©Copyright by

Sanjeev Krishnan

1996



AUTOMATING RUNTIME OPTIMIZATIONS
FOR PARALLEL OBJECT-ORIENTED PROGRAMMING

BY
SANJEEV KRISHNAN
B.Tech., Indian Institute of Technology, Bombay, 1991

THESIS

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Computer Science
in the Graduate College of the
University of Illinois at Urbana-Champaign, 1996

Urbana, Illinois



Abstract

Software development for parallel computers has been recognized as one of the bottlenecks
preventing their widespread use. In this thesis we examine two complementary approaches
for addressing the challenges of high performance and enhanced programmability in parallel
programs: automated optimizations and object-orientation. We have developed the parallel
object-oriented language Charm++ (an extension of C++), which enables the benefits of object-
orientation to be applied to the problems of parallel programming. In order to improve parallel
program performance without extra effort, we explore the use of automated optimizations. In
particular, we have developed techniques for automating run-time optimizations for parallel
object-oriented languages. These techniques have been embodied in the Paradise post-mortem
analysis tool which automates several run-time optimizations without programmer intervention.
Paradise builds a program representation from traces, analyzes characteristics, chooses and
parameterizes optimizations, and generates hints to the Charm++ run-time libraries. The
optimizations researched are for static and dynamic object placement, scheduling, granularity
control and communication reduction. We also evaluate Charm++, Paradise and several run-
time optimization techniques using real applications, including an N-body simulation program,

a program from the NAS benchmark suite, and several other programs.
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ntro ct on

Parallel computers provide several advantages over traditional single-processor computers and
mainframes. In particular, parallel computers are used because of their ability to provide better
performance, reliability, spatial distribution and cost. Massively parallel computers constructed
from commodity components hold the promise of large amounts of processing power at a low
cost. They make possible the solution of computationally intensive problems in commercial and
scientific application domains in a fraction of the time that would otherwise be taken.

In the last few years, several parallel computer platforms have become popular. Massively
parallel computers such as the Intel Paragon, IBM SP, Cray T3D and TMC CM-5 provide hun-
dreds or thousands of processors coupled by a low-latency, high-bandwidth interconnection net-
work. Symmetric multiprocessors and high-end workstations provide more modest parallelism
they typically provide shared memory and a high-speed bus to connect processors. Clusters of
workstations connected by networks based on Ethernet or ATM have also become very popular
as a means of getting parallelism at low cost they usually have higher communication latencies

and lower bandwidths.



This thesis is focussed on issues in developing software for parallel computers. The next
few sections present the key problems encountered in parallel software development and the

approaches taken in this thesis for their solution.

Software development for parallel computers has been recognized as one of the bottlenecks
preventing their widespread use. This is because it is difficult for real parallel programs to attain
the peak performance that parallel computers provide. Several new issues have to be tackled in
a parallel program before peak performance can be achieved. The steps to be performed while

designing a parallel program are:

Decomposition: this is the process of breaking up a program into many tasks, each rep-
resenting a piece of work which can be executed in parallel with the others. The amount
of parallelism produced depends on the number of tasks that can execute independently.

The two main issues that need to be kept in mind while decomposing a program are:

Task Granularity: this refers to the amount of work in a task (time taken to complete
the task). For a given program, a small average task granularity leads to a large
number of tasks, and a large task granularity leads to a small number of tasks.
Task granularity thus affects the amount of parallelism in the program (a smaller
granularity leads to a large number of tasks, and thus more parallelism), and the
amount of overhead (each task is associated with a certain amount of creation and

communication overhead, hence a large number of tasks leads to larger overhead).

Overlap with communication latencies: if there is one task per processor, and a task
has to wait for remote data, its processor idles for the duration of the communication
latency. This may be prevented by having more than one task per processor: when

one task is waiting for remote data, its processor may context switch to other tasks,



thus overlapping the communication latency with useful work (assuming the context

switch times are small compared to communication latencies).

Mapping: after a program has been decomposed into tasks, the assignment of these tasks
to processors must be determined. Task mapping or placement may be static (the place-
ment of tasks is determined at the beginning of the program and not changed thereafter),
or dynamic (tasks may be continuously created and mapped to processors, as well as
migrated between processors after they have started execution). The two main aims of

task mapping are:

Load balance: in order to increase processor utilization, tasks should be assigned to

processors so that all processors have the same load.

Data locality: since remote data access latencies are significantly higher than local
data access, tasks should be assigned to processors so as to reduce the amount of
inter-processor communication. Groups of tasks which communicate heavily between

themselves should thus be located on the same processor.

Scheduling: this determines the order of execution of tasks on a processor, if there is more

than one task. The issues affecting scheduling are:

Critical paths: if the program has one or more critical paths, tasks on the critical

should preferably be scheduled ahead of other non-critical tasks.

Cache locality: tasks which reference the same data should be scheduled close to

each other to increase the likelihood of reusing cache data.

Machine-specific implementation: different parallel machines provide different architec-
tural features, programming interfaces and tools, thus making it necessary to express

the parallel program differently. For example, architectural support for shared memory



between processors makes it easier to write a parallel program using the shared memory

programming model.

From the preceding section it is clear that parallel programming requires the programmer to deal
with many complex issues which are not encountered in the traditional sequential programming
context. The process of designing a parallel program requires the programmer to create a
strategy to deal with each of the four issues discussed above, after carefully evaluating choices.

The characteristics of parallel applications also crucially affect design decisions. As the ap-
plication base for parallel computers has widened, programmers have to deal with a large space
of possible program behaviors. Some of the characteristics that affect parallel program perfor-
mance include communication patterns, the number and sizes of tasks created, the dependence
structure between tasks, and the extent of irregularity or variance in these characteristics over
the course of program execution. In order to develop a parallel program with good performance,
the programmer should know about the application characteristics.

The parallel programming skills required to discover application characteristics and make
good design decisions are not widespread among the application programmer community. This
is because application designers are looking to parallel computers as a means of solving their
problems faster, and may not be willing to invest the resources and time required to develop
parallel programming skills. As a result, the user base for parallel computers has remained
restricted.

From the preceding discussions, we can identify the following two key problems in parallel

programming, which form the motivation for the work in this thesis:

How to make parallel software development easier

How to attain good performance for parallel programs



The above two problems are related: whereas simple parallel implementations often suffer
from bad speedups and other symptoms of bad performance, a high programming cost is in-
curred for attaining good performance. The challenge is thus to attain good performance at low
programming cost. The next two sections describe the two complementary approaches taken

in this thesis.

