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Abstract cessive fork/join overhead, synchronization inefficiencies,
load unbalancing and poor memory hierarchy behaviour at
Tuning parallel applications requires the use of effective the application level.
tools for detecting performance bottlenecks. Along a paral-  Many performance monitoring approaches are based on
lel program execution, many individual situations of perfor- static code instrumentation, either at the source level [16] or
mance degradation may arise. We believe that an exhaus-at the binary level [9]. Our proposal is to add the monitor-
tive and time—aware tracing at a fine—grain level is essential ing code dynamically, at execution time, allowing the use of
to capture this kind of situations. the same executable and the same libraries both for produc-
This paper presents a tracing mechanism based on dy-tion executions as well as during performance monitoring
namic code interposition, and compares it with the usual sessions.
compiler—directed code injection. Dynamic code interpo-  In this paper, we apply dynamic code interposition to the
sition adds monitoring code at run—time to unmodified bi- performance monitoring problem and we compare it with
naries and shared libraries, making it suitable for environ- the more usual compiler—directed code injection. Both tech-
ments in which the compiler or the available tools do not nhiques are used to collect detailed traces that feed our visu-
offer instrumentation facilities. alization and analysis tool. Our target are€NMP appli-
Static injection and dynamic interposition techniques cations running on SGI Origin2000 systems. As we will
are used to collect detailed traces that feed an analysis show, interposition techniques provide detailed and accu-
tool. Both environments meet the accuracy and perfor- rate information, and introduce an overhead comparable to
mance goals required to profile and analyze parallel appli- the traditional approach.
cations and runtime libraries. The rest of the document is structured as follows: Sec-
tion 2 describes the methodology used in the development
of the parallel performance analysis tools. In Section 3

. we evaluate the instrumentation and, finally, Section 4 con-

Shared—-memory multiprocessors are becoming more

and more affordable and commonplace, encouraging the de-2' Methodology

velopment of parallel applications that can benefit from this )

kind of architectures. In order to use these architectures2.1. Execution traces

efficiently, programmers and developers of parallel execu-

tion environments require accurate information about the  We use traces from real executions to analyze the perfor-

behaviour of parallel applications, as well as about the im- mance of parallel applications. These traces reflect the ac-

pact on performance due to the parallelizing environmenttivity in an OPENMP application through a set of predefined

and the underlying hardware platform. states and events. Instead of providing a summary of the
The use of appropriate performance analysis tools canwhole application behaviour at different levels (loops, func-

reveal the sources of performance degradation, such as exion calls, ...), traces collect the occurence of state changes

and events along the application lifetime.

*This work has been supported by the European Community under the
ESPRIT project E21907 (NANOS) and the Ministry of Education of Spain L . L
(CICYT) under contract TIC98-0511, and by the Comissionat per a Uni- Appllcatlon states. The anaIyS|s of paraIIeI apphcatlons
versitats i Recerca de la Generalitat de Catalunya under the grant FI9e4S done at thread level. Each thread evolves through a
3088 set of states that are representative of the parallel execu-



tion. We consider four states: running, idle, scheduling and caL |ufop_nn_schedm er(ALN
blocked/synchronizing. Running means that the thread is FUNCTI G 1 00p_nn_schedl er (A I over , upper)
running code that belongs to the original application; idle INTEGER | ouer, upper, chunk_up, chunk_down

means that the thread is searching for work; scheduling __ : . INEER AN
means that the thread is executing runtime scheduling code o =uv - Tedomaion > [PESESSCHEOUINGY]
to supply work for other virtual processors that are taking 2005, o s = i tors_up(l o1
partin the execution; and blocked/synchronizing means that : Shunk_down = 1ot dow(l v LN
the thread is executing code to synchronize different virtual
processors taking part in the execution. o=t on( )

END
Performance—related eventsFor each event being traced, TATEGER | over upesr T
the monitoring code obtains the thread identifier, and the | NGEcen &
time at which the event happened. The time, as well as any PO T=upper, Tover
relevant performance—related information (cache misses,
TLB misses, ...) is acquired using platform—specific mech- END
anisms. In the SGI architecture, we use the SGI memory ) o
mapped high resolution clock [4] in order to obtain times- Figure 1. Example of code injection

tamps that are consistent across virtual processors with low
overhead. The performance-related informationis obtained ..\ voouLe SHARED OBECT
by reading the counters included in R10000 processors. T T )

Linkagetable .
: cos: <inplementation>

. . . . iDa'a si n@.I NKTABLE:
Run—time issues. Each virtual processor registers all | Coge [~ sin: <implementation>
the aforementioned information in a buffer. The data b ! | exp: <implementation>
structures used by the tracing environment are arranged at | ¢! "(sin@!NTABLE) Lo

initialization time in order to prevent interferences among
virtual processors (basically, to prevent false sharing).
Therefore, there is no need for locks, synchronization or
mutual exclusion in the monitoring code.

