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Abstract

Multipro cessor memory reference traces provide a wealth
of information on the behavior of parallel programs. We
have used this information to explore the relationship be-
tween kernel-based NUMA managemert policies and mul-
tipro cessormemory architecture. Our trace analysis tech-
niques employ an o -line, optimal cost policy as a baseline
against which to compare on-line policies, and as a policy-
insensitive tool for evaluating architectural design alterna-
tives. We compare the performance of our optimal policy
with that of three implementable policies (two of which ap-
pear in previous work), on a variety of applications, with
varying relativ e speedsfor page movesand local, global, and
remote memory references.Our results indicate that a good
NUMA policy must be chosento match its machine, and
con rm that sucd policies can be both simple and e ectiv e.
They alsoindicate that programs for NUMA machines must
be written with care to obtain the best performance.

1 Intro duction

As multipro cessors increase in size, truly uniform-speed
shared memory becomespossible only by making memory
uniformly slow. In other words, systems with a su cien tly
large number of processorsnecessarily have shared memory
that is physically closerto someprocessorshan to others, in
the form of cades, distributed main memory, or some com-
bination thereof. To best take advantage of such systems,
threads and the data they accessmust be placed near one an-
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other. In a machine with hardware coherert cacdes, data is
moved automatically . In other machines, the kernel or other
software must decide to move data explicitly . The acronym
NUMA is usedto refer to multipro cessorsin which the non-
uniformit y of memory accesstimes is explicitly visible to the
programmer, and in which the placemert of data is under
software control. The task of the software|deciding when
to move data, and where|is called the \NUMA problem." 3

Seweral groups have explored kernel-basedsolutions to the
NUMA problem on machineswith distributed main memory.
Solutions focuson replicating and migrating pages,generally
in responseto page faults. Holliday has explored migration
basedon periodic examination of referencebits [16], and has
suggested [17] that good dynamic placemert of code and
data oers little additional benet over good initial place-
ment. In [10] and [13] we argue that simple mechanisms
in the kernel work well, and probably achieve most of the
bene ts available without application-specic knowledge.

A major weaknessof past work has beenits lack of a for-
mal framework or of solid quantitativ e comparisons. Black
and Sleator have devised a dynamic page placemert algo-
rithm with provably optimal worst-case behavior [9], and
Black, Gupta and Weber have simulated it on addresstraces
[7], but their approach doesnot appear to exploit \t ypical"
program behavior, and requires a daunting amount of hard-
ware assistance. LaRowe and Ellis [18] have compared com-
peting policies by implementing many alternativ esin their
DUNX version of the operating system for the BBN Butter-
y . We adopted an alternate approach.

We use multipro cessormemory reference traces to drive
simulations of NUMA policies. We implement page place-
ment policies and simulate architectures in our trace analy-
sis program. At the sametime, we presert a formal model
of program execution \cost," and an e cien tly-computable
o -line policy that is optimal with respect to this metric. In
comparison to implementation-based experiments, our ap-
proach hastwo principal advantages:

1. Our optimal algorithm givesus a tight lower bound on
the cost savings that could be achieved by any place-
ment policy. We can quantify the di erences between
policies, and assessthe extent to which NUMA man-
agemert contributes to overall program performance.

2. By varying architectural parameters we can investigate
the extent to which policies should be tuned to the ar-

31t is possible, of course, to move threads as well as data, but
this option is beyond the scope of the work described here.



chitecture, and can assesshe utilit y of novel architec-
tural features. We obserwe, as one might expect, that
to perform well di erent architectures require di eren t
managemert policies. The optimal algorithm allows us
to avoid a bias toward any particular policy in making
these assessmets.

In addition, the o -line nature of our analysis allows us to
examine program executionsat avery ne level of detail. We
obsere that program design, and memory usage patterns
in particular, can have a profound e ect on performance
and on the choice of a good NUMA policy. Obtaining the
best performance from a NUMA machine will require that
compilation tools be aware of memory sharing patterns in
the programs they are producing, that programmers work to
produce \go od" sharing, or, more likely, some combination
of the two.

The design spaceof policies is large [18], but our experi-
ence suggeststhat simple policies can work well, and that
minor modi cations are likely to yield only minor variations
in performance. Major changesin policy are likely to be jus-
tied only by changesin architecture. Rather than seard for
the perfect policy on any particular machine, we have there-
fore chosento investigate the way in which architectural pa-
rameters determine the strategy that must be adopted by
any reasonablepolicy.

Section 2 preserts our methodology, de ning our cost met-
ric, preserting the optimal policy, and explaining how we
collected and analyed traces. Section 3 preserts the basic
results of our analysis. For eac application in our test suite,
we show the optimal memory and page placemert cost, and
compare that with the cost achieved by eac of the on-line
policies. We compare the policies preserted in our previous
papers, and argue that ead is appropriate for the machine
for which it was designed. We suggestthat a small amount
of hardware support could help eliminate inappropriate page
moves, and may be desirable on a machine in which such
moves are comparatively expensive. Section 4 focuseson
the tradeo betweenblock transfer time and the latency of
remote memory references. We study one application in de-
tail to identify the points at which it is able to exploit faster
page moves.

2 Metho dology

Our trace analysis techniques rely on a formal model of ma-
chine behavior (described informally here) that captures the
essemial elemerts of the NUMA problem while abstracting
away much of the complexity of an implementation. In par-
ticular, we have chosen a model of program \cost" that is
consistert with post-mortem analysis of traces, and that is
amenable to optimization by an e cien t o -line algorithm.

