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Abstract other coherence protocol transactions directed to that'node

Although contention must be accounted for when at-

This paper makes the following contributions: It pro- tempting to scale parallel programs on DSM multiproces-
poses a new methodology for quantifying remote memorysors, the hardware of these systems lacks the means to quan-
access contention on hardware DSM multiprocessors. Thetify directly the impact of contention on the execution time
most valuable aspect of this methodology is that it assesse®f a program. The hardware counters of modern micro-
the impact of contention on real parallel programs run- processors do not reveal any information about contention.
ning on real hardware. The methodology uses as input Carefully designed microbenchmarks [2] can measure the
the number of accesses from each DSM node to each pagémpact of contention on a single access to the memory hi-
in memory. A trace of the memory accesses of the pro-erarchy of a multiprocessor, however this measurement re-
gram obtained at runtime from hardware counters is used flects the raw performance of the memory hierarchy and can
to compute an accurate estimate of the fraction of execu-not be used to estimate the fraction of time that a paral-
tion time wasted due to contention. The paper presents alsdel program spends due to contention. Useful information
a new algorithm which detects potential hot spots in pages about contention can be collected by performance monitor-
and resolves contention on them using dynamic page mi-ing firmware running at the network interface [10]. This
gration. The algorithm balances the remote memory ac- solution is appealing, but not portable, because it requires
cesses across the nodes of the system, while trying to improgrammable network interfaces. Commercial hardware
prove memory access locality. Experiments with five paral- DSM systems do not offer this option. As a consequence,
lel codes with irregular memory access patterns on a 128- performance studies that investigate the scalability of these
processor Origin2000 show that our algorithm yields re- systems have to speculate on the impact of contention by
spectable reductions of execution time, averaging 27.7%. factoring out the impact of all other parameters that might
affect performance [7].

In this paper, we present a new methodology for quanti-
fying remote memory access contention on hardware cache-
coherent DSM multiprocessors. This methodology esti-
mates the fraction of execution time wasted due to con-

It is well known that contention is one of the factors that tention’ using as input the number of accesses from each
limits the performance of parallel programs. Contention node to each page in memory during the execution of the
stems from simultaneous accesses of multiple processors tgrogram. This information is collected conveniently in
critical resources such as memory banks and network links.hardware page reference counters, which are available in
On cache-coherent distributed shared memory (DSM) mul- commercial DSM systems such as the SGI Origin2000 [9]
tiprocessors, one of the most intrusive forms of contention and the Sun Wildfire [6]. The most valuable aspect of this
is the one that occurs at the network interface of a node, due
to simultaneous requests for remote memory accesses, Of 1y yse the termodeto signify the basic building block of a hardware

DSM multiprocessor. A node may have one or more processors. For the

*This work is supported by the National Science Foundation grant purposes of this study, we consider the accumulated remote memory trans-
No. EIA-99-75019. The experiments were conducted on the NCSA actions issued by the processors on the same node as a single set of remote
Origin2000 at the University of lllinois at Urbana-Champaign. memory accesses.

1. Introduction
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methodology is that it is able to assess the impact of con-2.2. Estimating Contention on a Single Memory
tention on real parallel applications running on real hard- Access
ware. The paper presents also a new algorithm that detects
and resolves remote memory access contention, using dy- We use the methodology proposed by Hristea et.al. [2],
namic page migration. Two important novelties of the al- to estimate the impact of contention on a single memory ac-
gorithm are its ability to improve memory access locality cess. We use a multithreaded microbenchmark, in which
while resolving contention and its transparency, since theeach thread alternates between a computing phase and a
algorithm does not require modifications to the programs. memory access phase. During the computing phase, each
Validation of our methodology under extreme conditions thread performs random computations using data available
shows that we are able to predict the impact of remote mem-in registers and caches. During the memory access phase,
ory access contention with an accuracy of 5.4%. Not sur-each thread retrieves data from memory. One of the threads
prisingly, our experiments with real parallel applications in- of the microbenchmark is designated as the master thread.
dicate that contention has a significant impact on perfor- During the memory access phase, the master generates
mance, particularly in programs with irregular memory ac- memory references to a single memory module, to sus-
cess patterrts Our algorithm is able to alleviate contention tain a constant utilization of the memory bandwidth. The
and reduce the parallel execution time of six application other threads serve as noise generators and issue memory
benchmarks by 19-34%. accesses to the same memory module, at a rate which varies
The rest of this paper is organized as follows. Section according to the degree of contention that the user desires to
2 presents our methodology for quantifying contention and simulate. To estimate the impact of contention, the master
its validation. Section 3 presents our contention resolution thread measures the number of bytes transferred through-
algorithm. Section 4 provides experimental evidence on theout the execution time of the microbenchmark (the master
performance of the algorithm. Section 5 discusses relatedthroughput) and the average latency per memory access,