In this thesis we have used object-orientation as a means of addressing the first problem, viz.
ease of parallel software development. Object-oriented programming has achieved considerable
success in the sequential programming domain as a means of making software development
easier. An object consists of a set of functions and their associated data. The key features

provided by object-oriented languages are:

Abstraction: an object provides a well-defined external interface which im-
plementation details, thereby isolating the complexity within the object from the external
world. Thus an object provides a higher-level abstraction which allows us to separate

operation is done from it is done.

Code reuse: an object may the functions and data of another object, as well
as redefine some of them, thus allowing an already available object to be reused and
customized. Moreover, allows the same code to operate on different data

types. Thus object-oriented languages encourage software reuse.

The introduction of object-orientation in parallel programming leads to easier parallel soft-
ware development, and helps to address the problem of better programmability in parallel

software:

Object-orientation allows the programmer to encapsulate low-level mechanisms and man-

age the increased complexity of parallel programming. Programmers may program at a



higher level of abstraction. E.g. the mechanism of message sending in a parallel pro-
gram may be represented as a method invocation. Code reuse is even more important for

parallel programs because of the higher cost of developing modules.

The concept of a task or piece of work in parallel programming is elegantly represented
by an object. Object-orientation thus provides an easier approach for decomposing a

program into independent encapsulated concurrent objects.

Object-oriented parallel programming has been explored in several systems over the past
few years. As part of this thesis we have designed and implemented Char , which was one
of the first parallel object-oriented languages based on C++. Chapter 2 describes the language

and its unique features in detail.

A typical parallel program development cycle includes the following steps (Figure 1.1a):

1. Program design and coding: the programmer develops an appropriate parallel algorithm,

and codes the first prototype using a parallel language.

2. The program is run on a parallel computer, debugged, and typically the speedups for var-
ious problem sizes are observed. If the performance is acceptable, the process terminates

here.

3. To identify the causes for performance loss, the programmer uses a performance analysis

tool or writes custom code to generate performance data.

4. Optimizations to solve the performance problem are found techniques or algorithms to

carry them out are identified or developed.

5. The parallel program is modified to implement the optimizations for solving the perfor-

mance problem. Now the development cycle iterates back to step 2.
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the Paradise post-mortem analysis tool

i ure 1 1: Parallel program development cycles.

Ideally, an expert parallel programmer would be able to anticipate and respond to all po-
tential performance problems in step 1 itself. However, parallel programming skills are not
widespread, and moreover, the programmer may not know enough about the characteristics of
the application and implementation without investing considerable effort. The first prototype
of a parallel program is hence likely to have several serious performance aws, leading to active
research for steps 3, 4 and 5. These steps lead to a significant portion of the programming cost
in the parallel program development cycle. Since most parallel programmers are not skilled in

identifying and solving performance problems,

Automating program optimizations using expert knowledge in the compiler, run-time li-
braries or other tools can hence significantly help to reduce the parallel software development

effort. When most performance problems are solved in this manner, there will be fewer itera-



tions of the development cycle. Even in cases where completely automatic techniques are not
possible, it is beneficial to automate the optimization steps to the extent possible. In this thesis
we have designed and implemented the aradi e (PARallel programming ADvISEr) post-
mortem analysis tool 1 which can be used for automating run-time optimizations without
programmer intervention (Figure 1.1b). It feeds optimization hints directly into the Charm++
run-time system, thus resulting in improved performance for the parallel program. Paradise is
one of the first tools that automates a wide range of run-time optimization techniques for static
object placement, dynamic load balancing, granularity control, scheduling, and communication

reduction. Chapters 3 and 4 describe the design of Paradise.

In this thesis, we have explored two complementary approaches for tackling the twin challenges

of performance and programmability in parallel programs:

Parallel object-oriented languages: We have developed Charm++, which was one of the

first C++-based parallel object-oriented languages.

Automatic optimization techniques: We have developed techniques for automating run-

time optimizations for parallel object-oriented languages. These techniques have been

embodied in the Paradise post-mortem analysis tool. Specific contributions here include:
a classification of known run-time optimizations and development of new ones
techniques for deriving program characteristics from a program representation
heuristics for selecting optimizations depending on program characteristics
techniques for generating concise optimization hints

development of run-time libraries which use optimization hints to improve program

performance



The objective of this thesis is to verify the hypothesis that runtime optimizations lead to

improved performance and that they can be automated.

The key features that distinguish our work on automating runtime optimizations from other

work on performance analysis and optimizations are:

Whereas most automated performance analysis tools only concentrate on visualization
of data and reporting performance problems, Paradise goes one step further in the di-
rection of automation by , without

programmer intervention.

Most previous tools target loop-based or regular loosely-synchronous programming mod-
els. Paradise works for irregular, dynamic, asynchronous parallel object-oriented pro-
grams, for which there are significantly more opportunities and challenges for automatic

optimization.

Paradise automates optimizations whereas most previous work in automatic op-

timizations has concentrated on compiler transformations.

We have also evaluated Charm++, Paradise and several run-time optimization techniques

using

real applications, including an N-body simulation program, a program from the NAS

benchmark suite, and several other simple programs. The results of this evaluation, presented

in Chapter 5, demonstrate that run-time optimizations can improve performance for specific

applications and that they can be automatically applied using intelligent post-mortem analysis.

Chapter 2 describes the design and implementation of Charm++. In Chapter 3 we discuss the

design of the framework for automating runtime optimizations and compare it with previous

work.

In Chapter 4 we discuss strategies and mechanisms for run-time optimizations, and



specific techniques for automating them. Chapter 5 presents the application programs used to
evaluate Charm++ and Paradise. Finally, in Chapter 6 we summarize the thesis and present

directions for future work.



C ar

Charm++ 2 is a parallel object-oriented language based on C++. It was one of the first few
C++-based parallel languages when developed in 1992 93. Charm++ enables the application
of object orientation to the problems of parallel programming. Most of its features are based on
those in the C-based parallel programming language Charm 3 . Charm++ programs can run
today on most MIMD computers, including shared- and distributed-memory machines such as
the Intel Paragon, TMC CM-5, IBM SP-2, nCUBE 2, Convex Exemplar, Sequent Symmetry,
Encore Multimax, and workstation networks. This chapter describes its design philosophy,

essential features, syntax and implementation.

Charm++ aims to reduce the complexity of parallel program development by addressing the

following issues:

orta iit Portable programs are ones which can run unchanged on different machines,
while maintaining performance close to native implementations. Portability is necessary
for applications that need to run on multiple platforms and for protecting the investment

in parallel software when the underlying parallel machine is upgraded or changed.

