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Abstract

Multicore processors contain new hardware charactesithiat are
different from previous generation single-core systemdradi-
tional SMP (symmetric multiprocessing) multiprocessosteyns.
These new characteristics provide new performance opptesi
and challenges. In this paper, we show how hardware perfarena
monitors can be used to provide a fine-grained, closelyledup
feedback loop to dynamic optimizations done by a multicorere
operating system. These multicore optimizations are plessiue
to the advanced capabilities of hardware performance momit
units currently found in commodity processors, such asgi@t
pipeline stall breakdown and data address sampling.

We demonstrate three case studies on how a multicore-aware

operating system can use these online capabilities for €igrd
mining cache partition sizes, which helps reduce contarnitighe
shared cache among applications, (2) detecting memorpmnegi
with bad cache usage, which helps in isolating these redions
reduce cache pollution, and (3) detecting sharing amoreats,
which helps in clustering threads to improve locality. dsieal-
istic applications from standard benchmark suites, thioviohg
performance improvements were achieved: (1) up to 27% ivepro
ment in IPC (instructions-per-cycle) due to cache parising;
(2) up to 10% reduction in cache miss rates due to reducedecach
pollution, resulting in up to 7% improvement in IPC; and (B)to
70% reduction in remote cache accesses due to thread elgster
resulting in up to 7% application-level improvement.

Categories and Subject Descriptors C.4 [Computer Sys-
tems Organization]: Performance of Systems—measurement
techniques, modeling techniques; D.4@pgrating Sys-

tems]: Performance—measurements, modeling and predic-

tion

General Terms Experimentation, Performance

1. Introduction

ing frequency increases ineffective. Secondly, energy con
sumption and heat dissipation of processors, which are tied
to frequency, are approaching their physical limits [12]. F
nally, higher frequencies require deeper execution pipsli
making the design and verification of already complex pro-
cessors even more challenging. For these reasons, malticor
processors have become the new mainstream architecture,
and hence warrant prime attention from software develop-
ers.

From a software perspective, the ability to utilize the full
potential of numerous execution cores in a single computer
has proven to be difficult, as it involves several layers of
software. At the highest level, either each core is utilized
to run a different application, or a single application ntest
parallelized, either manually or automatically, into nijlk
threads. However, even when application level paralleissm
extracted and expressed explicitly, there are at leastiab c
lenges in achieving scalable performance that are inh&vent
multicore architectures:

Contention on Shared Resources. Compared to tradi-
tional SMP (symmetric multiprocessor) systems, individua
cores in a multicore architecture have more shared reseurce
on the common path. Some of these shared resources include
on-chip shared caches, the memory controller, and the inter
connect to other processor sockets or the I/O fabric. Having
unregulated contention in any of these shared resources may
result in suboptimal system throughput and hinder scalable
performance.

Non-Uniform Inter-Core Communication Latency:
Unlike conventional SMP systems, due to the increasingly
hierarchical nature of multicore systems, the commuroeati
latency between two cores may vary substantially depending
on their physical proximity. For example, cores on the same
chip or subchip bundle can communicate at least an order of
magnitude faster with each other, through on-chip caches,

The recent emergence of multicore processor architectureghan cores that reside on different chips. This aspect of mul
represents a fundamental shift in design and not simply aticore architectures has similarities to traditional NUMA

transient technology trend. Multicore architectures adsr
three fundamental challenges in further increasing proces

(non-uniform memory access latency) multiprocessor sys-
tems. In essence, multicore systems add extra levels to the

sor clock frequencies. First, the widening gap between pro- memory hierarchy and, as a result, make the non-uniformity
cessor and memory speeds has caused processors to speffi communication latency much more pronounced than in

most of their time waiting for memory to provide data, mak-

traditional NUMA systems.



We believe that dealing with these challenges lies, in part, by automatically detecting sharing among threads and then
within the scope of the operating system. In addition to be- migrating threads to improve locality, which results in op t
ing aware of the underlying hardware architecture, the-oper 70% reduction in remote cache accesses, leading up to 7%
ating system can extract and incorporate information aboutapplication-level improvement.
the dynamic nature of the running system, including how
well the hardware, and how well the software applications 2 Hardware Performance M onitoring
are performing, enabling the operating system to manage re-
sources more effectively. In order to do this, the operating
system needs to accurately identify and quantify the latenc
inflicting events in a complex multicore system.