work and Section 6 concludes the paper. which is obtained by inverting the master throughput and
dividing it by the cache line size.

2. Quantifying Contention We ran this microbenchmark on our target DSM plat-
form, a 128-processor cluster of the NCSA SGI Origin2000.

2.1. Outline This cluster is organized in a fat hypercube topology with 64

nodes and 2 processors per node. The processors are MIPS
R10000 running at 250 MHz, with 32 Kilobytes of split

L1 cache and 4 Megabytes of unified L2 cache each. The
cluster has 64 Gigabytes of DRAM memory, distributed

The starting point for estimating the impact of contention
on a parallel program is to estimate the effect of contention

on the latency of a single memory access to the target form he 64 nod Wi d ;
DSM’s memory hierarchy. This estimate is obtained by uniformly across the nodes. Ve assumed a maximum

microbenchmarking the target DSM and is measured for memory bandwidth of 66,7 Megabytes/s (as suggested in
varying degrees of contention. The second step is to col—[z]) and configured the microbenchmark so that the mas-
lect N' + 1 histograms, whereV is the number of nodes ter thread generates memory accesses at a constant rate of
in the DSM. One of thése histograms contains the number200 Megabytes/s and each noise generator generates mem-

of memory accesses issued to each node, broken down int@"Y accesses ata congtant rate of 1,0 Megabytes/s. We ran
local and remote accesses. The othehistograms, one the microbenchmark with up to 63 noise generators, each of

per node, contain the number of remote memory accesse%hem running on a different nodleThe result of this exper-
issued to that particular node from each of the other nodes/Mment (average memory access Iaten_cy and master through-
These histograms are collected at runtime and plot the memJ_Ou_t vs. the nu_mbt_ar of nodes contending to access memory)
ory access pattern of the program throughot its lifetime. 'S lustrated in Figure 1. The memory system appears to
Given these histograms and an estimate of the latency of éhrash when 46 or more nodes contend to access the same

single memory access under contention, we compute an es/'€MOrY module. The result is intuitive, because with 46

timate of the total memory access latency per node and themise generators, the accumulated rate of memory accesses
maximum memory access latency among all nodes that par_from the master and the noise generators (200 Megabytes/s

ticipate in the execution of the program. To isolate the im- from the mahster ﬁnd 46(_) Megabyt_tlastl):ls from the ngiszgggir—
pact of contention, we compare this latency against the |a_ators) matches the maximum available memory bandwidth.

tency of an ideal “contention-free,, version of the program,  3we are interested in contention incurred from remote memory ac-
in which all memory accesses are assumed to be servicedesses, therefore we restricted the number of threads per node to one, in-
without contention. stead of two, which is the number of processors per node on the Origin.
The latter would assess the impact of sharing the bus of the node between

2|n this context, the ternirregular refers to the fact that the memory  two processors. Since this is an architecture-specific feature of the Origin,
accesses of the programs are not balanced across the nodes of the DSM. we did not investigate it further for the purposes of this paper.

2

YF]',F.

