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ABSTRACT scale environments.

A lack of efficient system software is an increasing impediment

to deploying large-scale parallel and distributed systems. Systemi-Innovative technigques for lightweight online monitoring in tightly-
cally addressing operating system-induced performance anomaliesntegrated, large-scale environments are needed to enable a wide
requires accurate, low-overhead, whole-system monitoring, some-range of new system software research. Such techniques could
thing that is currently unavailable in large tightly-coupled systems. be used by anomaly detection systems that are currently feasible
In this paper, we present the design of IMPULSE—Integrated Mon- only in loosely-coupled distributed systems [2] and to design new
itoring and Profiling for Large-Scale Environments—a system we scalable operating and runtime system services for large-scale sys-
are developing to meet this need. IMPULSE'’s innovative message-tems. These techniques would also enable new studies of appli-
centric profiling approach trades off of centralized global knowl- cation needs which could, in turn, lead to in operating systems,
edge for low overhead, while retaining relatively fine-grained infor- programming models, and system services that can be adapted ac-
mation about important cross-host performance interactions. The cording to application needs.

goal of this approach is to enable both large-scale system software

adaptation and continuous system performance auditing. In this paper, we describe the design of IMPULSE—Integrated Mon-
itoring and Profiling for Large-Scale Environments—a profiling
1. INTRODUCTION system we are developing to provide lightweight system-wide per-

formance monitoring in large-scale parallel and distributed sys-

System software performance is an increasing limitation on appli- . .
cation scalability on both current and emerging large-scale systems.tems." IMPULSE s designed to collect performance data across
multiple software layers, including the operating system, middle-

Recent research in large-scale cluster environments has shown tha\;vare and aoplications. and to propagate this information Across the
even seemingly insignificant operating system interference can re- ' P ' propag

sult in large application slowdowns [17]. Other research has shown sﬁztegtitgnerrsgﬁ fglt;sodne“;e :insdu?]f;ﬂ'l?g i%etﬁg;rx?gﬁgsa;ﬂfslssaa?
that operating system structure and scheduling decisions can haveient?ic asé osed to host-cgntric vieqw of performance monitorir?
performance large effects in large-scale systems [5, 10]. These pp P 9.

problems will be even more significant in emerging systems with allowing it to combine cross-system performance information with-
tens or hundreds of thousands compute nodes out requiring a centralized data collection point. By combining this

approach with other novel techniques, IMPULSE strives to reduce

A variety of powerful techniques exist for addressing system soft- monitoring overhead to near-imperceptible levels.

ware performance issues, including application-specific operating
system and protocol configuration [4, 7] and system software adap-2. PRIOR WORK

tation [3, 16]. These techniques, however, require lightweight on- A great deal of prior work exists on performance monitoring in
line methods for measuring system performance. No adequate techparaiel and distributed systems. Trace-based approaches such as
niques exist for SL_Jch monitoring in large-scale parallel Systems, paradyn [14], VAMPIR [15], and Netlogger [19] collect detailed
leading to the myriad system software problems in modern large- gata about a wide range of events and can correlate these events

*This work was supported in part under subcontract R7A824- across machines to obtain a global view of system behavior. Some

79200004 from the Los Alamos Computer Science Institute and "6¢€Nt work [1, 2, 6] has also sought to use traces for per-request
Rice University. post-mortem performance and fault analysis in loosely-coupled dis-

tributed systems. Unfortunately, trace-based approaches normally
have large overheads in tightly-coupled parallel systems that can
perturb system behavior, as the generated traces must be saved to
disk or sent over the network while the system is running. In ad-
dition, traces can be difficult to use for online adaptation because
they are generally combined post-mortem.