HardwarePerformance Monitoring Units (PMUs), avail-

Most modern microprocessors contain PMUs that can be
used to monitor and analyze performance in real time. By
using several registers, often callkardware performance
counters (HPCs), PMUs support the counting or sampling
able in most modern processors, are prime sources of in-of detailed micro-architectural events. The number of HPCs

formation on system performance and potential bottlenecks n tOF’aV_’S PMUs is often too small fqr onllpe performance
PMU capabilities, such as counting and sampling detailed mopltorlng of a sy;tem. To cope with this, we use fine-
micro-architectural events, can be used in higher-leval-an 9r@ined HPC multiplexing to make a much larger set of
ysis in order to identify the causes of suboptimal system logical HPCs available [3]. In this section, we describe the

performance as well as the instructions or data addressedWO PMU features that We_hgve _extenswely utilized in our
that are involved in high-latency events. In addition, PMUs operating system-level optimizatiorstall breakdown, and

are capable of providing quantitative data on the intesacti data address sampling.
among cores in a multicore environment. _ 21 Stall Breakdown
In this paper, we provide an overview of our collective ef-
fort, over the last several years, in utilizing the advancad It is often difficult to directly interpret the values of perf
pabilities of modern PMUs to enhance operating system sup-mance counters because they count detailed low-level micro
port on multicore processor systems. Using three case studarchitectural events of a complex system consisting of many
ies, we demonstrate the agility and low runtime overhead interacting components. Measuring the impact of each indi-
of PMU-based monitoring, which enables new opportunities Vidual event on processor performance is non-trivial beeau
for multicore runtime optimizations at the operating syste ~ several unpredictable factors are involved. For instathee,
level. We show how raw, low-level PMU-generated infor- significance of having a 1% miss rate in the L2 cache de-
mation can be used to build higher level abstractions that Pends on the penalty that each L2 miss incurs directly (by
accurately identify the intensity of communication or con- causing latency in the execution of instructions) or inctise
tention among threads. In all three cases, with minor mod- (by causing other execution pipeline structures to satyoat
ifications to the operating system, much of the inter-thread Other useful cache lines to be replaced). This penalty is eve
communication or contention can be reduced, resulting in more difficult to measure in out-of-order processors begaus
substantial performance improvements when running work- many instructions are simultaneously in-flight so as to hide
loads such as SPECcpu2000, SPECcpu2006, SPECjbb200anemory latency.
SPEComp2001, VolanoMark, and RUBIS. Our approach in tackling this problem on out-of-order
We have structured this paper as follows. First, we de- Pipelined processors is to build a simplified average cycles
scribe the challenges of bottleneck analysis on a tradition Per-instruction (CPI) breakdown model, where processor cy
single-core processor. Techniques developed for bottlene cles are attributed to eith@ompletion cycles or stall cy-
analysis serve as conceptual building blocks for analyz- cles[3]. A completion cycle is a cycle in which there is at
ing the performance of multiprocessor systems built out of least one instruction at the end of the execution pipeline,
several multicore chips. We then present two approacheswhich can be retired. In contrast, a stall cycle is a cycle
for dealing with the issue of contention in shared on-chip in which there are no instructions at the end of the execu-
caches. The first approach, which we describe in Casetion pipeline, due to a variety of reasons, and thereforeethe
Study 1, uses guided software cache partitioning to addresgare no instructions that can be retired. By exploiting PMU
the issue of uncontrolled contention among applications in features, such as on IBM POWER processors, stall cycles
a multiprogrammed environment, resulting in up to 27% can be attributed to specific causes, such as a cache miss,
IPC (instructions-per-cycle) improvement. The second ap- branch misprediction, or TLB (translation look-aside leuff
proach, which we describe in Case Study 2, reduces themiss. Figure 1 shows an example of the stall breakdown for
harmful effects of pollution in a shared cache within asingl  £ft during execution. The key observation in this particular
multithreaded application, resulting in up to 10% reduttio €xample is that misses in the TLB address translation data
in cache miss rates, leading up to 7% IPC improvement. Fi- Structures are a primary source of many stalls during certai
nally, in Case Study 3, we describe our effort in addressing Phases of the program.