Proceedings of the International Parallel and Distributed Processing Symposium (IPDPS’02) COMPUTER
1530-2075/02 $17.00 © 2002 IEEE SOCIETY



Proceedings of the International Parallel and Distributed Processing Symposium (IPDPS’02)
1530-2075/02 $17.00 © 2002 IEEE

2500 R —

2000
10M

=

[

o

o
1

1000+

0 20 40 60 —

memory accesses

latency (nanoseconds)

a

o

o
1

0 \

contendina nodes nodes
1000K
200

2 .

A I )

2150 g = ] —

£ 2 L

5 g | —

o 4]

c Q

g’ 1004 G 500K

o 2

£ »

> £

o 504 g

§ g

2 o

0 ; ‘ ‘
0 20 40 60 I " e
contendina nodes nodes

Figure 1. Impact of contention on the latency of Figure 2. Histogram of memory accesses per node,
a single memory access and memory throughput on divided into local (gray) and remote (black) accesses
a 128-processor Origin2000. The master throughput and histogram of remote accesses fromnodes I . .. 15
without contention is fixed to 200 Megabytes/s. to node 0, collected during the execution of NAS BT

on 32 processors of the NCSA Origin2000.

2.3. Computing the Contribution of Contention to

Execution Time o
Note thatR; signifies the number of remote accesses to

n;, while R}, signifies the number of remote accesses is-
sued fromn,, to n;. The following analysis makes the as-
sumption that consecutive memory accesses issued from the
same source to the same destination do not contend with
ﬁach other. In other words, contention is assumed to oc-
cur only between memory accesses issued from different
nodes. The analysis can be easily extended to account for
contention between accesses from the same node. We skip
the relevant details due to space limitations.

The first step to estimate the contribution of contention
to the execution time of a program is to collect a histogram
with the memory accesses to each node, divided into local
and remote memory accesses, ahthore histograms, each
with the remote memory accesses issued to a hode by eac
of the other nodes. Figure 2 shows two such histograms,
obtained from executions of the NAS BT benchmark on 32
processors (16 nodes) of the NCSA Origin2000.

Assume that the system hasnodes, denoted ag,: =
1...N. Letus fix a nodey;, the memory of which is ac- The essence of the analysis is to estimate how much a
cessed.; times from local processors (i.e. the processors on memory access to a node may be dilated due to contention.
n;) andR; times from processors in remote nodes through- We define contention as the number of memory accesses
out the lifetime of the program. The number of remote thatarrive for service at a node while the node is already ser-
memory accesses to; is the sum of accesses from each vicing a memaory access, either local or remote. We assume
nodeny,, k # i, i.e. that the memory accessestofollow a Poisson arrival pro-

cess. Lett., be the execution time of the program and
R — i R, ) Lnocont fche latency of amemory access without contgntiop.
lnocont 1S measured with the microbenchmark described in
Section 2.2. For the Origin2000,,c0n: =~ 300ns. We

YF]',F.
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model the memory accesses issued t@s a Poisson pro-
cess with mean equal to:

(Lz + Ri)lnocont

tex

My = 2

which corresponds to the mean number of memory accesses

to n;, during an interval of length equal to the latency of a
memory access ta; without contention. The probability
that m memory accesses will be issuednp during this
interval is:

e M
m!

pi(m) = ®3)

Similarly, the probability thatn consecutive memory ac-
cesses tay; include a local access form; andm — 1 re-
mote memory accesses from— 1 distinct nodes (denoted
asp; ir(m)) is:

L. N—-m+1 N-1
pi,lr(m) = - ! - Z Z Hi,lr(m)
Li+ R, k1=1, Em—1=km_2+1,
k1#i ko —1#%
Hi , _ kit o m—17% 9
ar(m) L; + R; Li+Ri—m+2 ©)

From equations (3), (8) and (9), we can compute the
probability that a memory access #Q will contend with

We wish to compute the latency of a memory access to’”* Memory accesses from distinct nodes as:

n;, either local or remote, when this access contendswith
accesses to; issued fromm distinct nodes. The probability
that a memory access tq is local is:

L;
R; + L;

(4)

The probability that a memory accessitpis a remote
access issued fromy,, k # i is:

/
ki

L; + R;

®)

