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Abstract

We present a framework for studying the effect-
iveness of different approaches to reducing false
sharing. Our framework includes the implement-
ation of a distributed shared memory multipro-
cessor simulator that has been designed to work
well with several currently existing cache coher-
ency protocols known to reduce false sharing.
A suite of seven benchmarks has been ported.
These benchmarks exist in two versions, one of
them optimized by Jeremiassen’s compiler ana-
lysis for reducing false sharing. We show the res-
ults of running these benchmarks on the simu-
lated architecture and give some possible reasons
for why the framework in its current form is not
suitable for the study we had designed it for.

1 Introduction

False sharing occurs on virtually all shared
memory multiprocessors running real-life applica-
tions. It is caused by a mismatch between the lay-
out of shared data in memory and the memory ac-
cess pattern of the processors. For instance, two
processors writing to two different shared vari-
ables located inside the same cache block will ex-
hibit false sharing. Even though no data is shared

between the processors, they incur the same cost
as true sharing would have. While true sharing
is an essential part of a program, false sharing is
not and can always be reduced (if not completely
eliminated) by changing the data layout or expli-
citly detecting it at run-time [12].

False sharing can be a sizable impediment
to decent parallel performance. One study us-
ing coarse-grained applications showed that with
block sizes from 8 bytes to 256 bytes false shar-
ing made up 40% to 90% of all cache misses [8].
The misses increase traflic on the interconnect
and generally increase the execution time. False
sharing tends to be a more serious problem for
large cache block sizes and when many processors
are present. Due to that, false sharing is also a
limiting factor for the scalability of parallel pro-
grams.

Not surprisingly attempts have been made to
reduce the number of false sharing misses. Some
do so by changing the hardware, others by chan-
ging the software. The hardware solutions all
introduce new cache coherency protocols which
try to prevent false sharing misses. For example,
the Partial Block Invalidation protocol [5] uses
multiple coherency blocks per cache block to re-
duce false sharing. By using a release consistent
memory model, the Send and Receive Delayed [7]



protocol delays invalidations, therefore combining
false sharing operations. An invalidation received
can be delayed until the next lock instruction;
an invalidation issued can be held back until the
next unlock instruction. The obvious drawback
of these methods is the need for new hardware.
Furthermore, in the Send and Receive Delayed
protocol, the programmer must use the less nat-
ural release consistent memory model when writ-
ing programs.

The software approaches either restructure the
shared data or change the code to alter the
cross-processor memory pattern. One such ap-
proach optimizes the layout of the program data
structures based on a compile-time analysis [13].
The analysis computes an approximation of the
memory access pattern for each processor, tries
to pinpoint the data susceptible to false sharing,
and suggests a data transformation to reduce it.
The appeal of this method is that it works with
no hardware modifications in a sequentially con-
sistent memory model.

An unanswered question is whether the approx-
imate software solution can compete with the dy-
namic hardware solutions. This question cannot
be answered trivially, because the results from
both hardware and software solutions are prom-
ising and very similar. The comparison is inter-
esting because it will tell us if we can get the same
or nearly the same speedup and reductions in false
sharing misses by recompiling our applications as
we can by redesigning the hardware. The purpose
of the work described in this paper is to design
and verify a framework for doing such a study.

The framework is based on Mint [18], a
program-driven memory reference generator that
permits easy building and modification of a target
system simulator (back-end). We used Loki [11]
as a starting point for the target system simulator.
It simulates a Power-PC architecture using a
split-transaction bus for communication between
the processors. Loki implements Spur [14], a bus-
snooping cache protocol.

Several changes had to be made to the simu-
lated base to allow for an interesting and unbiased

comparison between the hardware and software
schemes. The first major change was to replace
the bus with a 2-dimensional mesh of intercon-
nected processors. This was necessary, because a
bus-based architecture typically does not support
more than four processors [10, 3]. False sharing,
however, often does not become noticeable until
four or more processors are used.

Second, the bus-snooping cache protocol was
replaced by a distributed directory-based cache
coherency protocol. Both hardware schemes
for reducing false sharing were designed for
directory-based protocols; therefore when com-
paring them to the compiler-based alternative,
the latter must use a coherency mechanism in
the same family. We decided to implement the
Censier & Feautrier directory-based protocol [4],
because it is a simple protocol with no false shar-
ing support and it can serve well as a comparison
basis to the different hardware false sharing solu-
tions.

To allow easy verification of the simulator, a
global monitor was written to detect inconsisten-
cies in the caches. The monitor inspects modi-
fied cache lines after each CPU operation. Any
inconsistencies between the directory and cache
contents cause an error that can be detected and
therefore corrected as soon as it occurs.

