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A b s t r a c t .  The An nai tool environment helps exploit distributed-memory 
parallel computers with High Performance Fortran and/or explicit com- 
munication, using MPI as a portable machine interface. Integration within 
a unified environment allows the component parallelization and compi- 
lation support, debugging and performance tools to synergetically use 
common facilities. Additionally, massive quantities of partitioned data 
and execution information, from large-scale applications on multiple pro- 
cessors, needs to be effectively managed and presented during program 
engineering. This has been achieved by scalable design and cooperative 
integration of tool component run-time libraries, supporting flexible in- 
teractive debugging and performance analysis. 

1 Introduction 

The main justification for investing development effort in producing a parallel 
program is usually the desire to handle large, or even huge, problems. Managing 
the sheer quantity of data  itself is a major challenge for the program developer, 
especially when it must be partit ioned and distributed in a manner which com- 
puters can handle efficiently. Users therefore expect appropriate tools which will 
help them to take care of their data  and program development needs. 

Compiler technology, however, remains a long way from being able to au- 
tomatically and effectively parallelize sequential programs. Current technology 
requires programmers to explicitly write parallel programs, or at least provide ap- 
propriate directives informing the compiler of potentially exploitable parallelism 
or the best-suited data  layouts. Tools are required which efficiently present data  
in forms which are easily and quickly interpreted, by being presented in a man- 
ner which closely relates to the programmer's  conception of their program and 
data  objects. The fact that  large amounts of data, and possibly large numbers of 
processors, are involved shouldn't interfere with this process, at least not until 
it becomes necessary for the programmer to consider these 'details. ' Effective 
data  reduction has to be incorporated within the run-time support system of a 
parallel program, and much of the processing has to be done in parallel on the 
same processors where the parallel program resides. 
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The Annai integrated tool environment [1] provides a comprehensive paral- 
lel program engineering environment for distributed-memory computer systems. 
After briefly introducing Annai and its tool components, for which detailed ac- 
counts are separately available, attention is focussed on the run-time libraries 
which do much of the 'behind-the-scenes' processing, and which together make 
interactive high-level debugging and performance analysis possible. 

2 Annai i n t e g r a t e d  t o o l  e n v i r o n m e n t  

The Annai environment offers integrated tools for parallelization, debugging, and 
performance monitoring and analysis, with common user and machine interfaces. 
Building on emerging standards, 'high-level' extended High Performance Fortran 
(HPF) and 'low-level' explicit message-passing programs (based on MPI) are 
handled by all of the tools, supporting application flexibility and portability. 

PST, the Parallellzatlon Support  TooI [2], extends the current HPF def- 
inition (vl.1) by providing language constructs and extensive run-time support 
for the parallelization of irregular computations. PST extensions support dy- 
namic data distributions and run-time preprocessing of critical code sections, 
and PST also provides comprehensive compilation support for mixed-language 
program sources and the other tools. 

PDT, the Parallel Debugging Tool [3], is a conventional source-level sym- 
bolic debugger, enhanced to support different levels of abstraction. At the data- 
parallel level, PDT provides coherent graphical representations of large, dis- 
tributed data-sets, and control- and data-breakpoints with global break con- 
ditions. At the message-passing level, PDT assists programmers with deadlock 
and race detection, and deterministic execution replay. 

PlVlA, the Performance Monitor and Analyzer [4], exploits profile sum- 
mary and trace information from interactively specified source code regions 
where instrumentation is activated and data collected during the execution of a 
parallel program. PMA then assists with the performance tuning and interpreta- 
tion of program execution through visualization and analysis of this information. 
Different levels of abstraction are supported, from execution summary profiles 
and global views of time-varying behavior down to individual processes and 
analysis of communication events and memory utilization. 

PDT and PMA have a common interface to the parallel computing platform 
via the Tool Services Agent ('I'SA), which provides basic, low-level functions for 
controlling parallel program execution. An optional User Interface (U I) to the 
run-time environment and Annai tool components also provides synchronized 
source listing and program structure browsers. 

