. At each release, the write cache must be flushed. Ownership is
acquired for each block replaced in the write cache. The invalidations are inserted in a buffer for
receiving invalidations associated with each processor. This buffer is flushed whenever an
acquire is executed. There is combining of invalidations in both buffers. In essence, in the simula-
tion, we apply an RD protocol on a modified trace in which stores on clean and stores misses are
moved down in the trace to the next release by the processor.

WBWI: Write-back with Word Invalidate Protocol.
This is basically the MIN algorithm, but with ownership to reduce the write traffic. On a
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miss, entire blocks are loaded in cache, but invalidations are done on word, with the help of an
additional dirty bit per word. Stores are executed and their invalidations are propagated on-the-
fly, in the order of the trace the first time a word is modified in a cached block. A load miss is trig-
gered when it accesses a dirty word. A store miss is triggered if the processor does not have own-
ership and if ANY word in the block is dirty (this is the cost of maintaining ownership.) WBWI is
also similar to RD except that it relies on the dirty bit to schedule invalidations instead of relying
on releases and acquires.

MAX: Worst-case Invalidation Propagation
MAX is not a protocol. Rather, it corresponds to a worst case scenario for scheduling

invalidations, consistent with the release consistency model. The definition of release consistency
that we adopt is the strict definition of the DASH: Stores of a given processor can be performed at
any time between the time they are issued by the processor and the next release in that processor
and they can be performed out of program order. Within these limits, we schedule the invalida-
tions of each store so as to maximize the miss rate. Each processor has a store buffer for pending
stores. A store is pending if its invalidations have not been scheduled. If a store misses in a cache,
then it is executed immediately in the cache and its invalidations are scheduled. Otherwise, it is
buffered in a store buffer. On a read hit we first check to see if there is a pending store in a differ-
ent processor with the same address. In case there are several stores pending in different proces-
sors we pick a store that causes a miss in its processor cache, if there is one. At a release in a
processor we propagate all the invalidations for all the pending stores in the processor.

In the next section, we describe and justify the experimental methodology used to com-
pare the various schedules for invalidations.

4. SIMULATION METHODOLOGY AND BENCHMARKS
Early on in this project we used execution-driven simulation. We quickly ran into prob-

lems because modifying the schedule of invalidations resulted in different executions of the
benchmarks. Benchmarks would yield different traces due to different scheduling of threads or
would even yield different results. The effects of different scheduling of invalidations were buried
into the effects of altered executions in unpredictable ways. The effects due to altered executions
are related to the particular timings of a simulated machine and are impossible to separate from
the effects of invalidation scheduling. An interleaved memory access trace, on the other hand,
gives us a fixed source of references in a fixed order to compare invalidation schedules indepen-
dently of any other influence. Note that we never violate the dependencies in the trace when we
apply different schedules of invalidations in our simulations. Therefore the trace never becomes
absurd, as may happen in other studies [2]. We have collected traces from six benchmark pro-
grams and two different data set sizes. All benchmarks were run for 16 processors and infinite
cache sizes.

The first three benchmarks are parallel applications developed at Stanford University
(MP3D, Water, and LU) of which the first two are also contained in the SPLASH suite [20].
These applications are written in C using the Argonne National Laboratory macro package [4].
and compiled with the gcc compiler (version 2.0) using optimization level -O2. Traces from
these benchmarks have been captured by the CacheMire Test Bench, a tracing and simulation tool
for shared-memory multiprocessors [5].



15

MP3D is a 3-dimensional particle simulator used by aerospace researchers to study the
pressure and temperature profiles created as an object flies at hypersonic speeds through the upper
atmosphere. The overall computation consists of calculating the positions and velocities of parti-
cles during a number of time steps. The particles are represented by an array of particle objects,
each of which is 36 bytes.They are statically allocated to processors in an interleaved fashion. In
each iteration (a time step) each processor updates the positions and velocities of each of its parti-
cles. When a collision occurs, the processor updates the attributes of the other particle. We have
run MP3D with 1,000 particles for 20 time step (referred to as MP3D1000) and with 10,000 for
10 time steps (referred to as MP3D10000). In both cases, we run MP3D with the locking option
switched on.