Statistical monitoring systems[9, 12, 13, 18] represent a much lower-
overhead approach based on hardware performance counters. While
such information is available online and can be used to make adap-



tation decisions, it is usually comparatively coarse-grained and dif- ]
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Other recent work attempts to utilize existing message traffic to  Information =}

gather more detailed information about interactions between nodes.
PHOTON, for example, places a small amount of data in each
outgoing MPI message to identify the message context and when
it was sent [20]. The receiver can then use this information to
keep track of information suych as average message latencies with-
out introducing round-trip ping-pong traffic. PHOTON does not,
however, seek to gather more comprehensive performance statissystem software layers augment the message with additional per-
tics on operating system performance and does not attempt to cor-formance data on the amount of time required to send and receive
relate and combine performance information from multiple mes- the message (overhead). The receiving host then combines this per-
sages. The Wren network-monitoring system [22] takes a simi- formance data with performance data from other related messages

lar passive-monitoring approach, using existing messages to mon-and the local host. This new performance summary is then included
itor network performance for grid-based systems. Neither of these in outgoing messages.

systems use existing messages to propagate performance between

Figure 1: Message-centric Profiling Example

nodes in a running system. Representing performance monitoring data in message-centric mon-
itoring is a fundamental tradeoff between accuracy and overhead.
3. SYSTEM DESIGN IMPULSE's design currently uses a 92-byte profiling header in each

IMPULSE is designed to achieve a balance between the fine-grained€Ssage to contain performance summaries; we believe that this
global view available in trace-based systems and the low overhead,ill keep overheads low while allowing the system to monitor key
online availability of statistical approaches. It does this by trading MeSSage-passing costs. This header consists of several fields, with
away the centralized global view provided by tracing for a decen- the majority of the space dedicated to nine 64-bit counters, each

tralized view. To achieve this, IMPULSE's design includes a num- of which contains the amount of time spent on a particular task.
ber of novel techniques: A separate portion of the header contains eight 8-bit tags that de-

scribe which task each of eight of the counters is monitoring. The
ninth counter is designated as thieHER counter, and contains the
o A message-centric approach to profiling that associates pro- amount of time spent on tasks not explicitly counted in the other
filing data with incoming and outgoing messages instead of seven counters. Each time the profiling header is modified, the per-
individual hosts. formance metrics with the highest total times are placed in the spe-
cific counter fields, with other times folded into thedER counter.
¢ Atwo-dimensional design where vertical profiling covers pro- This process is obviously lossy, but necessary to limit overhead in
filing across system layers within a host and horizontal pro- a message-centric profiling systems.
filing propagates and combines performance data from mul-
tiple hosts. The profiling header also includes a hop count (32 bits) that al-
lows IMPULSE to control the distance that performance data can
e A system-wide statistical sampling strategy to reduce profil- propagate in a system and a counter selection bit-field (64 bits) that
ing overhead while still allowing the propagation of profiling  |MPULSE uses to disable the inclusion certain performance metrics

information across the system. in the explicit counter fields. These two fields are used for system-
wide statistical sampling in IMPULSE to overcome some of the
3.1 Message-Centric Profiling lossy compression of performance data, as described in section 3.3

With the exception of some recent work [1, 2, 6, 20], existing

parallel and distributed performance monitoring systems are host-3.2  Two-dimensional Monitoring

centric—they collect and analyze data on a host-by-host basis. ThelMPuLSE’s design is decomposed into two complementary dimen-

increasing speed of modern processors, however, means that parsions:

allel and distributed systems are generally performance-limited by

communication costs. To capture this behavior, IMPULSE takes

amessage_centriapproach to performance monitoring that asso- Vertical proflllng is responsible for COIIeCting performance data

ciates performance data with the messages that traverse throughthe  inside a single host as a message traverses its software layers.

system. The goal of message-centric profiling is to have every mes-

sage include a summary of important performance metrics on the

critical path of generating and communicating the data contained

in the message. This information should encompass costs such as

network latency, scheduling overhead, and application processing.
3.2.1 \Vertical Profiling

Figure 1 illustrates how performance data is exchanged in IMPuLSEgertical profiling implementations are by nature system-dependent,

message-centric approach. When node 1 sends a new message thahd most commodity operating systems do not include systematic

is unrelated to other messages, it places a summary of the CPU timeways to gather performance information on a per-request or per-

required to generate the message in the messpgdibng header packet basis. We are currently prototyping IMPULSE on Linux,

As this message is sent by one host and received by another, theavhere we are using a modified version of the Linux Tracing Toolkit

Horizontal profiling is responsible for combining performance data
from multiple messages prior to the transmission of new out-
going messages so that this data propagates between hosts.