11



atenc o erance Remote data usually takes more time to access than local data on scal-
able parallel machines. Moreover, the arrival of remote data can be further delayed due to
message contention, or to computations being done on remote processors. The magnitude
and unpredictability of these latencies often cause significant performance loss avoiding
them often requires contorted program logic. A parallel programming system should make

it possible to tolerate communication latency with minimal additional programming effort.

upport or Irre u ar and na ic ro e tructure There has been much research
into applications and languages based on the data-parallel and SPMD programming mod-
els, in which problem structures are regular and static (i.e., do not change over time).
However, the best algorithms for many seemingly regular problems often involve irregular
or asynchronous structure. Moreover, application domains such as irregular finite-element
computations, adaptive grid refinement, discrete event and -body simulation, Al search
computations, and discrete optimization are inherently irregular. A general-purpose par-
allel language should therefore efficiently support irregular problem structures and asyn-
chronous behavior. In particular, it is necessary to support dynamic creation of work and

dynamic load balancing.

odu arit and e u e The inherent complexity of parallel programming implies that re-
use of software modules will be even more cost-effective than it has proved for sequential

software. However, re-use in a parallel context is fraught with challenges:

Modularity should not lead to a loss of efficiency. In particular, latency tolerance
by overlapping computations in one module with idle time in another should be

possible.

Modules written in a parallel language must be able to interoperate with modules

written in other languages.

12



Modules must be able to exchange data in a fully distributed fashion, without any

centralization.

As discussed in Section 1.1, developing a parallel application involves the four tasks of decom-
position, mapping, scheduling and machine-specific implementation.

Various approaches to parallel programming can be characterized by the extent to which
these tasks are automated by the programming system and by the generality of their approaches.
A low-level portable layer such as PVM 4 only provides machine-independent implementation
(thereby automating machine dependent implementation), but is sufficiently general to be useful
in most problem domains. A programming system such as HPF 5 automates scheduling, but
allows the programmer to specify the mapping of computations to processors and directly
supports only data-parallel applications. Parallelizing compilers 6 attempt to automate all
four tasks, but have proved effective only for regular problems having loop-based parallelism.

Charm++ is a general-purpose language that tries to automate the details of mapping,
scheduling and portability. This enables a natural division of labor between the programmer
and the system: programmers, with their understanding of the application and algorithm,
specify the decomposition of the computation into parallel actions, while the system implements
resource management and scheduling. In the object-oriented paradigm, decomposition arises

as a natural consequence of creating object classes to encapsulate computations.

I pication o auto ation or too
The advantage of automation for programming tools such as compilers, run-time libraries and
post-mortem analyzers is that they have more exibility in in uencing or guiding the auto-
mated steps, because they are given the responsibility and control over those functions. In a

programming system with little automation (e.g. PVM or MPI ), the programmer explicitly

13



specifies decomposition, mapping and scheduling programming tools do not have access to in-
formation about those tasks and cannot in uence them without help from the programmer. On
the other hand, Charm++ is a language that is . It automates map-
ping and scheduling while leaving decomposition to the programmer. Because of this design,
the automatic optimization tool Paradise (Chapter 4) is able to incorporate several optimiza-
tions for mapping and scheduling to improve the performance of Charm++ programs without
programmer intervention.

Although Charm++ automates mapping and scheduling, it allows programmers to override

mapping explicitly and also lets them in uence scheduling via prioritization.

Several of the parallel programming concepts in Charm++ were first developed in the Charm
language and the Chare Kernel runtime system between 198 and 1991 3,8,9,1 , 11 . Charm
is an extension of C which supports parallel objects called . It was one of the first
parallel languages to support a message-driven style of programming. The Chare Kernel runtime
system supported dynamic object creation, dynamic load balancing, and prioritized message-
driven scheduling in a portable manner. Charm-++-, which was developed in 1992-93 12, fully
incorporates object-oriented features such as inheritance and polymorphism into the Charm
model and adds other abstractions such as parallel object arrays. Recently, the Chare Kernel
was modified to operate on top of Converse 13, a machine-independent layer (described in
section 2.3.1) which supports interoperability by allowing modules from multiple languages to

co-exist in a single application.

14



In this section we discuss the essential features of Charm++. The first two features message-
driven execution and dynamic object creation had been defined and explored in work on

14 done prior to Charm++. The contribution of this work is in developing one of the first
pragmatic and portable implementations of object-oriented message-driven execution in the

framework of C++, and the addition of higher level abstractions such as parallel object arrays.

In message-driven execution all computations are initiated in response to the availability of
messages. In Charm++-, messages are directed to a method inside an object. Messages received
by a processor are stored in a pool the system scheduler repeatedly chooses a message from
this pool, then invokes the indicated method within the destination object. Sending a message
to an object thus corresponds to an asynchronous remote method invocation. The scheduler
allows the method to run to completion before selecting another message from the pool (this
dictates that the code in the methods be non-blocking).

Message-driven execution, combined with an asynchronous (non-blocking) model of commu-
nication, enables latency tolerance by overlapping computation and communication adaptively
and automatically, including across modules. Each processor has multiple active objects, some
of which have messages waiting for them in the runtime system. Remote operations (such as
fetching remote data) are done in a split-phase manner as follows: an object initiates the re-
mote operation from code within a method by sending a request to the remote processor and
returns control from the method to the scheduler. The scheduler can then schedule any of
the other objects on the processor (including objects from another module), ensuring that the
processor does not idle while there is still work to be done. When the requested remote data

finally arrives (in the form of a message directed to a method), the runtime system can sched-
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ule the target method in the requesting object. Message-driven execution also allows a single
server-like object to initiate several remote operations and process them in the order in which
remote data becomes available, thus allowing the programmer to use careful non-determinism
to improve efficiency. Message-driven execution thus has advantages over communication based
on blocking receives and yields better performance by adaptively scheduling computations.
These issues, and empirical studies of the performance advantages of message-driven execu-
tion, are discussed in 15 . A comparison of message-driven execution with other concepts such

as threads and active messages is also presented in 2.

In order to support irregular computations in which the amount of work on a processor changes
dynamically and unpredictably, Charm++ allows dynamic, asynchronous creation of parallel
objects (chares), which can then be mapped to different processors to balance loads. Chare
creation is a relatively low-cost operation: tens of thousands of chares can be created per
second on a single current-generation processor, so chares may be thought of as medium-grained
objects. A chare is identified by a , which is a global pointer Charm++ therefore provides

a shared object space for chares.
Chares communicate using messages. Sending a message to an object corresponds to an

asynchronous method invocation. Message definitions have the form:

Chare definitions have the form:
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In the above definitions, , , and are keywords.