WATER performs an N-body molecular dynamics simulation of the forces and potentials
in a system of water molecules in the liquid state. The overall computation consists of calculating
the interaction of the atoms within each molecule, and of the molecules with each other during a
number of time steps. The molecules are represented by objects, each of which is 680 bytes, and
are statically allocated to processors in a coarse-grained fashion. As in MP3D, each processor
updates its objects in each iteration (time step). Interactions of its molecules with other molecules
involve modifying the data structures of the other molecules. We have run WATER with 16 mol-
ecules for 10 time steps (WATER16) and with 288 molecules for four time steps (WATER288).

LU performs the LU-decomposition of a dense matrix. The overall computation consists
of modifying each column based on the values in all columns to the left after these columns have
been modified themselves. Columns are statically assigned to processors in a finely interleaved
fashion. Each processor waits until a column has been produced and then uses it to modify all its
columns. We have run LU with a 32x32 (LU32) and a 200x200 random matrix (LU200).

The next two traces were produced by the Prism Simulator [13], an execution-driven sim-
ulator. ModulaP [14] source code is compiled to produce intermediate C code which consists of a
number of slices (or procedures) which represent the atomic actions performed in turn by the dif-
ferent threads. The intermediate C code produced by the ModulaP compiler is lexically processed
to insert statements which output memory reference activity. This modified C code is linked to the
Prism simulator kernel. We allow the simulator to run with as many processors as threads to avoid
thread migration and simplify the analysis. The two benchmarks are NSFFT and QSORT.

NSFFT is a parallel implementation of the Discrete Fourier Transform on an array of 16-
byte complex floating-point numbers [8]. The workload is partitioned by assigning an equal part
of the array to each processor. Each processor reads values from other processors’ partitions and
then updates its partition with these new values. We have run NSFFT with 512 complex numbers.

QSORT is a parallel divide and conquer sorting algorithm [19]. It is synchronized through
a dynamic job queue. Each process obtains exclusive access to a share of the array to sort, splits it
into two sub array and dynamically posts unsorted portions to the job queue. The algorithm termi-
nates when all processors have terminated their job and the job queue is empty. There are two
serialization points in the algorithm where the job queue is updated. We have run QSORT on
arrays of 5,000 randomly selected 32-bit integers.

Finally, JACOBI was written by us using the ANL macros [4] provided with the
SPLASH benchmark suite. JACOBI is an iterative algorithm for solving partial differential equa-
tions [24]. Two 64x64 grid arrays of 8 bytes double precision floating point numbers are modified
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in turn in each iteration. A component in one grid is updated by taking the average of the four
neighbors of the same component in the other grid. Each of the 16 processors is assigned to the
update of a square 16x16 subgrid. After each iteration, the processors synchronize through a bar-
rier synchronization, a test for convergence is done and the two arrays are switched. Therefore, in
each iteration, one array is read only and the other one is write only but across consecutive itera-
tions all components are accessed read/write.

Since trace-driven simulations are time consuming, we cannot afford to study traces from
executions on real machines with a large number of processors with appropriately large data set.
We see no simple answer to this methodological problem. Our approach has been to scale down
the problem size in such a way that our benchmarks exhibit an acceptable algorithmic speedup on
the small machine configuration of 16 processors that we use. In Table 2 we show the speedup for
the parallel section and the problem sizes we consider for our benchmarks. We will first show the
results for the smaller problem sizes, then, in Section 7, we will show some limited experiments
on the effects of increases in the problem sizes.

5. MISS CLASSIFICATION FOR THE BENCHMARKS WITH SMALL DATA SETS
The miss classifications for the six benchmarks with smaller data set sizes are displayed in

Fig. 8. A general observation is that the essential miss rate goes down and the false sharing miss
rate goes up as we move to larger block sizes as expected [12,22]. To understand the basic rea-
sons, we analyzed how the data structures are accessed in our benchmark suite.

In LU32, columns go through two phases. In the first phase, they are exclusively accessed
by a single processor and in the second phase, they are read-only by many. As a result, the column
distribution causes cold (true) sharing misses which show up for small block sizes in Fig. 8. It is
interesting to note that this component drops dramatically up until a block size of 256 bytes. The
reason is that the largest columns occupy 256 bytes each. As the block size increases the cold true
sharing misses turn into pure true sharing misses, an effect that was demonstrated in Fig. 5. As for
false sharing, LU works on triangular matrices where columns are interleaved among processors.