A workload was put together that will be
needed for the actual comparison study. The
workload was also instrumental in verifying the
simulator and ensuring that the compiler op-
timizations work in our environment!. The
benchmarks used are Fmm, Radiosity, Raytrace,
Pverify, Maxflow, Topopt, and Water. All of
these benchmarks had to be ported to work under
the given simulator. For each benchmark, an un-
optimized version (a programmer-optimized ver-
sion for Water) and compiler-optimized version

'The original study on compiler-directed data restruc-
turing was performed on a KSR-2. The KSR-2 is quite
different from the multiprocessor simulated by our frame-
work. It has no memory, but 32MB second-level caches
on each processor. Processors are located 32 to a base
level ring with up to 32 base level rings on a second-level

ring.



was ported.

The rest of this paper is organized as follows.
First, we will describe in detail the three ap-
proaches to reducing false sharing. Then we will
describe the implementation aspects of the frame-
work, consisting of the directory-based cache co-
herency protocol, the interconnect, the global
monitor, and the benchmarks. Section four will
describe how the simulator was verified and dis-
cuss the feasibility of applying the compiler op-
timizations in this framework. We will conclude
the paper in section five.

2 Solutions to False Sharing

2.1 Partial Block Invalidation

The Partial Block Invalidation protocol [5] re-
duces false sharing by dividing each block into
multiple coherency blocks and associating a valid
bit with each. On each processor update, only the
coherency block that contains the updated word
is invalidated in other processors. Therefore false
sharing between coherency blocks is eliminated;
the amount of total false sharing eliminated de-
pends on the size of the coherency block.

Chen and Dubois found that the Partial Block
Invalidation protocol reduced miss rates by 13%
to 91% for a block size of 128 bytes and coher-
ency block sizes between 16 and 64 bytes. In
all cases virtually all of the miss rate reduction
was attributable to the reduction in the number
of false sharing misses. Smaller coherency block
sizes always did better than larger ones.

The costs of this approach are additional state
bits for the valid bit for each coherency block
and more complicated control logic because more
states have been added to the cache.

2.2 Send and Receive Delayed

The Send and Receive Delayed protocol [7] re-
duces false sharing by delaying invalidations as
long as possible. Delaying invalidations helps es-
pecially well in the common case where two pro-

cessors invalidate each other’s cache line in rapid
alternation. If a cache line is repeatedly invalid-
ated, only a single invalidation is sent out when
the delay period ends.

Delaying invalidations is made possible by as-
suming a release consistency memory model. In
this model nothing is guaranteed about memory
consistency unless memory accesses are enclosed
within critical sections by using explicit lock and
unlock instructions.

Delays can be applied at the sending and re-
ceiving end of invalidations. An invalidation re-
ceived at a cache can be delayed until its pro-
cessor executes the next lock instruction. A new
cache state, Stale, is used to remember which
cache lines have received an unfulfilled invalid-
ation. When a processor executes a lock instruc-
tion, all Stale cache blocks are invalidated.

Rather than sending invalidations, a processor
holds them back in a small buffer. When the pro-
cessor executes an unlock instruction, its invalid-
ation buffer is flushed.

Dubois et al. have shown miss rate reductions
between 8% and 94% for a block size of 128 bytes
when comparing the Send and Receive Delayed
protocol to a regular non-delayed protocol [7].
The best results were seen in a picture interpol-
ation program. This program uses virtually no
synchronization. Processes pass over the pixel
values, reading each, computing the unknowns,
and writing the value back. With the lack of syn-
chronization, invalidations can be delayed an ex-
tremely long time, making this protocol very ef-
fective.

The cost of the Send and Receive Delayed pro-
tocol is additional hardware for holding the inval-
idation buffer and a more complex control logic
for keeping track of the new state that was intro-
duced. The protocol must also implement a se-
quentially consistent cache coherency protocol to
be applied to all synchronization variables. (Syn-
chronization variables are the mechanism for im-
plementing a release consistency memory model;
therefore accesses to them cannot be delayed.)
Finally, if a program requires a sequentially con-



sistent memory model, it will need to be modified
(lock and unlock instructions must be added) to
work with this protocol.

2.3 Compiler Optimization

The compiler approach reduces false sharing by
recognizing and reducing the mismatch between
the data layout and the memory accesses of the
processors. As we mentioned earlier, this mis-
match is the sole cause of false sharing misses.
Some of this mismatch can be corrected by re-
structuring the program data. The data layout
is known by simply examining the shared data
declarations, but the memory accesses of each
processor require an in-depth analysis of the pro-
gram.

The analysis to compute per-process memory
accesses consists of three stages [13]. First, an
interprocedural control-flow analysis determines
which sections of code are executed by each pro-
The control-flow graph is annotated ac-
cordingly and processes with identical annota-
tion patterns in the control-flow are grouped into
process families. In the second stage, an in-
terprocedural non-concurrency analysis examines
barrier synchronization patterns within the pro-
gram to find a control-flow between phases that
are guaranteed not to executed concurrently [9].
The last stage performs an enhanced interproced-
ural, flow-insensitive, summary side-effect ana-
lysis and static profiling on all combinations of
process families and phases.

