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Abstract

Global addressing of shared data simplifies parallel programming
and complements message passing models commonly found in dis-
tributed memory machines. A number of programming systems
have been designed that synthesize global addressing purely in
software on such machines. These systems provide a number of
communi cation mechanisms to mitigate the effect of high commu-
nication latencies and overheads. This study compares the mecha
nismsintwo representative all-software systems: CRL and Split-C.
CRL uses region-based caching while Split-C uses split-phase and
push-based data transfers for optimizing communication perfor-
mance. Both systems take advantage of bulk datatransfers.

By implementing a set of parallel applicationsin both CRL and
Split-C, and running them on the IBM SP2, Meiko CS-2 and two
simulated architectures, we find that split-phase and push-based
bulk data transfers are essential for good performance. Region-
based caching benefits applicationswithirregular structure and with
sufficient temporal locality, especialy under high communication
latencies. However, caching also hurts performance when there is
insufficient data reuse or when the size of caching granularity is
mismatched with the communication granularity. We find the pro-
gramming complexity of the communication mechanisms in both
languages to be comparable. Based on our results, we recommend
that anideal system intended to support diverse applications on par-
allel platforms should incorporate the communication mechanisms
in CRL and Split-C.

1 Introduction

Shared-memory provides asimple, intuitive model for paralel pro-
gramming and is widely used on multiprocessors with hardware
support for global memory addressing. However, as networked
clusters of workstations and PCs become commonplace, thereisa
tremendousincentive to harnesstheir collective computation power
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to run paralel programs. On such systems, message passing com-
prises the default programming model and there is typicaly no
hardware support for shared memory. To complement message
passing and ease programming, a number of alternative program-
ming systems synthesize global addressing in software using the
underlying hardware messaging primitives.

Such all-software global address space systems have to contend
with high communication latencies and overheads in a clustered
environment, where overhead is usually in the order of a few mi-
croseconds, and latency is in the order of tens of microseconds.!
Clearly, a naive implementation of global addressing that fetches a
single word of datafrom aremote node at each data access will not
performwell. Thus, anumber of mechanisms have been developed
to tolerate high communication latencies and overheads in these
systems.

Thispaper investigates the performance implications of the ma-
jor mechanisms in all-software systems to tolerate latencies and
overheads: caching, bulk communication, split-phase communi-
cation, and push-based (sender-initiated) communication. We use
CRL [10] and Split-C [7], two representative systems that provide
these mechanisms. CRL caches program-designated memory re-
gionsto exploit temporal and spatial locality. Bulk communication
occurs implicitly when using large memory regions. Split-C pro-
vides routines for bulk communication, split-phase communication
and push-based communication.

We compare the performance of a set of applicationswritten in
both languages on an IBM SP2 [1], aMeko CS-2[9], and on two
simulated machine architectures. We created the application set by
taking applications that were originally written in CRL or Split-C
and rewriting them to use communication mechanisms provided by
the other language. This prevents a bias towards either language,
and ensures that the computation portion of the applications are
identical. We al so makefurther modificationsusing the mechanisms
available within each language to isolate the effects of individual
communication primitives.

This paper makes the following contributions:
¢ itinvestigates mechanismsfor optimizing performanceinall-

software globally-addressed programming systems, such as
bulk transfers, caching, and split-phase communication,

1Overhead refers to the cycles spent on compute processors to send and receive
messages, and latency refers to the delay between sending a message and receiving it
on the remote end.



e it compares the performance impact of the different mecha-
nisms on a set of non-trivial applications,

e it details our experience with using globally-addressed pro-
gramming systemsto implement and optimize parallel appli-
cations,

¢ it demongtrates the benefits and limitations of region/object-
based caching and of bulk data copying, and motivates the
need to incorporate both features into a single programming
environment.

The rest of this paper is organized as follows. Section 2 de-
scribes all-software global address space programming systemsand
compares CRL and Split-C. Section 3 describes our experimental
settings.  Section 4 presents and analyzes the results of our ex-
periments and the utility of each communication mechanism for
enhancing performance. Section 5 discusses related work. Finally,
Section 6 concludes the paper.

2 Overview of CRL and Split-C

Programming systems that provide global addressing without re-
lying on hardware support may be classified into two groups: al-
software distributed shared memory (DSM) systems that provide
cache-coherent access to globally shared objects/data (e.g., CRL
[10], Midway [21], Orca[2] and SAM [16]) and systems that pro-
vide primitives to transfer shared data using globa pointers and
arrays (e.g., Split-C [7], Global Arrays [14], CC++ [4] and High
Performance Fortran [8]).

