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Abstract

Non-uniform memory architectures with cache coherenc®l®ddA) are becoming in-
creasingly common, not just for large-scale high perforoeaplatforms but also in the
context of multi-cores architectures. Under ccNUMA, ddecpment may influence over-
all application performance significantly as referenceslred locally to a processor/core
impose lower latencies than remote ones.

This work develops a novel hardware-assisted page pladgraesdigm based on auto-
mated tracingpf the memory references made by application threadsTwo placement
schemes, modeling both single-level and multi-level leiesy allocate pages near proces-
sors that most frequently access that memory page. Theseesheverage performance
monitoring capabilities of contemporary microprocesdorsfficiently extract an approx-
imate trace of memory accesses. This information is useedadpage affinityi.e., the
node to which the page is bound. The method operates enitirelger space, is widely
automated, and handles not only static but also dynamic meatiocation.

Experiments show that this method, although based on logasing, can efficiently and
effectively improve page placement, leading to an averagkalock execution time saving
of over 20% for the tested benchmarks on the SGI Altix with a&2rote access penalty and
12% on AMD Opterons with a 1.3-2.0x access penalty. Thiséer@panied by a one-time
tracing overhead of 2.7% over the overall original prograatlelock time.
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1 Introduction

Non-uniform memory architectures with cache coherencll(¢dA) represent an
increasingly popular design for commodity and high-perfance computing sys-
tems alike. The ccNUMA paradigm has spread from traditiamsthllations, such
as the SGI Altix, to AMD’s Opteron x86 architecture and is ngpveading to ho-
mogeneous multi-core architectures in general. The la#ad is driven by a need
for high-speed interconnects, such as AMD’s Hypertrartsgpaa Intel’s QuickPath
Interconnect. In such systems, processors access the $albad grtual address
space but the physical memory is distributed across nodesa@mrerence is main-
tained using hardware mechanisms. Accesses to physicabrydatal to a pro-
cessor (on the same node/attached to the current processigresult in lower
latencies than accesses to remote memory (on a differeefcure). Similarly, ac-
cesses that hit in local caches impose a lower latency tlesetlesolved by cache
accesses to a remote node or a different core.

An OpenMP micro-benchmark was constructed to evaluatesadegéency on an
SGI Altix machine, which represents a typical ccNUMA platfo The program
counts the processor cycles required to access physicabmemn the local and
remote nodes. The results are shown in Table 1. On averagiee# more than twice
as long to load from remote memory than from memory on thel loade. While
this observation generalizes to ccNUMA machines, actuetimeads depend on
the interconnect and the number of nodes (sockets). Farnost HP reports for its
Itanium-class servers latencies ranging from 185ns to 8&&mremote references
for a maximum of 8 and 64 processors, respectively [12], ddjpg on the number
of hops required in their crossbar memory interconneciafrel to local references,
we measured latencies of up to 1.6x for a four-socket singte AMD Opteron
system with a Hypertransport interconnect (see Section 9).

Table 1
Access latencies on the SGI Altix

Access Type Avg. Latency [Cycles] Std. Deviation

Local Node Memory 207 121

Remote Node Memory 430 176

The focus of this work is on multi-threaded OpenMP benchmdok scientific
computing, yet the general paradigm applies to any threadeleé executed on
ccNUMA machines, though experiments for non-scientificecagle beyond the
scope of this paper. OpenMP programs from the domain of sficeapplications
are often memory boundeg., the overall wallclock execution time of the program
is significantly affected by the performance of the memomsrduichy. Any physi-
cal page placement that is sub-optimal may result in signitly longer wallclock
execution time. Thus, if the bulk of the accesses are to pagese physical mem-
ory has been allocated on a remote node, considerable penfice potential may



be unnecessarily sacrificed. An intelligent page-placérseheme that allocates
physical memory on nodes closer to the processors with meguént accesses
to a page, in contrast, can reduce the average access |&adayg to potentially
significant reductions in wallclock execution time.

The objective of this work is to steer page placement igefitly. Yet, this requires
us to determine the overall memory access pattern of thegmognd to do so ef-
ficiently since the cost of program analysis needs to be aredrby the speedups
that later result from the chosen data layout optimizati®nsgrammers often find
it difficult to reason about the best page placement for eage jand would rather
prefer to delegate this task to the operating or runtimessysFurthermore, system-
specific details are often hard to track. For example, ut,rLinux on the SGI
Altix utilizes a “first-touch” page allocation policye., a page is placed in the local
memory of that processor that first accessed this page. Heog®ulsory initial-
ization of data element®(g, from a file) in a single thread (as often performed
by the master thread under OpenMP) can cause the page toobated perma-
nently on a particular node. Several OpenMP programs wereusttered that had
not been specifically tuned for ccNUMA environments androitetialized all data
elements in the master OpenMP thread. This caused the btitie afata space to
be allocated in physical memory on only a single node, thedeastically increas-
ing the number of memory load instructions that access remeimory. But even
when programs specifically initialize (“touch”) data in pliel on multiple threads,
sub-optimal page allocation may be observed. Such behaasnobserved by de-
termining the number of accesses to a particular page dtinemgtable execution
phase €.g, a single timestep) of an application for each thread. Tata ¢ subse-
guently used to derive a better page placement than thenatigne.

To determine the locality of memory references to pages, faciemt whole-
program analysis tool is required. Such a tool monitors teery accesses during
the stable execution phase of an application. The infoonas subsequently uti-
lized to derive the best page placement in terms of redutiaghtimber of remote
references to a given page. Depending on the interconmecipmlogy, remote ac-
cesses amongst multiple nodes may incur constant or vailteincies. We handle
both of the above cases in our work.

The general approach is as follows. First, a truncated ionestep version of the
target application is executed. Exploiting performancenitooing capabilities in
existing microprocessors, a trace of the long-latency nigraccesses from all the
active processors during this partial (truncated) runfisiefitly extracted. This ac-
cess information is subsequently used to decide the bestglagementi.e., the
physical node on which a particular virtual page should tecated. This infor-
mation is denoted as the “affinity hint” per page. Finally #mtire application is
executed, yet with transparent wrappers that allocatep@gthe assigned physical
node based on the affinity hints.



The first scheme simplifies NUMA systems in that it assumesrstent latency
for remote references. It leverages the default “firsttdysage allocation pol-
icy of operating systems, such as implemented on SGI |IA6#& Alystems. For
this approach, allocation is realized within wrappers lutthing” the target page
from a processor on the assigned node. Both statically dkéind dynamically al-
located regions of memory are handled by initialization aldcation wrappers,
respectively. Statically defined memory regions (inltss segment) defer to page
touching upon application startup while the page touch iayael for dynamically
allocated regions to allocation time. Experimental ressoitt the first ccNUMA plat-
form, an SGI Altix, show that long-latency loads provide &é&eindicator for page
placement than TLB misses. Overall, an average wall-clo@cation time sav-
ings of greater than 20% was observed over all benchmarlesaVérage one-time
tracing overhead amounted to 2.7% of the wallclock timeerdcomplete original
NAS and SPEC OpenMP application benchmarks.

The second scheme targets ccNUMA platforms where remoteanyeraferences
depend on the hop count over the interconnect. This is the foasnmost NUMA
platforms, including HPs Integrity line, SGI's IA64 Altix athines and AMD'’s
Hypertransport for the Opteron architecture. For the lattee Opteron architec-
ture, a different sampling mechanism was developed as AMDnbapublicly re-
vealed any hardware sampling support for memory refereyetis contemporary
Opteron systems. Instead of obtaining traces on the Optentritecture, the hard-
ware capabilities of Intel's performance monitoring umtrecent Pentium4/Xeon
processors is utilized. These traces, based on the exemitia common appli-
cation binary for both Intel and AMD processors, are uttifer deriving page
affinity information as before. The page hints are subseijdnving page place-
ment for an application running on an Opteron ccNUMA platiof he intent was
to demonstrate thportability of the developed processor-centric scheme and also
to evaluate the impact of page placement for the benchmadagée widely used
Opteron/Hypertransport architecture, which is similatritel’s QuickPath Inter-
connect for larger multi-core architectures. In the cowfsthis work, a novel and
more aggressive page affinity policy was developed. Thep@kploits the fact
that remote node access latencies on NUMA systems, sucle &ptieron, are not
uniform but vary by the distance (hop count) between theand target nodes.
Experimental results from the Opteron platform indicatat tihis scheme results
in an average wallclock time saving of 12%. This is lower tHawallclock time
reduction observed on the SGI Altix. The difference can Iebated to the fact
that remote accesses are relatively less expensive on tleeddp than on the Al-
tix (depending on the number of hops, 1.3x/1.6x/2x on thee€@yuis but 2x on the
Altix). Overall, the developed schemes make automatic ydgeement a cheap
commodity that is widely transparent to the user. This taswinprecedented in its
low overhead of the scheme, its elegant exploitation ofWward monitoring, oper-
ating system and runtime system support and coverage ohhpstatic arrays, as
in past work, but also heap-allocated regions.