An entry function definition specifies code that is executed when a
message is received and scheduled for processing. Only one message per chare is executed at a
time. Thus chare objects define a boundary between sequential and parallel execution: actions
within a chare are sequential, while actions across chares may happen in parallel.

Entry functions are defined exactly as sequential functions, except that they cannot return
values and they must have exactly one parameter. This parameter must be a pointer to a
message. The handle of a chare is of type (analogous to object
pointers in C++, which have the type ) and is unique across all processors. Just
as C++ supports multiple inheritance, dynamic binding, and overloading for sequential objects,
Charm++ supports these concepts for chares, thus permitting inheritance hierarchies of chare
classes. Dynamic binding is also supported by allowing run-time determination of the type of
a remote parallel object whose method is to be executed.

Every Charm++ program must have a chare type named , which must have the function

. There can be only one instance of this chare type, which usually executes on processor
. Execution of a Charm++ program begins with the system creating an instance of the
chare and invoking its function. This function is typically used by programmers to create

chares and branched chares (section 2.2.3) and to initialize shared objects.
Chares are created using the operator , similar to C++ s memory allocator.

Its syntax is



where is the name of a chare class and is a message which can be
accepted by the constructor entry-function of the chare class. The operator deposits
the for the new chare in a pool of seeds and returns immediately. The runtime system
actually creates the chare at a later time on a processor selected by the dynamic load balancing
strategy. When the chare is created, it is initialized by executing its constructor entry function
with the message contained in the argument given to . The user can also
specify the processor on which to create the chare, through use of an optional argument, and
thereby override the dynamic load balancing strategy.
does not return any value. The user may, however, obtain a

virtual because the chare has not yet been created. A chare can also obtain its own handle

once it has been created. Chare handles may be passed to other objects in messages.

Messages are allocated using the C4++ operator. Messages are sent to chares using the
notation
which sends the message pointed to by to the entry function of the chare
referenced by the handle . must be a valid entry function for that chare type.

This method invocation is asynchronous: the caller continues with its computation while the
callee may execute concurrently. Moreover, no value is returned from the method immediately.
This syntax is intentionally different from the method invocation syntax for sequential objects in
C++ so that programmers can clearly distinguish the semantics of parallel method invocation.
The new token is used for sending messages instead of to emphasize the difference

between asynchronous message sending and synchronous sequential method invocation.
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1 upportin d na ico ect creationand e a in

na ic oad a ancin : Dynamic object creation is supported by dynamic load balancing
libraries, which help to map newly created chares to processors so that the work is balanced.
Several load balancing strategies are provided 16 , which may be selected at link time by the
user depending on the demands of the application. In Chapter 4, we describe how the Paradise
optimization tool automatically selects the load balancing strategy.
rioriti ed ecution: Charm++ provides many user-selectable strategies for managing
queues of messages waiting to be processed. Some of them, such as FIFO and LIFO, are
based solely on the temporal order of arrival of messages. Priority based strategies allow the
programmer to assign priorities to messages before they are sent. Charm++ supports integer
priorities as well as bit-vector priorities that use a lexical comparison of bit-vectors to determine
the order of processing. In Chapter 4, we describe how the Paradise optimization tool can
automatically determine message priorities.
Conditiona e a e ac in Charm++ allows arbitrarily complex data structures in mes-
sages. On private memory systems, pointers are not valid across processors, hence it is necessary
to pack pointer-linked structures into a contiguous block of memory before sending the message.
However, packing is wasteful on shared-memory systems, or if the message is being sent to an
object on the same processor as the sender. To allow optimal performance in these cases for
messages involving pointers, the user is required to specify packing and unpacking methods
called and . These are called just before sending and after receiving
a message, respectively. Thus, only messages that are actually sent to other processors are

packed.

e ated or in concurrent o ect

Dynamic object creation is provided in ICC++ 1 , Mentat 18, C++4+ 19, C++ 1,

ABCL 2 , and COOL 21, among others. Mentat supports coarse-grained objects, while

19



ICC++ and languages such as Cantor 22 , HAL 23 , and CA 24 support fine-grained objects.
Compilers for fine-grained languages typically coalesce multiple objects and operations into
coarser ones in order to achieve acceptable performance on available parallel machines.

While Charm++ does not allow parallelism within an object (i.e. all methods are atomic),
CC++, ICC++ and others including actor-based languages allow parallelism within an object.
These languages usually ensure consistency of shared variable access by supporting special
program constructs such as locks, monitors, and single-assignment variables, or through data-
dependence analysis in the compiler.

Support for mapping objects to processors is provided to some extent in Mentat, which
provides random, round-robin and sender-initiated strategies, and also allows the programmer
to specify object location hints. ICC++ supports randomized load balancing, and CC++,
which uses a thread-based model along with logical processor objects for encapsulating address
spaces, requires programmers to manage locality and load balance explicitly, and does not
support dynamic mapping of objects to processors. Most other languages require programmers

to specify object-to-processor mappings explicitly.

a pe adata ae uer proce in o ect

This section presents a simplified example of how message-driven execution and dynamic object
creation can improve performance by doing work adaptively as remote data become available.
In parallel database applications, it is often beneficial to introduce intra-query concurrency

to improve query response times. For example, consider an employee database having two
relations: , whose fields include and , and , whose fields include
and . Assume that the two relations are stored on separate disks, each served by

an I O processor, and that the query processor must request the two relations from the I O

processors before it can start processing them. The query processor is required to answer a



Receive Select
/. "Personal" Age>50 \
Natural

START —

Join
\. Receive Select /
"Payroll" | Salary > 100000

i ure 1: Macro-data ow diagram for query object.

query of the form Find all employees over the age of 5 who are earning more than 1
The macro-data ow diagram for this query is given in Figure 2.1.
A program for this query using blocking receive calls implemented using standard message-

passing libraries can be expressed as:

The disadvantage of this program is that it will often have significant idle times. This is because
the delays at the I O processors are unpredictable, which means that the two relations may

be received in any order. However, the code above enforces a fixed order of execution: if the

21



relation is received first, the processor will idle while it waits for the relation,

degrading the query response time. The following Charm-++ code solves this problem:
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"Payroll"  "Persona"
Start Arrives Arrives

Blocking receive

Selecttl  Selectt2  Join

Charm++

Selecttl  Join

busy EH ide []
i ure : Performance of query object.
In this Charm++ code, the and methods in the chare

receive input from the I O processors. These methods are invoked by the message-driven
scheduler on the query processor, in the order the relations are received. If the relation
arrives before the relation, the blocking receive-based code will continue to wait for
the relation to arrive, while the message-driven code will execute the appropriate
select operation automatically. This prevents the processor from idling while there is work
to be done. Thus the Charm++ code above is likely to have a better query response time
(Figure 2.2) if there is enough work in the select operations to amortize the overheads of
message-driven execution. Note that specifies a chare s own handle and is similar
to in C++.