The probability that a memory accessitpis a remote
access from any other DSM node (denoteg;ag1)) is:

N-1 ,
ki

L. .

k=1,k#i ° + R

pir(1) (6)

The probability that two consecutive remote memory ac-
cesses tm; are issued from two distinct nodeg, andny,
(denoted ap; ,(2)) is:

Rkl ;sz
Z Z L+ R LZ-—&-Rzi—l

k1=1, ko=Fk;+1,
kii ko

pi, r (7)

Proceeding in the same manner,
pir(m),m = 3...N — 1, i.e. the probability thatn con-
secutive remote memory accessesij@re issued fromn
distinct nodes as:

N—m+1 N—m+2 N
pr(m)= > > > Mi(m)
k1=1, ko=k1+1, km=Fkm_—1+1,
kl;ﬁi ko#i ko #i
R ki -
Hi rlm) = 1t 2 e m? 8
w(m) Li+RiLi+Ri—1 Li+Ri—m+1 ®
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we can computel. ..

pi(cont, m) )(pi,r(m

) (10)

= pi(m )+ piir(m
The expected latency of a memory access tts com-
puted as:

N

Li=01-)

m=1

N
pi(cont,m))lnocont + Z i (cont, m)lcont(m)

(11

The left factor accounts for the latency without con-
tention, while the right factor accounts for the latency under
varying degrees of contention. The sum in the right factor
depends on the probability that a memory access from some
node ton; will be contending with one or more memory ac-
cesses from other nodes®g. I..,:(m) is the latency of a
single memory access under contention, measured with the
microbenchmark presented in Section 2.2. Note that
depends omn.

The accumulated latency of memory accesses te es-
timated ag L; + R;)!;. The contribution of memory access
contention to execution time is estimated as:

m;@X ((Lz + Rz)(lz - lnocont)) (12)

where the maximum is computed among all nodegs =
N. Note that the tern{L; + R;)lnocont denotes the
ideal memory latency om;, that is, the accumulated la-
tency of memory accessestg, if all these accesses were
serviced without contention.

2.4. Validation

To validate our methodology, we ran a simple experi-
ment that models extreme contention. We used the BT
benchmark from the NAS benchmark suite [8]. BT is
a complete CFD simulation that solves three-dimensional
Navier-Stokes equations using an iterative method. The
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benchmark is implemented in OpenMP and is carefully op- 21 Wactual
- . 0 estimated
timized for better cache and memory access locality on the

Origin2000. More specifically, the benchmark uses the first-
touch page placement algorithm, by executingwaem-up
parallel iteration before executing the timed parallel itera-
tions. The first-touch algorithm places each page locally to
the processor that reads or writes in the page first during the
course of execution.

As shown in Figure 2, first-touch page placement pro-
duces an almost perfectly balanced memory access pattern
(in terms of local and remote memory accesses per node) 0 PR —

. . . . . 16 24 32 48 64 96 128

for BT. Estimation of contention with our methodology in- DrOCessors
dicates that when pages are placed with the first-touch al-
gorithm, contention accounts for no more than 0.2% of exe-  Figure 3. Estimated and actual execution times of
cution time. Since this measurement alone does not give us BT, with data placed in one node. The numbers on top
any indication on the accuracy of our methodology, we use  of the bars show the difference (in percent) between
it only to establish a working assumption that BT does not  the estimated and the actual times.
suffer from contention.