Ccess.

Both stages one and three give information
about per-process references to shared data.
Stage one identifies reference patterns due to dif-
ferences in the control-flow. Stage three finds
reference patterns due to implicit partitioning of
arrays across processes. Stage three first splits
arrays into bounded regions based on bounded
regular section descriptors. If a descriptor is de-
pendent on a variable which is different across
the processes and the descriptor splits the array
into disjoint sections, an implicit partioning of
the array across the processes has been found.

The static profiling weights the side-effects with
respect to an estimated execution frequency to
determine those data structures that have a good
chance of being falsely shared.

The heuristic to restructure shared data con-
sists of three transformations. The first two group
together data that is mostly accessed by one pro-
cessor. Group & transpose groups statically al-
located vectors in which adjacent elements are
accessed by different processors and transposes
them. [Indirection can be used when data size
and location aren’t known at compile time, mak-
ing the previous transformation impossible to ap-
ply. Data is relocated to per-processor heap buf-
fers; the original data location points to the exact
location within the heap. The third transforma-
tion moves write-shared data and synchronization
variables into separate cache lines by padding and
aligning the data to cache line boundaries.

The compiler approach reduces between 4%
and 85% of the cache misses for coherency block
sizes of 16 and 128 bytes. The speedups often
show little improvement for few number of pro-
cessors, but the maximum speedups reach values
up to three times that of the unoptimized pro-
gram [12].

The drawback of the compiler optimization is
that it bases its decision to restructure shared
data on an approximation of dynamic cross-
processor memory accesses. In addition, spatial
locality may be reduced in some instances, where
data is moved apart. This could increase cache
misses and decrease the efficiency of the cache.

3 Implementation

This section will describe in detail the implement-
ation of the framework. We use Mint [18] as the
memory reference generator (front-end), because
it uses executables as its input (instead of traces),
and it has an easy interface to the target system
simulator (back-end). We use a modified version
of Loki [11] as our back-end. Loki simulates a
shared memory multiprocessor with split [ & D
first-level caches and a unified copy-back second-



The first-level cache is a write-
through cache with a write-buffer for the data sec-
tion of the cache. Almost everything from block
size to memory latency is configurable through
the use of command line arguments. We use a
64 KB split, direct-mapped, first-level cache, a
2 MB unified, direct-mapped, second-level cache
with 6 cycle minimum latency, and a write buffer
capable of holding four words. Memory is dis-
tributed across processors in 4 KByte pages. The
simulated cache coherency protocol is Spur [14],
a bus-snooping protocol. Loki simulates a split-
transaction bus and has support for counting false
sharing misses.

level cache.

To support the study, several features of Loki
had to be modified, resulting in a rewrite of about
30% of the back-end. Next we will describe these
changes, which include a switch to a multipath
interconnect and a distributed directory cache co-
herency protocol, and the addition of a global
monitor. The interconnect and cache protocol
where necessary to increase the number of pro-
cessors supported by the hardware to levels which
exhibit noticeable amounts of false sharing. In the
last section we will describe the work involved in
porting the benchmarks. The benchmarks make
up the workload for the comparison study and
were used to verify the framework for correctness.

3.1 Interconnect

Because busses are usually not capable of sus-
taining the traffic of more than four modern
processors, we replaced the split-transaction bus
with a 2-dimensional, bidirectional interconnect.
The importance of being able to simulate many
processors is that false sharing does not really be-
come noticeable until four or more processors are
used. With the multipath interconnect we have a
typical platform for running parallel applications
which scales to enough processors that false shar-
ing becomes an important issue.

Another reason for implementing a multipath
interconnect is that the Send and Receive Delayed
protocol and Partial Block Invalidation protocol

are specified in terms of a directory-based pro-
tocol. It is unusual to use a directory-based pro-
tocol on a bus, because the broadcast capability
of the bus is not taken advantage of (as is the case
with bus-snooping protocols).

The actual simulation of an interconnect is
quite involved, because every node in the inter-
connect must be simulated down to the routing
algorithm. While this method gives exact res-
ults, it is resource intensive, programmer intens-
ive, and error prone.
an analytical model described and validated by
Agarwal [1]. It is computationally very inexpens-
ive and gives good results. The model uses the
probabilities for routing packets in a switch to
compute an expected value and a variance for
the number of packets that leave a switch during
some cycle. That gives way to a simple formula
for computing the transit time for a message.

Instead we chose to use

The parameters of the model include the width
of the wires connection the switches, the dimen-
sionality of the network, the number of nodes, and
the injection rate (related to the miss rate). The
model can also be modified for several physical
characteristics. We chose a two-dimensional and
bi-directional interconnect without end-around
This seemed to be a typical con-
figuration for several multiprocessors (Intel Par-
agon, Intel Teraflot, Dash).