the issue of non-uniform inter-core communication latency ~ While the stall breakdown model may involve some in-
accuracies, focusing solely on stall cycles is adequate to
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Figurel. The stall breakdown afft over a period of 40 billion-

cycles, obtained using the IBM POWER5 PMU. 2.3 Summary and Preview

In the subsequent sections, we present three case studies
in which we implement operating system-level optimiza-
tions that target multithreaded or multiprogrammed work-
loads on multicore systems. We show how stall breakdown
and data address sampling can be used effectively in these
optimization techniques. At the end, we propose minimal
PMU extensions that we believe will facilitate the develop-
ment of additional runtime optimization techniques for mul
ticore systems, and are sufficiently simple to be implentente

in future mainstream multicore processors. i

identify potential performance bottlenecks in the prooess
which often cause many of these stall cycles. Our experience
with this model in several case studies shows that having the
operating system focus on alleviating significant sourdes o
stall indeed results in substantial performance gainseat th
application level [31, 34, 36, 40].

2.2 Data Address Sampling

Hardware support for data address sampling is present
in many modern micro-architectures including the IBM
POWERS [30], Intel Itanium [16], Sun UltraSparc [26], and On-chip shared caches that exist in most multicore proces-
AMD 10h processors (e.g., Barcelona and Shanghai) [1]. In Sors are often contended resources because several cores ca
most architectures, a specita address register (DAR) is freely access the entire cache. This cache is traditionally
dedicated for sampling data addresses. The DAR is automatmanaged by the operating system, leading to uncontrolled
ically updated by the PMU with the operand of a memory cache contention among applications. This contention oc-
instruction (load or store) upon certain user-specifiechtsre  curs because the current cache line replacement policy of
such as a data cache miss or a TLB miss. least-recently-used (LRU), implemented in hardware, does
Hardware data address sampling is particularly useful for not differentiate between cache lines belonging to difiere
analyzing the performance of multicores since the interac- applications. This indifference can lead to scenarios eher
tion among cores typically occurs through the sharing of an application running on one core continually evicts use-
data. Therefore, if the PMU is capable of identifying the ful cache content belonging to another application running
source from which a sampled data address is fetched, oneon another core without obtaining a significantimprovement
can characterize the specific data sharing and general confor itself. Consider, for example, an MP3 player that stream
tention patterns of multithreaded applications running on through a lot of data without reuse. It severely and continu-
multiple cores. In Section 5 we show how the operating sys- ously pollutes the entire shared cache with an attendast dra
tem can characterize the sharing patterns of threads usindic effect on the performance of other applications running
data sampling features of the POWERS5 multicore processoron other cores of the processor.
in order to co-locate sharing threads as close to each athera  Uncontrolled cache sharing also reduces the ability to
possible. enforce priorities and to provide quality-of-service (QoS
Furthermore, by having accurate information on the gen- guarantees. For example, a low priority application may run
eral cache access pattern of applications, one can measur@n one core, rapidly consuming the entire shared cache,
the intensity of contention on the shared on-chip cache andcausing it to remove the working set of a higher priority
identify its patterns. In this paper we will provide two exam  application that is running on another core.
ple case studies of this type of analysis. The first example, i _
Section 3, is based on the fact that the cache requirements of-2  Our Solution
applications can be estimated by knowing the reuse-distanc The problem of contention, caused by uncontrolled cache
of individual cache lines. The second example, in Section 4, sharing among applications, can be addressed by partition-
is based on the observation that some address regions coning the shared cache among the applications, such as shown
stantly pollute the cache without benefiting from it. in Figure 2. In effect, a large shared cache is partitiongal in

3. Case Study 1. Reducing Cache Contention
3.1 Problem Description
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Figure 3. Page and cache line mapping.

same color are given to the same application. For example,
several smaller private caches, with each partition assign physical pages ofColor A have been assigned solely to ap-
to a different application. Extensions could include drest plication proces#\. The operating system is responsible for
partitions that allow various degrees of sharing among spe-this mapping of virtual-to-physical memory pages and it is
cific applications, ranging from completely private to full  this capability that enables control of L2 cache usage and
shared. isolation.