In the validation experiment, we model extreme condi-

tions by forcing the warm-up iteration of the benchmarks t0 memory accesses incur additional latency for traversing the
run on one processor. This modification instructs the oper-jnterconnection network and this latency has to be added
ating system to place the complete data set of the programsg +_, since it is not accounted for iry,. This latency is
on a single designated node. Therefore, all processors bugigniﬁed bydist(i, 0) and depends on the distance in hops
the ones of the designated node have to access the menyetween the accessing and the accessed node. We estimated
ory of that node upon every secondary cache miss. In thisihe values oflist(i, 0) using microbenchmarks [2]. In the
experiment, contention is purposely maximized. Our idea oyrigin2000, each hop accounts for approximately 100 ns of
for measuring the accuracy of our methodology is to com- remote memory access latency.
pare an estimate of contention using the memory access e compared,; to the actual execution time of the
histograms of thisvorst-caseexecution, add it to the ex-  penchmark when its data is placed in one node. The re-
ecution time of the benchmarks with first-touch page place- gyt (Figure 3) shows that the estimations are at most 8.4%
ment (which is considered to be the best case as far as congff the actual execution time. The average error of the es-
tention is concerned) and compare the result against the actjmation is 5.4%, which we view as satisfactory. In gen-
tual worst-case execution time of the benchmark in the ex-gra| our method tends to overestimate the impact of con-
periment. tention. We attribute the overestimation to two reasons.
We obtained the memory access histograms of this ex-First, we do not model several architectural features of the
ecution and estimated the impact of contention using the origin2000 that reduce contention, such as multiple mem-
procedure described in Section 2.3. Without loss of gener-ory ports. This is done to keep our model as simple and

ality, we assume that data is placed in nodeLet ¢, be  architecture-independent as possible. Second, the initial
the execution time of the benchmark when its data is placedassumption of exponential arrivals of memory accesses to

across nodes with the first-touch algorithm. We estimate thegges may not be realistic enough. Remote memory ac-

execution time of the benchmark with maximum contention ~egses in real programs tend to occur in a bursty pattern, at

as: the beginning of specific phases of the computation. Further
research is required to explore alternative models.

36

100+ 42
5.4

6.5

8.4

50

execution time (seconds)
~
o

N
test = tft + (LO + RO)(ZO - lnocont) + Z R;OdZSt(’L, 0) (13)

1=1

3. Resolving Contention

The second factor of the sum in equation (13) is de- We view the problem of resolving remote memory ac-
rived from equation (12), given that all data is placed in cess contention on hardware DSM multiprocessors as a
one node. The third factor of the sum is added to compen-problem of balancing the remote memory accesses across
sate for the fact that the local memory accesses of nodeghe nodes of the system, so that the traffic of messages
1... N during the execution of the benchmark with first- for accessing remotely located data is distributed evenly
touch page placement are converted to remote memory acacross the interconnection network. The main idea of our
cesses to node, since all data is placed in nodle These contention resolution algorithm is to identi§pikesof re-
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() findn; such that Vn;,j =1...N,j # i, Ri > R; (lines 4-5). Subsequently, the algorithm checks if the ac-
(2) for each page g located in n; cumulated number of remote accesses to the page is more
(3) if35,5 # 4 Rjig > Lig than the number of local accesses (line 7). If this is true,

gg iz??m;’ zn’“’)k/’ié;k iJ’R, » the algorithm finds the node with the minimum number of
©6) mi;;:te the ;de o ang ki.g accgmulated remote accesses (I.|n(_as 8-9) and checks if mi-
% else if Riy > Li, grating the page to that node will increase the number of
) find n so thatVin;,j = 1...N,j #1i,j # k, remote accesses beyond the number of remote accesses to
) Ri < R; the node that hosted the page before the migration (lines
(10) if R+ Lig+ Rig— Ry g < Ri 10-12).

(11) migrate g to ny, We explain the last step in more detail. Recall tiRat

(12) endif denotes the accumulated number of remote accesses to
(13)  endif while R;; denotes the number of remote accesses figm

(14) end for each to n;. If g is migrated fromn; to n, the local memory

accesses from; to g (L; 4) will be converted to remote
accesses from; to n;. The remote accesses from other
nodes tgy while g was omn; (R; 4) will be the same, except
from the accesses from, (R}, ), which will be converted