Table 2: Characteristics of the benchmarks

BENCHMARK SPEEDUP
NUMBER OF
WRITES

NUMBER OF
READS

NUMBER OF
ACQ/REL

DATA SET
SIZE(byte)

MP3D1000 10.9 357,942 948,345 90,411 36,000

MP3D10000 14.9 1,510,524 2,561,297 411,373 360,000

WATER16 12.3 83,008 973,675 9,281 10,880

WATER288 14.9 5,114,030 71,134,138 531,709 195,840

LU32 5.7 37,386 136,454 4,043 8,192

LU200 14.9 5,663,984 11,764,532 10,995 320,000

QSORT5000 4.2 12,733 91,484 6,933 20,000

NSFFT512 15 18,432 45,232 128 8,192

JACOBI64 15 280,883 2,407,565 4,653 65,536
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For the smaller columns, therefore, false sharing is expected to show up. As we can see in Fig. 8,
the false sharing component is significant even in the cache range. For example, when the block
size is 32 bytes, half the miss rate is caused by false sharing.

In MP3D1000, two data structures contribute to the coherence miss rate: the particle and
the space-cell structures. Particle objects occupy 36 bytes each and are finely interleaved among
processors. Space cell objects occupy 48 bytes each. In each iteration, all particles are moved.
Moving a particle means that its position and the corresponding cell data structures are updated.
Occasionally, a particle collides with another particle. This causes true sharing misses if the two
colliding particles are allocated on different processors. During a collision five words (20 bytes)
of the data structures of the two particles are updated. Consequently, the true sharing miss rate
component decreases dramatically up to 32 bytes. False sharing misses, on the other hand, are due
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Fig. 8. Miss rate classification for the six benchmark with small data sets.
(Miss rates are in %)
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to modifications of particles and space cells. Since two consecutive particle objects are allocated
on different processors, false sharing starts to show for a block size of eight bytes because the
object size is 36 bytes. As for the space cells, false sharing starts to show up for blocks larger than
16 bytes because the space-cell object is 48 bytes. As we move to larger block sizes, the false
sharing component of course increases.

In WATER16, each processor calculates both intra-molecular and inter-molecular interac-
tions. True sharing is caused by the inter-molecular interactions. During this calculation, a part of
the other molecule’s data structure, corresponding to nine double words (72 bytes), is modified.
Consequently, as we can see in Fig. 8, the true sharing miss rate component decreases rapidly
until a block size of 128 bytes. As for the false sharing, it mainly results from accesses to two con-
secutively allocated molecules belonging to different processors. The false sharing rate goes up
when the block size approaches the size of the molecule data structure, which is 680 bytes.

In JACOBI, each processor works on a submatrix of size 16x16. Since each matrix ele-
ment is a double word (8 bytes) we would expect the true sharing to go down abruptly to half as
we move from a block size of 4 to 8 bytes. After that point, it should decrease more slowly. We
see both these effects in Fig. 8. As for false sharing, we would expect to see the false sharing com-
ponent from the matrix elements to show up when the block frame partly covers the data parti-
tions of two processors. Since the size of the row in the submatrix is 16 elements (128 bytes),
false sharing abruptly goes up for a block size of 256 bytes as can be seen in Fig. 8. It is notewor-
thy to observe that false sharing arises at a block size of 8 bytes. This false sharing is due to the
large number of barrier synchronizations in the program (one after each iteration) and also to the
particular implementation of barriers in the ANL macros. In this implementation, two words (a
counter and a flag) are stored in consecutive memory locations. The same effect also explains
parts of the false sharing present inWater16 and MP3D1000 for a block size of 8 bytes.

In NSFFT most of the communication is done through cold misses since other processors’
modified values are read once after the values have been modified. Therefore, it has mostly cold
true sharing misses in the caching range with a slowly rising false sharing miss component. False
sharing is due to the fact that large blocks can be allocated across array partitions and therefore a
write by a neighboring processor may cause the invalidation a block of other’s. There should be a
jump in the number of false sharing once the block size approaches or exceeds the data partition
of each processor. This block size is 1024 bytes.