The advantages of message-driven execution are even more apparent when there are multiple
objects active on a processor, e.g. when the processor is computing many complex queries
simultaneously. Each query object is scheduled for execution as its data becomes available,

which minimizes idle time and improves query response times.
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The importance of other Charm++ features can also be seen in this example. Dynamic
object creation allows independently-executing query objects to be created on demand as queries
arrive in the system. Dynamic load balancing is necessary to ensure that new query objects are
run on lightly-loaded processors, so that all processors have equal amounts of work. Message
prioritization is also very useful when quick response times are needed for high priority queries,

or to prevent large batch queries from delaying smaller interactive ones.

A parallel object array is actually a group of chares with a single global name 25 . Parallel
object arrays in Charm++ are a generalization of the branch-office chares of Charm, which
allowed one group member per processor. A parallel object array is a multidimensional array of
chares, with arbitrary mapping of array elements to processors (a default mapping is provided
when mapping is not significant). An array element is identified by its coordinates. The array

itself has a unique global group identifier.

1 ara e arra de nition

A parallel array is defined as a normal parallel object ( ) class in Charm-++, except that
it must inherit from the system-defined base class . This base class provides the following

data fields:

thi hand e : this gives the unique handle (global pointer) of the array element.
thi roup : this gives the global id by which the whole array is known.

thii thi thi : these give the coordinates of the array element .

Messages that are sent between array elements must inherit from the system-defined message

class . The following code gives an example of an array definition.

24



ara e arra creation

A parallel array is created using the operator , which has the following syntax:

The code above creates two-dimensional parallel arrays. The operator causes all
the array element objects to be created (and their constructors invoked) on their respective
processors. The parameter is sent to all processors as the parameter to the constructor
for each array element. The first array above uses the default mapping function. The second
array has a user-specified mapping function , which takes the coordinates of an element
as input and returns the processor where the element is located. E.g. a mapping function which

implements a cyclic mapping for a 1-dimensional array is defined as:
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is a non-blocking operator that immediately returns the id of the newly created array,
which has the type , and is analogous to a global pointer to an array. Because of
its non-blocking nature, the elements of an array might not have been created when
returns the array id. If necessary, the programmer may explicitly synchronize after initialization
of all array elements on all processors by using a suitable reduction or synchronization operation.

Currently, parallel arrays may be created only from processor

nchronou e ain re ote ethod in ocation

The parallel array construct provides both point-to-point as well as multicast messaging. All
messaging is asynchronous (no reply value is allowed), in keeping with the non-blocking com-
munication paradigm of Charm-++. If a reply is desired, the receiving object must send a reply

message back to the sender object.

The syntax for point-to-point asynchronous messaging is:

where arrayid is the global pointer to the parallel array, are the coordinates of the recipient
array element, is the function to be invoked in the receiving object, and

is the message to be sent across, which is passed as the sole parameter to the function.

The syntax for multicast asynchronous messaging is:
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If an array element is known to be on the local processor, its data and function members
may be accessed as usual (this feature is borrowed from the branch-office chares of Charm, and

is very useful for inter-module interfaces):

rra re appin

The parallel array construct supports both synchronous remapping and asynchronous object

migration. Synchronous remapping must be initiated from processor as follows:

is the new mapping function. All array elements will be moved from their original
locations to their new locations as specified by the new mapping function. After all elements
have been installed on their new locations, a message is sent to the function
in the chare object specified by _ _ . This provides a synchronization point
after remapping. The user program must ensure that during remapping no messages are sent

to any elements of the array being re-mapped.

nchronou 1 ration or para e arra

Sometimes it is not feasible to synchronize the whole computation before performing a remap.
Moreover, the overhead of a synchronous remap is not overlapped with any computation, which
may lead to large idle times for processors. Asynchronous remapping or migration solves
these problems. It is activated by each array element independently. Each element to be moved
calls the function . The parameter

specifies the new mapping function, which tells the run-time library the destination processor



for the array element. The call results in only the specified object being moved to its destination

processor. The actual steps performed by the runtime system while migrating an object are:

1. Before migrating an object, the runtime library calls a user-provided function on
the object, which packs the object s data area into a contiguous message buffer. The

programmer must provide a pack function for every object type that needs migration .

2. Send the message to the object s destination processor

3. Create the new object on the destination processor

4. Initialize the new object s data area using the message buffer. This is done by another
user-provided function. Note: the pack and unpack functions are virtual functions

defined in the base class

5. Forward messages directed to the object from the old processor to the new processor.

e ae or ardin or a nchronou i ration:
Message forwarding is one of the critical issues in object migration, and has been extensively re-
searched. The most common approach is for the migrating object to leave a forwarding address
on its original processor. However, this may cause messages to incur significant forwarding
overhead. In parallel computations where migrations occur frequently (e.g. in iterative com-
putations having one ore more remapping operations every iteration), a message may have to
travel many hops in order to find its object. To reduce overhead, some schemes have the object
broadcast its new location to all processors so that messages can be sent directly to its new
location. However, when there are many objects with frequent migrations, broadcasting is not

practical.
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We have designed an optimized protocol for message forwarding for parallel object arrays.
We make use of the fact that an array has a mapping function associated with it, which specifies
the location of all objects. Moreover, the normal behavior is for all array elements to migrate
(i.e. the whole array gets remapped) at the end of a phase of computation. We store a table of
mapping functions on each processor, which gives the mapping function for each phase of the
computation (it is assumed that all objects have the same mapping function for a given phase).
Because of the asynchronous nature of the migration, it is possible for objects from different
phases to be simultaneously active on a processor. Hence we associate a phase number with
every object, indicating the phase it is in at a given time. The phase number is incremented
every time the object migrates. Also, every message is annotated with the phase number of
the sending object. When an object sends a message, the mapping function corresponding to
its phase is used to find the location of the destination object. When a processor receives a
message, it checks to see if the destination object resides on its processor, and if so, delivers
the message. If the destination object does not exist, the processor finds the last phase when
the destination object was on the processor (thus taking into account cyclical migration). If
the message s phase number is less than or equal to the last phase, it means the object was on
the processor and has migrated away, so the message s phase number is incremented, and it is
forwarded using the corresponding mapping function. If the message s phase number is greater
than the last phase when the object was on the processor, it means the object will migrate
to the processor in the future. So the message is temporarily buffered, and is delivered to the
object when it arrives. Thus we have implemented message forwarding for parallel object arrays

with low overhead.
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in para e o ect arra

Parallel object arrays are a versatile construct, with several modes of usage. Many of the
advantages of parallel object arrays are derived because they provide a sequential local function

call (like the branch-office chares of Charm):

They can be used to implement distributed services, such as distributed data structures,
global operations, and high-level information-sharing abstractions. Objects that interact
with a parallel array need to communicate only with the local representative of the array,
and need not be concerned with how the array elements collaborate among themselves
to carry out the requested operation. Thus parallel object arrays provide a powerful

mechanism for encapsulating complex concurrent operations.