Figure 4. Page migration algorithm for resolving
contention. This algorithm runs repeatedly, until

max; R; cannot be further reduced. ki,g
to local. Therefore, the number of remote accesses.to
(Rx) will be increased by.; , + R; 4 — R}, ,- Moving the

page ton; will be effective, if the accumulated number of

mote memory accesses in the memory access histogramde€mote accesses tg. after the migration does not exceed
These spikes imply that some nodes concentrate disproporthe accumulated number of remote accesses; tbefore
tionately more remote memory accesses than others, hence migration. This implies that the maximum number of
they are likely to contain hot spots. The algorithm attempts femote memory accesses to the nodes of the system will be
to cut down the height of the spikes by redistributing remote reduced after migrating the page.
memory accesses. The algorithm is invoked repeatedly, until the maximum
The vehicle for balancing remote memory accesses innumber of remote memory accesses among aI_I node_s can
our algorithm is dynamic page migration [12]. The algo- not be further reduced. Note that the algorithm is straight-

rithm searches for hot spots at page-level granularity andforward to par_allehze, by running an instance of it on each
migrates pages so that hot spots are distributed, rather thar'i‘Ode,""nd having a processor forward the pages that need to
concentrated in individual nodes. Page migration algo- be migrated to other nodes.
rithms have been used before to improve the locality of
memory accesses, by moving pages that incur frequent re4. Experimental Results
mote accesses from a single node. Our algorithm behaves
similarly for pages that concentrate more remote ratherthan  \we evaluate our algorithm with five application bench-
local memory accesses from a single node. Using the notamarks selected from three benchmark suites. The selected
tion developed in Section 2, a page located in neds mi-  penchmarks are MG from the NAS benchmarks [8], the
grated to nodey; if 1, > L; 4, whereg denotes the page |G, SL and TS kernels from the Integrated Forecasts Model
number. However, in addition to this Criterion, the algo— of the European Center for Medium Range Weather Fore-
rithm checks if the accumulated number of remote memory casts [15], and SPECclimate, a benchmark included in the
accesses to the page exceeds the number of local memorgpPEChpc96 benchmark suite [14]. The benchmarks were
accesses, i.e. iR; ; > L; 4. These pages are identified as selected after obtaining their memory access histograms
candidates for migration. The intuition behind this heuris- from parallel executions on the Origin2000 and observing
tic is that migrating such pages from a node with excessivethat contention has a significant impact on their parallel ex-
remote accesses to a node with few remote accesses Wilbcution time. Using our methodology for quantifying con-
improve the local/remote access ratio of the former and bal-tention, we estimated that on the maximum number of pro-
ance the remote accesses better. cessors (128), contention accounts for 33.3% of execution
The algorithm (Figure 4) identifies first the node that time in MG, 14.5% of execution time in LG, 20.9% of ex-
concentrates the largest number of remote memory accessescution time in SL, 27.9% of execution time in TS, and
(line 1). It migrates out of this node each page for which 23.3% of execution time in SPECclimate.
there exists at least one node that accesses it more frequently The criterion for selecting the benchmarks was the oc-
(lines 3-6). If there are more than one such nodes, the pageurrence of spikes and irregularities in their memory access
is migrated to the node with the largest number of accessegatterns. We executed the complete sets of benchmarks in
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Figure 5. Access traces before (left) and after (middle) resolving contention and execution times of MG.

the three benchmark suites (NAS, SPEC, IFS) using theing contention in percent. The IFS kernels require a square
first-touch page placement algorithm of the Origin2000. number of processors to implement appropriate grid decom-
The NAS codes are already tuned to use first-touch, bypositions, therefore we measure their execution time up to
executing the warm-up parallel iteration (see Section 2.4).121 processors. All codes scale reasonably well up to 128
We applied the same modification to the IFS and the SPECprocessors, although the speedups of all benchmarks except
codes. The warm-up iteration ensures that processors touctMG seem to level off at certain points, due to either the
data in the order they access it during the main part of thegranularity of parallelism (SL, TS and LG), or limited cov-
parallel computation. This is likely to increase cache reuseerage, i.e. a significant fraction of sequential work which is
and improve memory access locality in codes with regular not parallelized (SPECclimate).