QSORT as expected has a large component of cold misses which nicely decreases with the
block size. The threshold for insertion sort [19] was selected at 15 data items, which means that
little false sharing is observed for block sizes under 64 bytes.

In all six benchmarks, the essential miss rate (cold plus true misses) steadily goes down as
the block size goes up; however, the false sharing miss component becomes larger and larger and
more than offset this decrease. The curves of Fig.8 were obtained for the on-the-fly protocol in
which all stores are executed and their invalidations are propagated in the order of the trace. As
previously argued, the scheduling of stores and their invalidations may alter the miss rate as well
as the distribution of misses. In the following, we present simulation results to demonstrate this
effect. We are mostly interested in schedules which improve the miss rate, but we also show a
schedule which causes more misses than the on-the-fly protocol.
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6. EFFECTS OF INVALIDATION SCHEDULES
The new miss classification indicates that the shared data miss rate can theoretically be

reduced to its essential component, by delaying and combining invalidations until a miss is
required for the correctness of execution. We have simulated the seven schedules described in
Section 3, including the worst case MAX. We report here on the simulation results both in the
caching and in the paging ranges. In the caching range, we have selected to display results for
block sizes of 16, 32, 64, and 128 bytes. These block sizes are the ones of the caches of the DASH
multiprocessor [18](and of the SGI cluster), of the Sequent Symmetry, of the IEEE Scalable Inter-
face standard [15] and of the IBM RS6000 workstation, respectively. In the paging range, we
have selected to display results for a page of 1,024 bytes; there was very little qualitative differ-
ence between the results for pages of 1K, 2K, and 4K bytes.

6.1 Caching Range
In Fig. 9 and 10 we show the comparison between the miss rates of LU32, MP3D1000,

WATER16 and JACOBI64 in the caching range. The decomposition into PTS, COLD and PFS
misses is shown except for MIN (which has no false sharing), WBWI and MAX (we only display
the total miss rate for these three.) The results for QSORT and NSFFT in the caching range are
simply not interesting due to the very low level of false sharing.

All protocols except the write-through protocol MIN suffer from the cost of maintaining
ownership. A store miss is triggered on a store to a non-owned block if any one of the words in
the block has been invalidated. This importance of this effect can be understood by comparing
WBWI and MIN, because the only difference between these protocols is ownership. Remarkably,
Fig.9 and 10 show that the cost of ownership is very low in the caching range, for the four bench-
marks. This can be explained easily: When the block size is small, the probability that more than
one processors are writing in different part of the same block at the same time is very low.

The protocols relying on word invalidations have high invalidation traffic because invali-
dations are aimed at words instead of blocks. They also require one dirty bit per word. In the cach-
ing range, for relatively small block sizes, word invalidation is very effective and its overhead
may be acceptable. For larger block sizes, it may affect performance and cost. One advantage of
word invalidation is that it is applicable to systems with any memory consistency models.

Another approach to eliminating false sharing relies on synchronizations and on weakly
ordered memory models to delay and combine invalidations as much as possible. Invalidations
can be delayed when they are sent or when they are received. Delaying the sending of invalida-
tions is similar to executing stores later in each processor. The order of the trace is therefore
changed. This may change the number of essential misses (see Fig. 6) but we have not observed
any of that in all our simulation runs. For all the delayed protocols, the essential miss component
was always the same in the case of each benchmark. Stores can be delayed until the execution of
the next synchronization or even, more aggressively, until the next release. If multiple stores for
the same block are delayed and are combined in one single invalidation at the sending end, only
one invalidation is sent instead of one invalidations for each store. This can drastically reduce the
false sharing miss rate when another processors is also writing in a different part of a block at the
same time. However, this situation does not seem to occur very frequently in the caching range
because the blocks are too small. In general, our simulations show that pure send-delayed proto-
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Fig.9 Effect of invalidation scheduling on the miss rate (%). LU32 and MP3D1000
Block size: 16,32,64 and 128 bytes (caching range)
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Fig. 10 Effect of invalidation scheduling on the miss rate (%). WATER16 and JACOBI64.
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cols are not very effective in the sense that their miss rate is still far from the optimum, essential
miss rate. The overhead of send delayed protocols is to buffer locally partially modified copies of
a block while the stores are being delayed; complexity is added in the handling of misses because
partially modified block copies have to be merged. It can be argued that such buffering will have
to take place eventually anyway in order to tolerate large invalidation latencies.