Data packets incur an additional 60 cycle delay
due to the memory latency. All packets are as-
sumed to have a 64 bit header. For acknowledge-
ments or other packets containing no data, there
is no additional size requirement. The network
width is assumed to be 16 bytes.

connections.

We introduced a small optimization at the in-
coming queue of each directory node. What we
noticed is that heavily accessed synchronization
variables could cause a lot of traffic on the in-
Since the queue at each directory
is capable of holding several incoming packets, a
situation could arise in which the queue was filled
with lock requests. If the matching unlock request
arrived at such a point, it would have to wait for
all the lock requests to be denied. Our optimiza-

terconnect.



tion was to prioritized the queue and move unlock
requests ahead of any other requests.

3.2 Censier & Feautrier

With the replacement of the bus with a multipath
interconnect, the bus-snooping protocol had to
go. We decided to implement the Censier & Feau-
trier cache protocol [4, 5], because it is a simple,
traditional directory protocol. As such, it can
server as a baseline against which the cache pro-
tocols that reduce false sharing can be compared
and on which compiler-restructured benchmarks
can be used.

The simulator closely models the behavior of
the cache protocol. Read and write hits in the
first and second level caches are always serviced
immediately and do not require any interaction
by the coherency protocol. A miss in the second
level cache causes a sequence of operations to be
performed by at least the cache controller ser-
vicing the miss and the directory responsible for
the needed memory block. Mint provides a mech-
anism for scheduling operations (called “tasks”)
at arbitrary times in the execution flow of the
simulated program. Using this mechanism, the
operations are accurately scheduled according to
the Censier & Feautrier cache protocol at times
determined by the analytical interconnect model.

The sequence of operations initiated after a
miss in the second level cache must naturally start
at the cache controller that caused the miss. A
table lookup based on the current state of the
cache line and the access method (read or write)
will indicate which request to send to the direct-
ory holding the needed memory block. The des-
tination directory is easily determined, because
directories are distributed one to each processor
based on the index of the page address? mod-
ulo the number of processors present. Finally the
analytical interconnect model is used to determ-
ine when the request should arrive at the destin-
ation directory. The operation can now be sched-
uled using Mint’s support for tasks.

2We use 4K Byte pages.

When the operation at the destination directory
is started, code is executed to determine what ac-
tion needs to be performed. Again tables are con-
sulted to determine whether cache lines on other
processors need to be invalidated or if the request
can be processed immediately. Depending on the
outcome, further operations are scheduled until
the miss has been serviced. For read misses this
will always result in the affected processor being
able to continue its execution. Write misses are
non-blocking and do not stall the processor.

3.3 Global Monitor

Without the monitor the framework would never
have been completed. It was the single most im-
portant tool for detecting and locating errors in
the cache coherency protocol and interconnect.
The alternative, visually inspecting printouts of
chronologically sorted cache states, is extremely
slow, tedious, and error prone.

back-end
whenever a miss in the second level cache has
been handled.

cache line just modified. Since the directory is

The monitor is called from the

It verifies the correctness of the

distributed on a multipath interconnect, multiple
operations may be outstanding at any point in
time. This adds a certain complexity to the mon-
itor. The monitor requires full information of the
cache line being checked from the directory and
cache controllers. At the point when the mon-
itor is called, the information in the directory
is clearly in a consistent state, since it just fin-
ished an operation and has not yet started a new
one. Other cache controllers, however, operate in-
dependently, and it is possible that a cache line
has just been invalidated. This may result in a
temporary inconsistency (until the directory has
been informed of the invalidation) and needs to
be taken into account by the monitor.

The first phase of the monitor is responsible
for collecting data from all caches and detecting
For
example, if a cache line has just been invalidated,

and compensating for any inconsistencies.

the monitor will include this fact in its checks and



not complain that the directory and cache con-
troller have inconsistent state information. In the
second phase the monitor aborts the simulation
under the following conditions:

e When the Modified bit and Presence bits are
set concurrently. This would indicate that
according to the directory a cache line is both
shared and owned.

e When the Modified bit and Presence bits of
the directory do not match the corresponding
state bits in all cache controllers.

e When the inclusion property does not hold.
If a cache line in the second-level cache is
invalid, the first-level cache must also have
that cache line marked as invalid (or it does
not contain that line at all).

e When the data and instruction cache con-
tain the same block of memory. While com-
pilers do not mix instructions and data, it
is possible that errors in the simulator cause
memory blocks to be copied to both instruc-
tion and data caches.

e When a cache line is in the error state. This
may happen if the tables defining the cache
protocol are incorrectly specified. A table
lookup with illegal indices can result in the
cache line entering this special state.

e When the instruction cache contains an
owned page. Compiler do not generate
sel-modifying code, but buggy tables could
mark cache lines containing program code as
owned instead of shared.