Multidimensional parallel object arrays can be used to represent a computational space
in scientific applications. Each array element owns a subregion of the space (e.g. a set
of grid points in a computational mesh), performs computations in that subregion, and
communicates with other elements of the array (e.g. to transfer boundary grid points).
The mapping of array elements to processors specifies the decomposition of the compu-
tational space. Section 5.2 describes how parallel object arrays were used to experiment
with different mapping schemes for the NAS Scalar Pentadiagonal program, with almost
no code changes. Asynchronous object migration overlaps computation with communi-
cation, hence can achieve much better performance than synchronous array transpose
Section 5.2 presents results from the NAS Scalar Pentadiagonal program to demonstrate

this.

They also provide a convenient mechanism for distributed data exchange between modules
when there is exactly one array element per processor. The group identifier allows each
element of a parallel array in one module to hand data over to the element in the other

module on its own processor. For example, in a molecular dynamics application, elements



of the main module might hand over the coordinates and velocities of all atoms to the
corresponding elements of an kinetic energy calculator parallel array. In a pure actor

model, finding the corresponding elements on each processor would be somewhat clumsy.

Finally, parallel arrays having one array element per processor can also be used to encap-
sulate variables whose value is specific to every processor (e.g. a list of neighbors in a grid

computation, or statistics of program execution for a performance measurement module).

a pe oa u uin para e o ect arra

The following parallel array object forms the global sum of values resident in each processor,

without creating a barrier.
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The client on each processor gives its value to the local representative of , which forwards it
to the array element on processor . When the number of elements that have sent their values
equals the number of processors, the array element on processor broadcasts the global sum
result to all objects in the client. A scalable version of avoids the bottleneck at processor

by using a spanning tree.
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Note the use of the group identifier and entry function pair in the parameters to

this provides a return address which is used by the method in the object to
broadcast results back to the client, or possibly delegate another object to do the work and
return results directly to the client.

If multiple concurrent client objects (i.e. with overlapping executions) need to compute
global sums, they can do so by creating and using multiple instances of the parallel array.
A simple function call interface (via the function) to a global sum module
without using parallel arrays does not provide the same exibility. The ability of parallel
arrays to link together a group of objects created via a single creation call is crucial for such

applications involving multiple clients.

e ated concept

Parallel arrays have been used in various forms in several parallel programming systems. In
data-parallel languages such as HPF 26 programmers have a shared-memory model in which
arrays in the program are distributed over processors using compiler directives, and computa-
tions are assigned to processors using the owner-computes rule. Some parallel C++ systems
such as pC++, LPAR |, Amelia, CHAOS++ and POOMA 2 ;1 support parallel arrays or
collections of objects (LPAR and CHAOS++ support irregular arrays too) for scientific ap-
plications, also in the context of a loosely-synchronous data-parallel model. The advantages of

our parallel object array abstraction are:
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in contrast to the lock-step operations on array elements in HPF, our array element objects
may proceed independently of each other executing different methods as necessitated by

the application.

the ability to increase performance through asynchronous operations (e.g. method invo-

cation and object migration) which overlap communication and computation.

more exibility in specifying arbitrary mappings of parallel object arrays (e.g. the multi-
partition mapping scheme we used in the NAS SP benchmark cannot be specified using

HPF s compiler directives).

Parallel object arrays in Charm++ are closest in spirit to the collections construct in ICC++
1 , which was developed around the same time. ICC+4 does not support multicasts and
remapping, though. Parallel object arrays are based on the notion of branch-office chares in
Charm, which provided a group of message-driven objects with one element per processor, with

asynchronous as well as local synchronous method invocation.

Charm++ has been implemented using a translator and a runtime system. The translator
converts Charm++ constructs into C++ constructs and calls to the runtime system, and also
generates stubs for messaging. The runtime system consists of a language-independent portable
layer called Converse 13, on top of which is the Chare Kernel layer 8, 11 . Figure 2.3 shows

the structure of the runtime system.

The Converse layer provides a portable machine interface which supports essential parallel op-
erations on MIMD machines. These include synchronous and asynchronous sends and receives,

global operations such as broadcast, atomic terminal I O, and other advanced features.
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Charm++ object Charm++ object
obj=>F(m) ObjType::F(Msg *m)

client stub server stub
SendMsqg(...) obj->F(m)

Object layer : object handles, object creation, method invocation

Converse components

(Scheduler) gecad | (Threads) -

Converse machl ne API

1 ure : Structure of the runtime system for Charm++.

Converse is designed to help modules from different parallel programming paradigms to
interoperate in a single application. In addition to the portable machine interface, it provides
common paradigm-specific components, such as a scheduler, load balancer, message manager
and user-level threads. These components can be customized and used to implement individual
language runtime layers.

Some important principles that guided the development of Converse include:

need a ed co t Since Converse is intended to be an underlying interoperable layer, it should
not require upper layers of software to incur a cost for functionality they do not need. E.g.
Converse should not require all messages to go through a tag-based receive mechanism
and its associated overhead (which exists in most message-passing libraries supported by
vendors), since a message-driven system such as Charm++ does not need it. similarly,
Converse should not require all messages to go through a scheduler with its corresponding

overhead, since a simple message-passing library does not need it.

e cienc the performance of programs developed on top of Converse should be comparable

to native implementations and
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co ponent a ed de i n the Converse layer is divided into components with well-defined
interfaces, and possibly multiple implementations, which can be plugged in as required

by higher layers.

Converse supports both SPMD style programs (which have explicit control ow as specified
by the programmer and no concurrency within a processor) and message-driven objects and

threads (which have concurrency within a processor and implicit, adaptive scheduling).

The Chare Kernel layer was originally developed to support Charm, but was then modified to
support the C++ interfaces required by Charm++. It implements functions such as system
initialization, chare creation, message processing (including identification of target objects and
message delivery) performance measurements, quiescence detection, and so on.