In receive delayed protocols, received invalidations for the same block are delayed and
combined until a stale value might be accessed locally, as in the word invalidate protocol. To
detect this possibility, we rely on synchronization accesses. Invalidations must be executed at the
next synchronization point or even at the next acquire. RD protocols cause more false sharing
than word invalidate protocol because the synchronization access causing the invalidation can be
very far from the access to the stale word. It could even be that the synchronization access causing
the invalidation of a block is unrelated to and does not protect the stale word. Received delayed
protocols can be implemented with a physical buffer or with a stale bit per block frame in the
cache. The stale bit is set when the invalidation is received, and then, at the following acquire, the
stale bit is ORed with the Invalid bit [10]. The invalidation rate of RD is lower than that of WBWI
because invalidations target entire blocks instead of words. By comparing the miss rate for the RD
and WBWI protocols, in Fig. 9 and 10, we can estimate the effect of the distance between the
acquire causing the invalidation and the stale word, since the detection of stale words is the only
difference. It appears that this effect is negligeable.

Overall, in the caching range, all delayed protocols are always effective and have about
the same number of misses except for the SD protocol, which is mostly not effective. The miss
rates for the delayed protocols (except for SD) are also close to the optimum, which is the miss
rate of MIN, the essential miss rate in the trace. Therefore further improvements are impossible.
We want to stress here the importance of a correct classification of misses in order to understand
how good a protocol is or a compiler solution is at removing useless misses. For example, for
LU32, using Eggers’s classification, the number of essential misses is only about half the correct
number, for a block size of 32 bytes. This measure would have led us to believe that significant
additional reductions of the miss rate were still possible.

6.2 Paging Range
The comparison between the schedules is shown in Fig. 11, for a block size of 1024 bytes.

In the paging range, the miss rates of both WBWI and RD are still very high, as compared to the
miss rate of MIN. This is because of ownership. Since the block is large, the chance that several
processors write in the same block at the same time is high; therefore the cost of maintaining own-
ership is much higher in the paging range. This effect added to the effect of store combining (for
which there is more opportunities in the case of a page-size block) makes the SD protocol much
more attractive than in the caching range. Since WBWI requires to maintain one bit per word in
the page as well as to send one invalidation for each word of the page, RD is definitely preferable
to WBWI since it exhibits almost the same miss rate. The combination of send delayed and
receive delayed is very effective, except in the case of quicksort. In this case, the combining due
to the delayed send is not sufficient to offset the cost of maintaining ownership. One problem with
the quicksort is the large amount of synchronizations (which in turns limit the amount of store
combining). The reason is that the modula-P compiler assumes a strongly ordered memory system
and uses flags in some cases to synchronize threads. To avoid data races, we had to frame each
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flag access with an acquire and a release. We are currently improving the benchmarks.

In general, contrary to the caching range, the result for the paging range shows that further
improvement is possible because the best protocol (SRD) does not always reach the essential miss
rate of the trace, in the cases of LU, MP3D, and QSORT. Because of the discrepancy between the
miss rates of WBWI and MIN (but not between RD and WBWI), it appears that any improvement
will have to deal with the problem of block ownership. This line of thought leads to systems with
multiple block sizes [9], or even systems in which coherence is maintained on words.

6.3 Worst case schedule
The MAX scheduling of invalidations always yields more misses than any other schedule,
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Fig. 11 Effect of invalidation scheduling on the miss rate (%). Benchmarks with small data sets.
Block size: 1024 bytes (paging range)
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including the on-the-fly protocol. In the caching range, the worst case schedule gave a miss rate
almost equal to the on-the-fly miss rate: because of the small block size, there are few opportuni-
ties to create ping-ponging among multiple processors accessing the same block at the same time.
So it appears that scheduling stores according to the release consistency model is not likely to be a
problem, in the caching range. As the block size increases, however, the miss rate may become
significantly worse than the on the fly miss rate. Delaying invalidations at the receiving end
should also help avoid worse case situations like in the MAX schedule.