These all-software global address space programming systems
provide mechanisms to tolerate high communication latencies and
overheads present in off-the-shelf hardware: caching, bulk commu-
nication, split-phase communication and push-based communica-
tion. Caching replicates data coherently in order to take advantage
of temporal and spatial locality. Bulk communication amortizesthe
fixed cost of communication by transferring large amounts of data
in a single message. Split-phase communication decouples initi-
ation and completion of communication, and alows computation
to overlap communication. Finally, push-based, or sender-initiated
communication allows a producer to send datato consumersassoon
asitisready and potentially beforeit is needed.

To study the effectiveness of these mechanisms, our investiga-
tion uses CRL and Split-C, two representative programming sys-
tems from each of the two groups. Since CRL and Split-C are
both extensions of C, compiled with a common compiler (gcc),
and depend on a common communication layer (Active Messages
[19]), performance differences between the two can be isolated to
the different communication mechanisms used by each system.

21 CRL

CRL is an all-software DSM system that relies on the program-
mer to identify regions as logical units of caching (for exam-
ple, one may designate a matrix column as a region). Regions
are created by calling r egi on_cr eat e( si ze), which returns
a globally unique region identifier. Before accessing a region,
regi on_map( r egi on.i d) must be called to map the data into

the local address space and to obtain a local pointer to the data.
To preserve coherence, reads to data within a region must be
bracketed by regi on_start_read and regi on_end.r ead
which implicitly acquire and release a read lock for the re-
gion. Similarly, modifications to data must be bracketed by
regionstart witeandregi on.endwite.

CRL isrepresentative of all-software DSM systemsthat provide
global naming and coherent caching of application-defined objects
or regions. Compared with other systems, CRL does not rely
on compiler or operating system assistance or on a new language
definition. It is implemented as a portable user-level library that
relies only on the ability to send and receive messages. CRL's
minimalist approach allows usto focus on the caching mechanisms
provided by all-software DSM systems.

22 Split-C

Split-C isaparallel extension to C, with asmall set of operators to
allow efficient programming of SPMD programs. Processes com-
municate by accessing global data, either by dereferencing global
pointers for scalar types, or by using bulk transfer to copy contigu-
ous blocks of global data. To facilitate data partitioning, Split-C
provides spread arrays which distribute data block cyclically across
Processors.

Access to global data may be blocking or split-phase. Comple-
tion of split-phase data transfersisdetermined by explicit sync()
operations that block the caller until all data transfers complete.
Stores to remote data support efficient one-way communication
and remote event natification. The language also provides means
of performing simple remote actions atomicaly.

Split-C is representative of systems that provide remote access
to global data. By completely leaving the burden of orchestrating
remote data access to the programmer, it provides minimal support
for global addressing and allows us to focus on its mechanisms for
accessing and transferring remote data.

2.3 Comparison

Table 1 summarizes the communication mechanisms supported by
Split-C and CRL.

| Communication mechanism | CRL | Split-C |

caching yes no

bulk communication yes yes
split-phase communication | no yes
push-based communication | no yes

Table 1: Communication mechanismsin CRL and Split-C.

CRL, to a large extent, provides a convenient abstraction of
shared memory. However, the programmer needs to identify all
data areas that will be shared. Even a small piece of data, like
a global integer counter, needs to be identified as a region and
manipulated as such. Although this may force a programmer to
think carefully about data sharing, we found it to be rather time
consuming. Split-C, on the other hand, allows access to any global
data by simply dereferencing pointers.



CRL eliminates many unnecessary data transfers with its built-
in cache coherence protocols. Split-C does not provide caching,
although the programmer may till exploit temporal locality by
explicitly determining when previously copied data may be safely
reused. Thedifficulty of performing such explicit cachingin Split-C
varies with the application.

Split-C alows precise control of data movement by provid-
ing push-based, one-way stores and split-phase operations. These
mechanisms allow a programmer to optimize communication pat-
terns, and result in better performance for some applications when
compared to CRL which forces all communication to occur through
coherent caching of region data. Although the design focus of CRL
isto provide a cache-coherent DSM system, explicit communica-
tion primitives could be incorporated in future versions of CRL.

Both CRL and Split-C provide bulk communication. In Split-C
it occurs via explicit communication library calls, while in CRL
it occurs when large regions are cached. In CRL, aregion’s size
is specified and fixed at creation time. In cases where the logical
unit of sharing varies dynamically, the fixed size can either lead to
unnecessary data transfers or to false sharing. On the other hand,
once aregion is created, the programmer can manipulate it without
thinking about itssize. In contrast, Split-C requiresthe programmer
to specify the size of the remote data for every bulk transfer. Of
course, one can also provide an abstraction layer on top of Split-C
that associates sizes with source and destination buffers.