2.1 Execution and Cost Mo del

Our model of program execution cost approximates the to-
tal amount of processortime spent on page movemert and
latency of accessedo data memory. It doesnot attempt to
model elapsedwall-clock time, nor doesit model contention,
either in the memory or the interpro cessorinterconnect, or
instruction-fetc h references.

We consider two types of NUMA architectures: lo-
callremote and local/global/remote. A local/remote ma-
chine is one in which all memory is assaiated with a given

processor,and accessinganother processor'smemory is pos-
sible but slower than local. The BBN Buttery Parallel Pro-
cessor[4] is a local/remote machine. A local/global/remote

architecture is one in which in addition to memory at ev-
ery node, there is glokal memory: intermediate in speedbe-
tween local and remote, and not assciated with any par-
ticular processor. The IBM ACE multipro cessor[15] is a
local/global/remote machine. The IBM RP3 [21] can be
considered a local/global/remote machine if its interleaved
memory system is used for global memory.

A machine is characterized by the size of a page and by
four memory-latency parameters: g, r, G, and R. In a lo-
cal/global/remote architecture, it costs g to accessa single
word of global memory, G to move a page from global to a
local memory (or vice-versa), r to accessa single word of re-
mote memory, and R to move a page from one local memory
to another. In a local/remote architecture, g and G are not
used, while r and R retain their meaning. In this paper we
assumea page size of 1K 4-byte words. By de nition, the
cost of a full-w ord local memory referenceis one, so the unit
for the other costsis the local memory referencetime.

A trace is a record of the data referencesmade by a par-
allel program, with accessedrom di eren t processorsinter-
leaved as they occurred during tracing. A placement for a
trace is a choice of location(s) for ead data page at each
point in time, with the restriction that exactly one copy of
each page exists after each write to that page’ A policy
is a function that maps traces to placemerts. We assume
that individual memory accessedake a predictable amount
of time, and that the total costfor a pageis the sum of these
individual times (1, g, or r), plus the time required for any
page move operations that occur (G or R per move). Pages
are assumedto be independert, sothe locations chosenand
costs incurred for one page have no e ect on another. The
total cost of a placement is the sum of the costs for its indi-
vidual pages.

The cost of invalidations (eliminating replicas of a page)is
implicit in this model. The pagemove costsG and R include
a certain amount of overheadfor the eventual invalidation of
the copy being made, as well as overhead for processingthe
memory fault (or other event) used to trigger the copy or
move operation. Pagesare initially placed in global mem-
ory if it is available and otherwise in the local memory of
processor0.

Our measureof policy performance is mean cost per refer-
ence (MCPR), which is the cost of the placemert chosenby
the policy divided by the number of data references. If all
data referenceswere made by processor0 on a local/remote
machine, and if a policy left all pageson that processor,
then the MCPR of that policy on that trace would be 1. For
any trace on a local/global/remote machine, the MCPR of
a policy that never moved or replicated pageswould be g.

2.2 Discussion

As in any trace-based study, our results are interesting to
the extent that they successfullymodel someimportant as-
pect of real-world behavior, despite simplifying assumptions.
In our case, one major simplifying assumption is that the
memory locations accessedby a program, and the order in
which those accesseoccur, are independert of the NUMA
placemert policy. This assumption is fundamental to the
trace-based methodology. In practice, of course, a change

4This de nition precludes write-up date replication schemes.



in policy will alter program timings, leading to a dierent
trace, which in turn may change the behavior of the policy,
and so on. At the very least a change in policy will change
the interleaving of referencesfrom di erent processors.One
could adjust the interleaving during trace analysis, basedon
per-processoraccumulated costs, but this approach would
run the risk of introducing interleavings forbidden by syn-
chronization constraints in the program. It would also at
best be a partial solution, since the resolution of race con-
ditions (including \legitimate" races, such as removing jobs
from a shared work queue) in a non-deterministic program
could lead to a di eren t execution altogether. Forbidden in-
terleavings could be avoided by identifying synchronization
operations in a trace, and never moving referencesacross
them, but eventhis approach fails to addressrace conditions.
On-the-y trace analysis, such as performed in TRAPEDS
[24], could result in better quality results, but only at a sig-
nicant cost for maintaining a global notion of time (ie.,
possibly synchronizing on every simulated machine cycle).

The execution of a parallel program can be characterized
by a set of executed instructions, linked into a partial order
by control and data dependencies. This partial order cap-
tures one possible outcome of any non-determinism in the
program, and a referencetrace such as ours captures one to-
tal order consistert with the partial order. Establishing the
interleaving of data referencesduring trace collection guar-
antees that analysis is performed on a valid total order. It
also results in a simple formal model. Intuitiv ely, we expect
the results of analysesbasedon one valid total order to be
closeto those of another valid order. Sincecon icting writes
are likely to represert synchronization operations or delib-
erate data dependencies,changesin interleaving consistert
with program logic are unlikely to alter the behavior of the
optimal algorithm.

In an attempt to validate our methodology we performed
a pair of experiments to test the sensitivity of our results
to changesin the order of referencesin our traces. In the
rst experiment we locally reordered referencesfrom di er-
ent processorsto simulate small perturbations in their rel-
ative rates of progress. In the second experiment we in-
troduced pausesin the execution of individual processors
long enough to simulate the overhead of a page move oper-
ation. The change in the cost of the optimal policy never
exceeded0.3%in either experiment on any of our traces, and
was typically much smaller. The on-line policies described
in section 2.5 were somewhat more sensitive, but typically
changed by lessthan 1%|w ell below the level of changes
consideredsigni cant for them elsewherein this paper.