2 Overview of the Framework

A. Trace Generation B. Affinity Decision | C. Trace—guided page placel
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Fig. 1. Automatic Trace-guided Page Placement

The overall framework for trace-guided page placement jsatied in Figure 1. It
consists of three distinct phases trace generationaffinity decisionandtrace-
guided page placement

During trace generation, a truncated version of the mhteaded program con-
sisting of a single timestep is executed. During executigiormation about the
memory access pattern for each thread is collected. EachNIpéhread is explic-
itly bound to a different processor using thehed _set af fi ni t y primitive for
the experiments discussed in Section 6. Furthermore, digrafacation requests
issued during execution are intercepted and logged. THeatetl information is
used during theaffinity decisionphase to choose the most favorable mapping of
pages to nodes.e., the page affinity. Finally, the entire application is reeented,
this time in its non-truncated, full version, and the affmitformation is utilized to
force allocation of pages on the respective nodes derivad the affinity informa-
tion.

The approach has been extensively automated such thatnieeaction is only
required in three steps. First, a special header file traesgg wraps allocation
functions like malloc with calls to handler functions. Sedpa call to an initializa-
tion function is placed at the very start of the program. Thisction effects page
placement for statically-defined memory regions duringeérguided runs and ini-
tializes the hardware performance monitor during the taatkection run. Third,
the user must identify thetable execution phasaf the program and mark the
phase with calls to handler functions. For example, in tstepped programs, the
stable execution phase is a single timestep. The idea idlexta snapshot of the
program’s memory access patterns during a snippet of itdesexecution phase,
which becomes the basis for guiding page placement desisiorthe following
section, a detailed description of the framework is given.



3 Trace Generation

Two types of trace information need to be captured, namelynong accesses
and calls to dynamic memory allocation, each on a per-thbesis. For the for-
mer, tracing of individual accesses and misses in datal&t@ms-lookaside buffer
(DTLB) are further distinguished.

The Itanium-2 performance monitoring unit (PMU) providesdware support for
capturing memory traces [11]. To this end, thiebpf mlibrary is utilized as it
provides an interface to access the hardware counters pfdlcessor in a conve-
nient manner at the user level. The details of the Itanium Fitdtionality are
described elsewhere [13]. In this work, the PMU is utilize@d&pture two different
types of memory access data — long latency loads and datsldtiam lookaside
buffer (DTLB) misses. A simplified view of the PMU operatiaor capturing long-
latency loads is shown in Figure 2. When sampling long-latdoads, the PMU
supports selective tracking of load instructions based tateacy threshold and
optionally provides reduced statistical sampling and tanmgs on memory ranges
of sampled addresses.

3.1 Capturing Memory Accesses

One pitfall common for hardware-based sampling on othenitectures as well
is that the PMU does not capture all long-latency loads, Wwiexceed the latency
threshold, but just of subset of them. There are two reasonghis. First, due
to hardware restrictions, such as the depth of the pipelngetiae ability to track
only one load at a time within the pipeline, the PMU can onlck one load at
a time out of potentially many outstanding loads. Seconayder to prevent the
same data cache load miss from always being captured in #aregspguence of
overlapped cache misses, the Itanium PMU uaeslomizatiorto decide whether
or not to track an issuing load instruction. Due to theseaessthe load miss trace
is consideredossywhen obtained by hardware tracing. In Section 7, hardware-
based tracing is compared with non-lossy software-instnted tracing to gauge
the trade-offs between accuracy and efficiency.

The Itanium PMU further allowSltering for traces. Specifically, if a PMU-tracked
load exceeds a user-configured latency threshold valuealifigs for capture, oth-
erwise it will be ignoredi.e., the load will no longer be tracked within the pipeline.
Since the access latencies increase monotonically foreckskels that are more
distant from the processor, the latency threshold allowectee capturing of the
load miss stream (L1-D misses, L2 data load miss strean), Bie to hardware
limitations, the latency threshold can only be set in in p@axa 2 on the Itanium.
A lower bound is given by 4 cycles.



Each filtered load increments the PMU overflow counter. Byrappately initial-
izing this counter, the user can vary tbempling ratefor the captured long-latency
load stream$ampling. The Itanium-2 has special support to capture the exact in-
struction address (IP) and the corresponding data addeess lbaded (EA) for the
sampled long-latency load. In contrast, counter-overflasgll sampling on other
architectures can give misleading instruction addressethé missing load due to
superscalar issue, deep pipelining and out-of-order eiec[13].

3.2 Capturing Data TLB Misses

DTLB misses can also be captured exploiting PMU functidpalyet there is
no support for specifying a latency threshold. Various gmesub-types of the
DTLB misses can be captured (described in more detail in)[18]this work, all
types of DTLB misses are captured by selecting the correlipghi bpf mevent
DATA EAR TLB_ALL. Each captured sample contains the address of the memory
access instruction that caused the TLB miss and the accdssaaddress. This
trace source includes DTLB misses caused by both loads aresstn contrast, the
long-latency capture mechanism described earlier onlyitm@load instructions.
Furthermore, once a DTLB miss has occurred, subsequenssex¢o the page
whose entry was brought into the TLB become invisible, pextive of whether
or not they miss in the L2 cache. Hence, DTLB misses are a ntearepture the
first access to a page efficiently, but this efficiency comebeprice of accuracy.
Section 8 evaluates these trade-offs.

3.3 Capturing Dynamic Allocation Information

The layout of statically allocated data can be steered aalization time of the
program. Dynamically allocated data pages, however, daomdorced onto cer-
tain nodes at initialization time as their memory becomeslable only during
execution. Recall the approach of trace-guided page plkacenihe “first-touch”
allocation policy, used by SGI’s Linux version for the Altixlso the default under
contemporary x86 Linux systems, is leveraged to allocaysiphl memory pages
on the intended node. To “touch” a particular virtual pagéreds, the earliest point
in the program needs to be known at which such an address lesoaahd. This
requires the logging of heap memory allocation calls on alperad basis.

During execution of the truncated program, callsred | oc, cal | oc andfr ee
are intercepted and logged. Notice that our approach igm@ned to heap alloca-
tions within the truncated program. Any subsequent allooatwill not be repre-
sented in the trace, which reduces page affinity informatitence, the approach
promoted in this work is more suitable for applications frat-allocate large arrays
prior to computation, as is common for most scientific codew/th the exception



of dynamically changing computational methods, such aptagamesh refinement
(AMR). This includes calls resulting from Fortrah | ocat e statements. The Ita-
nium and x86 architectures have a high-resolution timdeddhe “interval timer
counter” (itc) or “time-stamp counter” (tsc), dependingtba architecture. A post-
processing tool builds a unified ordering of allocation €atross all the threads.
The ordering is derived from the logged per-call timesta@mus compensates for
the clock skew between different processors.

4  Affinity Decision

After obtaining per-thread memory traces, the per-node péfgnity is determined,
i. e, itis decided on which node a physical memory page shouldeder a par-
ticular virtual memory page.

Based on the approximate memory access trace and the dymeamiory allocation
information, the affinity decision module currently supigawo metrics, one for
uniform remote latencies and one for hop-sensitive renadéaties.

Theuniform latency policyallocates a page on the node that issues the maximum
number of accesses to that page.

pi — nj < rw; ; = max(rw; ) Q)

This allocation rule requires that paggis allocated {) in the local memory of
noden; iff the number of read/write references); ; within pagep; issued from
noden; is maximal within the read/write references issued by anyerfor this
page, wheren is the total number of nodes. Intuitively, the average leyeof
access can be reduced when a page is allocated closer tottesgor that issues
the largest amount of requests.

The page affinity decision process consists of a number p§stritially, accesses
are grouped by page address, and the total accesses fromeall$ to each page are
calculated. This is depicted amp2page in Figure 1. Here, accesses are grouped
by processor to calculate the per-node access count forpageh

In practice, remote access penalties are not uniform theraary with the distance
(number of hops over the interconnect) to the target nodeh®p-sensitive latency
policy allocates a page on the node that has the lowest aggregatesamust for

references to this page issued from any node.

pi—n;e X rwy Xwj =ming( X rw;; X wgy) (2)

I=1..m I=1..m



This allocation rule requires that pageon noden; iff the aggregate number of
read/write referencesw,,; for this page issued from all nodes, weighted by the
hop-sensitive cost;; relative to local allocation on this node, is minimal within
all aggregate weighted costs of any node allocations ofggage. Intuitively, the
average latency of access can be reduced when a page isedlatase to all
processors that issue large amounts of requeststhis metric takes references
from multiple nodes into account instead of using the wirtakes-all paradigm.