Assuming that the partitioning mechanism is in place, the ~ We implemented this mechanism in Linux by modify-
next requirement is to determine an appropriate cache par-ng the physical page allocation component of the operating
tition size to allocate to each application while considgri ~ System. Other researchers have also applied this technique
global system benefit. In general, the larger the allocaged p  demonstrating its viability [9, 10, 21, 22]. Architecture-r
tition, the better the performance. However, marginal gain searchers have even proposed hardware designs and imple-
typically diminish as the partition size becomes larged, ain mentations of the cache partitioning mechanism for poten-
some point, it may be more profitable to allocate larger parti tial inclusion in future multicore processors [7, 14, 17, 18
tion sizes to other applications that would experiencedarg 19, 27, 28, 33].
marginal gains.

Below, we describe how the cache partition mechanism 3-2.2 Determining Partition Size
can be implemented purely in software by the operating In terms of determining the appropriate partition sizerehe
system, and we describe offline and online techniques to are three possibilities: (1) the appropriate size couldaaly

determining the appropriate partition sizes using PMUs. be well-known to the system administrator based on domain
o expertise; (2) it could be determined by trying all possible
3.2.1 Software-Based Cache Partitioning sizes; (3) the appropriate size could be predicted by using

Our software-based implementation of the cache partition- an analytical model of allocated cache partition size v@rsu
ing mechanism is described fully in [34]. We implemented resulting performance impact.

the mechanism in the operating system to enable partitipnin ~ One simple offline method of determining the appropri-
of the on-chip shared L2 cache by guiding the allocation of ate partition size is to run each application multiple times
physical pages. More specifically, to provide softwareeblas in isolation, each time using a different partition size and
cache partitioning, we simply apply the classic technique measuring its resulting performance. The metric for measur
of operating system page-coloring [5, 23, 29]. When a new ing performance could be instructions-per-cycle (IPC}, ex
physical page is required by a target application, the dpera ecution pipeline stall rate due to data cache misses such as
ing system allocates a page that maps onto a section of theshown in Figure 1, or cache miss rate, which can all be mea-
L2 cache assigned to the target application. By doing so for sured using PMUs. Higher application-level metrics are als
every new physical page request of the target applicatien, w possible, such as total run time, throughput, latency, terin
isolate L2 cache usage of the application. active response times.

Figure 3 illustrates the page-mapping technique in gen-  This particular offline method identifies the entire trade-
eral. In a physically indexed L2 cache, every physical page off spectrum between allocated cache partition size and re-
has a fixed (unchangeable) mapping to a physically contigu- sulting performance of an application. An example of such a
ous group of cache lines. The figure shows that there aretrade-off spectrum, obtained using PMUs, is shown in Fig-
several physical pages label€dlor A that all map to the ure 4(a). It shows the resulting execution pipeline stalis d
same group of physically contiguous L2 cache lines labeled to cache misses as a function of the cache size. We refer to
Color A. The figure also shows that physical pages of the this particular graph as the cacsiall-rate curve.



Combo twolf+equake vpr+applu ammp+3applu’s cache line. Reusability is determined by the number of times

IPC 27% fortwolf | 12% forvpr 14% forammp a cache line is accessed after it is initially installed itite
Improvement | 0% forequake | 0% forapplu | 0% for 3 applu’s cache but before its eviction

Table 1. The effect of cache partitioning using online L2 MRCs on the Processor cache po-IIution is an imp_ortant contributor to
IPC of selected multiprogrammed workloads. The IPC impnoets are performance degradation caused by interference between

measured compared to the default Linux scheduler (undéedrsharing). threads sharing a cache on a multicore processor. The use of
multithreaded applications is particularly interestimrs it
is one class of applications for which coarse-grain, preces
As far as software-baseamhline methods of determining  |evel cache partitioning, as discussed in the previousmect
the appropriate partition size, only trial and error tecjueis is not applicable.
have been employed so far, although they typically use a .
form of binary search to reduce the number of trials [19, 22]. 42 Our Solution
With these approaches, determining the best sizes for moreTo attack the problem of pollution in shared caches, we
than two applications is non-scalable because the numberextend the operating system-based cache-filtering system
of possible size combinations grows exponentially with the presented in [31]. The idea behind the operating system-

number of applications. based cache-filtering system is to identify applicationgsag
Using PMUs, however, we have developed a technique that receive little benefit from caching, and restrict those
to obtain the L2 cachaiss-rate curve (MRC) online [35]. pages to a small portion of the cache, which we refer to as