2.3 Trace Collection

The traces usedin this paper were collected on an IBM ACE
Multipro cessorWorkstation [15] running the Mach operating
system[1]. The ACE is an eight processormachine in which
one processoris normally usedonly for processingUnix sys-
tem calls and the other seven run application programs.
We collected traces by single-stepping ead processorand
decading the instructions to be executed, to determine if
they accesseddata. We did not record instruction fetches.
Our single-step code residesin the kernel's trap handler, re-
sulting in better performance (and therefore longer traces)
than would have been possible with the Mach exception fa-
cility [8] or the Unix ptrace call. Execution slowdown is
typically a factor of slightly over 200. Other tracing tech-

niques range from about an order of magnitude slower [25]°
to two orders of magnitude faster [19].

Our kernel tracer maintains a bu er of trace data. When
that buer lls, the tracer stops the threads of the traced
application and runs a user-level processthat empties the
buer into a le. To avoid interference by other processes,
we ran our applications in single-user mode, with no other
system or user processesunning.

2.4 An Ecien tly-Computable Optimal Policy

Recall that a policy is a mapping from traces to page place-
ments. An optimal policy is onethat for any trace produces
a placemert whose cost is as low or lower than that of any
other placemernt. Policies may be on-line or o-line. An
on-line policy makes its placemernt decisions based only on
referenceswhich have already happened, while an o -line
policy may use future knowledge. It is easyto show that
any optimal policy must be o-line; all the other policies
described in this paper are on-line.

Our algorithm for computing an optimal policy employs
dynamic programming, and executesin O(x + py) time,
where x is the number of reads, y the number of writes and p
the number of processors.The essettial insight in the algo-
rithm is that after each write a page must be in exactly one
place. To rst approximation, we can compute the cheapest
way to get it to eadh possible place given the cheapest ways
to get it to each possible place at the time of the previous
write. If there are reads between a pair of writes, then a
page may be replicated during the string of reads; whether
this replication occurs depends on the starting and ending
locations of the page and the number of reads made by eadc
processorduring the interval. Replication and migration are
not ertirely independent: if processorA readsa pageseweral
times betweenwrites y and y + 1, but not often enough for
the reads themselvesto warrant replication of the page, it
may be cheaper in the long run to place the pageat location
A at write y, even if location B is cheaper at that time.

The placemert generatedby an optimal policy is interest-
ing because,to the extent that the cost metric is realistic, it
demonstrates the best possible use of available hardware. It
provides a tighter lower bound against which to compare the
performance of implementable policies than the more obvi-
ous \MCPR = 1." More important, it provides a policy-
insensitive tool for evaluating architectural tradeos. We
can useit, for example, to determine whether remote access
is useful in a local/global/remote machine, or to estimate
how aggressiw a policy should be in migrating pageson a
machine with a fast block transfer, without being biased by
a policy that favors one type of architecture or another.

2.5 Implemen table (Non-Optimal) Policies

In addition to the optimal policy, we consider three imple-
mentable alternativ es. Two of them have beenusedin real
systems and are described in prior papers: the ACE pol-
icy [10] and the PLATINUM policy [13]. The third policy,
Delay, is based on the ACE policy, and exploits simple hy-
pothetical hardware to reduce the number of pages moved
or \frozen" incorrectly .

The ACE policy can be characterized as a dynamic tech-
nigue to discover a good static placemert. The expectation

5They report \50Mb ytes" of trace; we assume that they are
using 4 bytes/trace entry.



is that the chosen placemert will usually be nearly as good
as a user-speci ed placemert, and often better, and will be
found with minimal overhead. The ACE policy wasdesigned
for a machine that has fast global memory (g = 2) and no
mechanism to move a page faster than a simple copy loop
(G = 2 pagesize+ 200 (200 is fault overhead)). It operates
as follows: Pagesbegin in global memory. When possible,
they are replicated to eath processorreading them. If a page
is written by a processorthat has no local copy, or if mul-
tiple copies exist, then a local copy is made and all others
are invalidated. After a xed, small number of invalidations,
the pageis permanertly frozenin global memory. We permit
four invalidations per pagein the studies in this paper.

The PLATINUM policy was designed for a machine with
no global memory, slow remote memory (r = 15), and a com-
parativ ely fast block transfer (R = 3 pagesize+ 200). Its
principal di erence from the ACE policy is that it continues
to attempt to adapt to changing reference patterns by pe-
riodically reconsideringits placemert decisions. PLATINUM
replicates and moves pagesas the ACE algorithm does, us-
ing an extension of a directory-based coherert cache proto col
with selective invalidation [11]. The extension freezesa page
at its current location when it has beeninvalidated by one
processorand then referenced by another within a certain
amount of time, t1. Once every t, units of time, a daemon
defrosts all previously frozen pages. On the Buttery , t; and
t, were chosento be 10ms and 1s respectively. Since time
is not explicitly represerted in our simulations, t; and t;
are represerted in terms of numbers of referencesprocessed.
The speci ¢ values are obtained from the mean memory ref-
erencerate on an application-b y-application basis, by divid-
ing the number of referencesinto the (wall clock) run time of
the program and multiplying by 10ms and 1s respectively.
The PLATINUM algorithm wasdesignedto useremote rather
than global memory, but could use global memory to hold
its frozen pages.

Because they are driven by page faults, the ACE and
PLATINUM policies must decide whether to move or freeze
a page at the time of its rst (recent) referencefrom a new
location. Traces allow us to study the pattern of subse-
quent references,and con rm that the number of references
following a page fault sometimes fails to justify the page
move or freezedecision. Bad decisionsare common in some
traces, and can be quite expensive. An incorrect page move
is costly on a machine (lik e the ACE) that lacks a fast block
transfer. An incorrect page freezeis likewise costly under
the ACE policy, becausepagesare never defrosted. Moti-
vated by these obsenations, we postulate a simple hardware
mechanism that would allow us to accumulate somereason-
able number of (recent) referencesfrom a new location before
making a placemert decision.