The page affinity decision process consists of groupingsseseby page address
and by thread (node), as indicatedrimp2page in Figure 1. Yet, the page cost for
an allocation is then calculated for a hypothetical allmsato each node. This cost
is the additive weighted number of accesses issued for athy fow this mapping.
The weightw; ; denotes the latency (cost) of resolving a reference fromemed
that is locally mapped onto node. Such pair-wise latencies can be experimentally
obtained once and for all for a given architecture (see Se&).

The affinity decisions are generated differently for salycdefined and dynami-
cally allocated regions of memory. Statically defined mgmae., thebss seg-
ment) contains space for uninitialized global variablelse Btarting address and
extent of the static region is determined at link time. THenay decision module
simply generates a per-node list of page address offsethidive affinity to that
node. The first logical processor in a node is responsiblegorg these page off-
sets to issue the actual “first-touch” page placements duhe final trace-guided
program run.

A more sophisticated scheme is required for dynamicallycalied regions. Here,
the starting address of the allocated region can and doegelwver multiple runs
of the same program. For the benchmarks evaluated, twaclistynamic memory
allocation patterns were observed. Many programs had a smaber of calls,
each of which allocated a large chunk of contiguous memayskch cases, we
adjust the affinity page offsets relative to the startingradsl of the region. The
affinity offsets will be used to “touch” the pages on the appiate nodes during
the trace-guided run just after the region is allocated.

A second dynamic allocation pattern was observed for prograssuing a large
number of calls clustered in time, each allocating a smgibire of memory €.9,
NAS-2.3 MG). The resulting heap regions are mostly allatatentiguously in
space. However, due to the lossiness of memory access,ma@eg small allocated
regions (“silent regions”) are not represented by even glaiaccess record in
the trace. By inspecting trace records for other small regialocated close by,
these silent regions are allocated in their vicinity (onghme page) since physical
memory is allocated opagegranularity.



5 Trace-guided Page Placement

Once page affinity decisions have been made, the origingrano is executed
again in its entirety. The affinity information generatedtre earlier phase then
drives the page placement decisions. At the time of writthg, SGI's Linux ver-

sion for the Altix, as currently installed by HPC centersesimot support dynamic
page migration (even though there is forthcoming suppaitsed for the next
release). Instead, the existing “allocate-on-first-tGyplicy is leveraged to effect
page placement. This policy allocates physical memorytfenrtual page on the
node that first accesses (“touches”) a data element on theifisgnode. A page is
“touched” by executing a load followed by a store to an adglreshe target page
from a processor on a particular node in order to force pagmephent on that node.

Care must be taken to touch a page on the respective nodes lzfprother pro-
cessor accesses that page, or an unintentional placemgmeswt. For static re-
gions of memory, each processor reads its static affinitpfilprogram startup and
touches all the page address offsets listed in that file,asrsin Figure 1. All pro-
cessors synchronize at a barrier after the touching phasestoe that no processor
accesses a statically-defined page before the affinity birthe page has been ap-
plied. This scheme has minimal execution overhead sincsttie allocation is
done only once, at startup.

A similar approach is employed for page placement of heagatéd regions. One
difference here is that the page touch is delayed until tiggetanemory region is
allocated. In a legal program, no other processor can atitesdlocated region in
any case before the allocation functi@ng., mallog has completed. This fact is ex-
ploited to ensure that the developed first-touch schemeetdtt the intended page
allocation before any other processor touches the memgigireThe idea is to in-
sert awrapperaround the allocation call. The behavior of the wrapper rgrdled
by an environment variable. During unoptimized runs of thegpam, the wrapper
does no work. During the tracing phase, the wrapper recbelaltocation request
parameters (size of region, starting address, threadnéstamp). The affinity gen-
eration phase tags each allocation request with affinitishkinally, the wrapper
uses affinity hints to effect page allocation as follows dgithe trace-guided runs.

Uponits invocation, the wrapper first calls the real allamatunction. The dynamic
affinity hints provide information about which parts of thignamically allocated
regions should be allocated on which target processors. ififormation consists

of a list of processor identifiers and the address offsetsritbad to be touched
on these processors. For each such processor, the cumesd tieschedules itself
on the target processor by using thehed _set af f i ni t y function call. When
thesched set af f i ni ty call returns, the thread is now executing on the target
processor. Then the touch mechanism “touches” the givewnfliaddress offsets,
thereby causing page allocation on the physical memoryartdhget processor’s



node. The thread eventually re-schedules itself on itsraigrocessor after all
affinity hints for all processors for the dynamic region aregessed.

To the user-level program, this approach is nearly comiglétansparent with the
exception of the wrapper function. Nonetheless, the eiatuwiverhead of the
wrapper approach can be high. For every allocation requeswlifich there are
affinity hints forn processors, there ang-1 context switches (one switch to every
target processor, and the final switch back to the originatgssor). The exper-
iments in Section 6 reveal that this scheme has substaxgalgon overhead,
which diminishes the gain due to reduction in remote acsefsseseveral bench-
marks. The overhead can be reduced by a less transparemescthat involves
more effort on part of the user. A simple way to reduce ovedtivaauld be togroup
the touching effort for multiple dynamically allocated r@gs. For each group,
there would be only one context switch for each processoheanlist of affinity
hints. The user would also need to insert additional syrmohadion to ensure that
no thread begins accessing dynamically allocated regiefawd the touching has
occurred (to prevent inadvertent page allocation), an liele#or future work.

The approach for page placement employed for dynamicdtigatied regions still
is subject to one caveat. While the benchmarks of the expatamhsections always
allocate memory only at the start of the program and do netifrentil the end of
execution, such behavior is not guaranteed. If progranmeateplly allocate and free
memory in the stable execution phase, then the effectigeokthe “first-touch”
scheme would be reduced. This occurs because portionswftina address space
may be “recycled” by the allocation function after they wangially freed, but
the physicalmemory will only be allocated once on the node where the pdége o
virtual memory was first touched. This presents a limitadbuasing the first-touch
mechanism. The issue is being resolved as the operatingnsy(inux) supports
dynamic pagenigrationin the latest kernels! With migration support, the virtual
pages in the dynamically allocated region could be sinmpigratedto the target
processor given by the affinity hint at the additional costyasfamic page migration
overhead. This is another topic of future work.

6 Evaluation Framework

The previous section described a scheme for trace-guidgel placement. In the
following, a cost versus benefit analysis is presented asdhgurable parame-
ters shown in Figure 1 are varied. More specifically, two paters are subject to
change, (1) the choice of theace sourceand (2) thesampling intervalfor cap-

I Draft APIs for manual page migration have been proposed emteing incorporated
into future Linux releases for the Altix. They are alreadgg®nt in the latest experimental
Linux kernels for the x86 architecture.



turing memory access samples. The hardware provides twe s@urces, namely
long-latency loads and DTLB misses. The sampling interllalva a trade-off of
sampling overheass. the amount of trace data collected. For each trace source,
different sampling interval values (Sections 7 and 8) avestigated. Notice that
PMU-based traces contain only long-latency loads (but twes) as prior work
implies that these traced loads are sufficient to charaetexpplication behavior
[19].

By changing these parameters, the amount and type of trémeniation collected
will change. This poses the questions of (1) how these ti@test the quality of the
affinity hints and (2) how the affinity hints influence changesverall wallclock
execution time. To answer these questions, a comparisareberithe performance
of these traces is needed with respect to the performandérofyahints based on
areferencetrace. This reference trace is referred to as the “maximdarrimation
trace”. A comparison with the reference trace helps ansherfdllowing ques-
tion: What affinity hints will be generated given a completemory access pattern
of the program? How much improvement in performance can hesaed using
these hints? By comparing results obtained from partiallare traces against the
results achieved with the maximum information trace, tlaeleéoff between trace
collection cost and the optimization benefit can be cleathaited.

The maximum information trace was originally obtained byo#tivgare memory

tracing tool to capture all memory loads. However, this madthad too much ex-
ecution overhead for the benchmarks evaluated. Instead®MJ was configured
with the lowest latency threshold setting (4 cycles) andrigdest sampling fre-
qguency (1). The resulting trace was utilized as the maximoforimation trace.