MRC is a curve that shows the cache miss rate as a func-the pollute buffer. Restricting the cache space occupied by
tion of cache size for an application at a particular point pages that cause cache pollution allows for more efficient
in time. We show that using MRCs is a practical online use of the remainder of the cache space. The expected result
means to determining the optimal cache partition size,-capa is an overall increase in cache performance.
ble of running on commaodity processors. Figure 4(b) shows _ ) _
an example of the L2 MRC captured online, with the miss 4-2-1 Detecting Cache Pollution Online
rate expressed in terms of misses-per-thousand-ingingcti A metric commonly used to classify polluting cache lines is
(MPKI). reuse distance. That is, cache lines with a large or infinite
To obtain the online L2 MRC on a POWERS5 multicore reuse distance, pollute the cache by displacisgjul cache
processor, we exploit its data address sampling capalaifity  lines, which are those with a smaller reuse distance.
described in 2.2. We record the data address upon L1 data As a practical online approximation of reuse distance, we
cache miss events to create a trace of nearly all L2 cacheusemissrate, which can be calculated from events available
accesses over a short period of time. This trace is then fedin the PMU of the processor. To identify pages that cause
into Mattson’s stack algorithm to produce the L2 MRC [24]. pollution in the shared cache, our system monitors L2/L3
cache hits and misses, recording their virtual addressis an
3.3 Performance Results constructing an online page-granularity cache profile ef th

We demonstrate in [34] that a software-based cache parti-application. This is done by using the data address sampling
tioning mechanism can rectify the problem of uncontrolled technique described in Section 2.2. Specifically, we are in-
cache sharing. Our implementation, in the Linux 2.6.15 op- terested in monitoring cache pollution at the last-levehea
erating system running on an IBM POWERS multicore pro- (L3, in our platform) before reaching main memory. For this
cessor, is effective in reducing cache contention in midtip ~ purpose, we apply data sampling to monitor L3 hits and
grammed SPECcpu2000 and SPECjbb2000 workloads. Bymisses, and derive per-page L3 miss rates.

exploiting the PMU, our online method of determining cache ~ In @ multicore system, all cores cooperate in constructing
partition sizes is capable of producing accurate MRCs fer th - the profile by independently monitoring the locally sched-
L2 cache [35]. Figure 4(b) illustrates an example of this ac- uled thread. Samples from all cores are aggregated per ad-
curacy. Using online L2 MRCs to size cache partitions, IPC dress space. This enables the creation of online cache pro-
improvements of up to 27% were achieved for one of the files for both multiprocessed workloads, which have sepa-
applications without affecting the IPC of the other simulta rate address spaces, and multithreaded applicationshwhic

neously running applications, as shown in Table 1. have a single shared address space.
An example of a multithreaded page-granularity online
4. Case Study 2: Reducing Cache Pollution cache profile is depicted in Figure 5. It shows the online
o L3 profile of the swim benchmark from SPEComp2001,
4.1 Problem Description executing with 2 threads on a POWERS5 multicore processor.

Cachepollution can be defined as the displacement of a The depicted profile clearly shows that there are regions in
cache element by a less useful one. In the context of procesthe address space that do not benefit from caching because
sor caches, cache pollution occurs whenever a non-reusabl¢heir pages exhibit low hit rates. For example, the region
cache line is installed into a cache set, displacing a réesab spanning virtual page index 100,000 to 150,000 does not
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5. Case Study 3: Improving Locality

5.1 Problem Description

benefit from the cache because it experiences all misses angy key difference between traditional SMP multiprocessors

no hits. and systems built out of several multicore processors is tha
the communication latency between two cores is not con-
422 SoftwareBased Cache Pollute Buffer stant but varigs depending on th_eir physicallpro.ximity._ For
cores that reside on the same chip, communication typically

With PMUs providing online information about cache pol- occurs through the shared on-chip cache, with a latency of
lution, the operating system can effectively reduce thibpr 10 to 30 cycles. However, cores that reside on separate chips
lem by restricting the pages identified as cache polluters to communicate through the memory interconnect with an av-
a small partition in the cache, called thellute buffer. The erage latency of hundreds of cycles.
pollute buffer serves as a staging area for cache linesxthat e Operating system schedulers typically do not take the
hibit bursty or no reuse before eviction. By restrictingltdc  non-uniform sharing latencies into account. As a result,
unfriendly pages to the pollute buffer, we eliminate compe- threads that heavily share data will not typically be co-
tition between pages that pollute the cache and pages thafocated on the same chip. Figure 6 shows an example where
benefit from caching. two clusters of threads are distributed across the praugssi