The medhanism we suggestis a counter implemented in
the TLB that is decremerted on eac access,and that pro-
ducesa fault when it reacheszero. When rst accessedrom
a new location, a page would be mapped remotely, and its
counter initialized to n. A page placemert decision would
be made only in the caseof a subsequen zero-courter fault.
This counter is similar to the one proposed by Black and
Sleator [9] for handling read-only pages, but unlike their
proposal for handling writable pages,it never needsto be
inspected or modi ed remotely, and requires only a few bits
per page table entry. We set n = 100 for the simulations
described in this paper. Our obsenations are that a delay
of 100 is more than is normally needed, but the marginal
cost of a few remote referencesas compared to the benet

of preventing unnecessarymoves seemsto justify it.

3 Experiments

Our analysis of traces attempts to answer the following kinds
of questions within the formal framework of our model:

To what extent can one hope to improve the perfor-
mance of multipro cessorapplications with kernel-based
NUMA managemer|is the NUMA problem impor-
tant?

How closely do simple, easily implemented policies ap-
proach the performancelimit of the optimal o -line pol-
icy?

How does the choice of application programming sys-
tem and style a ect the e ectiv enessof ead of the poli-
cies?

To what extent does the e ectiv enessof policies vary
with changesin memory architecture? Can we charac-
terize the \strategy" used by the optimal policy as a
function of these parameters?

We begin our discussion of experiments with a brief de-
scription of our application suite. We then turn to the ques-
tions abovein sections3.2.1through 3.2.4, deferring full con-
sideration of the nal question to section 4.

3.1 The Application Suite

Wetraced atotal of sixteen applications, written under three
dierent programming systems. Each of the three systems
encouragesa distinctiv e programming style. Each is charac-
terized by its memory accesspatterns and granularity and
by its style of thread managemern. Table 1 shows the sizesof
our traces in millions of references. Presto and EPEX have
regions of memory that are addressableby only one thread.
Referencesto these explicitly private regions are listed in
the column named \Priv ate Refs," and are not represeried
under \References."

EPEX [23] is an extension to FORTRAN developed for
parallel programming at IBM. EPEX applications typically
are numeric. The programmer explicitly identi es the pri-
vate and shared data in source code and as a result the
amount of shared data can be relatively small [3]. Paral-
lelism arises from the distribution of DO loops to the set
of available processors.The EPEX applications traced were
e-fit , a fast Fourier transform; e-simp, a version of the
Simple benchmark [14]; e-hyd, a hydrodynamics code; and
e-nasap, a program for computing air ow. The pre x e-
indicates an EPEX application.

Mach C-Threads [12] is a multi-threaded extension to C.
Our C-Threads programs were either written for the ACE, or
for PLATINUM and ported to the ACE. In either case,they
werewritten with a NUMA architecture in mind, and employ
a programming style that can be characterized as coarse-
grain data parallelism: a single thread of control is assigned
statically to eac available processorand data is partitioned
evenly among them. All data is potentially shared, and the
pattern of accessis not identied in the program.

The C-Threads programs traced were bsort , a simple
merge sort program in which half of the processorsdrop
out in eath phase; kmerge a merge sort program in which



Application | References]| Private Refs ||

e-fft 10.1 81.1
e-simp 27.8 109
e-hyd 49.8 445
e-nasap 20.9 326
gauss 270 0
chip 412 0
bsort 23.6 0
kmerge 10.9 0
plytrace 154 0
sorbyc 105 0
sorbyr 104 0
matmult 4.64 0
p-gauss 23.7 491
p-qsort 21.3 3.19
p-matmult 6.74 .238
p-life 64.8 8.0

e-t
e-simp
e-hyd2

e-nasap
gauss
chip
bsort
kmerge
plytrace
sorbyc
sorbyr

matmult

ptima

elay

Table 1: Trace Sizesand Breakdowns (in millions of data
references)

groups of processorscooperate in each merge step, thus keep-
ing all processorsbusy to the end of the computation [2];
matmult, a straightforw ard matrix multiplier; plytrace , a
scenerendering program; sorbyr and sorbyc, a pair of red-
black successie over-relaxation [20] programs that dier in
the order of their inner loops, and thus in their memory ac-
cesspatterns; and chip, a simulated annealing program for
chip placemen.

In many of the C-Threads applications two-dimensional
numerical matrices are represerted as an array of pointers
to single-dimensional arrays represerting the rows, asrecom-
mended in Numerical Recipesin C [22]. In these programs
the unit of data-sharing is the row, so data sharing patterns
exhibit a fairly coarsegrain.

Presto [6] is a parallel programming system based on
C++. BecausePresto was originally implemented on a Se-
quent Symmetry, a coherert cache machine, its applications
were written without consideration of NUMA memory is-
sues. The Presto programs we traced are characterized by
ne-grain data sharing and by a programming style that al-
locates a large number of threads of control, regardless of
the number of physical processorsactually available. Presto
was ported to the ACE and the applications were run un-
modi ed. The applications traced were: p-gsort , a par-
allel quicksort; p-gauss, a Gaussian elimination program;
p-matmult, a matrix multiplier; and p-life , an implemen-
tation of Conway's cellular automata. The behavior of these
programs was studied in a di erent context in [5].

