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ABSTRACT

One of the more difficult aspects of parallel computation is correctness. Programming is widely acknowledged
to be a complex and error-prone undertaking, and with the added complexities of managing communications
between tens, hundreds, or many thousands of processes, developers need the very best tools they can get.

This white paper makes a bold counter-claim that parallel debugging can be easier than scalar debugging and
introduces state-of-the-art parallel debugging techniques using DDTLite for Visual Studio 2008.
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INTRODUCTION

Sooner or later every programmer asks themselves the following questions:

1. Where is the computer up to in my program? Which function is running?
2. What is it doing? What's its internal state?

Over the years our attempts to answer these questions have moved on from educated guesses through print
statements to integrated debuggers, which answer the questions succinctly by showing the current function
and stack, and allow the programmer to see exactly which values her variables have.

These fundamental questions remain the same whether the program is single-process, multi-process, or highly
parallel. However, the parallel programmer might get tens, hundreds, or thousands of answers to each of those
questions. These answers cannot be naively averaged or collated — the fact that the 3" process is running a
different function to the other 15 processes is vital information that must be extracted, not lost, since it may in
itself be the source of a bug, or the victim of a race condition.

Our contention, however, is that parallel debugging doesn’t have to be hard. With state-of-the-art tools,
parallel debugging can actually become easier than scalar debugging.
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PARALLEL DEBUGGING CAN BE EASIER THAN SCALAR DEBUGGING

Some programs will never work. No matter what data you feed into them, they always crash, loop, or spew out
error messages. These data-independent bugs are generally very straightforward to diagnose and fix.

Most programs seem to work most of the time, but fail on your most important data set. These data-
dependent bugs crop up at edge-cases or unanticipated values buried within complex data sets. Fortunately,
using the same data can be used to predictably reproduce the problem. Diagnosing and fixing these kinds of
problems can be a complex affair.

Similarly, a few programs work most of the time, but fail seemingly at random — perhaps with increasing
frequency as the number of processes is increased. Such bugs can be caused by race conditions, poor memory
management or even system failures. Diagnosing and fixing these is generally agreed to be no fun at all.

Debugging the first case is pretty much the same whether your program is scalar or parallel. However, in the
second two cases something interesting happens. A scalar programmer faced with a data-dependent or
unpredictable bug generally thinks something like:
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Note the emphasis on “normally”, it’ll be important later. Now, if our scalar programmer is lucky, catching the
program during the error in an interactive debugger will give him enough information to reason out why the
program didn’t do what he expected with this particular data set, or in this particular instance. If this fails,

however, he’ll be left with working through the code step-by-step, or running the program with several
different data sets or processor counts to try to work out what exactly is causing the problem.

This is where parallel debugging has an important advantage. Often, a data-dependent or seemingly random
bug will only affect a subset of the running processes. The parallel programmer now has two sets of useful
information:

1. 4instances of the program in a broken state
2. 12 instances of the program in a normal state

In other words, the parallel program itself is providing a real-time reference for what it should “normally” be
doing at this point. Comparing this with the broken state gives our parallel programmer a much easier way to
discover the cause of the problem. If all of these instances are running under an integrated parallel debugger,
the following technique can be used:

Compare all the processes in the program to see which differences they exhibit
Group the processes by the results — for example into “broken” and “normal” groups

3. Analyze examples from each group in detail using existing, well-developed tools for examining single
processes

4. Understand the cause of the differences in the groups, and thus the cause of the problem

In the next section we will see how these steps can be semi-automated to provide a single, fluid environment
for debugging parallel codes.
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PARALLEL DEBUGGING IS EASY — WITH DDTLITE

Using DDTLite we will now show how state-of-the-art tools can support each of the four steps discussed in the

previous section.

ABouTt DDTLITE

Allinea Software’s DDTLite is a plug-in for Visual Studio 2008 SP1. Drawing from Allinea Software’s expertise in
providing UNIX and Linux-based parallel tools, it complements Visual Studio’s built-in debugger by adding a

range of parallel-specific capabilities.

Linux and UNIX developers moving to the Windows HPC platform will already be familiar with many of these
concepts, while Windows developers looking to take advantage of new multi-core processors will appreciate its

seamless integration with the rest of the Visual Studio environment.