and balancec_i memory access patterns. Unfortunately, this is Looking at the memory access histograms when the
not the case in codes with irregular memory access pattemsyenchmarks are executed without the contention resolution
After running the benchmarks and obtaining their memory giqorithm (leftmost charts in Figures 5 through 9), observe

access hlstograms,.we identified the codes were few nodeg,e spikes of remote memory accesses and the irregularity
concentrate excessively large fractions of remote accessesyf the memory access patterns. In all benchmarks, the ir-

We applied our contention resolution algorithm to the regularity of memory accesses is attributed to the irregu-
benchmarks by linking them witt/PMIib [13], a runtime lar structure of the modelled grids. The three kernels from
system developed to optimize transparently memory acces$he IFS system use quasi-regular grids that model layers of
locality in OpenMP programs running on NUMA multipro-  the atmosphere and are densely populated by grid points to-
cessors. The contention resolution algorithm is applied by wards the equatorial and sparsely populated by grid points
instrumenting the source code to invoke the algorithm after towards the poles. Similar grids are used in SPECclimate,
the execution of the first iteration of the parallel computa- Which predicts mesoscale and regional-scale atmospheric
tion. Since the selected benchmarks repeat the same parallglirculation. MG uses a V-cycle multigrid algorithm for
computation for a number of iterations, a snapshot of their solving discrete Poisson equations on 3D grids of differ-
memory access patterns after the first iteration is sufficientent resolutions. The algorithm starts with an approximate
to obtain their memory access histograms. The algorithmsolution in the finest grids, which is projected to progres-
runs once after the execution of the first iteration and in par- Sively coarser grids. The problem in MG is that first-touch
allel, across the nodes of the system. The execution timegage placementimplements a balanced blocked distribution
presented in the following charts include the overhead of of the fine-grain grids, which progressively collapses to an
the algorithm. In this way, we show that the algorithm can unbalanced distribution of the coarser-grain grids.
be used to resolve memory access contention dynamically, The reduction of execution time on 128 processors after
at runtime. applying our contention resolution algorithm is as much as

For each benchmark, we report the memory access his-34-0% for MG, 18.7% for LG, 28.5% for SL, 34.1% for TS
tograms from the execution of the benchmark on 64 pro- and 23.1% for SPECclimate. It appears that the algorithm
cessors (32 nodes) and the execution time of the benchmar@chieves the expected improvement in MG and SPECcli-
on 1 to 128 processors, before and after applying the al-mate and more than the expected improvement in LG, TS
gorithm (Figures 5 through 9). The numbers on top of the @nd SL.
execution time bars show the improvement from alleviat-  The histograms of memory accesses obtained after ap-
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Figure 6. Access traces before (left) and after (middle) resolving contention and execution times of LG.
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Figure 7. Access traces before (left) and after (middle) resolving contention and execution times of SL.

plying the contention resolution algorithm (charts in the solely from resolving contention.

middle of Figures 5 through 9) show that the algorithm is  In SPECclimate, the algorithm does not reduce sig-
quite effective in balancing remote memory accesses acrossificantly the number of remote memory accesses. The
nodes, particularly in MG, LG, SL and SPECclimate. In improvements stem from alleviating contention by redis-
LG, SL and TS, the algorithm has a profound side-effect on tributing remote memory accesses and appear to be re-
memory access locality. Dynamic page migration converts lated to the data access pattern of the program in certain
remote memory accesses to local memory accesses, when@mmunication-intensive phases. Tracking the sources of
single remote node accesses a page more frequently than theontention inside the code might help us investigate the
local node. Consequently, the algorithm increases the frac-phased behavior of this program.

tion of local accesses by approximately 20% in TS, 30% in  To conclude, we verified that contention is an important
LG and 50% in SL. The maximum number of remote mem- performance factor that has to be accounted for in hardware
ory accesses is cut down by a factor of 3 in LG, a factor of DSM multiprocessors. Our contention resolution algorithm
4 in SL and a factor of 2 in TS. This benefit comes in ad- improves the performance of five benchmarks with irreg-
dition to alleviating contention and explains the difference ular memory access patterns by 27.7% on average. This
between the estimated and the actual improvement. is accomplished by distributing evenly the remote memory