3.2 Performance of the Various Policies

The performance of each of our policies on eac of our ap-
plications, expressedas Mean Cost Per Reference(MCPR),
appears in Figures 1 and 2{3, for architectures resenbling
the ACE and the Buttery , respectively. Each application
has a group of four bars, which represert the performance
of Optimal, ACE, Delay and PLATINUM, from top to bot-
tom. To place the sizesof the bars in context, recall that
an MCPR of 1 would result if every memory referencewere
local. For ACE hardware parameters, an MCPR of 2 is triv-

p-gauss

p-matmult

p-gsort

p-life

I I I
-0 1 2

Figure 1: MCPR for ACE Hardware Parameters

ially achievable by placing all shareddata in global memory:
any policy that doesworsethan this is wasting time on page
moves or remote references

3.2.1 The imp ortance of the NUMA problem

For the NUMA problem to be of importance, seweral things
must be true: memory accesgime must be a signi cant frac-
tion of the execution time of a program; the performance
di erence betweenexecutions with correctly and incorrectly
placed pagesmust be large; there must be some reasonably
good solution to the problem. In [10] we estimate the mem-
ory times for programs running on an ACE to be in the
25%{60% range. Newer, more aggressi\e processorarchitec-
tures will only increasethis percertage, as demonstrated by
the increasing emphasison cached memory systems.

One possibility for NUMA managemert is to statically
place all private data and to leave shared data in global
memory or in an arbitrary local memory. This strategy will
work well for applications such as e-fft , which have only
private and ne-grained shared data, but it will not work
well for others. Many programs require data to migrate,
particularly when remote referencesare costly. Examplesin-
clude matrix rows lying at the boundaries betweenprocessor
bands in sorbyr , and dynamically-allo cated sceneinforma-
tion in plytrace . This is demonstrated by the number of
page moves performed by the optimal policy, preserted in
Figure 6. It explains why the PLATINUM policy (which is
more aggressie about moving pages) generally does better
than the ACE or Delay policies on a machine such as the
Buttery , in which a page move can be justied to avoid a
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Figure 3: MCPR for Buttery Hardware Parameters,
PRESTO applications

relativ ely small number of remote references.

Even on a machine like the ACE, in which frozen pages
are only twice as expensive to accessas local pages, there
is a large benet in correctly placing pages. For all but
the Presto applications, an optimal placemert results in an
MCPR below 1.23 on the ACE (as compared to 2 for static
global placemert) and 2.35 on the Buttery (as compared
to 14{15 for random placemert). For a program that spends
50% of its time accessingdata memory, these MCPR val-
uestranslate to a 26% improvemert in running time on the
ACE, and a 56% improvemert on the Buttery , in compar-
ison to naive placemert, assuming no contention. As shown
in the following section, our implementable policies achieve
a substantial portion of this savings.

3.2.2 The success of simple policies

Both the ACE and Delay policies do well on the ACE. The
MCPR for Delay is within 15% of optimal on all applica-
tions other than plytrace . The ACE policy similarly per-
forms well for applications other than plytrace , bsort and
kmerge Theseprograms all display modest performanceim-
provemerts when some of their pagesmigrate periodically,
and the ACE and Delay policies sewerely limit the extent to
which this migration takesplace.

All of the policies keepthe MCPR below 4 for the non-
Presto applications on the Buttery , with the exception of
ACE on bsort , and that casecould be corrected by increas-
ing the number of invalidations allowed before freezing. For
all applications other than plytrace , PLATINUM stays near
or below 2.5. This is quite good, considering that a random
static placemert would yield a number closeto 15. The ACE
and Delay policies perform slightly better than PLATINUM
on applications that have only ne grained shared and pri-
vate data (e-hyd and e-fft ), but the cost of moving pages
that should be frozen is low enough on the Buttery that
the di erence betweenthe policies in these casesis small.

The dierence betweenthe ACE and Delay policies dis-
plays a bimodal distribution. In most casesthe di erence is
small, but in a few cases(bsort and kmerge) the di erence
is quite large. In essencethe additional hardware required
by Delay servesto prevent mistakes.

3.2.3 The imp ortance of programming style

The Presto applications have much higher MCPRs for both
architectures, in both the on-line and optimal policies. This
disappointing performance re ects the fact that these pro-
grams were not designedto work well on a NUMA. They
have private memory but do not make much use of it, and
their shared memory shows little processorlocality. The
shared pagesin the EPEX e-fft and e-hyd programs sim-
ilarly show little processorlocality, but becausethese pro-
grams make more use of private memory, they still perform
quite well.

The programs that were written with NUMA architec-
tures in mind do much better. Compared to the Presto
programs they increasethe processorlocality of memory us-
age, are careful about which objects are co-located on pages
with which other objects, and limit the number of threads to
the number of processorsavailable. It is not yet clear what
fraction of problems can be coded in a\NUMA ticized" style.

3.2.4 The impact of memory architecture

From the discussionsabove it is clear that the dierence in
architecture betweenthe ACE and Buttery machines man-
dates a di erence in NUMA policy. It pays to be aggressie
about page moveson the Buttery . Aggressivenessbuys a
lot for applications such asplytrace and e-simp, which need
to move some pagesdynamically, and doesn't cost much for
applications such ase-fft , which do not. At the sametime,
aggressienessis a bad idea on the ACE, aswitnessed by the
poor performance of the PLATINUM policy on many appli-
cations (sorbyc, e-simp, matmult, e-fft, p-gauss). In
asmuch asthe ACE and Buttery represert only two points
in a large spaceof possible NUMA machines, it seemswise
to explore the tradeo s between architecture and policy in
more detail. This exploration forms the subject of the fol-
lowing section.