In our system, the pollute buffer is implemented using units of two chips. The distribution is usually done as altesu
page coloring as described in Section 3.2.1. In essence, a&f a dynamic load-balancing scheme in the operating system
single partition of the cache is designated as the pollute scheduler. If the volume of intra-cluster sharing is high, a
buffer. The cache indexing of the POWERS processor allows traditional scheduling algorithm may place threads as show
for 16 separate partitions. Therefore, our implementation in Figure 6(a), resulting in a lot of high-latency crossghi
of the pollute buffer comprises 1/%60of the cache, which  communication, shown by the solid lines. If the operating
equals to 120 kB of the L2 cache and 2.25 MB of the L3 system can detect thread sharing patterns and schedule the
cache. threads accordingly, then threads that communicate heavil

Since the address space, and hence virtual-to-physicakould be scheduled to run on the same chip, causing most of
page mapping, is shared among multiple threads of a pro-the communication to occur in the form of on-chip L1 or L2
cess, the pollute buffer is naturally shared among all#8ea  cache sharing, as shown by the dashed lines in Figure 6(b).
In addition, initial experiments with multiprocessed work However, automatically detecting sharing patterns of
loads indicate that it is beneficial for all processes to shar threads is Cha”enging and has been thought to require’eithe
the same pollute buffer. Therefore, our implementatiorrded special hardware monitoring support or intrusive instrome
icates a single fixed partition to serve as a global pollute tation. In this case study, we briefly demonstrate how the
buffer, irrespective of the address space. data address sampling capabilities of the POWER5 PMU
can be used online to efficiently identify high-latency shar
ing among threads, allowing the operating system to cluster
threads accordingly.
We have evaluated our pollute buffer-based technique on the _
SPEComp2001 benchmark suite using the reference inputs®-2 Our Solution
on a POWERS5 multicore processor. In our experiments, we Our thread clustering approach consists of four phases. In
enabled 2 threads, scheduled on 2 cores located on the samihe first phase, by using the stall breakdown model described
chip. These cores share a 1.8 MB L2 cache and a 36 MB L3in Section 2.1, execution pipeline stall cycles are broken
cache. L3 miss rate reductions of up to 10% were observed,down and attributed to various processor components, en-
leading to 7% improvementin IPC. abling the operating system to determine whether crogs-chi

4.3 Performance Results
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directly available in most PMUs, including our POWER5
bcache iz Locar PMU. Instead, we use an indirect method to capture the
o L1z address of remote cache accesses with reasonable accu-
racy [36]. In this method the addresses of L1 cache misses
- JRRENEN are recorded continuously, using the PMU features of the
\ 4

POWERS processor. However, a data address sample is
Figure 7. The stall breakdown of VolanoMark, obtained using taken only when a performance counter that counts the num-
PMUs. Stalls due to data cache misses are further decomposedber of access to a remote source overflows. As a result, the
according to the source of resolution. “last” L1 data cache miss is likely to be the one to have re-
quired a remote cache access and caused its corresponding

communication is substantial. Figure 7 shows an example of Performance counter to overflow.

the stall break down for VolanoMark, a multithreaded chat ~ T0 cope with the high volume of data, we record and
server workload, where remote cache misses are shown to b@0CESS only one itV occurrences of remote cache access
responsible for approximately 7% of the stall cycles. In the €Vents. The value aV is further adjusted by taking two fac-
second phase, sharing patterns among threads are tracked ufors into account: (i) the frequency of remote cache acsesse
ing the data address sampling features of the PMU describedVhich is measured by the PMU, and (ii) the runtime over-
in Section 2.2. In the third phase, threads are clustereetbas N€ad. _

on their sharing patterns so that threads with a high degree  Als0, given the small size of the shMap vector, the poten-
of data sharing are placed into the same cluster. Finatty, th tial rate of hash collisions may become too high. In order to
operating system scheduler attempts to migrate threads sdeduce the colllspn rate apd eliminate its unde_swed ialips
that threads of the same cluster are as close together as po&ffécts, we usepatial sampling. Rather than monitor the en-
sible. In this paper, we only briefly describe our PMU-based lire virtual address space, we select a fairly small sanggle s
scheme for detecting sharing patterns. However, the full de ©f régions to be monitored for remote cache accesses. The
tails of our method for sharing detection and thread cluster "€gions are selected somewhat randomly, but there must be

ing are described in [36]. at least one remote cache access on a region to make it eligi-
ble to be selected. These inaccuracies and relaxed camlitio
5.2.1 Detecting Sharing PatternsOnline are acceptable because we are only looking for rough indi-