) accesses across the system and, in most cases, reducing sig-
MG has two hot spots (on nodes 4 and 30, as illustratedpjficantly the number of remote memory accesses.

in the histograms in Figure 5). This case resembles our

extreme experiment (Section 2.4), in which we forced the

processors to access always the same node upon seconda%/ Related Work

cache misses. Redistributing the remote memory accesses

of the two hot spots improves the execution time of MG by  Several papers have pinpointed contention as one of the
as much as 34% on 128 processors. The improvement stemmost important impediments of scalability in parallel pro-
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Figure 9. Access traces before (left) and after (middle) resolving contention and execution times of SPECclimate.

grams (e.g. [1, 3, 5]). However, most of these works quan- cesses on the Origin2000. We used the same methodology
tified contention either by detailed simulation or with an- to measure memory access latency as a function of the de-
alytical modelling. Blelloch et.al. [1] developed a formal gree of contention.

model for analyzing memory bank contention on shared

memory multiprocessors in which processors access mem- The works of De Lara et.al. [4] and Lu et.al. [11] ap-
ory via a switching network. Frank et.al. [5] extended the pear to be more closely related to our contribution, in the
LogP model to account for contention in both distributed Sense that they present means to quantify contention in par-
and shared memory multiprocessors. Dai and Panda [3]2/lel programs running on shared virtual memory systems
simulated a detailed network model that captures all types(also known as software DSM systems), and propose tech-
of contention in every part of the network of a hardware Niques to resolve contention. These techniques can be im-
DSM multiprocessor. They have shown that network con- plemented either in the DSM protocol or at the application
tention can have a significant impact on performance andlayer. De Lara et.al. [4] show that contention in shared vir-
conducted a sensitivity analysis of architectural parameterstual memory systems can be quantified by counting the re-
that might affect contention, such as the design of cachesduests for page updates that arrive at a node while another
CPU speed and network speed. The fundamental differencd@ge update request is already being processed. Along with
between these works and ours is that these works either presome application-specific optimizations for reducing con-
dict or simulate the effect of contention using a number of tention, they propose a technique that identifies data struc-
architectural and algorithmic parameters, while we quantify tures with one writer and multiple readers as hot spots and

the impact of contention on real programs by directly exe- redistributes these data structures dynamically, to balance
cuting them on real hardware. the coherence protocol load for keeping the data structures

up to date. Lu et.al. [11] propose a method that repli-
Hristea and Lenoski [2] used microbenchmarks to mea- cates sequential code that precedes parallel sections, so that
sure the impact of contention on the latency of memory ac- contention at the beginning of parallel sections is avoided.
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Our work differs in that it is applicable to hardware cache- [4]
coherent DSM multiprocessors, which have fundamental
architectural differences compared to clusters with shared
virtual memory.

6. Conclusion 5]

We have presented a simple methodology for quantify-
ing the impact of contention on real programs running on
real hardware DSM multiprocessors. Our methodology es-
timates the overhead of contention as a function of the num- [6]
ber of memory accesses from each node to each page in
memory. This information can be collected in hardware
page reference counters, which are available in several com-
mercial systems. Driven by this methodology, we proposed [7]
an algorithm that alleviates contention and, as a side-effect,
improves memory access locality using dynamic page mi-
gration. The algorithm integrates a locality-sensitive page
migration criterion with a criterion that balances the num-
ber of remote memory accesses and the associated protocois]
traffic across the DSM nodes. We have validated experi-
mentally the accuracy of our methodology and have shown
that contention has a significant impact, which may account
for as much as 34% of execution time in programs with ir-
regular memory access patterns. Finally, we have presented
experiments that prove the effectiveness of our contention
resolution algorithm. 10

Future work will hopefully address the problem of corre-
lating contention with specific parts of the code and attempt
to resolve contention that stems from application-specific
phenomena, such as false sharing, phased behavior in the
memory access pattern and bursty communication that oc{11]
curs between sequential and parallel sections. Investigating
the effects of contention in systems with more aggressive
coherence protocols is also within our plans.

9]
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