4 Variation of Arc hitectural Parameters

Figures 4 and 5 show how the performance of the optimal
policy varies with the cost of a page move (G or R), for
remote and global accesstimes comparable to those of the
ACE and the Buttery , respectively. Results for the Presto
applications are not shown, becausethey are o the scaleof
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the graphs; however, their shape is not signi cantly dierent
from the other applications.

The minimum page move time represerted on eac graph
is 200, which is assumedto be a lower bound on the time
required to processa fault and initiate a page move in the
kernel. 200 therefore corresponds to an in nite bandwidth,
zero latency hardware block transfer. The maximum page
move times on the graphs are the page size times g or r,
plus a more generousamount of overhead, corresponding to
a lesstightly coded kernel.

If R is consideredto be a real-valued variable, then the
cost of the optimal policy on a trace is a contin uous, piece-
wise linear function of R. Furthermore, its slope is the num-
ber of page moves it makes, which in turn is a monotoni-
cally decreasingstep function in R. Similar functions exist
for G, g, and r, except that their slopes represert global
page moves, global references,and remote referencesrespec-
tively. An important implication of continuity is that, given
optimal placemernt, there is no point at which a small im-
provemert in the speedof the memory architecture produces
a disproportionately large jump in performance.

At a G or R of 0, page moveswould be free. The optimal
strategy would move all pageson any non-local reference.
This meansthat for a G or R of 0 the optimal MCPR of
any application must be 1, regardlessof the values of g and
r. Sincethe optimal cost is continuous, the curve for every
application must fall o asG or R approaches0. This means
that all the curvesin Figures 4 and 5 go smoothly to 1 below
their left ends. For applications such as e-fft that don't
show much benet from G and R down to 200, this drop is
very steep.

Though di eren t machines require di erent policies, any
given policy® will be oblivious to the speedof memory opera-
tions. The curvefor a givenpolicy will therefore be a straight
line on a graph like Figure 4, and will lie on or above the
optimal curve at all points (see Figure 7 for an example).
Becausethe optimal curve is concave down, no straight line
can follow it closely acrossits entire range. This meansthat
no single real policy will perform well over the whole range
of architectures. Thus, to obtain best performance over a
range of page move speedsin Figures 4 and 5 in which the
optimal line curves, one must change the real policies used
accordingly. However, for the applications whose curvesare
largely at lines, the samepolicy works over the entire range.

One can plot MCPR, g (or r), and G (or R) on orthog-
onal axes to obtain multi-dimensional surfaces. Figures 4
and 5 show two-dimensional cuts through these surfaces.
They are interesting cuts in the sensethat one can imagine
spending extra money on a machine to increase the speed
of block transfer relative to xed memory reference costs.
It makes less senseto talk about varying the memory ref-
erence costs while keeping the block transfer speed xed.
Moreover, gur es4 and 5 capture all of the structure of the
surfaces at least in terms of the relationship between page
move cost and memory referencecost. We have proved that
the behavior of the optimal algorithm on a given trace is
completely determined by the ratios of g 1, r 1, G,
and R. Scaling them by the same multiplicativ e factor s
changesthe MCPR m according to mpew = 1+ s(mog 1),
but does not change the optimal placemert. Each multi-
dimensional surfaceconsistsof rays pointing up and out from

SHere, \p olicy" is used in the strictest sense of the word.
Changing t1 or tz in PLATINUM would thus yield a new policy
for our purp oses.
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Figure 6 preserts, on a logarithmic scale,the mean num-
ber of pagemovesper pageasa function of G for an ACE-lik e
machine. Many of the applications have large jumps in the
number of moves made around 1024 and 512. These are
points at which referencing each word on a page, or half of

the words, is sucien t to justify a page move. Some appli- 1.05e+08 —

cations show large jumps at other multiples or fractions of
the page size, but large changesat other values of the page
move cost are rare.

When designinga NUMA policy for a given machine, one
should take into accourt where on our move cost spectrum
the architecture lies. Machines to the left of jumps benet
from more aggressie policies, machines to the right from
more consenativ e policies. A machine that lies near a jump

point will run well with policies of varying aggressiveness.

When designinga NUMA machine, the lessonsare lessclear.
Obviously, faster machines run faster. Also, the marginal
benet of a small speedup increasesat faster speeds. How-
ever, moving acrossa jump point will not produce a corre-
sponding jump in performance: the jump is in the slope of
the cost curve, not in the cost curve itself.

4.1 Case Study: Successive Over-Relaxation

To illustrate what is happening to the optimal placemert as
we vary page move speed, we examined one of the successie

over-relaxation (SOR) applications, sorbyr , in some depth.
Sorbyr is an algorithm for computing the steady-state tem-
perature of the interior points of a rectangular object given
the temperature of the edgepoints. It represerts the object
with a two-dimensional array, and lets each processorcom-
pute valuesin a contiguous band of rows. Most pagesare
therefore used by only one processor. The shared pagesare
used alternately by two processors;one processoronly reads
the page, while the other makes both reads and writes, for
a total of four times as many references.

Almost all of sorbyr 's referencesare to memory that is
used by only one processor. Thus, the MCPR values are
all closeto 1. However, this casestudy concertrates on the
portion of referencesthat are to memory that is shared, and
the e ects of managemen of this memory are still clearly
visible in the results preserted, and is fairly typical of shared
memory in other NUMA applications.

The optimal placement behavior for a shared page de-
pends on the relative costs of page moves to local, global
and remote references. This behavior is illustrated in Fig-
ure 7 asa function of page move cost. In this graph the cost
of the optimal policy is broken down into componernts for
page moves, remote references, global referencesand local
references. Since most pagesare used by only one processor,
the major cost componernt is local references;in this gure,
however, the local section is clipp ed for readability.
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Figure 7: sorbyr Placemert Cost vs. Page Move Cost w/
Optimal Breakdown, g=2, r=5

As pagemove cost decreasesremote referencesare traded
for copies and global references,and then for more copies
and local references. This can be seenin Figure 7 at points
near G = 1200 and G = 400 respectively. It is important
to note that while the cost breakdown of the optimal policy
undergoeslarge sudden changes,the cost itself as a function
of G is contin uous.