3 Experiments

In order to compare the efficiency of the communication mecha-
nismsin CRL and Split-C, werun atotal of five applications, some
of them in multiple versions, on two existing multicomputers and
two simulated machines. This section describes each of the plat-
forms and their Active Message layers, as well as the applications.

3.1 Hardware Platforms

MelkoCS-2 TheMeiko CS-2[9] isamulticomputer where each
node contains a40 MHz three-way superscalar SuperSparc proces-
sor and a custom network adapter. The network adapter contains
a special-purpose “Elan” network processor that is integrated with
the network interface and DMA controller. The network adapter
is attached to the memory bus and appears as a memory-mapped
device. The compute processor can issue commands to and re-
celve responses from the network processor via user-level memory
instructions. The network processor has only modest processing
power and no genera purpose cache, so instructions and data are
accessed from main memory. The custom network is comprised of
two 4-ary fat-trees.

Meiko's network processor provides a user-level interface to
directly read from and write to the address space of a process
on a remote node. Meiko Active Messages bypass this inter-
face and uses the network processor directly to optimize perfor-
mance [17]. It achieves a peak bandwidth of 39 MB/s and an
amr equest / repl y round-trip time of 11 us.

IBM SP2 The IBM SP2 [1] is a multicomputer comprised of
RS/6000 workstation-class nodes connected by a custom network.

Each node has a 66MHz POWER?2 processor and a custom net-
work adapter with a built-in coprocessor and DMA controller. The
network adapter is attached to a 32-bit MicroChannel 1/0O bus, and
interfaces to a custom multistage interconnection network.

The SP2 network adapter provides a user-level interface to a
pair of send and receive FIFO queues synthesized by microcode
running on the coprocessor on the network adapter. The Active
Message layer designed at Cornell University for the SP2 [5] inter-
faces directly to these queues and achieves a peak bandwidth of 34
MB/sand an amr equest / r epl y round-trip time of 51 us.

RMC1 and RMC2 RMC1 and RMC2 simulate an architecture
that supports remote memory access (PUT/GET) and remote queue
operations directly in hardware [12]. Remote memory access al-
lows a process to read and write memory in the address space of
another, possibly remote, process. Remote queues allow a pro-
cess to enqueue and dequeue data in the address space of another
process. Both RMC1 and RMC2 use processing nodes similar to
those of the SP2. RMC1 and RMC2 differ only in the network
latency, which is an aggressive 0.1ys on RMC1 and adlow 100 s
on RMC2. These simulated architectures allow us to investigate
the effect of different communication architectures and of different
communi cation speeds.

Weimplemented an Active Message layer on RMC1 and RMC2
using the remote memory access and remote queue hardware prim-
itives. amrequest and amrepl y messages are queued on
remote nodes using the remote queue primitives. amget uses a
GET operation to copy remote datalocally. amst or e usesaPUT
operation to copy local data to a remote destination and remote
queue primitives to enqueue a completion handler on the destina-
tion node. The Active Message layer on RMC1 achieves a 17us
round-trip delay for amr equest / r epl y, and apeak bandwidth
of 500 MB/s. On RMC?2, it achieves a 217us round trip delay and
peak bandwidth of 500 MB/s.

Table 2 summarizes the features of the machines. AM half-
power point refers to the minimum active message size required to
achieve more than haf the peak bandwidth.

3.2 Benchmark Applications

We use five parallel benchmarks to compare the performance of
Split-C and CRL and to evaluate their communication mechanisms:
matrix multiply (mm), Fast Fourier Transform (fft), blocked LU de-
composition (lu), water molecule simulation (water) and a Barnes-
Hut N-body simulation (barnes). We use the code for lu, water and
barnes from the CRL distribution and the code for fft and mmfrom
examples in the Split-C distribution. We convert the CRL code
to use the communication mechanisms in Split-C and vice versa.
Thisresultsin abase set of benchmarks described below. We aso
modify some of the benchmarks to better understand and quantify
the performance impact of particular features of the systems under
study.

Table 3 lists the benchmarks and their input parameters for the
experiments.

Matrix Multiply This is the simplest of al the benchmarks. It
multiplies two matrices, A and B, which aredistributed in ablock-



[ Machine ] CPUtype [ AM Round-trip Latency | AM Peak Bandwidth | AM Half-power point |
IBM SP2 | 66 MHz POWER?2 51us 34MB/s 2.8KB
Meiko CS-2 | 40 MHz Sparc-20 25us 39MB/s 2KB
RMC1 66 MHZ POWER?2 17us 500MB/s 8 KB
RMC2 66 MHz POWER2 217us 500MB/s 64 KB

Table 2: Comparison of performance characteristics of the IBM SP2, the Meiko CS-2 and the simulated RMC1 and RMC2 machines.