Since the L1 cache hit access latency is 1 cycle, this cavreispto capturing a
fraction of all accesses that miss in the L1 data cache. Idigeassion below, the
“reference results” refer to the affinity hints generateshgighe maximum infor-

mation trace. Similarly, the “target trace results” dertbeaffinity hints generated
by the evaluated trace.

The evaluation has three aspects: (1) titaeing cost (2) the quality of the col-
lected trace, and (3) the resultiegecution benefitd he tracing cost is the cost of
collecting the access trace, which is determined bysthe of the tracand by the
execution overheathflicted on the benchmark during the trace collection phase
As the sampling interval is increased, both the trace sidetfam tracing overhead
are expected to decrease.

The quality of the trace was evaluated by comparing the targee results to the
reference results using three different metricsGayeragedenotes the fraction of
the pages in theeference resultfor which an affinity hint exists in the target trace
results. The affinity node values for the page do not need thédogame between the
reference and target trace results.A2turacy denotes the fraction of the pages in
thetarget trace resultshat have the same affinity hint node value as the reference



results. (3) ThdJseful Fraction metric combines the information from these two
metrics. It measures the fraction of the affinity hints in téwget trace that are not
only present in the reference trace but also haves#meeaffinity node value.

These metrics should be interpreted as follows. Atowerageralue indicates that,
for a large number of pages, not enough information is eméeddthe target trace
to generate affinity hints. A high coverage value increasefidgence that the target
trace contains affinity hints for almost the same number gepaas the reference
trace (though the affinity nodealuesmight be different). In contrasgccuracy
measures the stand-alone usefulness of the target trageswers the question:
If the target trace were to be used to generate affinity hiatst fraction of the
affinity hints are identical to those present in the refeeamresults? A high accuracy
value indicates that the target trace is as useful as theerefe trace (though at a
potentially much reduced overhead). A low accuracy valueontrast, indicates
that the target trace is potentially misleading in the sehaethe affinity hints do
not match the hints in the reference results.

The coverage, accuracy and useful fraction are computealla®/$. Let
Ref = # hints in reference results;
Targ = # hints in target trace results;

C = # hints in target trace results that are also present in déferance results
(though the affinity node values might not match);

A =# hints in target trace results that are also present ingteeence results AND
the affinity node values match. Then,

Coverage= R%f * 100%
Accuracy= %;g * 100%

Useful Fraction= Rief * 100%

These three metrics each provide a different understaruditige trace characteris-
tics. For example, a high accuracy value might still notcatké areffectivetrace if
the coverage is low. This can be the case when a large numpeages lacks affin-
ity hints (low coverage), yet the few hints generated ar@embr(high accuracy).
Similarly, a low useful fraction value could be either dudaw coverage or to low
accuracy of the hints. Thus, there is a need for all threeiosetr

The metrics discussed so far cowestandtrace quality For assessinggace ben-
efit, two metrics are utilized: (1) the net reductionremote accesseand (2) the
reduction inwallclock execution timeThe net reduction is compared by taking the
difference between the metric values (remote accesseks|oekl execution time)



between the original unmodified program run and a run withnéhe trace-guided
page placement scheme.

The evaluation process works as follows. First, the targegngam is run for one
time step and trace data is collected. This trace data istossmmpute the affinity
hints and the entire program is re-run using this trace ditas, thetrace cost
is the cost to capture the samples over one timestep of thgggmo On the Al-
tix/Itanium and Opteron platforms, there is no easy way tasnee the number of
remote memory accesses generated by the program. Instesop@ximatemea-
sure of the reduction in remote memory accesses is employdeedltix platform.
To this effect, the PMU latency threshold is set to 512 cyélemd the number of
accesses that exceeded this threshold for the originatgamogs counted. The high
latency threshold ensures that almost all loads that hihame or in local memory
will be filtered out (though some remote loads may also beditteut, as indicated
by the latencies in Table 1). Then, the program is run withaffi@ity-enhanced
page placement scheme, and the number of accesses exciedaigncy thresh-
old (512) is counted as before. The difference between tbhevéilues provides an
approximate measure of the net reduction in remote memagsaes. In practice,
this value was found to be quite consistent across multipis.r

In the experimental evaluation, the wallclock time for tloenplete run of the orig-

inal program is compared to the wallclock time of the prognaith trace-guided

page placement including the overhead of the page touchewhamism. During

the experiments, it was observed that the execution timé&efprogram varied

measurably across runs. This may be due to several reasmtstte difference in

scheduler allocation of processors for the batch runs tsffdse degree of benefit
obtained with trace-guided page placemerq, the benefit will be less if the allo-
cated processors are closer. Second, all operating sysitso the Altix must go

through a small collection of CPUs in the interactive logantgion. Thus, the load

on the interactive nodes affects the performance of therjobsing on the batch
nodes. This is especially significant for the dynamic pagehog mechanism,
which potentially involves multiple context switches fosiagle affinity hint.

To compensate for this variability in execution time, eaehdhmark was executed
six times, except for only five executions of BT. Each time ttace-guided runs
and the non-trace guided runs were executed on the sameusehassigned pro-

cessor allocation. The wallclock execution time graphsastiee average benefit
obtained with each sampling interval. The error bars detn@eonfidence interval

range for a 95% confidence interval.

Benchmarks: Nine OpenMP benchmarks were experimentally evaluateds Thi
includes seven out of the eight NAS-2.3 benchmarks (exctudP). The NAS

2 Due to PMU limitations, the latency threshold can only beisgtowers of 2. The next
lower threshold (256 cycles) would not filter out a significémaction of local memory
loads, as indicated by the latencies in Table 1.



benchmarks are C versions of the original NAS-2.3 seriatberarks [2] provided

by the Omni Compiler group [1]. EP is not evaluated since @&gloot have signif-

icant sharing of data [18]. In addition, the 320.equake &@®l@nmp benchmarks
from the SPEC OMPM2001 benchmark set were assessed in thiésréhese

benchmarks have significant dynamic memory allocatiorretie putting the dy-

namic touching mechanism to the test.

All programs were compiled at the -O2 optimization levell NAS benchmarks
use Class C data sets while the SPEC benchmarks use thencefelata set. All
experiments were carried out on a non-interactive (batttbgation of eight pro-
cessors. On the Altix platform, two processors always sbarenode. A total of
four nodes were used. All programs were run with eight OperiMPads. Each
thread is bound to a separate processor usingtheed set af fi ni ty prim-
itive. OpenMP thread scheduling was set to static. Thisward platform has
Itanium-2 processors running at 1.5GHz, each with a 6 MB L&ea 256 KB
L2 cache and 16 KB L1D cache.

For each program, markers were inserted to delineate theastd end of the
timestep. For 332.ammp, the pre-existing round-robincalion of the “atom” el-
ement was disabled for the trace-related runs. Howevehehefit metrics (wall-
clock time, number of remote accesses) are still comparaahsighe original pro-
gram. For the IS benchmark, a one-time dynamic allocatiortifepr v_buf f 1
array is issued since the program failed to execute with #fault stack alloca-
tion for this variable. Out of the 9 benchmarks, 4 benchmark®1G, 332.ammp,
320.equake, IS — utilize dynamic memory allocation. Thea#nmg benchmarks
operate with statically declared global arrays.

7 Evaluation with Long-latency Load Tracing

The performance of the developed page-placement schemassessed for long-
latency loads as the trace source using the cost, qualitypandfit approach that
was described in the last section. For these experimemdaténcy threshold in
the PMU was set to 128 cycles. This filters out most of the lcambsses that hit
in the L1D, L2 and L3 caches. The sampling intervals werecseteas 1, 10, 50,
100, 200 (OV-1 to OV-200 in the graphs). Pages were allodateddes using the
uniform latency policy (Eq. 1).

Tracing Cost: The graph for cost comparison shows the cost for the “maximum

information trace” (denoted &3JLL in the graphs) and the results for each of the
reduced sampling intervals. The reduced sampling restgtrarmalized to the
FULL trace values.
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Number of Captured Samples: The number of accesses captured at OV-1, de-
picted in Figure 3, is about an order of magnitude lower tlenRULL trace for
most benchmarks (except I1S). By keeping the latency thidshach higher (128
cycles instead of 4 cycles for the FULL trace), most of thelfodnat hit in cache are
filtered out. These loads can be ignored since they do nobgeadp past the cache
to memory. Hence, they will not be affected by page placem&iith increasing
sampling intervals, the total number of samples capturecedses linearly. At OV-
200, the average number of accesses in the trace has beeedaddul1000 times
over the FULL trace.