[21] to collect vertical profiling information. IMPuLSEcurrently  mance message exchange only after removing the hop-count lim-
uses a simple linear fit for predicting network latencies. In cases ited message introduced by its parther machine. Once a monitoring
where network latencies they are not statically predictable, how- host determines that the performance data has reached a steady-
ever, existing network performance monitoring techniques such as state, it will disable inclusion of the top performance metrics in the

Wren [22] will be used. new message and introduce a new message exchange to measure
lower-overhead effects that may, for example, be more amenable to
3.2.2 Horizontal Profiling adaptation.

In contrast to vertical profiling, horizontal profiling in IMPULSE ) ) ) )

is largely machine independent; its interface to the vertical profil- Because this technique allows sampling to be done infrequently,
ing system is used to retrieve and place profiling information in Such a sample-based approach to message-centric profiling should
messages. Horizontal profiling is responsible for taking the perfor- reduce the average overhead of monitoring to nearly imperceptible
mance data collected on other machines (through both horizontal!evels. This would enable its inclusion in production applications.
and vertical profiling) and combining this with the data recorded Such audits could then be compared with known performance pro-

on message reception. The resulting performance summary is therfiles or analyzed by data mining software to detect performance
merged into to outgoing messages. anomalies resulting from new data sets or system software changes.

In addition, it would also make it easier to build adaptive high-
The primary challenge for horizontal profiling is determining tran- Performance applications by reducing or eliminating the overheads
sitivity between received performance information and local per- thatcan preventadaptations from reaching break-even performance
formance information. IMPULSE's current approach to addressing |evels.
this problem is to determine whether received performance data
dominatedocally stored performance information on every mes- 4. PRELIMINARY RESULTS
sage reception. If received performance data dominates local per-To demonstrate the viability of IMPULSE’s approach, we have im-

formance information, the received information supplants local in- plemented a simple message-centric profiling prototype for point-
formation; if the local information dominates, on the other hand, to-point messages in the Los Alamos MPI implementation (LA-

received performance information is discarded. Determining dom- MPI) [8]. This implementation uses the built-in Pentium Il cy-
ination relationships between performance summaries is sufficient cle counters to measure the amount of time spent in various parts
to for monitoring the critical path in para"el and distributed app|l- of the LA-MPI imp|ementation' estimates message_passing |atency
cations; its main shortcoming is that it loses information from off- petween machines using a piecewise linear fit to low-level message
critical paths that may limit the effectiveness of critical-path-based passing latencies, and propagates performance statistics to remote
optimizations. nodes in MPI message headers and acknowledgments. Monitoring
) o ) summaries in this prototype are 96 bytes long and include 8 spe-
IMPULSE determines domination of performance data in MPI ap- ific counters, th@THER counter, an extra counter specifically for
plications by monitoring calls tapI_wait and blocking sends and measuring monitoring overheads, but no 4-byte hop-count.
receives. If the application blocks waiting for incoming data or
acknowledgments, the performance data in the waited-for messagens we are initially interested in quantifying added message-passing
dominates locally gathered monitoring information. If, on the other oyerhead, our initial tests have used a simple MPI ping-pong la-
hand, the application uses non-blocking sends and receives andency and bandwidth test. The performance monitoring system

never waits for data arrival.¢., MPI_wait returns immediately),  measures the total amount of time to produce, 250 MPI round

the local performance data dominates the received monitoring sum-rips of a configurable size between two 2 GHz Pentium Ill Xeon
mary, which is discarded. machines connected by Myrinet Lanai V cards.