| Benchmark | First set of runs | Second set of runs |
mm 512x512 matrix, 16x16 block | 512x512 matrix, 128x128 block
fft 1 million points 2 million points
lu 512x512 matrix, 4x4 block 512x512 matrix, 16x16 block
water 64 molecules 512 molecules
barnes 512 bodies -

Table 3: Benchmark parameters.

cyclic fashion. Theresult C shares no memory locations with A or
B. Needed blocks are fetched pairwise, just before they are used
for multiplication. Sinceevery processor fetches the same blocks of
A and B repeatedly, mm exposes an opportunity for caching. The
CRL version (mnvcrl)? opensappropriateregionsfor reading matrix
blocks. The Split-C version, (mnvsc) issues two non-blocking bulk
get requests for each matrix block, followed by a call to sync()
to ensure completion of the bulk transfer requests.

Fast Fourier Transform  This benchmark computes the n-input
butterfly algorithm for the discrete one-dimensional FFT problem
using P processors. The agorithm is divided into three phases:
(i) log(n) — log(P) local FFT computation steps using a cyclic
layout where the first row of the butterfly is assigned to processor
1, the second to processor 2, and so on; (i) adata remapping phase
towards a blocked layout where the n/P rows are placed on the
first processor, the next n/ P rows on the second processor, and so
on; and (iii) log(P) local FFT computation steps using the blocked
layout. In the first and third phases, each processor is responsible
for transforming n/ P elements.

The base Split-C version (fft/split-c) uses a spread vector to
represent the input elements. In effect, each processor allocates a
single n/ P-element vector to represent its portion of the butterfly.
Communication occurs only in the data remapping phase where
each processor uses bulk communication to send a n/ P?-element
chunk of data to each remote processor. The communication is
staggered to avoid hot spots at the destination.

The base CRL version of FFT (fft/crl) is based on fft/split-c.
The primary modification consists of using a vector of P regions,
where each region contains n/ P? elements, to represent the n/ P-
element vector on each processor. Theregionsizeof n/ P? elements
is chosen to match the required data transfer size and minimize
communication bandwidth during the data remapping phase. The
price for such a layout is that the ./ P-element vector is no longer
allocated contiguously in memory and extraindex calculations are
required during the local computation phases.

2\We use the notation application/system to refer to the implementation of an appli-
cation on a particular system.

Blocked LU decomposition This application implementsin-situ
factorization of a dense matrix as described in [15]. The commu-
nication and computation structure of this applicationis asfollows:
The matrix is divided up into blocks distributed among processors.
Every step comprises three substeps, between which processors
synchronize with a barrier. First, the pivot block (I,I) is factored
by itsowner-processor. Second, all processorswhich have blocksin
the I-th row or 7-th column obtain the updated pivot block. Third,
all internal blocks are updated. An important observation about the
benchmark is that all remote blocks requested in a given substep
need to be fetched, since they were modified in preceding substeps.

The base CRL version lu/cr| uses an array of regions to repre-
sent the matrix to be factored, where each region representsasingle
block of the matrix. Matrix blocks are transferred between proces-
sors as part of the cache coherence protocol when they are read and
written. The base Split-C version (lu/sc) uses one-way stores for
explicitly transferring pivot blocks (afeature not available in CRL)
and prefetches all blocks before beginning the third substep. No
prefetching occursin lu/crl.

Water Water is an N-body molecular dynamics application that
computes the forces and energies of a system of water molecules.
The computation iterates over a number of steps, and every
step includes computing the intra- and inter-molecular forces for
molecules contained in a“cubical” box, which runsin O(n?) time.
A predictor-corrector method is used to integrate the motion of the
water molecules over time. The total potential energy is calcu-
lated as the sum of intra- and inter-molecular potentials. The main
datastructureisan array of moleculeswhichisdistributed statically
acrossall processors. Theintra-moleculeinteractions are computed
locally, whereas the inter-mol ecul e ones require reads and writes of
remote data.

In the base CRL version (water/crl), each molecule is repre-
sented as a 672-byte region, and read and write operations on the
molecules are bracketed by the appropriate calls to read and write
theregion. The Split-C version (water/sc) issues atomic reads and
writes to access and update the remote molecules.

Barnes-Hut This application simulatesthe evolution of asystem
of bodies under the influence of gravitational forces using the hier-



archical N-body algorithm proposed by Barnes and Hut [18]. The
computation ishighly irregular and the communicationisrelatively
fine-grained: adistributed oct-tree is built up with the bodies at the
leaves. Each tree node is less than 150 bytes. The algorithm tra-
verses many pointer chains making the remote access pattern quite
irregular. In addition, the algorithm is synchronization intensive:
during the tree-building phase, tree nodes are locked when insert-
ing a new leaf node that represents a body. During the smulation
phase, each body is locked when its parameters are updated.