Tracing Execution Overhead: The absolute execution overhead for tracing is ex-
tremely low since it is sufficient to execute only a singledstep for a benchmark,
i.e., partial execution significantly reduces overhead ovenacwaion of the entire
benchmark without any loss in accuracy for the benchmatddied. On average,
over all benchmarks, the execution overhead for tracing@eitimestep at OV-1
was 2.7% of the overall original program execution time.

Therelativetracing execution overhead (comparedrtdi_ L) is shown in Figure 4.
The overhead flattens out with increasing sampling intervidlis indicates that the
trace collection cost does not dominate the time to exebetérmestep. The results
show that OV-1 or OV-10 are the “sweet spot” values for the [garg interval,
since increasing sampling intervals beyond that point da¢seduce overhead by
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much. On average, tracing execution overhead at OV-1 istétfi% of the FULL
trace cost, with the exceptions 8P andl S that have lower savings.

Trace Quality: As the sampling intervals increase, the size of the tradeated
will tend to decrease. This has an effect on the quality ofréeei.e., the coverage,
accuracy and useful fraction metrics. The maximum valuesldhese metrics is
100%.

Coverage: Figure 5 depicts the coverage results for different sarggliervals.

At OV-1, the average coverage is 99% indicating that affihityts exist for almost
all of the FULL trace pages. The OV-10 coverage still remaigh at 94%. After

that, a noticeable decline in coverage at sampling inter@dlOV-50 and beyond
is observed. The average coverage falls from 94% at OV-18% &t OV-50 and
finally to 47% at OV-200. Thus, at OV-50 and higher, the traa&ds insufficient
to generate affinity hints for page placement for a signiticamber of pages.

Accuracy: The accuracy values, depicted in Figure 6, are very closesa@am-
pling intervals for each benchmark. Also, accuracy remam&rmly high across
increasing sampling intervals for all benchmarks (exceptt)). This is very en-
couraging as it indicates that even with a reduced numbetcadsses, the affinity
node recommendations match the recommendations giverebiyUhL trace for
most of the affinity hints generated. LU’s behavior is exptbin more detail later.

Useful Fraction The useful fraction is the fraction of the FULL trace affinitynts



@ov-1 mOov-10 [COOV-50 [OOV-100 mOV-200

100
90 —l
80
70
60
50
40
30
20
10

% Useful Fraction

s SP FT MG CG BT LU EQUAKE AMMP AVRG

Fig. 7. Quality: Useful Fraction

that are present and have the same affinity node value in thet teiace results.
A high useful fraction indicates that almost the same resu#ire obtained as the
FULL trace results, albeit with much smaller trace inputdat

The average useful fraction, depicted in Figure 7, is higlohé-1 (93%) and OV-10
(87%). From OV-50 to OV-200, the metric degrades from 68%0%4n average.
This trend occurs because tbeveragevalues fall with increasing sampling inter-
vals while the accuracy remains steady. The degradationctimmore pronounced
for benchmarks likeé S, FT andMGwhereas there is almost no degradationGGr

Trace Benefits: The impact of the page placement scheme is explored for two
metrics: (1) the number of remote accesses generated bydgeam and (2) the
wallclock execution time of the program.

Reduction in Remote Accessedrigure 8 shows the net reduction in the num-
ber of remote accesses for the full-program run using auiortrace-guided page
placements.the original program. The figure compares the reduction mmote
accesses using the FULL traee.the reduction achieved at latency threshold 128.
It also depicts the different sampling intervals.

For all but one case (LU:FULL trace), there is a net reductiothe number of
remote accesses. Almost all the remote accesses for CG andr&l@iminated
as shown by a 98% and 97% reduction at OV-1 for CG and MG, réispbc
Other benchmarks also have a significant reduction in reamtesses. The average
reduction at OV-1 is 60% and decreases significantly from50448%) to OV-
200 (28%). OV-10 appears to be the sweet spot. The averageti@ulis, in fact,
slightly higher for OV-10 (55%) than OV-1 (54%). Only LU shew 28%increase

in remote accesses when using the full trace. This anomadlydg discussed in
more detail later.

Reduction in Wallclock Execution Time: This is the most important measure to
assess the overall benefit as it indicates the performanm®wament of an appli-
cation with trace-guided placement compared to the originmodified program.
Figure 9 shows the improvement in wallclock time. As desalibefore, the error
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bars represent the 95% confidence interval range. The rdoghtG, LU and IS
are large indicating that these programs have more varedgleution times.

Except for IS, every other benchmark shows a reduction incleak execution
time. The average reduction is 21% at OV-1. CG achieves ¢xeely large sav-
ings with over 73% shorter executions at OV-1. Many otherchemarks (SP, FT,
MG, Equake) also achieve greater than 15% reductions.

With increasing sampling interval, the wallclock improvemts tend to decrease
though the magnitude of decrease is program-dependento€&nbt show much

degradation with increasing sampling intervals, but ther@ noticeable degrada-
tion with SP between OV-10 and OV-200.

IS represents an exceptional case where the wallclock ggactime increases

with trace-guided page placement. The cause of the degvadatthe cost of the

page-touching mechanism for dynamically allocated regidach hint on a dy-
namically allocated region potentially represents attle@s context switches: one
to switch to the target processor and “touch” the page andtther to switch back
to the processor that originally requested the alloca{jNiote that each OpenMP
thread is bound to a different processor. Hence, the dismussfers to processors
instead of threads here.) With increasing sampling intepdawer dynamic hints

are generated (as coverage falls). This reduces the owerathead on the target.
Thus, less degradation in wallclock execution time is olasgfor IS with increas-

ing sampling intervals.

Similar to IS, the potential wallclock savings for other grams with dynamic
memory allocation (MG, Equake, AMMP) are also affected by tiverhead of
the touching mechanism. Given that over 98% of the remotesses for MG are
eliminated by page placement, the wallclock reductionsM&@ would increase
even further with a more optimized touch mechanism.

The LU Anomaly: LU represents an anomalous case. For this benchmark, the
affinity hints generated by the full trace do not match thenaffihints generated
by the other traces (OV-1 to OV-200). This causes low acguaad useful fraction
values, as seen in Figures 6 and 7. Furthermore, using thedak leads to an
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increasein the number of remote accesses (Figure 8) while OV-50 leadsl0%
decrease in remote accesses. The corresponding wallaleekeduction idigher
for OV-50 (8% improvement) than that of the full-trace résy 0% improvement).

The underlying cause is as follows. The affinity node valufferdbetween the full
trace and the OV-1 trace (and higher sampling interval & parts of the large
r sd global static array. The full trace uses the lowest possiddancy of 4 cycles to
sample the address trace. This captures all possible loesispective of whether
the loads hit in cache or not. For the pages of itilsel array that have different
affinity hints in the full and OV-1 traces, most of the accasse the affinity node
given in the full trace are hits in the local caches. Hence,dffinity decision is
different from the OV-1 trace-based decision (which filteus the cache hits). First,
loads that hit in cache will not be affected by page placerdestsions. Second,
the full-trace based page placement, in fagitfsenghe average access latency for
cache misses since the corresponding pages are allocatedade that only has
infrequent cache misses for those pages. This explains¢heasein the average
number of remote accesses for the full-trace results comdp@ar the OV-1 based
experiment. Thus, the average wallclock time improvemegiawer for full-trace
than for OV-50 in this case.

Conclusions: Long-Latency Tracing:1) Overall, the size of the trace data at OV-
1 is one-tenth the size of the FULL trace on average. Witheasing sampling
intervals (OV-1 to OV-200), the trace size decreases llgeay For most bench-
marks, the execution overhead of trace collection decsests&ply from FULL to
OV-1, yet it does not decrease significantly with larger slamggntervals (OV-10
to OV-200). Thus OV-1 or OV-10 appears to be Hweeet spotor trace collection.
3) With increasing sampling intervals, the coverage dragsificantly, which in-
dicates insufficient trace information to generate affidiégisions for many pages.
4) Nevertheless, thaccuracyof the trace information does not degrade signifi-
cantly with increasing sampling intervals. 5) A significaatluction in the wall-
clock execution time and the number of remote accesses shp@svith trace-
guided page placement. However, for programs with dynafitacation, the page
touching mechanism is expensive and adversely affectshveld execution time.
A more optimized touching scheme should lead to even bet#chck reductions
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for these programs. 6) For one benchmark (LU), using theeate traceRULL)
actually resulted in degradationof performance. For this benchmark, fileering
effectof the high latency threshold used by the target traces ($2¢€) removed
loads that hit in the cache and resulted in a more accuratergiof which pages
are frequently accessed by which processors. Thus, usnfyihmemory access
trace may actually result in sub-optimal page placemerdri@ cases. For all other
benchmarks, the reference trace almost always had the max(or close to maxi-
mum) reduction in remote accesses resulting in signifigdmter wallclock times.