The performance of the other policies is also included.



The PLATINUM policy works best for small G. This is ex-
pected, since it is designed for a machine with a relativ ely
fast page move. However, sinceit must be above optimal at
all points and is a straight line (i.e., is architecture insen-
sitive), it must be bad for large G in order to be good for
small G. Conversely, for the ACE or Delay policies to do
well for large G they must not do as well for small G.

4.2 Global Memory

Our results suggestthat global memory is useful in NUMA
machines. It is the cheapestplaceto put data that are shared
on a sucien tly ne grain to preclude migration, and that
are not accessedpredominately by a single processor. With
global memory available remote referenceswould be resered
for data such the rows at the boundaries between processor
bands in sorbyc, which are accessedby one processorsig-
ni can tly more than all the rest combined, and would not
benet from migration unlessit was extremely fast.

In our application suite on an ACE-like machine (g = 2,
r = 5), the largest use of remote referencesby the optimal
strategy occurred in sorbyr , where even with an extremely
slow page move (G = 5000) it made only 320K references
remotely out of a total of 104M, or 0.3%. This does not
imply that remote referencesare uselessin the presenceof
global memory, but only that they need not be used often,
and consequettly increasing their cost will have only minor
e ects on overall program run time.

5 Summary and Conclusions

Our work has addressedissuesin the design of kernel-based
NUMA managemen policies. Our approach has been to
use multipro cessormemory referencetraces, from a variety
of applications, to drive simulations of alternativ e policies
under a range of architectural parameters. In the area of
NUMA policy design, we have found that:

The problem is important. In comparison to naive
placemen of shared data, optimal placemernt can im-
prove overall program performance by as much as 25 to
50%.

Good performance on NUMA machines depends crit-
ically on appropriate program design. Trace analysis
supports the intuition that NUMA policies will achieve
the best performance for applications that minimize
ne-grain sharing and the false sharing that occurs
when data items accessedy disjoint sets of processors
are inadvertently placed on a common page.

Given good program design, simple kernel-based
NUMA policies can provide close to optimal perfor-
mance. Averagedover all 16 applications on the ACE,
the ACE policy achieved 82% of the savings achieved
by the optimal algorithm over static global placemert
of shared data. Averaged over all applications on the
Buttery , the PLATINUM policy achieved 94% of the
savings achieved by the optimal algorithm over random
placement of shared data.

Di erent memory architectures require dierent poli-
cies for high-quality NUMA managemen. Dynamic
discovery of a good static placemert works well on a

machine in which page movemert is expensive in com-
parison to the cost of remote (or global) access. As
the cost of page movemert decreases,it becomesin-
creasingly protable to move pages between program
phases. The PLATINUM policy achieved only 40% of
the optimal improvemert on averageon the ACE. The
ACE policy achieved only 87% of the optimal improve-
ment on averageon the Buttery .

In terms of architectural design, we have found that:

Global memory provides an attractiv e location for data
that are shared by seweral processorsat a ne grain. It
is cheaper for all processorsto accessintermediate-cost
memory than for all processorsbut oneto accesscostly
memory.

A policy that is (wisely) unaggressive about dynamic
page placemert due to high page move cost could use
a mechanism such as our proposed per-page reference
counter to signicantly reduce the number of page-
placemert errors, thereby improving performance. On
average on the ACE, the Delay algorithm achieved an
additional 4.6% of the improvemen of the optimal al-
gorithm. On the Buttery , it prevented two disastrous
mistakes.

Improving block transfer speed by some multiplicativ e
factor f canlead to an improvemert of more than f in

memory cost, becausea good policy is likely to move
more pageswhen doing sois cheap. At the sametime,

there are no points at which a small improvemert in

block transfer speed produces a large improvemert in

memory cost. Fast block transfer will be most e ec-

tive on machines in which remote memory references
are comparatively expensive, and then only for certain

applications; it is unlikely to be cost-e ectiv e on a ma-
chine with cheap remote memory.

The NUMA problem is likely to becomeincreasingly im-
portant as improvemerts in CPU performance outstrip im-
provemerts in memory performance, forcing future proces-
sorsto spend a larger fraction of their time waiting for mem-
ory. It is possiblethat scalable cache-coheren architectures
will supplant machineswith visibly-distributed shared mem-
ory, but many of the issuescertral to NUMA managemert
will remain. To rst approximation, hardware cache coher-
encecan be captured by our model in the form of unusually
small \pages" and very fast page moves. Contention may
need to be addressed more carefully in the simulation of
cadhe-basedmachines, but evenin its current form our trace
analysis system can provide valuable insights into such issues
as the incidence of false sharing, the importance of program
phase changes, the degreeof cade-line replication, and the
frequency of invalidations.

There appear to be two possible avenues for further im-
provemerts in the quality of NUMA managemern: bet-
ter policies and better programs. There exist applications
(plytrace , for example) in which the optimal policy per-
forms signi cantly better than any of its on-line competi-
tors. One might be able to narrow the gap with a smarter
kernel or, more likely, with application-specic hints from
the compiler, run-time system, or programmer. Hints might
suggesttimes and places for page moves. They might also
identify periods of false sharing during which replicas of a



page should be allowed to grow inconsistent, for example in
sorbyc. Our experiencestrongly suggests,however, that the
largest improvemerts in NUMA managemen will comefrom
changesin program behavior to increase memory reference
locality.