COMPARE

DDTLite provides three new tool windows for comparing parallel processes:

1. “Parallel View — Location”, which groups processes by the function they’re currently executing:

2. “Parallel View — Variables”, which groups processes by the result of a user-specified variable or

expression:

Location - Parallel View - 0 X

--bt.bbleSorl {4 processes)
[ main (2 processes)

: . Proess 3
(- init_worker (1 process)

FIGURE 1: PARALLEL VIEW - LOCATION

Variable - Parallel View ~ 1 x

“data>100 Evaluate

i~ Process B
i Process 7
i- Process §
- Process 11
. i Process 13
S-true (1 process)
‘. Process 15

FIGURE 2: PARALLEL VIEW - VARIABLE
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3. “Parallel Stack View”, a tree formed by merging the stacks from each process together:

Parallel Stack View
=) [Etemal Code] (9 processes)
- mainCRTStartup (8 processes)
& __tmainC RTStartup (8 processes)
B..

E| qSort (2 processes)

FIGURE 3: PARALLEL STACK VIEW

The key in all three of these windows is that values are not listed by process; processes are grouped by their
value. When each process has a unique value, these are given their own grouping under “Unique Values”, as
the information that a set of processes have unique values is almost always more valuable than a list of those
values — examples of this include a process’ MPI rank or its working index in a distributed array of data.

Of course, OpenMP, multi-threaded and mixed-mode programs are also supported. In OpenMP/multi-threaded
programs, the concept of a “process” is simply replaced by that of a “thread” and the entire functionality
remains. In mixed-mode programs each process may have several child threads, each of which can be treated
independently.

Right-clicking on any of these groupings invites the programmer to proceed to the next stage by creating a
group.

GROUP

In DDTLite, processes and threads are automatically collated based on their current location or the value of
specific variables or expressions. These collections can be made into user-defined groups by right-clicking on
any of the comparison windows and choosing “Create Group”. DDTLite adds several new facilities to Visual
Studio to allow groups of processes to be treated as single entities:

1. The “Parallel View — Groups” window, which shows user-defined groups and allows one to be selected.
When a group is selected, only processes in that group will be allowed to execute — the rest are held,
frozen in place:

Groups - Parallel View - 1 x
--AII (16 processes;
EH
Select
LCreate Group
Rename
Add to 3
Remove

= “data>100=true (1 process)
i Process 15

FIGURE 4: PARALLEL VIEW - GROUPS
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2. The “Selected Processes and Threads” window, which shows the processes and threads in the
currently-selected group. This window also contains controls to lock-step the entire group in a single
operation:

Selected Processes and Threads

All: 16 processes [n ';E] [n [;EI [n ¢§] Show Threads [Hide threads in extemal code v]

Break when: [Evefy selected process v] reaches a breakpoint [ Select all 16 processes in program ]

FIGURE 5: SELECTED PROCESSES AND THREADS

3. Implicit group breakpoint operations, toggled in the “Selected Processes and Threads” window.
Without DDTLite, Visual Studio breaks whenever a process or thread reaches a breakpoint. DDTLite
also allows you to wait until every selected process reaches a breakpoint, which creates the ‘barrier’
effect of synchronizing your processes at that point.

ANALYZE EXAMPLES

Whenever a group of processes or threads is selected, DDTLite automatically picks an example process/thread
from that group and selects it in Visual Studio’s single-process windows. This takes full advantage of the
familiar and powerful features of the Visual Studio debugger, allowing users to investigate the process in
complete detail:

Locals ~ 1 X
Mame Value Type =
W@ argc 3 int
@ argv 0x00e34c90 char **
@ input_fn 0x00e34cch Tinput. txt” & - char®  |E
& bufSize 1 int
& output_fn 0x00e34cd5 "output, txt” &, w char *
@ tmpBuf 000000000 int *
& mysort 0x0129101e bubbleSart{int *,int) void (int *
@ inBuf 0x00e3470 int = =7
[ Locals [ Call Stack | 3 Error List |2 Find Symbol Results

FIGURE 6: VISUAL STUDIO'S LOCALS WINDOW HIGHLIGHTING DIFFERENCES ON PROCESS SELECTION

DDTLite also works in perfect harmony with Visual Studio’s variable windows, highlighting any differences in
variable values in red when a new group or collection of processes is clicked on.
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UNDERSTAND

With automatic grouping of processes, synchronized control of groups of processes and deep integration with
Visual Studio’s own debugging features, DDTLite succinctly provides all the information programmers need to
rapidly zoom in on the underlying problems in their code.