Within the parallel machine user programs execute utilizing the MPI and 
Annai tool libraries. Optimized implementations have been developed for the 
NEC Cenju-3, along with versions for Unix workstations and clusters. Applica- 
tions developed with Annai, based on both PST/HPF and MPI, have also run 
readily on Intel Paragon and Cray T3D systems, verifying their portability. 
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3 A n n a i  r u n - t i m e  l i b r a r i e s  

The modular construction of the Annai interactive user environment from a num- 
ber of component tools also applies to the Annai run-time system of libraries 
linked with the user program and running on the parallel computer system. 

The  most basic configuration, for fully-optimized explicitly-parallelized pro- 
grams without detailed debugging and performance analysis support, only uses 
the standard run-time and system libraries, including MPI. HPF programs need 
run-time support to manage distributed data, and perform automatic message 
routing to maintain data consistency. In the Annai environment all communica- 
tion within the HPF and PST libraries is MPI-based. When requested by the 
programmer, the Annai compilation system incorporates additional run-time li- 
braries, which assist with detailed program debugging and performance analysis. 

3.1 Functionality 

The main Annai run-time libraries are those associated with the different tool 
components. Portable versions of these libraries are often complemented by op- 
timized implementations for particular parallel systems. In each case, the library 
is based on a scalable design with clean functional interfaces. 

An additional support library, known as TSAlib, provides implementations 
of (or interfaces to) system-specific functions which interact with the operat- 
ing system. Examples include timing and clock synchronization functions, and 
support for special 'lightweight' breakpoints which are notified directly to the 
run-time library and processed locally on the respective processor. These break- 
points are set like normal breakpoints, but don't halt all of the processors nor 
interact with Annai via TSA. This avoids unnecessary synchronization and inter- 
ference with other processors, providing a convenient mechanism for modifying 
instrumentation and performing other reconfiguration actions during execution. 

PSTlib The core of the PST run-time library provides run-time analysis sup- 
port for PST/HPF programs, automatically managing shared and distributed 
variables by constructing and controlling essential message transfers, and han- 
dling the execution of parallel loops. Fundamental support is also provided for 
debugging and performance analysis of such programs. 

Support for dynamic array allocation, dynamic array re-alignment and re- 
distribution, assumed-size array arguments, user-defined and inherited data dis- 
tributions all mean that representations of distributed arrays and symbol ta- 
bles are complex structures which have to be set up at run-time. Functions are 
therefore provided by the PST run-time library which allow access to distributed 
arrays and their structure and distribution information. 

Information about the static structure of the source program, and how this 
relates to the transformed code actually running on the nodes of the parallel 
machine, allows PDT and PMA to relate tow-level events to the corresponding 
high-level source statements. Examples where such information is essential are 
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matching addresses of breakpoint locations or MPI message-passing events to 
the appropriate line (or lines) of PST/HPF program source. 

A specification of the static program structure is also incorporated within 
source objects during compilation, and after linking constituted into a complete 
specification added as an extra 'section' of the executable. This mechanism en- 
sures that  the specification is always consistent with the corresponding source 
files, and that  it is readily accessible to Anna] interactive components. 

PDT|ib The PDT debugger is able to reconstruct a distributed array from the 
fragments on each processor using the array distribution information available 
from the PST run-time library. This 'raw' data is most conveniently processed 
within the parallel machine to extract relevant parts for subsequent presentation. 

Data breakpoints, or 'watchpoints, '  provide an indispensable debugging ser- 
vice when tracking down run-time violations when they first occur. The PDT 
run-time library includes a scalable mechanisna where all memory updates per- 
formed by the program are checked locally on each processor. Store operations 
are instrumented to determine whether the address is within the range of an 
array section to which a predicate has been specified, and then, if appropriate, 
the value itself is also examined. 

Messages in distributed systems are considered to race if they are simulta- 
neously in transit and the order of receipt at a single point is not completely 
defined. Re-running a program which has races complicates debugging, since ex- 
ecution is non-deterministic. The PDT run-time library uses vector t imestamps 
seat with each message to determine on receipt whether a race has oecured. On 
subsequent re-execution, the trace of messages which raced can be replayed. 