One important function of the Chare Kernel is to map parallel class and function names
into consistent integer IDs, which can be passed to other processors. This is required because
function and method pointers may not be identical across processors, especially in a heteroge-
nous execution environment. The Charm-++ translator cannot assign unique IDs to classes
and methods during compilation because Charm++ supports separate compilation, and the
translator cannot know about the existence of other modules. Also, this mapping must be
implemented so as to support inheritance and dynamic binding while passing IDs for methods
across processors. When a sender sends a message to a chare  at an entry function defined
in s base class, must call its own definition of if it has been redefined, but its base class s
definition of  otherwise.

To meet these requirements the Chare Kernel provides a function registration facility, which
maintains the mapping from IDs to pointers. The translator-generated code uses this registra-
tion facility during run-time initialization to assign globally unique indices to chare and entry

function names. These unique IDs can be passed in messages between modules. The translator
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also generates a stub function for every entry function in every chare class. When a message is
received and scheduled for processing, the Chare Kernel uses this stub function to invoke the
correct method in the correct chare object. To make dynamic binding work, the stub function
invoked is the one corresponding to the static type of the chare handle at the call site the C++
virtual function mechanism then invokes the correct method depending on the actual type of
the chare object.

The Chare Kernel uses a scheduler (defined as a component of Converse) which picks up
incoming messages from the Converse message buffer, enqueues them by priority according to a
user-selected queueing strategy, and then chooses the highest-priority message from the queue
for processing. The Chare Kernel also manages chare handles (which are essentially global
pointers) and handles the mapping between local object pointers and chare handles.

Parallel object arrays are implemented using a hash table to map an array element s coor-
dinates to its actual object pointer. For sending method invocations to an array element, the
run-time first finds the processor on which the element resides using the mapping function, and
then performs the usual send operation. Multicasts are implemented by sending one message to
each processor if there is more than one array element on a processor, the message is replicated

after reception.

Charm++ provides a rich set of facilities that make it suitable for a broad range of applications.
Some of the features that distinguish Charm-++ from other approaches to parallelizing C++

include:

its support for irregular (non data-parallel) computations through dynamically creatable

parallel objects (chares), dynamic load balancing and message prioritization



its parallel object arrays which encapsulate complex parallel tasks as well as support mul-

tidimensional data-parallel computations, including multicasts and asynchronous remap-

ping.

its support for modularity without loss of efficiency through the message-driven execution

model

its ability to coexist with other language modules in a single application due to its imple-

mentation on the Converse runtime system.
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Afra e or fora to atn

r nt eo t at ons

This chapter describes the basic concepts in the framework for automating runtime optimiza-
tions, which has been embodied in the Paradise post-mortem analysis tool 1 . We first motivate
runtime optimizations and the use of post-mortem analysis to automate them. We describe
the framework for performance optimization, discuss issues in the program representation and
present strategies for inferring optimizations and generating concise hints. Finally we present a

detailed comparison with related work. The next chapter explores each optimization in detail.

Traditionally, research in optimization techniques has concentrated on compiler transformations
of parallel programs for exposing parallelism, automatic grainsize control, determining data
distribution, improving locality, reducing communication overhead, etc. The disadvantages of

optimizations performed only at compile time are:
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Compiler optimizations are static: they cannot take into account run-time conditions. On
the other hand, a parallel computer presents an inherently variable environment: resource

availability and message transmission have unpredictable factors.

Many parallel applications have unpredictable computational needs and communication

patterns which cannot be inferred from a static analysis of the parallel program.

For parallel object-oriented programs based on C++, it is difficult to produce good com-
pilers which infer program characteristics because of the difficulties of precise dependence

and type analysis in the presence of pointers.

If a parallel program is composed from separately compiled modules, the compiler does not
have enough global information to optimize the program e.g. load balancing decisions
cannot be made by a module in isolation, since the load on a processor is affected by

computations in all modules.

Many parallel programming environments are collections of libraries which implement
a set of commonly needed functions (e.g. PVM, MPI). For such programs, run-time

optimization is the only way to get better performance.

In short, the compiler may have insufficient information to decide whether an optimization
is necessary, how to do it, and when (at what point in the program) to do it.

Run-time optimizations are those for which mechanisms or policies need to be carried out
at run-time, hence necessitating support from run-time libraries in order to perform the opti-
mization. Optimizations performed at run-time can take care of many cases where compiler

transformations are inadequate.



As discussed in Section 2.1.1, Charm++ provides significantly greater challenges and oppor-
tunities for automated runtime optimization because it has been designed to automate object
placement and scheduling. Further, object-orientation helps to support run-time optimiza-
tions by making it easier to specify information about the application which is necessary for
optimization.

In most current systems, run-time libraries which need information from the application are
restricted to application objects, and can collect only externally visible data such as
the number of objects on a processor, which objects they sent messages to, etc. Thus application
objects are a black-box as far as the run-time is concerned. In order to make application
information available to the run-time in a truly exible and general manner, the run-time should
be able to look inside application objects in order to determine their properties. E.g. Instead
of measuring processor load just by the number of active objects or messages in the scheduler
queue, each application object can provide its own load as a internal (local) variable the load
manager can then sum this variable for all objects to get an accurate estimate of processor load.
This can be done by defining an abstract class containing the load variable which is known to
the load balancer, and deriving all objects requiring load balancing from this abstract class.

Also, whenever information from the application program has to be transferred to an opti-
mization library, the information has to be rearranged into a data-structure as required by the
library. This makes the task of integrating an optimization library into an application much
more difficult. On the other hand, if we define an interface class which is known to the library
module, then the application program can inherit from the interface class and use the function-
ality provided by it with little code modification. E.g. static load placement libraries usually
partition an object interaction graph in order to achieve locality and load balance. Instead of

explicitly creating such a graph and passing it to the library, the graph can be defined with
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abstract classes for vertex and edge, and application objects can inherit from these classes, so
that the graph already exists in the application. Thus inheritance is a very useful mechanism

for making information available to optimization libraries at run-time.

In order to optimize a parallel program, we need information about the characteristics of the
program to parameterize the optimization mechanisms and guide strategies for selecting them.
As discussed in the previous section, compilers cannot provide the required information in many
cases.

The next stage where information may be obtained is at run-time. Optimization libraries
may dynamically collect information while the program is executing, and base optimization
decisions on this information. This method has been used in several of the Charm+-+ runtime
libraries: e.g. for load balancing. The advantage of this method is that input-dependent
information is available at runtime. However, the major drawbacks of collecting information

only at runtime are:

Collecting information and executing optimization-selection strategies adds overhead which

directly affects the program s performance.