References

(1]

(2]

(3]

[4

—_—

(5]

6

—_

[7

—

8

—_

9]

[10]

[11]

[12]

Mik e Accetta, Robert Baron, William Bolosky, David
Golub, Richard Rashid, Avadis Tevanian, and Michael
Young. Mach: A New Kernel Foundation for UNIX
Developmert. In Proc. Summer 1986 USENIX, July
1986.

R. J. Anderson. An Experimental Study of Parallel
Merge Sort. Technical Report 88-05-01,Univ. of Wash-
ington Dept. of Comp. Sci., May 1988.

S. J. Baylor and B. D. Rathi. An Evaluation of Mem-
ory ReferenceBehavior of Engineering/Scienti ¢ Appli-
cations in Parallel Systems. Tech Report 14287, IBM,
June 1989.

BBN. Inside the Butter y{Plus . BBN Advanced Com-
puters, Cambridge, MA, October 1987.

J. K. Bennett, J. B. Carter, and W. Zwaenepoel.
Adaptiv e Software Cache Managemert for Distributed
Shared Memory Arichtectures. In Proc. 17th Intl.
Symp. on Comp. Arch., pages125{134, 1990.

Brian N. Bershad, Edward D. Lazowska, and Henry M.
Levy. PRESTO: A System for Object-Oriented Paral-
lel Programming. Software: Practice and Experience,
18(8):713{732, August 1988.

David Black, Anoop Gupta, and Wolf-Dietric h Weber.
Competitiv e Managemert of Distributed Shared Mem-
ory. In Proc. Spring Compcon, pages184{190, SanFran-
cisco, CA, February 1989.

David L. Black, David B. Golub, Karl Hauth, Avadis
Tevanian, and Richard Sanzi. The Mach Exception
Handling Facility. In Proc., SIGPLAN/SIGOPS Work-
shop on Par. and Dist. Debugging pages 45{56, May
1988. SIGPLAN Notices 24(1),1/89.

David L. Black and Daniel D. Sleator. Competi-
tive Algorithms for Replication and Migration Prob-
lems. Tednical report, Carnegie-Mellon Univ ersity,
Computer ScienceDepartment, Pittsburgh, PA 15213,
November 1989. CMU-CS-89-201.

William J. Bolosky, Robert P. Fitzgerald, and
Michael L. Scott. Simple But E ectiv e Tedniques
for NUMA Memory Managemert. In Proc. 12th ACM
Symp. on Operating Systems Principles, pages 19{31,
Decenber 1989.

Lucien M. Censier and Paul Feautrier. A New So-
lution to Coherence Problems in Multicac he Systems.
IEEE Trans. on Computers, 27(12):1112{1118, Decem-
ber 1978.

E. Cooper and R. Draves. C Threads. Tednical report,
Carnegie-Mellon Univ ersity, Computer ScienceDepart-
ment, March 1987.

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

Alan L. Cox and Robert J. Fowler. The Implementation
of a Coherent Memory Abstraction on a NUMA Multi-
processor: Experienceswith PLATINUM. In Proc. 12th
ACM Symp. on Operating Systems Principles, pages
32{44, Decenber 1989.

W. P. Crowley, C. P. Hendrickson, and T. E. Rudy. The
SIMPLE code. Tedhnical report, Lawrence Livermore
Laboratory, 1978. UCID-17715.

A. Garcia, D. Foster, and R. Freitas. The Advanced
Computing Environment Multipro cessorWorkstation.
Researt Report RC-14419,IBM T.J. Watson Researt
Center, March 1989.

M. A. Holliday. ReferenceHistory, Page Size, and Mi-
gration Daemons in Local/Remote Architectures. In
ASPLOS Il , April 1989.

Mark A. Holliday. On the E ectiv enessof Dynamic
PagePlacemert. Technical report, Department of Com-
puter Science, Duke University, Durham, NC 27706,
September 1989. CS-1989-19.

R. P. LaRowe and C. S. Ellis. Experimental Compari-
son of Memory Managemert Policies for NUMA Multi-
processors. Tedhnical report, Department of Computer
Science,Duke University, April 1990. CS-1990-10.

James R. Larus. Abstract Execution: A Tednique
for E cien tly Tracing Programs. To appear, Software:
Practice and Experience.

James M. Ortega and Robert G. Voigt. Solution of
Partial Di eren tial Equations on Vector and Parallel
Computers. SIAM Review, 27(2):149{240, June 1985.

G. F. Pster, W. C. Brantley, D. A. George, S. L. Har-
vey, W. J. Kleinfelder, K. P. McAulie, E. A. Melton,
V. A. Norton, and J. Weiss. The IBM Researd Parallel
ProcessorProtot ype (RP3): Introduction and Architec-
ture. In Proc. 1985 Intl. Conf. on Parallel Processing
pages764{771, 1985.

W. A. Press,B. P. Flannery, S. A. Teukolsky, and W. T.
Vetterling. Numerical Recipesin C. Cambridge Univer-
sity Press, Cambridge, U.K., 1988.

J. Stone and A. Norton. The VM/EPEX FORTRAN
Preprocessor Reference. IBM, 1985. Researh Report
RC11408.

Craig B. Stunkel and W. Kent Fuchs. TRAPEDS:
Producing Traces for Multicomputers Via Execution
Driv en Simulation. In Performance Evaluation Review,
17(1), pages70{78, May 1989.

W. Weber and A. Gupta. Analysis of Cache Invalida-
tion Patterns in Multipro cessors.In ASPLOS Il , April
1989.