The CRL version of Barnes-Hut (barnes/crl) createsaregionfor
every tree node. An element islocked by opening the correspond-
ing region for writing. The base Split-C version (barnes/sc) smply
followsthe structure of the CRL version and hasidentical reference
patterns. barnes/sc uses atomic integer writes and reads to remote
locations for locking and unlocking. Although we could have at-
tempted to aggregate multiple datatransfersinto asingle transfer to
coarsen the communication granularity in barnes/sc, the irregular
communication pattern would require a significant programming
effort.

3.3 Modificationsto base benchmarks

We further modify several of the benchmarks to gain better insight
into the performance implications of the features of each system,
and to quantify the cost of different communication mechanisms.

Both mm/sc and barnes/'sc have large amounts of data that is
repeatedly read from remote locations even though the local copy
is not stale. Two new versions, mm-cache/sc and barnes-cache/sc
performexplicit cachingin Split-Cto eval uate the potential benefits.

Experimenting with Iu led to three new versions. The firgt, lu-
pull/sc, uses bulk gets instead of one-way stores to determine the
cost of requesting thedata. The second, lu-c/sc, requests blocksjust
before they are needed instead of prefetching all internal blocks be-
forethe computation begins. |u-c/sc has acommunication structure
identical tolu/crl. Finally, theimpact of prefetchingon CRL iseval-
uated with lu-pref/crl which prefetches internal blocks. lu-pref/crl
and lu-pull/sc have similar communication patterns.

Finally, we optimize the read-phase in water/sc by replacing the
atomic read requests with selective prefetching, where selected data
of remote molecules are bundled and fetched from their respective
processorsprior to local computing. Theresulting versioniswater-
spf/sc.

4 Resaults

This section analyzes the performance of the base benchmarks and
their modified versions on an IBM SP2, a Meiko CS-2 and on
simulations of the RMC1 and RMC2 architectures.

Figures 1 through 4 present the execution times of the base
benchmark set on 8 processors of each of the four multiprocessor
platforms, normalized to the Split-C versions. Theexecutiontimeis
splitinto CPU time, synchronization time (e.g., barriersand explicit
sync() statements) and the time taken to transmit data. For CRL,
the time spent for the cache coherence protocol is also measured
by instrumenting the region read and write functions.® All timings

3Dueto instrumentation problems, we were unable to obtain the coherence cost on

are obtained using real-time clocks accessible in fewer than 20
machine instructions. Time spent in data transfer was measured in
the Active Message layer and the synchronization primitives were
instrumented in both the Split-C and the CRL libraries. Finaly, the
CPU time is the difference between the total execution time and
the sum of the other components. It is important to note that the
same compiler (gec) is used for both CRL and Split-C and that the
compute kernelsin the corresponding benchmarks are the same.

The results show that the applications fall into two groups: i)
those that benefit from CRL’s caching (barnes, mm), and ii) those
that perform better with Split-C's explicit data transfers (fft, lu and
water).

Barnes-Hut barnes/crl runs1.7 timesfaster than barnes/sc onthe
SP2, and 2.2 times faster on RMC2. This happens mainly because
barnes/sc transfers about 10 times more data than barneg/crl. This
is primarily due to the lack of caching in Split-C. Another reason
for this difference is padding of data in Split-C for programming
convenience. About 9% of the data sent in barnes/sc is due to
padding: the elementsof theoct-treeareof different typesand sizes,
and the Split-C version pads them all to a common maximum size
in order to avoid a type check each time an element is requested.
CRL avoids this problem because the region size is permanently
bound to the region itself.

However, if remote access latency is low enough, we find that
the performance advantage of caching diminishes and barnes/scis
only 13% sower than barnegcrl on the Meiko CS-2, and actually
runs 1.5 times faster than barnes/crl on RMCL. Thisresult empha-
sizes the point that remote access latency has to be high enough to
justify the overhead of caching data.

In parts of barnes/sc, remote structures are repeatedly read
across the network, even though they may not have been modi-
fied. To avoid repeated network accesses, barnes-cache/sc caches
selected remote reads that occur frequently. Thisimproves perfor-
mancesignificantly: barnes-cache/scisonly about 1.1 times s ower
than barneg/crl on the SP2. However, determining which objects
to cache and when to cache was not an easy programming task.
Certainly, automatic support for caching in Split-C would be very
useful for this application.

Matrix Multiply In mm, the frequent reuse of remote matrix
blocksthat are cached locally alows mnvcrl to run about 1.1 times
faster than mnv/sc that uses bulk data transfer to copy remote matrix
blocks repeatedly. The exceptions are small block sizes (16) on
RM C2 and both block sizes (16 and 128) on the Meiko, where CRL
performs slightly worse. In case of RMC2 this is explained by
the very high communication latency which makes the cost of the
coherence protocol non-negligible.