8 Evaluation with Data TLB Misses Tracing

Next, the results based on data TLB misses as the trace sahtaeed with PMU
support are presented. Experiments are conducted for samplervals values of
1, 2, 4, 8 and 16 (denoted OV-1 to OV-16 in the graphs). Pagee alecated
to nodes using the uniform latency policy (Eq. 1). For thedssion below, the
results presented in the last section using long-lateragd@re refereed to as the
trace source as tHead-based resultdn the following, the DTLB miss results are
described and contrasted with the load-based results.
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Trace Cost: As before, the cost metrics are compared against the castratcfor
the “maximum information trace” (denoted BELLL in the graphs).

Number of Captured Samples:The average number of samples captured at OV-1
is less than one-tenth of the number of samples in the fudetras seen in Figure
10. With increasing sampling intervals (OV-1 to OV-16), thember of captured
samples decreases almost linearly. In contrast to thebdaade results, the differ-
ence between FULL and OV-1 tends to be program-dependentm@and MG
have more than 1000 times less trace data at OV-1 comparedlio Wwhile IS has
almost the same number of samples as FULL.

Trace Execution Overhead:The results for the relative trace overhead (Figure 11)
are similar to load-based results. The average executiernead for trace collec-
tion at OV-1 is 18% of the FULL trace’s cost. With increasiragrgpling intervals
(OV-1 to OV-16), the execution overhead is not significandigruced.

Trace Quality: As before, the three quality metrics of coverage, accuradyuse-
ful fraction are evaluated as shown in Figures 12, 13 andebkpectively.

Coverage:The average coverage at OV-1 (74%) is sharply lower thanubmge
coverage at OV-1 in the load-based results (99%), as delpictEigure 12. This
is due to significantly lower coverage values for FT, MG, LUduake and Ammp,
as compared to the load-based results. With increasinglsammptervals, the cov-
erage begins to degrade significantly, except for LU. Cayefalls from 74% at
OV-1 to 35% at OV-16.

The low coverage values indicate that the information toegate page affinity

hints is insufficient for a significant number of pages. Thelem is more acute

for the DTLB case than for the load-based results, as inelichy the lower cover-

age values. Low coverage lessens the effectiveness of gegacement scheme
resulting in a reduced potential for performance benefits.

Accuracy: The results in Figure 13 indicate that accuracy is benchrdagendent.
For most benchmarks (except Equake and Ammp), the accuadwgs/for increas-
ing sampling intervals are similar. This indicates thatusacy is less sensitive to



DOV  mOV-2 [OV-4 [IOV-8 MOV-16
100 —
20
80
70
60
50
40
30
20
10

% Accuracy

Is SP FT MG CG BT Lu EQUAKE AMMP AVRG

Fig. 13. Quality: Accuracy

‘ gov-1 mov-2 [Oov-4 [OOov-8 MmOV-16 ‘

100

% I

i L.

70
1S SP FT MG CcG BT LU EQUAKE AMMP AVRG

60
50
40
30
20
10

H|
i

% Useful Fraction

Fig. 14. Quality: Useful Fraction

reduction in the size of the trace. Compared to the loadebasrilts, a significantly
lower accuracy is observed for FT, BT, LU and AMMP. This irates that page-
affinity decisions based on DTLB misses do not agree withigffdecisions based
on the FULL trace or long-latency load-based results.

Useful Fraction: Due to the lower coverage (FT, MG, LU, Equake, Ammp) and
lower accuracy (FT, BT, LU), the useful fraction values dsoa&ignificantly lower
than for the load-based results. The average value at O\58% compared to
93% at OV-1 with long-latency loads as the trace source. Witteasing sampling
intervals, the useful fraction value tends to fall signifitg for most benchmarks.
The average useful fraction degrades from 58% at OV-1 to 229¥€l6.

Trace Benefits: The coverage, accuracy and useful fraction for DTLB-based r
sults were observed to be significantly lower than their {baded counterparts for
most benchmarks. This will impact the performance benédfitainable with trace-
guided page placement. Figures 15 and 16 show the reduatio@esiote accesses
and overall wallclock execution time, respectively.

Reduction in Remote Accessedis before, the reduction in remote accesses using
traces obtained at different sampling intervals is congbdoethe reduction ob-
tained with results based on the full trace (marked FULLnhsed~igure 15. Two
benchmarks, BT and LU, experience iagreasein remote accesses with DTLB-
guided page placement. The increases are significant (rhare30%) and occur
with all sampling intervals. In comparison to the load-lshsesults, the reduction



in remote accesses is much lower for many benchmarks, edgdor MG (98%
vs.67%) and Equake (69%s.20%). The average reduction of remote accesses is
29% at OV-1, which is much lower than the 54% average redneidV-1 for the
load-based results.

Reduction in Wallclock Execution Time: As with remote accesses, the DTLB
miss-based scheme generally performs worse than the é&begely load-based
mechanism. The average wallclock reduction at OV-1 is 11907d_B misses (see
Figure 16)vs.20.6% for the load-based results. IS, LU and BT show an iiserea
execution time with DTLB-guided feedback. CG has the maximmnprovement
(67%), while improvements reduce sharply for MG (1V867%) and Ammp (18%
vS.6%) compared to load-based results at OV-1.

Conclusions for DTLB-Tracing: 1) Overall, the cost of trace collection is simi-
lar for both DTLB misses and long-latency load-based sclse@eThe coverage
and accuracy for DTLB-based results are significantly loseenpared to the long-
latency load-based results. 3) Due to sharply lower coweaag accuracy, the use-
ful fraction values are also low. This indicates that DTL&sbd affinity decisions
are not representative of decisions that would be made Wwéhull trace. 4) The
performance benefits (reduction in remote accesses andlogklltime) are also
much lower for DTLB-based results. 5) The trace costs fonILB misses and
long-latency loads are similar, but the quality of the traod the resulting perfor-
mance benefits are larger for long-latency load-baseddrecmpared to DTLB
miss-based traces.

In conclusion, DTLB misses are not a good candidate to dquade placement,
which can be explained as follows. For the considered beadksnDTLB misses
do not correlate well with the relative volume of loads fromracessor to a partic-
ular memory page. This could occetg, if the program has few DTLB misses but
a large number of cache misses going to memory. Then, themiatmon about the
frequencyof accesses to each page is lost if only the DTLB misses argidened
(since repeated accesses to the same page will tend to hi¢ iDTLB). Another
possible scenario is a large number of DTLB misses with fesiieanisses going to
memory. In this case also, the DTLB trace will not be représare of the relative
distribution of load requests to a page from each procebsgeneral, TLB misses
are not indicative for the number of remote reference isperdmemory page.
They only indicate that the page is referenced for the finsét{cold miss in TLB)
or that the number of references in the working set exceeslsitimber of TLB
entries (for capacity misses). A sufficiently accurate /bestefit model for page
placement cannot be derived from such coarse-granulamnafiton. Lossy refer-
ence traces or long-latency accesses are a much betteatordes demonstrated in
Section 7.
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9 Page Placement Exploiting Hardware PEBS Traces

In the preceding sections, the developed approach wasatedlusing Itanium2-
specific hardware traces for automated page placementidsebtion, a similar
approach shall be evaluated using a completely differemvwere tracing mecha-
nism and NUMA platform. The basic idea of exploitipgpbcessor-centribardware
support for user-level page placement is shown to be pertaid widely applicable
across multiple platforms (irrespective of interconnegtaiogies).

Instead of the Itanium architecture, the target platforthéswidely used x86 plat-
form. The objective of this work is to perform page placenwna ccNUMA mul-
tiprocessor Opteron system available from AMD [15]. In thystem, each pro-
cessor directly accesses (using an on-chip memory coeryallfixed amount of
local physical memory. Communication with other processnd their attached
physical memories is achieved over the point-to-péipperTransporconnection
network [15]. Systems exploit a bus-based MOESI coherena®qol instead of
the directory-based coherence present in SGI's NUMALitkifa Processors can
access their local memories faster than memories attaohmti¢r processors, and
the access penalty increases with the number of hops to teackmote memory
(due the point-to-point interconnect). The experiment$ agsess the benefits of
intelligent page placement on this system.

The premise of the developed technique is the ability toinhtardware-generated



traces that efficiently drive the page placement policy.c8ircurrent AMD
Opterons, prior to the quad-core Barcelona chip, have noghda hardware trace
capability, the performance monitoring unit built into éhPPentium4/Xeon/ sys-
tems is exploited for this purpose. This hardware is calletetise Event-Based
Sampling” (PEBS). PEBS captures the register state wheeafgpevente.g, an
L1 cache miss, is detected. By decoding the instruction &m@nd using this reg-
ister state, the memory address that was accessed can bstracted. Details of
PEBS are described later on.