Figure 2. Linkage table

instrumentation of the resulting HTG reflects the different
2.2. Code injection approach virtual processor states that will occur during the applica-
tion execution. Once these transformations have been done,

When the application source code is available, either athe compllergengrates an mstrumented version of_the paral-
pre—processor or the compiler can be used to statically in-'?' cc_Jde. The tracing facility mclydes source code informa-
ject calls to a tracing library. Code injection is the usual tionin the output trace to establish a quick correspondence
mechanism used to instrument applications, and we use ifétween the trace and the source program.
for comparison purposes. ) -

We have developed a parallel tracing library. This library 2.3. Code interposition approach
offers routines that can be called from the application to
record specific events in the application (entry/exit to/from  When the user is not able to instrument the application
parallel, work sharing, or synchronization constructs). It using code injection (e.g. because of the compiler does
also provides routines to record state changes of the callingnot support it, or because the source code is not available),
thread. These calls are inserted by the compiler at specifiove propose to dynamically interpose the instrumentation
points in the source code, where the state transitions occurcode at run time, using DIdoLs [13] (Dynamic Interpo-
Figure 1 presents an example of the transformation of a parsition Tools). DITooLs offers an environment in which
allel loop into instrumented parallel code. dynamically—linked executables can be extended at run-

Code injection has been implemented in the backend oftime with unforeseen functionality (for instance, argument
the NANOSCOMPILER [1] (an extension of RRAFRASE- shooping, I/O tracing, alternative service implementations,
2 [12]). The NANOSCOMPILER uses an internal structure or performance monitoring).

(the Hierarchical Task Graph, HTG) on top of which code  Dynamic linking is a feature available in many mod-
transformations take place. This HTG is modified along ern operating systems. Program generation tools (compil-
the compilation process by many stages. The two most im-ers and linkers) support dynamic linking via the generation
portant stages from our point of view are the paralleliza- of linkage tables As shown in Figure 2, linkage tables are
tion stage and the instrumentation stage. The parallelizatiorredirection tables that allow delaying symbol resolution to
stage transforms the HTG to express parallelism found ei-run time. In this figure, the program modules reaches the
ther by QPENMP directives or by code analysis. This stage implementation of sin through a pointer stored within the
keeps enough information associated to each parallelizedinkage table. At program loading time, a system compo-
block to allow the injection of instrumentation code. The nent (thedynamic linkey fixes each pointer to the right lo-
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cation using some predefined resolution policy. Usually, the
object file format as well as these data structures are defined
by the system Application Binary Interface (ABI). The stan-
dardization of the ABI makes possible to take generic ap- void dispatch_work_slave_wrapper()
proaches to dynamic interposition. {

Previous approaches to dynamic interposition make use RECORD_TRANSITION(timestamp,IDLE,RUN);
of system call redirection facilities [6], use binary patch-  dispatch_work_slave();
ing [8], or rely on the symbol resolution policy [5] to insert RECORD_TRANSITION(timestamp,RUN,IDLE);
new code in the execution path. In our approach, interposi-}
tion is accomplished explicitly, through the declaration of
which modules should be added to the image as well as
which bindings between references and definitions should

be changed. Changes are done directly by changing entrie%yrr‘?g% '”.teeggg_st'ﬂg: F?Cﬁ?ﬁ:le%nt[e)llTOOS%l;)SnCSc()erIIS'IzteSS ?;_
in the linkage tables. Our infrastructure works in multipro- u np! : untim&Interposit Vi

cessor/multithreaded platforms quired by any configuration),@l Backend/configuration—
' specific routines to be used to extend applicationdp| a