The caching version of matrix multiplication in Split-C (mm-
cache/sc) performs as well as mmycrl. Since the communication
pattern in matrix multiplication is very regular, determining which
blocks to cache is straightforward.

FFT Infft, remote blocks of data are read only once during the
remapping phase and there is no temporal locality that can be ex-
ploited with caching. In fact, the region-based caching in CRL

the Meiko CS-2. Instead, the coherence cost isincluded in the CPU time.
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hurts performance significantly due to the extra overhead of index
calculations during the local computation phase: additional mea-
surements show that fft/crl takes about 1.5 times longer than fft/sc
when run on one processor. Moreover, fft/crl resultsin about 30%
more network traffic than fft/sc.

Blocked LU Decomposition  Theperformanceof luprovidessev-
era interesting observations. The overhead of software cache co-
herence on small 4x 4 blocksof 128 bytes overshadows any benefits
of caching. Additional measurements show that bigger blocksallow
less frequent and larger data transfers, which on high-bandwidth
machines closes the gap between lu/crl and lu/sc. Even so, for
16x 16 blocks of 2048 bytes, lu/sc performs 1.25-1.4 times bet-
ter than lu/crl on RMC1, RMC2 and the SP2. Apart from the
caching overhead in CRL, two factors are responsible for this re-
maining difference: [u/sc uses one-way stores and it separates the
communication phase of the program from the computation phase
by obtaining all remote blocks before updating local parts of the
matrix. In contrast, lu/crl interleaves computing and datatransfers.

Figure 5 demonstrates the impact of using push-based com-
munication using Split-C's one-way split-phase stores. The ef-
fect is quantified by comparing lu/sc with lu-pull/sc which uses
bul k_get sinstead of bul k_st or es. On the SP2 performance
decreases by about 3%, while on the Meiko performance decreases
by about 18%. It isimportant to note that the computation in which
one-way stores were replaced by request/reply constructs only ac-
countsfor about 19-26% of the running time of |u. Thismeansthat
other applications may see a substantially larger degradation.

On the other hand, lu-pull/sc performs dlightly better than lu/sc
on RMC1 and RMC2. This occurs because RMC1 and RMC2
support remote memory access (PUT/GET) directly in hardware.
Split-C's bul k_get translates directly into RMCL/RMC2 hard-
ware primitives but bul k_st or e doesn't. bul k_get issues a
hardware GET operation and executes alocal completion handler.
In contrast, bul k_st or e issues a hardware PUT operation fol-
lowed by a message to schedule a handler on the destination node.
This asynchronous scheduling of a remote handler is not directly
supported in hardware and causes bul k_st or e to lose its advan-
tage over bul k_get on RMC1 and RMC2.

Separating communication from computation is motivated in
Split-C by the fact that most Active Message implementations are
polling-based. It is a common idiom to first gather al necessary
data, synchronize globally, and then computelocally. The synchro-
nization avoids conditionsinwhich aslow datarequestor isserviced
only after the owner of the data finishes its computation, leading to
long waits. lu-c/sc highlightstheimpact of this methodology by in-
terleaving computation and communication in a part of lu/sc which
accounts for about 62-69% of total execution time. On the SP2
lu-c/sc runs 1.4 times dower and on the the Meiko the differenceis
amost three-fold. The fact that the communication latency is not
longer masked by issuing multiple split-get requests compoundsthe
issue.

To determine whether the same methodol ogy improvesthe CRL
version we implemented lu-pref/crl. Like lu-pull/sc, this version
reads all blocks that are needed before executing the main compu-
tation loops. Indeed, it performs better than lu/crl on all platforms,
but the blocking nature of the CRL remote access primitives limits

the benefit.

Water water/sc uses small atomic messages to read from and
write to the remote molecules and outperforms water/crl on the
SP2, RMC1, and Meiko. The CRL network times are considerably
higher than using Split-C due to the fact that cached CRL region
size does not match the actual amount of shared data, causing CRL
to transfer alarge amount of unused data. CRL does benefit from
caching during the read phase of each time step, but not enough
to compensate for the time wasted in data transmission. However,
in RMC2, water/sc performs dightly worse than water/crl. The
high network latency in RMC2 hurts the round-trip time of small
messages and justifies data caching in water/crl.