3.3 System-wide Statistical Sampling Figure 2 shows the breakdown of where the performance monitor-

Because our proposed data representation involves the lossy coming system measures where time is spent both with host-only mon-
pression of multiple data samples in an effort to limit monitoring itoring and message-centric monitoring. By propagating perfor-
overhead (th@THER counter), important performance details may mance information across the system in messages, message-centric
be lost. In systems with many sources of overhead of approxi- profiling quantifies where time is actually spent during the com-
mately equal size, the top overheads may prevent the collection of plete message exchange, in this case predominantly on the wire
detailed information on other important overheads. This is particu- and, for larger messages, copying data. Host-based monitoring,
larly troubling when the largest overheads are not removable. in contrast, can only determine that the majority of the time is
spent waiting ¥2p_wa1T) and checking if new messages have ar-
IMPULSE uses the counter selector bit-field and hop count field rived (P2P_Rx_START). This preliminary work demonstrates that
in the profiling header to address this problem. In cases where message-centric monitoring is better able to provide a direct in-
monitoring overhead is excessive or performance data is not de-dication how a system could be modified to improve application
tailed enough, two machines on opposite sides of the system will performance, in this case by removing copiesp( Tx_copy and
be designated as the only ones to introduce new performance datap2P_RX_COPY) and using a lower-latency network interface.
Intermediary machines will only propagate received performance
information and augment it with their local data. In addition, the The monitoring system measures its own overhead as approximately
hop-count in newly-introduced performance data will be set to ap- 13% for small messages, dropping rapidly as message size increases.
proximately the width of the computation in nodes. Extra MPI latency is approximately 7.2 microseconds per round
trip. A recent study by a UNM student [11] estimates that an added
The two designated machines will alternate introducing messages3.6 microseconds of per-message overhead will cause an average
with performance data into the system; after the initial performance slowdown of approximately 9% in a variety of applications from
measurement, a designated machines will introduce a new perfor-the ASCI Purple and NAS B parallel benchmark suites. Note that
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Figure 2: Ping-pong time breakdown measured using host-
centric and message-centric monitoring

this overhead would also be significantly reduced on 64-bit ma-
chines, as then native 64-bit math could be used directly for counter
arithmetic. We have not yet directly measured application over-
heads because of implementation limitations in the current proto-
type.

5. REMAINING CHALLENGES

While we have finalized the majority of the design decisions for

IMPULSE and are in the process of implementation, a number of re-
search questions remain unresolved, particularly in relation to hor-
izontal profiling. As previously mentioned, IMPULSE uses a sim-

ple dominating relationship to determine how to propagate received
performance data. While this assumption is sufficient to character-
ize the critical path in parallel and distributed applications, it does
not take into account how far that critical path is from other longer

computational paths in the system. For example, the critical path
may show that protocol overheads constitute 25% of the critical

path time because remotely received data almost always dominates

local computation. This can happen when local computation al-

ways finishes just before message reception. In this case, removing

protocol overheads from the critical path would not greatly speed
up program performance. We fully expect to explore more sophis-
ticated approaches to merging local and remotely received perfor-
mance data to try and better characterize which parts of the system
critical path are most amenable to adaptation.

Another unresolved issue in the current design of IMPULSE is how
to account of for secondary performance effects. As an example,
the delivery of a message B may be delayed waiting for the de-
livery of message A, which is itself waiting for the target process
to be scheduled. In IMPULSE’s current design, the delay in deliv-
ering message A would correctly accounted for, but the delay in
delivering message B would be attributed to message queuing de-
lays. Ideally, IMPULSE should be able to detect some second order
effects and account for them properly. The performance anomalies
that have recently been discovered in large-scale machines are pri-
marily due to such effects, so detecting them and accounting for
them correctly could be a great aid in making adaptation decisions
and in performance debugging and tuning.

6. CONCLUSIONS

IMPULSE'’s approach to large-scale system performance monitor-
ing represents a novel trade-off between global knowledge, accu-
racy, and overhead compared compared to existing systems. By
sacrificing complete global knowledge, IMPULSE aims to achieve
the low monitoring overheads of existing host-centric monitoring
systems based solely on hardware counters while retaining the abil-
ity to measure the most important cross-host performance effects
at a relatively fine granularity. In addition, IMPULSE’s message-
centric approach is designed to allow it to measure the performance
of both application software and system software, naturally propa-
gating performance information through a running system. When
combined with appropriate statistical sampling techniques, we be-
lieve IMPULSE will provide the low-overhead, system-wide moni-
toring necessary to assure reliable performance in emerging large-
scale machines and to enable innovative system-wide adaptation
techniques.
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