Configuration(information to assist the DI runtime for a
particular use of the tool), and th2l Shell (the utility to
start a DI session). Whenever a program is launched within
a performance monitoring session, the DI Runtime gains
Icontrol and loads the backend. Then, the DI Runtime in-

region. We have observed that the presence of procedun%erposes monitoring routines, according to the goals of that

boundaries required by the interposition approach is guar- ackend. . i
anteed by parallelizing compilers themselves; in additionto  Figure 4 shows an scenario in which a program has been
the insertion of calls to the runtime libraries, parallelizing €xténded using the performance monitoring backend. Four
compilers encapsulate program sections to be executed ifPPJects are shown: the main program, the parallel runtime,
parallel within procedures that are created at compile time. the DI Runtime and the perfprmance monitoring backend.
The required knowledge about the execution environ- 1he upper box encloses objects that are normally loaded
ment can be expressed using a state transition graph, irYVh,e” this application is launched. The lower box encloses
which each transition is triggered by a procedure call and/or ObJects that have been added because the program has been
a procedure return. Figure 3 presents an example of suchaunched during a dynamic interposition session. Two link-
a state transition graph (very close to the one that repre-29e tables are also shown: one for the main object, and the
sents the SGI-MP runtime library), in which nodes rep- Other for the performance monitoring backend.
resent states, and arcs correspond to procedure calls (indi- The DI Runtime, as the first object receiving control, acts
cated by a + sign) or procedure returns (indicated by a —on the linkage table of the main program in order to redirect
sign) causing a state transition. This transition graph is thenreferences to relevant procedures to performance monitor-
used to derive the interposition routines used to keep tracking routines in the backend, which, in turn, may invoke the
of the state in the performance monitoring backend. Theseoriginal definitions. While there are dynamic instrumen-
routines are simple wrappers of state—changing functionstation approaches that do runtime code patching for this
like the following one: purpose [7], DIooLsinstalls backend routines simply by
changing an entry in a linkage table. It is interesting to note
that DITooLs works entirely at user level, without kernel
support and without administrator privileges, like the code
injection approach.

Dynamic Interposition and application states.The mon-
itoring methodology is based on the fact that, typically, the
application will invoke runtime services at key places in or-
der to spawn parallelism, to distribute the work among vir-
tual processors, or to synchronize at the end of a paralle



H Inc. This system consists of dual-processor nodes as build-
H ing blocks. Each node contains 2 MIPSB000 proces-
= sors, each one with 32 Kbytes of split primary instruction
HF/ e and data cache and up to 4 Mbytes of unified second level
| cache per processor. The memory in each node can be
oA ORE up to 4 Gbytes of DRAM. The Origin2000 runs IRIX, a
COMPILER INJECTION DYNAMIC INTERPOSITION hlghly scalable 64_b|t OS Wlth Supp.o.rt fOI’ .munlthreadlng’
onitringcode distributed shared memory and multidisciplinary schedulers
; ? — L Aﬁ — for batch, interactive, real-time and parallel processing.
g = The execution environments that are considered in this
EF/ " - ‘ HEV - study are MNos [10] and SGI-MP [15]. MNOS is
: :‘: | a parallelizing environment composed by areEdMP—
InrerposTION compliant parallelizing compiler (\NOSCOMPILER) and
a runtime library (N'HL1B) implementation of the Nano—

Threads Programming Model. SGI-MP is the implemen-

Figure 5. Placement of instrumentation code tation of the PENMP standard by SGI, composed of two
main elements: the MIPSpro F77 compiler and the MP
runtime library.

2.4. Comparison of instrumentation techniques 3.2. Analysis tool: PARAVER

The properties of these instrumentation techniques are

closely related to the point in which they instrument the . :
application. Static code injection is performed at com- performance of parallel programs, which have been instru-

pile time, acting over the program source code, which is mented to generate a trace fileARAVER provides many

more expressive than executable files. Therefore, injecteoiﬁgg t'&rgileltéisertc;hsee&g?gain;é)ézﬁisquztgﬁg\l/egstfrl]Jic}tri%%es
code can exploit the availability of high—level information ’ ’ y