QOutside the monitor, there are several asser-
tions placed in the program code to ensure that
certain other known relationships hold. Mostly
these are highly implementation specific and not
very interesting to mention here further. For ex-
ample, while an owned cache line is modified, it
is checked that the cache controller making the
modifications is indeed the owner indicated by the
directory state bits.

3.4 Benchmarks

Seven benchmarks were selected for inclusion
in the framework. Four of the benchmarks are
Splash-2 benchmarks [20]. The choice of bench-
marks was guided by the availability of compiler-
The

benchmarks have different speedup curves and

optimized versions of the benchmarks.

different sensitivities to false sharing. In this sec-
tion we will describe each benchmark and the
work required to port them to run correctly on
the framework.

The three Splash-2 benchmarks are Fmm,
Radiosity, Raytrace.
dimensional system of bodies over a predefined
time period, using the adaptive Fast Multipole
Method. Radiosity computes the distribution of
light in a scene based on the iterative hierarch-

Fmm simulates a two-

ical diffuse radiosity method. Raytrace renders a
three dimensional teacup using ray tracing. The
other benchmarks are Pverify [16], Maxflow [2],
Topopt [6], and Water [19]: Pverify reads lo-
gical descriptions of two circuits and verifies that
they are functionally equivalent; Maxflow com-
putes the maximum flow from the distinguished
source to sink in a directed graph with edge ca-
pacities; Topopt uses simulated annealing to do
topological compaction of MOS circuits. Water
is a parallel N-body simulator that evaluates the
forces and potentials among water molecules in li-
quid state. Most benchmarks have speedup peaks
at between 4 to 20 processors and will therefore
be good targets for testing various false sharing
optimizations.

The benchmarks were ported in two stages.
The goal of the first stage was to get all bench-
marks running on the SGI platform. Since Mint
can simulate most native SGI executables, stage
two (executing with Mint) only involved some
minor changes to the linking process and of course
further checks that the benchmarks still produced
correct results.

For each benchmarks, an optimized and unop-
timized version was needed. It is important to
note that the unoptimized Splash-2 versions do



not in all cases represent the original code. In
the case of the Splash-2 benchmarks, consider-
able effort (by the Splash-2 programming team)
had gone into optimizing the code, including at-
tempts to minimize false sharing. Since this rep-
resents effort which the compiler analysis is try-
ing to eliminate, those transformations which the
compiler analysis would suggest were sometimes
removed from the benchmarks.

Stage one made use of the original versions of
the benchmarks and the optimized and unoptim-
ized versions of the benchmarks used in the work
done by Jeremiassen [13]. Jeremiassen’s versions
of the benchmarks were all designed to compile
and run on the KSR-2 shared memory multipro-
cessor. For those benchmarks where originals ex-
isted that could directly be compiled on the SGI
platform (using the pharmacs macro package),
the original was taken as a starting point and
modified according to the differences between the
optimized and unoptimized versions of the KSR-2
source code. For all others, the optimized and un-
optimized versions of the KSR-2 source code were
modified to use the pharmacs macro package in-
stead of KSR-2 specific calls. Finally, we verified
that newly obtained benchmarks still gave results
compatible to the originals.

Stage two involved changes to the macro code
and compiler options. The simulator explicitly
simulates the synchronization primitives. For the
simulator to be able to detect the synchronization
primitives, all lock and barrier calls were replaced
with stubs. Furthermore the simulator cannot
handle shared libraries; therefore the linker was
instructed to use static libraries for creation of ex-
ecutables in this stage. Again, testing was done
to ensure that the benchmarks still gave correct
results.

4 Verification

Verification took place at two levels of the frame-
work. First the benchmarks were verified for cor-
rectness by running them directly on an SGI and
comparing the output to executions of the origin-

als on a KSR-2. In all cases outputs were identical
or very close to identical. Certain minor vari-
ations in the benchmark output are to be expec-
ted, because some benchmarks use random num-
ber generators in their algorithm. For brevity we
do not show the exact outputs in this paper.

The second step in verifying the framework in-
volved running compiler-optimized and unoptim-
ized versions of the benchmarks on the Censier
& Feautrier protocol. We expected to see similar
results as those that were published in the original
study [13] of the compiler optimization that was
conducted using the Spur cache protocol. The
results of this step are discussed next.

4.1 Framework Verification

To demonstrate that the simulator reports believ-
able results, we ran optimized and unoptimized
versions of each benchmark and compared the
results to those obtained by Jeremiassen’s study
on the KSR-2 [13]. While we did not expect the
results to be comparable in absolute terms, we
expected the relative differences of the optimized
and unoptimized version to be comparable.