The performance of water/sc can be further improved by re-
placing the atomic read requests with selective prefetching (water-
slpf/sc). Additional measurements show that (i) water-d pf/sc trans-
fersabout 10 times less data than water/cr| and that (ii) the running
time of water-slpf/scisreduced by as much as 44% on RMC1, 64%
on the SP2, and 73% on RMC2. Unlike water/sc, water-dpf/sc no
longer pays for the overhead of issuing small messages, which has
larger performanceimpact on platformswith high network latencies
(SP2 and RMC2). These observations demonstrate that selectively
gathering and explicit bulk copying shared-data are paramount for
achieving better performance in Water.

5 Related Work

Asfar asweknow, thisisthefirst study that compares and eval uates
the performance of caching, bulk communication, split-phase com-
munication and push-based communication in all-software global
address space systems. Existing all-software systems provide asub-
set of the four communication mechanisms, and previous research
on such systems usually evaluate the systems either by comparing
them to an all-hardware implementation of shared memory, or by
demonstrating acceptable application speedups. Other researchin-
vestigatesthe benefitsof theindividual communication mechanisms
inisolation.

Previous research clearly shows the benefits of bulk communi-
cation. Inasimulation study, Chandraand Larus [3] find that bulk
transfer in message-passing systemsyield asignificant performance
advantage over shared-memory systems. Studies on adding mes-
sage passing primitives to shared-memory architectures also con-
firm the benefits of bulk transfers[11, 20]. Lui et al. [13] study the
performance of TreadMarks, a page-based mostly-software DSM
system, and find that TreadMarks inability to combine data on
different pages into a single bulk transfer impacts performance
negatively. These studiesalso reveal that DSM systemsincur addi-
tional communication overhead that is proportional to the amount
of cache/page/region misses and protocol messages when transfer-
ring large amounts of data. This supports our finding that caching
small regions of datain CRL hurts performance.

Thebenefitsof split-phase communication for overlapping com-
munication and computation has been demonstrated both analyti-
cally and experimentally in the LogP model [6] and with Active
Messages [19].

Scales and Lam [16] demonstrate the benefits of caching and
push-based communication when evaluating the SAM shared-
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Figure 5: Relative execution times for severa versions of lu on four platforms. The absolute execution timein seconds is shown above each

bar.

object programming system. They selectively turn off caching and
push-based communication and show that caching yields tremen-
dous performance improvements (of up to 62 times) and that push-
based communication yields a further improvement of up to 31%.
However, they do not quantify the effect of using push-based com-
munication without caching.

6 Conclusions

This paper investigates the performance implications of commu-
nication mechanisms in all-software globa address space systems
to tolerate latencies and overheads. caching, bulk communication,
split-phase communication, and push-based (sender-initiated) com-
munication.

The results show that bulk communication, either through large
CRL regions or explicit bulk Split-C data copies, is essentia for
achieving good performancein most of the applicationswe consid-
ered. Gathering non-contiguous datato aggregate datatransfersim-
proves performance further. Push-based communication improves
performance for machines that do not have hardware support for
one-sided remote memory access. Caching helpsirregularly struc-
tured applications and applicationswith sufficient temporal locality,
especially under high network latencies. However, caching aso
hurts performance when there is not sufficient data reuse, regions
aretoo small or when the region size exceeds the actual amount of

data used.

In our experience, the programming complexity of using the
mechanisms in CRL and Split-C is comparable. For CRL-style
region caching, the main complexity lies in partitioning the pro-
gram data structures into regions of appropriate sizesthat are large
enough for performance, but not so large as to cause unnecessary
traffic or false sharing. For Split-C, the main complexity liesin in
maintaining loca copies of remote data and making correct use of
synchronization operations after split-phase operations.

The experimental results and analysis show that anideal system
facilitating high performance computing should provide all four
communication mechanisms. This observation isvalid for modern
state-of-the-art supercomputers like the IBM SP2 and Meiko CS-
2, and for hypothetical machines representing future design points
with different communication models and network latencies.

7 Acknowledgments

We wish to thank Kirk Johnson for help with CRL, Eric Anderson
for help with the Split-C version of Barnes-Hut, and Klaus Schauser
for providing us access to the Melko CS-2 at UCSB (acquired
through NSF CISE Infrastructure Grant CDA-9216202).



References

(1]

(2]

(3]

[4]

(5]

6]

(8]
(9]

(10]

(11]

(12]

(13]

(14]

[15]

T. Agerwala, J. L. Martin, J. Mirza, D. Sadler, D. Dias, and
M. Snir. SP2 System Architecture. 1BM Systems Journal,
34(2):152—-184, 1995.

H. E. Bal, M. F. Kaashoek, and A. S. Tanenbaum. Orca: A
Language for Parallel Programming of Distributed Systems.
| EEE Transactions on Software Engineering, pages 190-205,
March 1992.