Project Build Debug Tools Test Window Help

HERa A== I - NP N
b ou @ @[PS He % @

 Process: [4356] ParallelSort.exe  ~ Thread: [4348] Main Thread

I

[ | b [Debug <[[winz2 || # GenericMPE: R B

2 O0FBEE85

Selected Processes and Threads

~ & X |Variable - Paral lew >3 x

i) [EET
[ER 0 (6 processes)|
Brec when woachon abreskoon! | Saect ol 18 prcesses mprogm

Al 16 processes

Process 0

- Process 3

[M1234567891011121314 15 s

Process §

Process 12

P 15

malioced 8} ‘ctoec 81 cype.cé] fopenchl dbaheanc?’ Sortcrp "X | 1 5 proce
(Global Scope) + % main(int argc, char *[] arg¥) ~ ||| -2 (5 processes)
if(!finalBuf)
MPI_Abort (MPI_COMM WORLD, -1): o

}

// Chooses a sorting algorithm for each process respectively.
void (*mysort) (int*, int)=(rank$2?gSort:bubbleSort);

// Sorting
9 mysort (inBuf, bufSize):

// Gathers all the sorted sections back to the root process.
MPI_Gather (inBuf, bufSize, MPI_INT, tmpBuf, bufSize, MPI_INT, 0, MPI_CCMM_WORLD):

if {rank==0) {

// Merges all the well-sorted sequence sS=cTions TogeTther To the final result.
merge (tmpBuf, finalBuf, bufSize, totalSize);

|| [ Auto Update
< m | 3 | @ Location| g Variable [ Groups |
Autos ~ 1 X |[Parallel Stack View -Ix
| Name Value | Type  +|| = [Bxtemal Code] (16 processes)
@ bufsize 1 nt E+ mainCRT Startup (crtexe c:403) (16 processes)
@ Buf Ox00cd1558 nt® £ __tmainCRTStartup fertexe :586) (16 processes)
@ mysort 0x0124101e bubbleSortnt *int) void (it * main (sort.cpp 212) (16 progessss)
@ rank 0 nt
&) Autos [Z] Locals [5]Watch 1 | @ Parallel Stack View | g Call Stack [ Breakpoints [i] Command Wind.. ’Elmmed\ateWmd”
Ready

FIGURE 7: DDTLITE FOR VISUAL STUDIO 2008

10 | Parallel Debugging is Easy — an Allinea Software White Paper



CONCLUSION

This paper reveals that — with the right tools — parallel debugging can be easier than scalar debugging. Using
Allinea Software’s DDTLite for Visual Studio 2008, we have seen how user-guided comparisons with automatic
grouping and intuitive control of large groups of processes can be used to make the most out of the debugging
advantages offered by a parallel environment.

Allinea Software’s DDTLite for Visual Studio 2008 has its roots in its well-respected UNIX sibling, DDT, making it
the ideal choice for developers moving from a traditional UNIX or Linux environment to the Microsoft HPC
platform. Its seamless integration with Visual Studio also minimizes the learning curve for experienced
Windows developers who wish to take advantage of new multi-core processors.

More information on both DDT and DDTLite for Visual Studio 2008 can be found at www.allinea.com/ddtlite.
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FEEDBACK

Have you found any problems with this white paper? Do you have suggestions that would improve it? Send us
your feedback or report a bug to support@allinea.com. Alternatively, you may send email to Mark O’Connor

(mark@allinea.com).

MORE INFORMATION AND DOWNLOADS

More information on both DDT and DDTLite for Visual Studio 2008 can be found at www.allinea.com/ddtlite.

Allinea DDTLite requires the use of Visual Studio 2008 SP1.

12 | Parallel Debugging is Easy — an Allinea Software White Paper


mailto:support@allinea.com
mailto:mark@allinea.com
http://www.allinea.com/ddtlite