PIVIAlib During program execution, the PMA library is responsible for manag- 
ing profile summary and event trace collection from instrumented MPI com- 
munication library functions and instrumentation inserted in the program by 
the compilation system. Users can also choose to add extra instrumentation of 
their own. Initial library configuration determines what classes of information 
are gathered, and how this should be processed. This 'base' instrumentation can 
then be flexibly modified by specifying different instrumentation for selected 
program regions. 

The state and utilization of the message-passing system is determined from 
the instrumented communication functions. Similarly, the instrumentation in- 
serted by the compilation system makes it possible to determine the program 
state in terms directly related to the user's view of the program structure, i.e., 
routines, loops, etc. Additional information is also provided by the compila- 
tion system about parallelization overheads, such as run-time analysis, (explicit 
and implied) data  re-distributions, and extra storage for communication buffers. 
Memory utilization provided by these means, and other system information, in- 
cluding the message-passing events, can always be related back to the program. 

Two complementary performance information formats are supported by the 
PMA run-time library. The simplest is an event trace log which is buffered on 
each processor. A more convenient and scalable alternative is a profile summary, 
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accumulated as the program runs, which keeps track of essential execution statis- 
tics for each entity of the program structure on each processor. Profiles of the 
current execution status can be presented on demand, or summarize the complete 
execution when the program finishes. Instrumentation processing overheads are 
also available as an integral part of the analysis. 

3.2 In t e r ac t ion  and  Opera t ion  

PDTlib uses PSTlib to access the relevant parts of distributed arrays, for reduc- 
tion and presentation to users as single consistent objects. Similarly, communi- 
cation events can be checked by PDTlib to determine whether a race has occured 
and/or noted by PMAlib as part of its execution record. Low-level events such 
as this are efficiently related to the appropriate high-level source statements via 
PSTlib program structure mapping information. 

If all of their functionality were always enabled, PDTlib and PMAlib would 
have significantly intrusive effects, on each other as well as the user program. 
Their functionality is, however, only latent, requiring appropriate run-time con- 
figuration. When debugging, PDT can activate functionality to enable message- 
race checking, or to configure watched memory regions. Alternatively, during 
performance analysis, PMA will activate profiling and/or tracing and configure 
the various types of instrumentation. 

Both PDT and PMA use the common facilities provided by TSA, the only 
part of Annai which interacts directly with the parallel program on the target 
platform. In addition to controlling program execution, TSA is able to read 
from and write into the program's address space, enabling it to configure the 
Annai run-time libraries. TSA also allows PDT and PMA to specify breakpoints 
and (where appropriate) subsequently informs the high-level tools of breakpoint 
hits which they can then process as they wish. At any time program execution 
has been halted, the run-time library configurations can be further modified by 
TSA: tables of memory regions corresponding to arrays which should be watched 
with associated predicates, and instrumentation actions and configurations to be 
applied at 'lightweight' breakpoint hits, can be updated. 

4 C o n c l u s i o n  

Integrated environments for parallel systems have recently become a matter 
of considerable user and developer interest. Thinking Machines Corporation's 
commercial Prism environment [5] successfully demonstrated the principle, and 
motivated research groups to investigate similar environments for Fortran D [6] 
and Vienna Fortran [7], as well as other programming languages. Numerous more 
restricted efforts have also partially-integrated various editors, compilers, debug- 
gers and analysis tools in research and commercial contexts, some now coordi- 
nated under the auspices of the Parallel Tools Consortium [8]. 

Annai is the practical realization of the further development of these ideas 
in a consistent, easy-to-use environment. Advanced parallelization, debugging, 
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performance monitoring and analysis techniques have been incorporated in in- 
tegrated modular  tools, providing comprehensive scalable support  for flexible 
data-parallel  and explicit message-passing application development with stan- 
dardized languages and portable machine interfaces. The design of the Annai 
run-t ime libraries, such that  they can handle distributed events and process 
huge amounts  of da ta  - -  from both the user program and the system itself - -  
in a scalable fashion, ensures effective support  for interactive parallel program 
engineering. 
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