We use data address sampling to monitor the addresses ofations of sharing and do not need full accuracy. The under-
remote cache misses and construct a summary data structurying idea is that once a high level of sharing is detected on
for each thread, calleshMap. Each shMap is essentially a gsubs_et of cache Iipes., it is a clear in_dicqtion that t_heahctu
vector of 8-bit wide saturating counters. Each vector iggiv  Intensity of sharing is high enough to justify clustering.
only 256 of these counters (entries) so as to limit overall
space overhead. In essence, each counter corresponds toS Performance Results
region in the virtual address space and its value representsWe have designed and implemented our thread cluster-
the amount of detected sharing of that region for that thread ing scheme in Linux 2.6.15. We used three multithreaded
We use a region size of 128 bytes, which is the unit of cache commercial server workloads to evaluate our work: (1)
coherence in our system. VolanoMark, which is an Internet chat server workload;
Since the number of regions is much larger than the (2) SPECjbb2000, which is a Java-based application server
number of entries in a shMap vector, we use a simple hashworkload; and (3) RUBIS, which is an online transaction
function to map these regions to corresponding entries in processing (OLTP) database workload. The multiprocessor
the shMap. A shMap entry is incremented only when the used in our experiments is an IBM OpenPower 720 com-
corresponding thread incurs a remote cache access on theuter. It is an8-way IBM POWERS machine consisting of
region. Note that threads that share data but happen to b& chips, each with 2 cores, each core containing 2 SMT
located on the same chip will not cause their shMaps to (simultaneous multithreading) hardware threads. Table 2
be updated because they do not incur any remote cachedlemonstrates a summary of our experimental results which
accesses. shows a reduction in remote cache access stalls by up to
We rely on the PMU to provide us with the addresses 70%, and performance improvements of up to 7% accross
of remote cache accesses. Unfortunately, this featuretis nothe selected applications.



6. Discussion data samples and also substantially reducing perturbation

Advanced PMU capabilities, especially those that are rel- 1"€ PMU would also then be capable of recording all eligi-
evant to multicore processor systems, allow us to observeP!® memory instructions, despite having potentially saler
hardware behavior more precisely and make smarter deci-Cf them in-flight. .

sions at the operating system level. We have shown how Intel's Precise Event-Based Sampling (PEBS) mech-

advanced PMU features, such as stall breakdown and dat2"iSm currently implements a similar buffering mecha-
address sampling can be used to create new monitoring calllSm [32]. In this mechanism, the user allocates a buffer

pabilities such as (i) identifying shared data at a fine gran- N Main memory and configures a sampling performance
ularity, such as at a single cache line, and (i) measuring counter. Once the sampling counter overflowsj@o-assist

the level of contention in shared on-chip caches. With these ONSisting of hardware microcode is triggered, which saves
new capabilities, we have demonstrated the value of hard-the current state of the execution into the user-designated

ware performance monitoring in dynamically enhancing the memory buffer. In this design, a memory overflow exception

performance of a system composed of multicore processors!S iggered only when the user buffer is full. _
However, there are three important drawbacks with the

We should note that many of the optimization techniques ; . 3 )
that target multicore systems, such as the thread cluster-"EBS mechanism. First, PEBS does not directly provide the

ing method presented in this paper, are also applicable tode_lta address operand ofmemo_rylnstructlons. In order to ob-
traditional NUMA (non-uniform memory access latency) tain data addresses, the o_peratmg system \.NOUId have to per-
multiprocessor systems, as both architectures share som@™™m complex and potentially costly decoding tasks on the

basic hardware characteristics such as non-uniform inter-'unning binary to identify the register operands of memory

processor communication latency. In fact, there has been anstructions. Secondly, PEBS sawkarchitectural registers

vast amount of work done on improving software perfor- into the memory buffer, making the mechanism unnecessar-
mance in the realm of NUMA systems research from which [IY €xpensive, both in terms of its effect on the common-path
the research effort on multicore systems can learn manyeXeCUtIOn of the processor and its potentially large mem-
lessons [2, 4, 6, 8, 11, 13, 20, 25, 37, 38, 39]. However, in °Y foot-print. For most data analysis, recording only data
retrospect, we observe that an important component that wag2ddresses and their sources would suffice. Finally, PEBS is

missing in NUMA systems research is the advanced PMU aninstruction tagging-based scheme, where specific instruc-

features that are now available on commaodity processors. tions are randomly selected and tagged to be monitored by
the PMU while they pass through the stages in the execu-