This work makes the following contributions:

e The capabilities of PEBS tracing for extracting L1 and L2daaiss traces is
assessed. The PEBS mechanism is first evaluated with a tmcr@amark, and
the degree of lossiness is characterized.

¢ A novel cross-platform page placement scheme is demoedtthat uses these
traces obtained on the Intel platform for automated pageept@nt on Opteron
systems.

e The hop-sensitive page affinity policy from Section 3.3 takies into account
the multiple NUMA penalties is discussed in terms of its implementatiod a
evaluation on Opteron systems that incur distance-depihatencies.

e The wallclock performance benefit of the developed approaassessed on
Opteron systems by comparing it to the original programin@tand the run-
time achieved with an alternative approach that uses th&rasailablenumactl
library [16] for round-robin page placement.

9.1 Precise Event-Based Sampling (PEBS)

PEBS is a performance monitoring feature available in IRExtium4/Xeon/ pro-
cessors. It works as follows. The processor can be configior@aonitor certain
instructions® as they flow through the pipeline. If a certain eveag( a cache
miss) occurs, the causal instructiontéagged When a tagged instruction reaches
the head of the retirement queue, PEBS captures the state oégisters imme-
diately before (Xeon) the tagged instruction is retiredisTihformation (register
state) is automatically written to a previously set up huffevirtual memory. When
the number of records in this buffer reaches a configuraléskiold, an interrupt
is triggered. The interrupt service routine saves the ctrdkthe buffer to stable
storage before tracing is resumed. A sampling mechanisuaikahle to avoid cap-
turing the register state for all tagged instructions. PEB&escribed in more detalil
elsewhere [14,25].

The saved register state also contains the value of the & otion pointer) at

3 Complex instructions are broken down iniops on the x86 architecture so that we are
actually referring tquops here (technically speaking).



the monitored (cache miss) event. By inspecting the cowmtigihie event-triggering
instruction, theormatof the instruction can be deciphered and used for calcgatin
the virtual memory address generated (for load/storeunstms). In this work,
PEBS is utilized to capture L1 and L2 cache load misses. PEB®saprecise
knowledge of the exact instruction that caused the cachs amd the memory
location that was accessed, similar to the hardware supgoltanium2 that was
discussed earlier.

The capabilities of PEBS are evaluated with a microbenckteeaissess the degree
of lossiness. The microbenchmark strides over a large avithya 12KB stride
in order to defeat the hardware stride prefetcher of theitr@narchitecture. The
perfmon2framework is utilized to access the hardware counters andltect the
PEBS-generated trace [11].

Based on the data size, access pattern and cache pararttetgospgram is es-
timated to contain approximately 6 million L1 and L2 load s@s. On a differ-
ent x86 machine, hardware counters reported 6.71 L1 andr6ilfidn L2 load
misses. Due to the software constraints, these values cotlloe assessed on the
primary machine with PEBS support. For this experiment,ghsary machine
had an L2 cache of 2MB while the hardware counters were medsura machine
with 1MB L2 cache. However, the measurements on the two mashshould be
similar because of the inherent structure of the memoryssase namely widely
spaced strides to memory lines that are seldom re-accegsedroarea of memory
80MB in size.

Figure 17 shows the number of samples collected for L1 anda@ misses with
increasing sampling intervals averaged over 10 runs wittaadsird deviation of
less than 1%. The following observations were made:
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Fig. 17. Evaluation of load miss tracing by PEBS: Intel Xeon

e Both L1 and L2 traces are quite lossy. At the smallest sargptiterval (1), less



than 10% of the expected L1 or L2 misses are collected.

e The L1 and L2 curves are very close. This is expected becageldl miss is
almost always an L2 miss in the microbenchmark.

e The number of samples does not decrease in linear propactite increase in
the sampling interval. This is in contrast to an expectedeadse in the number
of samples depicted by the “Projected Reciprocal” curve.

9.2 Hop-Sensitive Page Placement

Instead of the uniform latency page placement policy evatligo far, this sec-
tion focuses on the implementation of the hop-sensitive pdgcement policy (Eq.
2). As briefly mentioned, remote access penalties are nébramibut vary with
the distance to the target node. To measure the load actessyathebplat mi-
crobenchmark [10] is utilized with threads and memory botmndifferent nodes.
The measurements were performed on a four-socket Optestensyvith one pro-
cessor core per node.

Table 2 shows the reported latencies. The values are thagevef 10 runs, and
the standard deviation was less than 5%. As can be expectisato node-local
memory is always cheaper. But notice that accesses to mah+@des take dif-
fering amounts of timeE.g, consider the access latencies for CPU on node 1.
Normalizing to local node access on the 4-node system, éstakout 30% more
time to access memory on nodes 0 and 2, but it takes 60% lomgecess memory
on node 3. The Hypertransport interconnect is laid out img (4-node square)

Table 2

Latencies 4-Node Opterons [nanosecs]

CPU Memory on Node
on

Node 0 1 2 3
0 102 | 138 | 172 | 140

1 143 | 107 | 141 | 172

2 179 | 141 | 102 | 141

3 141 | 175 | 142 | 108

topology for a maximum of two hops.

In the hop-sensitive page placement policy, the latent¢iew/s in Table 2 provide
the weightsw; ; for placement on node; and reference from node; (see Eq. 2).

To implement the cost-based selection of page placemeigi@yham of accesses
from every node is again constructed for each page. Consalgr node as the
candidate affinity node. The values in the latency table aedhistogram values
are used to compute thiveeightedscore that represents the cost of allocating the
page on that node. The candidate node withldiweestcost wins, and the page is
assigned to that node. This approach is portable becausebservation-based
i.e, it uses only theneasuredatencies between different nodes without requiring
knowledge of the exact architecture and interconnect tapol



9.3 Evaluation

The same benchmarks as in the previous experiments werdarsaaluation, ex-
cept for 332.ammyn. Due to memory resource limitations, all benchmarks eixcep
IS and LU used the smaller Class B data set instead of the Classused before.
PEBS-based L1 and L2 load misses were obtained for each imamnklHor a trun-
cated program run on a Xeon machine with a sampling interfividro (For these
experiments, the truncated programs ran longer than therdénium?2-based ex-
periments to allow collection of more trace data.) The tsawere processed as
described earlier, and affinity hints were generated ugiadhbp-sensitive affinity
decision mechanism.

For each program, the wallclock time was measured with {gatged page place-
ment and compared to the original program’s runtime on tinede Opteron sys-
tem. The system was shared but only lightly loaded. Furtbegmaround-robin
interleavingof the memory pages across the nodes was evaluated, whicbbwas
tained through theaumactllibrary interface [16].

Figure 18 shows the improvement in wallclock time compacethé original pro-
gram. The values are an average of 8 runs, and the positiveeyadive error bars
represent one standard deviation each. “L1” and “L2” repméfrace-guided page
placement with L1 and L2 cache miss traces, respectively.féthowing observa-
tions can be made. The developed trace-guided schemesrpavtll for 5 bench-
marks (SP, FT, MG, CG, BT). Wallclock improvements for therh3s trace range
from -7% to 30% with an average improvement of 12.2%. Watlklonprovements
for the L1 miss trace range are similar, except for LU whererfgomance loss of
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Fig. 18. Time Savings over Original Program and Arithmetieav



21% is observed. Intuitively, the L2 miss trace filters oatds that hit in L2. There-
fore, L2 misses are a better indicator of the true distrdyubf load requests to a
page in memory compared to the L1 miss trace.

The performance improvements obtained with memory irdentey (depicted in

Figure 18) indicated that simple round-robin interleavwngrks almost as well as
trace-guided page placement on the small-scale ccNUMAeBysubject to ex-

perimentation, but this depends in large on the algorithpmaperties of the target
applications. With MG, the program runtime is very shett30 seconds for orig-
inal program). Apparently, the developed trace-guide@sthis unable to recoup
the overhead of forcing page placement within this shorétsa that interleaving
happens to provide a larger relative improvement. On therdthnd, interleaving
performs badly for equake while the trace-guided schemesim net impact.

Here, the benefits of page placement seem to be balanced byeh®ead of the

page touching mechanism. Overall, long latency missest{liBis case) provided
a uniformly reliable indicator for page placement decisiarile interleaved mem-
ory allocation occasionally resulted in a significant perfance penalty.

Will interleaving still prove as competitive with largerade ccNUMA systems,
where the remote access penalties will be larger? Will itkmeith benchmarks
with larger data sets (instead of class B used in the expatsiere)? These ques-
tions remain open as input sizes were constrained by themrobavailable mem-
ory of the test platform.