to enrich the trace (e.g. to associate source line number§0 extend the functionality of the tool.
to profiling events). On the other hand, dynamic interpo- . .
sition works on dynamically—linked binaries, where many 3-3- Impact of instrumentation
high—level symbols and constructs have been processed and
potentially transformed by previous stages. Only in spe- To evaluate the impact of instrumentation we use three
cial cases, interposition will be able to exploit the presence experiments: PRODUCTION, in which we run the unmod-
of high—level information in the executable file itself (e.g. ified application; STATE, in which the application has been
when debug symbols exist). instrumented to monitor thread state changes; and COUN-
Figure 5 illustrates the placement of instrumentation TERS, in which the application has been instrumented to
code in each approach. The nature of the interpositionsample performance counters in addition to the state moni-
mechanism requires the presence of a dynamically—linkedtoring.
reference close to the point in which the event is generated, We have evaluated the overhead introduced by our per-
in order to be able to capture this event. On the other hand formance monitoring infrastructures to selected individual
the injection mechanism can add monitoring code arbitrar- OPENMP directives. Results are shown in Figure 6. These
ily close to this point, allowing a more fine—grained mon- measures have been obtained using theeP Mi-
itoring. For this reason, injection has more resolution and croBenchmark Suite [3]. The upper subfigure corresponds
can monitor a wider set of events than interposition, includ- to NANOS and the lower subfigure to SGI-MP. Each bar
ing events triggered by individual statements. represents the execution time of a synthetic loop, evaluating
Finally, interposition avoids the need of compiler sup- the OPENMP directive indicated in the associated label.
port, making unnecessary to rebuild the executable file. In- Next, we have evaluated the effect of instrumentation
strumentation code inserted by means of DSLs can be on an entire application in the two runtime environments.
efficiently activated, deactivated, and even modified at run- In Figure 7, we show the execution time of the NAS MG
time, because of changing indirections is inexpensive. Inbenchmark, using from 1 to 32 processors. As can be ob-
this sense, interposition is more flexible than injection. served, interposition—based instrumentation performs com-
parably to the injection approach. The overhead measured
in the STATE experiment is always less than 5% of the
execution time. The COUNTERS experiment for the in-
) ) terposition approach scales better because the implementa-
3.1. Hardware and runtime environments tion samples counters less frequently. For example, to in-
strument a PARALLEL directive, injection introduces 12
Our experimental environment is based on a 64— counter samples (12 system calls) for the master thread,
processor Origin2000 [14] system, from Silicon Graphics while interposition introduces only two samples.

PARAVER [11] is a tool to visualize and analyze the

3. Evaluation
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labelled CPU 1 is the master processor of the application.

In the upper subfigure, the master processor begins exe-
cuting user code while the slave processors are idle, waiting
for work. When the master reaches the parallel construct,
it schedules the parallelism to be executed. Then, it blocks,
20 waiting for its termination. After blocking, the processor
becomes free, and another thread is scheduled in order to
104 10 get its portion of the parallelism and begin working. Mean-

\ while, the slave processors detect that there is some work
" b of procscore T b of procssore to execute and they also switch to the running state. In the
SGI-MP + INTERPOSITION NANOS + INJECTION lower subfigure, the master processor takes its portion of the
) o parallel work immediately after the scheduling phase. This
Figure 7. Impact on execution time is the reason for not appearing the blocking state.

In the NaNOS example, the master processor has spent
42 useconds to schedule the work: 3geconds to create
the work for the slaves (light portion in the CPU 1 line), and
5 useconds for blocking and selecting the next thread to run
(grey portion after the light portion). Instead, the SGI-MP

Execution time (seconds)
Execution time (seconds)

Finally, we give the overall overhead for some class—-A
NAS benchmarks [2] in Figure 8. This graph summarizes

execution time for multiple runs of the benchmarks with a ¢ ironment schedules the work in only@econds. De-

number of processors ranging from 8 to 32. For each ap-yacing that kind of situations has been very helpful during
plication we show three bars. The leftmost bar accumulatesthe test and tuning of RHL IB.

execution time for the unmodified benchmark from 8 to 32

processors, the central bar accumulates execution time for

the STATE experiment, and the righmost bar accumulates4. Summary and conclusions
execution time for the COUNTERS experiment.

Regardless of differences in execution time due to |, this paper, we have described an approach to perfor-
the runtime environment, STATE instrumentation performs ,ance analysis based on dynamic code interposition. This
comparably in both environments: the average overhead folecpnique enables the extension of programs with new func-
the STATE experiment is 3% for interposition and 3% for tionality at runtime, keeping the program binaries and li-

injection. braries unchanged. Dynamic code interposition has been
) used to analyze the execution oPENMP parallel appli-
3.4. Accuracy and detail of traces cations, and compared against the static code injection ap-

proach. We do a trace—based analysis. Traces contain state
To illustrate the accuracy and detail of traces we will fo- transitions in a per—thread basis, as well as information from
cus on the analysis of thread creation. The example be-performance counters. The analysis of the traces has been
ing analyzed (Figure 9) corresponds to a parallel region, ex-done with RRAVER.
tracted from the execution of the NAS MG benchmark. The  We conclude that dynamic code interposition compares
upper subfigure is for ANOs and the lower subfigure for  well to the static code injection approach: it offers enough
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