6.1 PMU Extensions tion pipeline. The problem with instruction tagging scheme

is that among the many instructions that are flowing in the
execution pipeline, very few instructions (usually oneydna

a chance to be tagged, and as a result, potentially many im-
portant data accesses pass unnoticed through the execution
pipeline. This becomes particularly problematic, for exam
ple, when attempting to capture and analyze reuse-distance
of cache lines, such as done in Section 3.2.2 for online L2
MRC generation, where, at least for a short period of time,

6.1.1 TraceBuffer
every cache access should be recorded.
The existing mechanism of raising and handling an excep-

tion in order to record each data sample has several draw
backs. First, itincurs high overhead and substantial nteasu In our experience, it is important to be able to preciselyide
ment perturbation if used at high frequency. Secondly, due tify the storagesource from which the data is fetched. Dif-
to execution pipeline flushes at exception handler invooati  ferent storage sources include the L1 cache, the localdhare
time, many concurrent memory instructions in the execution L2 or neighboring private L2 caches (in multicores), remote
pipeline that are potentially eligible to be sampled wilspa L2 caches (in SMP systems), local or remote L3 caches (in
unnoticed, and therefore, the collected data access tidce w some SMP systems), and local or remote DRAM memory
be incomplete. Finally, data sampling cannot be conductedmodules (in NUMA systems). Having the source informa-
in critical areas such as in the operating system kernelevher tion helps the operating system determine what data item is
interrupts are temporarily disabled. experiencing performance problems at which location in the
Based on these observations, we believe that it would behierarchy. Currently, there are two alternatives for esttra
useful for the PMU to be capable tfacing data addresses ing the data source information, and both have their own
into a small trace buffer without having to interrupt thepro  drawbacks. The first, is to use instruction tagging avadal
cessor to record each individual sample. In this scheme, anmost mainstream processors, which are capable of providing
overflow exception would be raised only when the buffer is the source of a cache miss to some extent. This capability is
full, amortizing the cost of exception handling over many calledlnstruction Marking in the IBM POWER [15] and In-

Although we have shown some uses of existing PMUs in
helping us achieve improved performance on multicore sys-
tems, we argue that there are additional PMU features that
would enable further online optimization opportunitiesda
yet are sufficiently simple to be implemented in mainstream
processors.

6.1.2 Precise Data Source Information



tel processors [32], andstruction-Based Sampling (IBS) in and the runtime overhead they incur, we believe that oper-

the AMD 10h processors (e.g., Barcelona and Shanghai) [1]. ating system designers should provide more cases of real

However, as explained above, these instruction tagging ap-performance improvements, which are only made possible

proaches can miss an unknown number of eligible events,by using accurate PMU-generated information, in order to

and as a result, it is difficult to precisely control the sam- further motivate the evolution of PMUs.

pling rate of a particular event. Perhaps the largest impediment to utilizing PMUs more
An alternative is theContinuous Data Address Sampling generally is the fact that their capabilities and interface

capability implemented in the IBM POWERS5 processor: the vary considerably across different processor architestur

data address register is continuously updated by the PMUor even within the same family of processors. We strongly

as memory instructions with operands that match a selec-argue that PMU interfaces and functionality should be stan-

tion criterion arrive in the pipeline and are issued. Thermai dardized in an implementation-independent fashion so that

advantage of this approach is that all data addresses used afey can be visible in the Instruction Set Architecture (JSA

operands for memory instructions have an equal chance to bespecification. Otherwise, the large costs of constantly-por

seen by software. This is an important property as it ensuresing software as PMU features change from one processor

that the software has full control over the actual sampling revision to another, will seriously hinder the wide adoptio

scheme. Unfortunately, the POWERS does not provide accu-of PMU capabilities.

rate data source information for each update in the data ad-

dress register, and as result, one must use speculative met
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