10 Related Work

Tikir and Hollingsworth describe a dynamic user-level paggration scheme
based on an approximate trace of memory accesses obtairszaipjing the net-
work interconnect [20]. This is the closest related worke Ttace is used for de-
ciding page affinity. Pages are dynamically migrated usihegradvi se system
call. In contrast, we focus on trace-guided page placenssetaging the simpler
“first-touch” page allocation policy of the operating sysatdn the future, our ap-
proach can be refined to eliminate the need for a separatagnam bymigrating
pages. Linux recently added support for dynamic page mayratser control [24]
building on prior NUMA capabilities and scaling considévas [9,6,5].

Our method uses a different trace source (long-latencysloa®TLB misses) with
varying sampling intervals. Our method is simpler in thasiprocessor-centric
More specifically, we not require special network instrutaéion support, we only
rely on the ability of the PMU tdime load accesses. Because their approach is
network-centrici.e., the hardware counters are embedded in the network intercon
nect and do not distinguish between different processdg,ame application can
use them at a time. In contrast, there is no such restrictitin @ur approach. In



addition, our mechanism is interrupt-drivere., the PMU raises an interrupt only
when the sampling counter overflows and generates virtudteades directly. In
contrast, their method mugbll the network interconnect counters to collect a trace
of physical addresses, which must subsequently be mappadual addresses us-
ing a separate system call.

Finally, our page hints arabstractedi.e., they are relative to the starting address
of the region (static or dynamic). Touching is deferred Ithé region is actually
allocated. Thus, the affinity hints are potentighgrtable across platformm that
hints generated on one platform can be used on another ipgasts first-touch
page placement. We intend to explore this potential in iwork.

Nikolopouloset al. describe a user-level dynamic page migration scheme teat us
per-page hardware reference counters that capture theefney of accesses from
each node to a particular page [21,22]. The method depentiseocompiler for
identifying the pages of virtual memory using whole programalysis. In contrast
to our method, they do not handle dynamic memory allocatioraddition, we
do not require any compiler or operating system support,camgpage-placement
mechanism is completely transparent to the target programro explicit calls
are necessary for page placement).

Chandraet al. evaluated a page migration policy based on TLB misses on the
Stanford DASH machine [8]. Later, Vergheseal. described a simulation-based
kernel-level implementation of dynamic page migration|[d®ey considered both
the number of load-misses to a page and the number of data Tis&mas trace
sources. In our work, we found data TLB misses to be lessteféetor deciding

the best page placement, which is in contrast to Chandrstgtsebut confirms re-
sults presented in the latter work by Verghese. Yet, our vi@rieither simulation

nor kernel based, it is implemented on contemporary hamlwathin user space.

It focuses on page placement rather than migration and stimtpartial, lossy
traces are sufficient for page placement.

Other approaches to kernel-level dynamic page migrati@hraplication are dis-
cussed in Noordergraat al.[23] and in Boloskyet al. [3]. Bolosky’s approach is
based on a count-down register in the TLB triggering a trégr &fremote reference
have been issued. This scheme is compared with others reeiddpy TLB-misses
with freezing of placed pages and optional unfreezing. heptvork, Bolosky and
Scott provided optimal page placement policies with andieuit replication based
on dynamic programming and derived from complete traceg;iwivere obtained
offline through single stepping at the kernel level at a st of over 200x [4].
These policies were subsequently compared to contempazamgl-based policies.
In contrast, we operate completely in user-space, do ngigge®any hardware ex-
tensions, focus on partial traces with a small cost (2.7%hefdverall execution
time) and leverage the simpler first-touch page allocat@itpto steer page place-
ment at region initialization.



Bull and Johnson study the tradeoffs between page migragptication and data
distribution for OpenMP applications on the Sun WildFirestgyn [7]. In their
study, they find that page replication performs better thagepmigration and static
data distribution.

Lastly, the hardware mechanism for capturing long-latdoags and DTLB misses

is described in the Itanium-2 manual [13]. In previous wark, used this facility

in conjunction with software rewriting to efficiently obtaa lossy load/store trace
and exploit its information to analyze the coherence behafiOpenMP programs
[18]. The Intel Pentium4/Xeon/Core platforms support tliEBB mechanism that
we also used in this paper. PEBS allows capture of the aothiee register state
when a tagged evene g, a cache miss) is detected. The register state is saved
to a reserved portion of physical memory without softwatenvention. PEBS is
described in more detail in [14,25].

11 Conclusion

This paper introduces a novel hardware-assisted pagenpdatescheme based on
lossy tracing. The placement scheme allocates pages reemssors that most fre-
guently access that page. The scheme leverages performmams®ring capabil-
ities of contemporary microprocessors to efficiently esttian approximate trace
of memory accesses. This information is used to decide pgég#ya i.e., the node
to which the page is bound. The method is low cost as a lossg isobtained
just for the stable execution phase, not for the entire nogrun. The approach
operates entirely in user space, is widely automated, andi&ésnot only static but
also dynamic memory allocation.

The approach is evaluated with a set of multi-threaded stichenchmarks from
the NAS and SPEC OpenMP suites. Two different hardware saaeces are in-
vestigated with respect to the costd.,time to trace, number of records per trace)
vs.the accuracy of the trace and the corresponding savingslircleak execution
time. Itis shown that just a small subset of traced longAeydoads provides a bet-
ter indicator for page placement than TLB misses. More $igadly, the approach
can efficiently improve page placement leading to an avevegeclock execu-
tion time saving of more than 20% (SGI Altix) and 12% (AMD Ogte) for the
benchmark set with a one-time tracing overhead of 2.7% dwepverall original
program wallclock time.

In addition, the framework is extended to a different praoesind ccNUMA archi-
tecture. In this new framework, the traces were obtainedXeam processor using
the PEBS hardware mechanism available in Intel's Pentidediht/Core proces-
sors. The traces were used as before for page placemenipdsciand the page
affinity hints were applied to programs running on an Optesystem. This effort



targeted three goals. First, the processor-centric imstniation-based approach
was demonstrated to be portable across NUMA platforms avckgsorg,e., it ex-
ploits long-latency traces without knowledge of the intengect topology. Second,
the impact of page placement was evaluated on the widely Qpéeron architec-
ture, and it was demonstrated that significant wallclockrmmpments are possible
with hardware-derived traces on this architecture. Thhd,experiments revealed
that simple page-level memory interleaving worked almasivell as trace-based
page placement on the small-scale Opteron system and sipatkisubject to ex-
perimentation. Yet, occasionally, interleaved memorgation may result in a sig-
nificant performance penalty while long latency misses (iLthis case) provided
a uniformly reliable indicator for page placement decision

To the best of knowledge, this is the first evaluation on a meathine of a com-

pletely user-mode interrupt-driven trace-guided pageetaent scheme that re-
guires no special compiler, operating system or netwokaannect support, sup-
ports low-cost lossy tracing and covers not only staticyaras in past work, but
also heap-allocated regions.

The approach is based on the “first-touch” page placemeitypsihce dynamic
page migration is just now entering stable Linux kernelsa¢ée programs whose
memory access patterghange over timee.g, adaptive mesh refinement (AMR)
codes and programs with multiple execution phases, caxpdoietheir full po-
tential under the current page allocation scheme. Evengthawone of the test
programs in this study frequently allocated and freed mgndoiring the stable
execution phase, the first-touch scheme would lose eftsadiss had they done so.
With the availability of page migration in the operating ®ya kernels, both these
limitations can be overcome, albeit at the cost of migratieerhead that first needs
to be amortized.

Our approach relies on matching of application executiah wiputs. A repeated
application innovation can only profit from prior page plaent decisions if the
current execution exhibits the same data reference pattiance, page affinity
hints have to be either associated with application/inpirspor one speculatively
use the last affinity if inputs do not change frequently, aejieg on application
usage. This would also allow us to disable forced page plaoémith our scheme
when past attempts indicate that the cost of forced touchgsghs the benefits,
as observed in a few test cases.

The cost of page placements due to forced context switchredyftamic alloca-
tions could also be reduced, not only by grouping referebgasode but also by
delegating placement to the operating system (OS). Whde(B could perform
such actions transparently, an API that allows for initiage placement (and not
only later page migration) with a per-page granularity vadoallow full flexibility.
The OS could impose a default affinity based on our metridsa yeser could still
define an application-specific policy to exploit knowleddgp@at specific memory



access patterns. The merits of such a dynamic framework®8tluser policies and
application/input association is subject to ongoing woekdnd the scope of this
paper.
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