7. EFFECTS OF DATA SET SIZES
We were able to run some simulations for the larger data set sizes namely for LU200,

MP3D10000 and WATER288. Fig. 12 shows that the effect of false sharing has moved to higher
block sizes. A lot of false sharing remains in the paging range. We discuss the effect of increasing
the data set size below.

To begin with, when the data set size goes up, the size of the partition allocated to each
processor goes up too. If the object size grows with the data set size, false sharing shows up at
larger block sizes. An example of this effect is the columns in LU200. In LU, the unit of partition
is a column. The largest column is 1600 bytes. As expected, the false sharing component drasti-
cally goes up at a block size of 2048 bytes instead of at 256 bytes that happened for LU32. In
WATER288, we see the same shift of false sharing to larger block sizes. The explanation is that
each processor now works on 18 molecules instead of 1, and these molecules are consecutively
stored in the address space. Although the false sharing component has decreased in MP3D, it is
still significant in the cache range because two consecutive particle objects are assigned to differ-
ent processors.

We are note showing the curves for the caching range. The effects of invalidation sched-
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ules are similar to the case of small data sets, but these effects are much reduced since the differ-
ence between the on-the-fly miss rate and the essential miss rate is always less than 30%. The
results are shown in the paging range in Fig. 13. The trends are the same as for Fig. 11. Note how-
ever the very large miss rate yielded by MAX in the case of LU.

8. CONCLUSIONS
In this paper, we have introduced a classification of multiprocessor cache misses based on

the fundamental concept of inter processor communication. We have defined essential misses as
the minimum number of misses for a given trace and a given block size so that the trace receives
all the data inputs that it needs to execute correctly. Essential misses include cold misses, which
communicate initial values to the processor and true sharing misses which communicate updates
from other processors. Therefore the number of essential misses gives us a minimum on the possi-
ble miss rate of a trace. The rest of the misses are false sharing misses. False sharing misses are
useless misses: after a false sharing miss, the processor does not read any new value defined since
the last essential miss during the entire lifetime of a block in a cache. Therefore, the trace would
execute correctly even if the false sharing misses (or alternatively the invalidations leading to
these misses) were not executed in the cache.

We have shown that previous classifications tend to overestimate the amount of false shar-
ing by applying the various classifications to a set of six benchmarks. For the small data set sizes
(fine granularity of parallelism) and four of the benchmarks there was a significant component of
false sharing in the miss rate even for relatively small 16-byte block sizes. The false sharing com-
ponent usually shoots up in the paging range. In general, protocols to reduce false sharing will be
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Fig. 13 Effect of invalidation scheduling
 on the miss rate (%).

Benchmarks with large data sets.
Block size: 1024 bytes (paging range)



26

needed in virtual shared memory systems. They are also needed in cache-based systems, for pro-
grams with relatively fine granularity of parallelism.

We have also simulated several approaches to effectively detect and eliminate useless
misses by dynamically delaying and combining invalidations. In the caching range, all these tech-
niques were very effective, except for the pure send-delayed protocol; in this range there is very
little room for improvement. Considering hardware complexity, write-back word invalidate pro-
tocol may be preferable for small block sizes whereas a pure receive-delayed protocol is probably
preferable for large block sizes. The receive delayed protocol is only applicable to systems with
weak ordering or release consistency relying on synchronizations to enforce consistency.

In the paging range the techniques addressed in this paper are particularly needed. Delay-
ing and combining invalidations at both the sending and receiving end is useful but not sufficient
to remove all useless misses. One reason is the need to maintain ownership. Our results show that
further improvement is still possible if one can deal with the problem of ownership.

Finally, we have not displayed the amount of miss traffic generated by these protocols.
The miss traffic is the miss rate multiplied by the block size. The protocols with reduced miss
rates also have reduced miss traffic. However, even with the miss reduction obtained by these
protocols, the miss traffic is very high for large block sizes, especially in the paging range. At this
level of traffic, delayed write-broadcast or delayed competitive protocols, which can reduce the
number of essential misses, may become attractive. Besides the scheduling of store, loads can also
be scheduled to hide the latencies of load misses and it would be very interesting to understand
how prefetching and lockup-free caches affect the false sharing and essential miss rates. Our
future research will concentrate on these possibilities.
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