It is difficult to detect the overall problem structure such as communication patterns,
phase structure, grainsize distribution, etc. Such global properties require extensive coor-

dination and integration of runtime data from all processors, which can be very expensive.

It is very difficult to make predictive decisions most optimizations will be reactive in that
they take action a problem is detected. Further, the timeliness of optimizations may

be affected, decreasing their potential for improving performance.
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Hence we turn to post-mortem analysis to supply information for optimization that is not
available from the compiler or runtime system.

It is commonly experienced that different executions of a parallel program are often similar, if
not identical, in their structure and communication patterns, and performance characteristics.
This leads us to observe that analyzing one or more executions of a program can give us
information about performance problems and possible optimizations for the program. In a
traditional program development cycle, all the tasks of analyzing performance data, identifying
performance problems, designing optimizations, and incorporating them in the parallel program
need to be done by the programmer. By incorporating expert knowledge in a post-mortem
analysis tool, it is possible to do some of these tasks automatically, and generate hints for
compile-time as well as run-time optimization.

Most parallel programs needing optimization fall into one of two categories: the first consists
of those for which good optimization strategies can be derived from heuristics that are known to
expert parallel programmers for such programs an automated expert system for guiding opti-
mization can potentially achieve good results. The second category consists of programs which
need new algorithms and techniques for optimizing them for such programs the intervention
of a human programmer is obviously needed. However, experience with parallel applications
has shown that one often encounters performance problems of the first category. It is these

problems that we focus on.

In this thesis we develop a comprehensive framework for automating run-time optimizations.
The framework involves an intelligent post-mortem analysis tool (Paradise)  which analyzes
traces of program execution and finds program characteristics to suggest optimizations  work-

ing in close cooperation with a run-time system which carries out optimizations during program
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execution (Figure 3.1). The run-time libraries use hints from Paradise as well as information

collected at runtime to parameterize optimizations and select between alternate optimization

strategies.
Run-time | Optimization Hints
Libraries w
—— = Language Compiler Paralldl PARADISE
Application Program Executabie | Computer | Traces

Program development with run-time optimizations driven by
the Paradise post-mortem analysis tool

i ure 1: Framework for automating runtime optimizations.

Paradise builds a representation of the program s execution from traces, determines char-
acteristics of the program, then uses several specific heuristics to find optimizations that would
solve the performance problems, and generates concise hints which are communicated to the
runtime libraries via a hints file . The sophistication of optimizations frequently depends on
the accuracy of the information that can be deduced by post-mortem analysis: thus the opti-
mizations may have alternative strategies, one of which is chosen by Paradise depending on the
accuracy of information available.

The optimizations in the framework are aimed at improving load balance and locality by
better mapping of objects to processors, scheduling computations to optimize critical paths,
reducing communication volume, and optimizing object granularity to reduce overheads. In
most cases we try to introduce these optimizations without intervention from the compiler or
programmer. Chapter 4 describes each optimization in detail. We first discuss some basic issues

in the design of the framework for automating runtime optimizations.
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The execution of a Charm++ program is represented as an , which is constructed
using traces collected at run-time. The basic version of the event graph was developed for the

28 performance visualization and analysis tool. Issues in collecting trace data,
reducing perturbation, and constructing the basic event graph are discussed in 29 and are
beyond the scope of this thesis.

The basic event graph consists of vertices representing method executions within chare
objects, and edges representing messages sent by a method and causing the execution of another
method. Thus the basic event graph corresponds to a dynamic task graph of the program: the
vertices specify computations and the edges specify communication between the computations.
Vertices are labeled with the name of the method they represent, and the id of the object
instance whose method was executed (for array element objects, the id includes the global id
of the parallel object array and the coordinates of the element object). Since in Charm++ a
message causes the invocation of a method, each method has exactly one predecessor, i.e. each
method execution has exactly one . Thus the basic event graph is actually a

tree. There are three events corresponding to a vertex (each event is uniquely identified by an

event number and a processor) : its event (which gives the time and processor from
which the creation message was sent), its event (which gives the time and processor when
the method began executing) and the event (which gives the the time and processor when

the method completed execution). A vertex also has a list of outgoing edges corresponding to
the messages created by it. Finally, each processor also has a list of events that occurred on it,
allowing idle times and other processor-specific metrics to be measured.

In the basic event graph all vertices had exactly one predecessor since a method is triggered
by the arrival of exactly one message. Moreover, causal relations (intra-object dependences)

and synchronization events were not modeled. Hence this simple event graph cannot model
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synchronizations such as in join operations: i.e. where a method executes only if several
preceding methods have executed (Figure 3.2a). We now consider enhancements to the event

graph to overcome these problems as well as the problems due to program unpredictability.

The validity of inferences drawn from post-mortem analysis of an execution depends on how
similar subsequent executions are to that execution. For programs with completely predictable
behavior (such as some SPMD or loop-based programs), or for executions with the same inputs,
the inferences will be very accurate. Suggestions for optimization may be made in terms of
individual message and object instances. For irregular or unpredictable programs and for
variations in the input parameters, the program execution may be different, so that fewer
inferences may be valid. In such cases we need techniques to specify properties of a set of
instances (e.g. all messages of a particular type in the source program), or find higher-level
input-independent patterns in the properties, because we cannot make suggestions at the level
of individual instances.

The characteristics of a parallel program may be execution specific (they change from run
to run even for the same input set), input specific (they change depending on the inputs, but
remain consistent across runs), application specific (they are a property of the application and
remain consistent across different input sets), or machine specific (they are a property of the
machine the program was run on).

We now examine the causes for executions of the same program to differ. Whereas com-
pletely predictable programs always produce the same set of tasks and messages, most parallel

programs contain unpredictability because of the following factors:

Inputs: Many parallel programs have different numbers of tasks and messages depending

on the input set (e.g. when the size of the input problem changes), or the number of
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processors. In some programs even the kind of computations performed may change

depending on input.

Scheduling: Some programming models (such as Charm++) adaptively schedule com-
putations to overlap them with communication and also to adjust for varying run-time
conditions. Thus even for executions with same inputs, unpredictability can arise due to

different orderings of computations.

Placement: Dynamic object placement strategies place objects on processors depending

on run-time conditions, hence the location of computations may change from run to run.

Granularity: If the parallel program uses dynamic granularity control, the number of par-
allel objects created may differ from run to run, although the total amount of computation

remains the same.

Speculative computations: Some applications (such as those involving search) create spec-

ulative work, the amount of which depends on run-time conditions.

In this work we do not tackle the last two problems (unpredictability due to dynamic granularity
control and speculative work). The next section describes techniques to handle the other types

of unpredictability.
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