S. Chandra, J. Larus, and A. Rogers. Where is Time Spent
in Message-Passing and Shared-Memory Programs? In Pro-
ceedings of the Sxth International Conference on Architec-
tural Support for Programming Languages and Operating
Systems (ASPLOS VI). ACM, October 1994,

K. M. Chandy and C. Kesselman. CC++: A Declarative Con-
current Object-Oriented Programming Notation. In Research
Directionsin Concurrent Object-Oriented Programming. MIT
Press, 1993.

C. Chang, G. Czajkowski, C. Hawblitzel, and T. von Eicken.
Low-Latency Communication onthe |BM RISC System/6000
SP2. In Proceedings of Supercomputing ’ 96, Pittsburgh, PA,
November 1996. | EEE.

D. Culler, R. Karp, D. Patterson, A. Sahay, K. E. Schauser,
E. Santos, R. Subramonian, and T. von Eicken. LogP: Towards
aRedlistic Model of Parallel Computation. |n Proceedings of
the Fourth ACM Symposium on Principles and Practice of
Parallel Programming, pages 1-12, San Diego, May 1993.

D. E. Culler, A. Dusseau, S. C. Goldstein, A. Krishnamurthy,
S. Lumeta, and T. von Eicken. Introduction to Split-C. In
Proceedings of Supercomputing '93, 1993.

High Performance Fortran Forum. High Performance Fortran
Language Specification Version 1.0, May 1993.

M. Homewood and M. McLaren. Meiko CS-2 Interconnect
Elan-Elite Design. In Proceedings of Hot Interconnects, Au-
gust 1993.

K. L. Johnson, M. F. Kaashoek, and D. A. Wallach. CRL:
High-Performance All-Software Distributed Shared Memory.
In Proceedings of the 15th ACM Symposium on Operating
Systems Principles, Copper Mountain, CO, December 1995.

D. Kranz, K. Johnson, A. Agarwal, J. Kubiatowicz, and B.-
H. Lim. Integrating Message-Passing and Shared-Memory:
Early Experience. In Proceedings of the Fourth ACM Sym-
posiumon Principles and Practice of Parallel Programming,
pages 54-63, San Diego, May 1993.

B.-H. Lim, P. Heidelberger, P. Pattnaik, and M. Snir. Mes-
sage Proxies for Efficient, Protected Communication on SMP
Clusters. In Proceedings of the 3rd International Symposium
on High Performance Computer Architecture, San Antonio,
TX, February 1997. IEEE.

H. Lui, S. Dwarkadas, A. Cox, and W. Zwaenepoel. Message
Passing Versus Distributed Shared Memory on Networks of
Workstations. In Proceedings of Supercomputing '95, San
Diego, CA, 1995. ACM.

J. Nieplocha, R. J. Harrison, and R. J. Littlefield. Global
Arrays. A Portable ' Shared-Memory’ Programming Model
for Distributed Memory Computers. In Proceedings of Su-
percomputing ' 94, pages 340-349, Washington, DC, 1994.
|IEEE.

E. Rothberg, J. P. Singh, and A. Gupta. Working Sets, Cache
Sizes and Node Granularity Issues for Large-Scale Multipro-
cessors. In Proceedings of the 20th International Symposium
on Computer Architecture, San Diego, CA, May 1993.

10

[16]

[17]

(18]

[19]

[20]

[21]

D. J. Scalesand M. S. Lam. The Design and Evaluation of
a Shared Object System of Distributed Memory Machines.
In Proceedings of the First Symposium on Operating Systems
Design and I mplementation, pages 101-114, November 1994.

K. E. Schauser and C. J. Scheiman. Experience with Active
Messages on the Meiko CS-2. In Proceedings of the 9th
International Parallel Processing Symposium, SantaBarbara,
CA, April 1995.

J.P.Singh, A. Gupta, and J. L. Hennessy. Implications of Hier-
archical N-Body Techniquesfor Multiprocessor Architecture.
In ACM Transactions on Computer Systems, May 1995.

T. von Eicken, D. E. Culler, S. C. Goldstein, and K. E.
Schauser. Active Messages: A Mechanism for |ntegrated
Communication and Computation. In Proceedings of the 19th
International Symposium in Computer Architecture, pages
256-266, Gold Coast, Australia, May 1992.

S. Woo, J. P. Singh, and J. Hennessy. The Performance Ad-
vantages of Integrating Message Passing in Cache-Coherent
Multiprocessors. In Proceedings of the Sxth International
Conference on Architectural Support for Programming Lan-
guages and Operating Systems (ASPLOSVI). ACM, October
1994.

M. J. Zekauskas, W. A. Sawdon, and B. N. Bershad. Soft-
ware Write Detection for a Distributed Shared Memory. In
Proceedings of the First Symposium on Operating Systems
Design and Implementation, pages 87-100, November 1994.