The first results we obtained with Pverify
showed promising numbers for simulations on
up to nine processors, but beyond that the
compiler-optimized version rapidly degraded in
performance until at sixteen processors, the op-
timized program took noticeably longer to com-
plete. An in-depth analysis showed that the
compiler-optimized benchmark ran with so few
cache misses, that the performance of the direct-
ory servicing one frequently used synchronization
variable collapsed. The incoming queue at the
directory completely filled with lock and unlock
requests, creating excessively long delays during
those operations. This problem was exaggerated
by our use of spin locks (test and test and set)
which can cause a lot of traffic when many pro-
cessors are trying to obtain a lock. The unop-
timized benchmark did not have this problem,
because it spent more time waiting for the com-
pletion of false sharing misses and therefore no



directory had to handle a high rate of synchron-
ization operations.

The poor performance was corrected by speed-
ing up the interconnect in three areas. First,
we widened the data path from 16 to 128 bits.
Second, the directories at each node were changed
to allow for more parallelism. The rate at which
directories can retire operations was increased
significantly, especially in the case of consecut-
ive read operations on the same block. This in-
creased the complexity of the simulation some-
what, but still matches what an aggressive hard-
ware implementation would aim for. Finally we
allowed unlock operations to jump ahead of other
operations in the directory queues as described in
section 3.1. This eliminated many lock attempts
that were guaranteed to fail if the matching un-
lock operation is at the tail of the queue. In ad-
dition we believe this to be a reasonable require-
ment to make on the hardware.

The combination of these three improvements
eliminated the problems exhibited by Pverify and
gave us results comparable to the results ob-
tained on the KSR-2. Since some of the other
benchmarks exhibited unexpected performance
results, too, we have come to the conclusion that
it will probably take a similar approach with those
benchmarks as we have taken with Pverify. Next
we will show and discuss the results of our bench-

mark suite.
4.2 Pverify & Radiosity
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Figure 1: The speedups for optimized and unoptim-
ized versions of Pverify using a 128 byte block size. The
baseline of the speedups are the unoptimized results for
one processor.

Pverify and Radiosity are the two benchmarks
that show promising results on our simulated ar-
chitecture (fig. 1 & 2). The compiler optim-
ized versions of the benchmarks have consider-
ably higher speedups at all numbers of processors.
These speedups are caused by smaller total and
false sharing miss rates in all multiprocessor con-
figurations (fig. 3 - 6). For example, at 16 pro-
cessors, false sharing is reduced by about 95%.
While false sharing increases as more processors
are added and becomes the dominant source of
misses in the unoptimized case, it contributes to
only a small part of the misses for the compiler-
optimized version. This is compatible with the
results Jeremiassen obtained on the KSR.

Radiosity
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Figure 2: The speedups for optimized and unoptimized
versions of Radiosity using a 128 byte block size. The
baseline of the speedups are the unoptimized results for
one processor.

Pverify (1st level data cache)

0.25 T T T T
unoptimized
02 compiler optimized ----- 7]
]
g 0.15 —
[92]
k% 01| N oo
= Y ¥ ¥ i
0.05 H & | i
o Lt il i i

1 4 9 16
Number of Processors

Figure 3: The miss rate of the first level cache showing a
breakdown of the false sharing rate (bottom component of
each bar). Note that the false sharing rate is occasionally
too small to be recognizable on the graph.

On one processor we can typically see a higher
miss rate and thereforeslightly lower performance
for the compiler optimized version. This was the
case on the KSR, too. The primary cause for this



is the padding of several data structures and of all
synchronization variables. There is no false shar-
ing on one processor. Padding variables there-
fore only decreases spatial locality and increases
replacement misses. Furthermore, the indirec-
tion transformation serves no useful purpose, but
does introduce additional reference for the indir-
ection pointer. This increases overall references
and adds more pressure to the cache.

Pverify (2nd level cache)
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Figure 4: The global miss rate of the second level cache
(excluding references and misses of instructions) showing
a breakdown of the false sharing rate (bottom component
of each bar). Note that the false sharing rate is occasion-
ally too small to be recognizable on the graph.
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Figure 5: The miss rate of the first level cache showing
a breakdown of the false sharing rate (bottom component

of each bar).

There are two more characteristics of Pverify’s
results worth mentioning here. First we can see
a slight reduction in the non-false sharing misses
(fig. 3) that can be explained by an improvement
in spatial locality due to the indirection trans-
formation. The KSR, exhibited this reduction,
too. Secondly, compared to the KSR (for which
we only have first-level cache data) our results of
the first-level cache have a much lower proportion
of false sharing misses (fig. 3). The most likely

explanation of this is that the KSR has an eight
times larger first-level cache using 2-way associ-
ativity (instead of direct mapping) that can hold
data longer in its cache, therefore increases the
probability of an invalidation followed by a false
sharing miss. In the second-level cache, we see
a much larger proportion of false sharing misses
(fig. 4).

Unlike the KSR results for Radiosity, our res-
ults for Radiosity show a reduction in non-false
sharing misses similar to the one found with
Pverify (fig. 5). While none of Radiosity’s data
structures were transformed using indirection, the
group & transpose transformation was used on
many and can give similar improvements in spa-
tial locality. It is unclear why this effect would be
visible on our architecture and not on the KSR.
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Figure 6: The global miss rate of the second level cache
(excluding references and misses of instructions) showing
a breakdown of the false sharing rate (bottom component

of each bar).

4.3 Fmm, Raytrace & Water

For these three benchmarks we saw no signi-
ficant difference between the compiler-optimized
and unoptimized version (fig. 7 - 15). On the
KSR, the compiler-optimized version of all these
benchmarks did significantly better than the un-
optimized version, but typically this did not oc-
cur on few number of processors. In the case
of Fmm, both versions had identical speedups
up to 20 processors. For Raytrace the speedups
were identical up to 8 processors. This seems to
be caused by relatively few false sharing misses

for these three benchmarks. It took significantly
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Figure 7: The speedups for optimized and unoptimized
versions of Fmm using a 128 byte block size. The baseline
of the speedups are the unoptimized results for one pro-
cessor.

more processors for the benefit of the compiler
optimization to be visible.

Raytrace
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Figure 8: The speedups for optimized and unoptimized
versions of Raytrace using a 128 byte block size. The
baseline of the speedups are the unoptimized results for
one processor.

Even so, the percentage of false sharing misses
was reduced in all cases (the graphs often don’t
show this due to the small number of false shar-
ing misses). We would expect the two versions
to show performance differences at some higher
number of processors. Due to memory and sim-
ulation time constraints we were not able to get
these results.

Markedly different are the results for Water.
The compiler-optimized version of Water had
about 50% higher speedups on the KSR. Our
results show no difference even though the small
amount of false sharing that does exist was elim-
inated (fig. 9, 14, 15). All false sharing in Water is
due to lock variables that was completely elimin-
ated by the compiler optimization due to padding
of synchronization variables. Our results confirm

Water
T

unoptimized —-— 7
compiler optimized -+--

Speedup

OFRPNWRAUIUITON®OO

6 8 10 12
Number of Processors

Figure 9: The speedups for optimized and unoptimized
versions of Water using a 128 byte block size. The baseline
of the speedups are the unoptimized results for one pro-
cessor.

this. For example, at 16 processors there is a
25% reduction of the busy waiting times at locks.
This reduction did not have a noticeable effect on
execution time, because a lot of time was spent
waiting at barriers (20% of total execution time at
16 processors). One processor interestingly spent
very little time at barriers which seems to sug-
gest that the workload was not well distributed
between the processors.

Fmm (1st level data cache)
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0.001
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Figure 10: The miss rate of the first level cache showing
a breakdown of the false sharing rate (bottom component
of each bar). Note that the false sharing rate is occasion-
ally too small to be recognizable on the graph.

4.4 Maxflow & Topopt

This section covers the benchmarks that did not
perform well at all. Topopt shows very poor
speedups on our architecture, barely surpassing
a factor of 2.5 at 9 processors (fig. 17). The KSR
speedups are about twice our speedups and at
least show good improvements for the optimized

version (though only small improvements up to
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Figure 11: The global miss rate of the second level cache
(excluding references and misses of instructions) showing
a breakdown of the false sharing rate (bottom component

of each bar).
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Figure 12: The miss rate of the first level cache showing
a breakdown of the false sharing rate (bottom component
of each bar). Note that the false sharing rate is occasion-
ally too small to be recognizable on the graph.
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Figure 13: The global miss rate of the second level cache
(excluding references and misses of instructions) showing
a breakdown of the false sharing rate (bottom component
of each bar). Note that the false sharing rate is occasion-
ally too small to be recognizable on the graph.
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Figure 14: The miss rate of the first level cache showing
a breakdown of the false sharing rate (bottom component
of each bar). Note that the false sharing rate is occasion-
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Figure 15: The global miss rate of the second level cache

(excluding references and misses of instructions) showing

a breakdown of the false sharing rate (bottom component
of each bar). Note that the false sharing rate is occasion-
ally too small to be recognizable on the graph.
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Figure 16: The speedups for optimized and unoptimized
versions of Maxflow using a 128 byte block size. The
baseline of the speedups are the unoptimized results for
one processor.



9 processors which unfortunately was how far we
could simulate Topopt due to benchmark prob-
lems). Maxflow doesn’t run well on our simu-
lator, getting speedups of less than 1 for both
versions (fig. 16). On the KSR the unoptimized
version achieved a peak speedup of 1.4 at 4 pro-
cessors after which it, too, dropped to speedups of
less than 1. The optimized version on the other
hand did much better on the KSR with a peak
speedup of 4.3 at 16 processors.
Topopt

unoptimized —— -
compiler optimized -+--

Speedup

Number of Processors

Figure 17: The speedups for optimized and unoptim-
ized versions of Topopt using a 128 byte block size. The
baseline of the speedups are the unoptimized results for
one processor.
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Figure 18: The miss rate of the first level cache showing
a breakdown of the false sharing rate (bottom component
of each bar). Note that the false sharing rate is occasion-
ally too small to be recognizable on the graph.

Topopt has a considerable load-balancing prob-
lem spending 20 to 40% of its execution time wait-
ing at barriers. Since we are not necessarily using
the same benchmark inputs as the KSR, we might
be experiencing a specific problem with our data
set. Waiting at barriers wastes considerable CPU
cycles, but should have little relative impact on
the miss rates of the two benchmark versions, so
let us look at them now. In this category Topopt

does better, eliminating about 50% of all false
sharing misses which is close to the results seen

on the KSR (fig. 20, 21).
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Figure 19: The global miss rate of the second level cache
(excluding references and misses of instructions) showing
a breakdown of the false sharing rate (bottom component
of each bar). Note that the false sharing rate is occasion-
ally too small to be recognizable on the graph.

Topopt (1st level data cache)

0.014 - noptimized 1
. unoptimized —
0.012 - i compiler optimized ----- T
& 001t i i
o] i
T 0008 || 1 8
%) " I
£ o006 - || ! .
0.004 | |]i! ! 0 e
0.002 [ || i H i
0 i .ﬂ IH
1 4 9

Number of Processors

Figure 20: The miss rate of the first level cache showing
a breakdown of the false sharing rate (bottom component

of each bar).

Maxflow has a similar problem with its barri-
ers, and at larger numbers of processors spends
a lot of time trying to acquire locks. The com-
bined time spent at barriers and locks amounts to
roughly half the execution time. The KSR did not
seem to suffer from these problems. It showed
Maxflow as one of the benchmarks with a very
high percentage of false sharing misses, most of
which were eliminated by the compiler optimiz-
ation. While this is also the case in our results
(fig. 18, 19), it is unclear how to interpret them
with our low execution time.
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Figure 21: The global miss rate of the second level cache
(excluding references and misses of instructions) showing
a breakdown of the false sharing rate (bottom component

of each bar).

5 Conclusion

This paper described the implementation of a
framework for comparing different false sharing
solutions. The results we obtained for a number
of benchmarks currently do not conclusively show
if the compiler optimization works effectively on
our architecture. While false sharing misses have
been reduced significantly in all cases, only two
benchmarks showed major reductions in execu-
tion time. In many benchmarks, no significant
improvements in speedup were seen, while in a
few there were other effects that caused the op-
timized version to run more slowly.

At least three factors maybe responsible for
the discrepancies between these results and those
from the previous study done by Jeremiassen.

First, it may be possible that the same in-depth
analysis we applied to Pverify must be applied
to all other benchmarks to change the architec-
ture until it performs well for a broad spectrum
of parallel programs. A number of our bench-
marks (Raytrace, Topopt, Maxflow) showed sig-
nificantly lower speedups than they did on the
KSR-2. Two of these benchmarks spent consid-
erable time processing synchronization variables.
This could be caused by an inefficiency in the im-
plementation, but there is also a chance that our
input data did not distribute well across many
number of processors.

Second, the benchmarks need to be simulated
with more than 16 processors. Our results for

three benchmarks (Fmm, Raytrace, Water) were
inconclusive because of our inability to simu-
late more than 16 processors. Asides from some
minor changes in the simulator code, the main
difficulties with simulating more than 16 pro-
cessors are the memory requirements and simu-
lation times. Qur primary platform for running
simulations had 64 MB of real memory which
was barely enough for some of the benchmarks
and forced us to drop to smaller input data for
other benchmarks.
big factor. In some cases we had to abandon sim-
ulations after two weeks of running time and try
again with smaller input data. For extended sim-
ulation times it may be necessary to implement
checkpoints in the simulator to make it possible
to restart an aborted simulation. Especially on
busy workstations, the chance of an unexpected
system shutdown becomes a real problem.

Execution time was another

Finally, we have seen several adverse affects of
running simulations on our architecture related to
the distributed nature of memory. The compiler
does not take into account the specific placement
of data. The architecture distributes memory
across nodes in 4 KByte pages and memory is
allocated from these without regard to where it
is needed. In most cases the number of memory
requests was not evenly distributed across all pro-
cessors, often some directories serviced an order
of magnitude more requests than others. Gener-
ally both versions were affected equally and were
not making good use of the distributed nature
of memory. This issue may need to be addressed
first before the issue of false sharing can be looked
at. By giving the compiler knowledge of how data
is distributed, it should be able to significantly
reduce average latency of memory requests. The
indirection transformation in particular would be
a good target, because it allocates per-process
heaps that just need to be allocated on the home
node. In other cases it will be more difficult, but
not impossible, to determine the best placement
of data. New heuristics for the compiler trans-
formations may be required to determine how to
transform data and where to place it.
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Given these results we must conclude that this
framework in its current form is not suitable for a
comparison study between software and hardware
attempts of reducing false sharing.
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