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Abstract

Relative debugging is a technique that
addresses the problem of debugging programs
that have been developed using evolutionary
software techniques. Recent devel opments allow
relative debugging to be used on programs that
have been ported from serial to parallée
architectures or between different parallel
architectures.  Such programs may change
significantly in the porting process and this
raises many issues for the debugging
methodology. This paper examines the use of
relative debugging on a distributed memory
application in which errors were introduced
when the code was ported from a sequential to a
parallel architecture. Our debugger, GUARD-
2000, is used to compare key data structures
between the two codes even though the parallel
data structure has undergone significant
reorganisation when mapped onto a distributed
memory platform. We show how this technique
can quickly and accurately pinpoint the source of
errorsinthe parallel code.

INDEX TERMS: parallel programming tools, relative
debugging, distributed memory, porting.

1 Introduction

Relative debugging is a technique that alows
a user to compare data between two executing
programs [17]. It was devised to aid the testing
and debugging of programs that are either
modified in some way or are ported to other
computer platforms. Traditional debuggers force
the programmer to understand the expected state
and interna operation of a program. In contrast
relative debugging makes it possible to trace
errors by comparing the contents of data
structures between programs at run time. In this

way the programmer is less concerned with the
actua state of the program and more concerned
with finding when and where differences
between the old and new codes occur. Relative
debugging operates by alowing the user to
define a series of assertions between a reference
program and a suspect program. These
assertions specify key data structures that must
be equivalent at specific locations in the codes.

When the programs are executed the debugger is
able to use the assertion information to
automatically compare the data structures and
report any differences to the user.

A number of case studies over the years have
demonstrated the significant power of relative
debugging as a practical technique for locating
errors experimentaly [5][18]. However, parallel
programs provide additional challenges in
debugging [8]. Importantly, in many cases they
are converted from existing sequential codes
rather than being rewritten from scratch. We
have argued that relative debugging is an
important tool aimed at smplifying the porting
of sequentiad programs to paralel platforms
because it recognises the existence of a working
sequential  version that can be used as a
comparison point. Until recently we have only
been able to demonstrate this for sequential
programs and a restricted set of parallel codes.
This was because our early implementations of
the debugger did not have sufficient expressive
power to deal with distribution of data across a
parallel machine, nor the changes that are
necessary in data structure when the program is
ported.

In this paper we present a case study that
illustrates the application of relative debugging
when a program is ported from a sequential
language to a parallel version running on a
distributed memory platform  The example
illustrates a novel technique that is required in
such an environment, namely the ability to



describe the way the datais distributed across the
memory of the parallel machine. The paper
gives a very brief description of relative
debugging, and its implementation called
GUARD. It then describes the application under
condderation which is known as the Shalow
Water Equations [16]. This is followed by a
discusson of how GUARD facilitates data
comparison across distributed memory machines.

2 Relative Debugging

Unlike other conventiona parallel debuggers
[6][12][13] a relative debugger provides the
ability to dynamically compare data between two
executing programs regardless of their location
and configuration. In our implementation of a
relative debugger, caled GUARD, data
comparisons can be performed either using an
imperative scheme or a declarative scheme.
Imperative comparisons can be performed
explicitly by the user when two programs under
the control of the debugger are stopped at
breakpoints. The imperative conpare
command behaves like a conventiona debugger
data display command, however it names data
structures in two processes instead of one. For
example the following command compares the
data from array A in $procl with array Bin
$proc2:

conpare $procl:: A = $proc2::B

If the arrays differ then the differences are
reported. The compare command requires a
fairly high degree of interaction by the user
because the two programs must be manualy
executed and hated before the data can be
compared.

An aternative way of comparing data is to
use the declarative assert command. This
command takes a pair of data structure names,
process and file names and line numbers and
compares the contents of the data structures only
when the processes have reached their respective
line numbers. The following command
compares the data from array Ain $pr oc1 with
array Bin $proc2 when $pr oc1l reachesline
123 and $pr oc2 reaches line 456:

assert $procl:: A@filel.c":123 =
$proc2: : B@file2. f":456

When the user issues an assert command the
debugger compiles it into a dataflow graph

which is then executed under the control of an
interpreter. Dataflow nodes only fire when the
programs reach breakpoints and the comparison
is performed only when both data structures are
available.

The relative debugging methodology involves
placing assertions a key points in the two
programs until a difference in data is detected.
At this point the user examines the control and
data flow of the programs and new assertions are
written with the aim of refining the region that is
in error. This process meansthat it is possible to
reduce the region under consideration to a small
code fragment very quickly because the region is
divided on each pass. Conventiona debug
methodology and tools can be used to finaly
isolate the error. It is beyond the scope of this
paper to describe in detal how relative
debugging is implemented however the scheme
isfully described in [3]. We refer the reader to a
number of other papers that provide a thorough
introduction to relative debugging and how the
technique can be used to find the location of
errors [2][4].

The assert and compare commands provide a
conceptually ssmple mechanism for comparing
data between two sequential programs. However
akey goad of relative debugging is to extend this
mechanism to encompass the comparison of data
between related sequential and parallel programs.
In this dtuation the comparison process is
complicated by the decomposition that is
normally applied to sequential data structures
when a code is ported to a parallel architecture.
To aldress this issue GUARD provides a nmap
function which is used to define the data
decomposition that has been employed. Rather
than just supporting standard decompositions
such as BLOCK and CYCLIC [7] as found in
languages like HPF [10] we alow the user to
write an arbitrary arithmetic expression that
dictates the converson of indexes from one
space to another. Once the mapping has been
specified it can be used in an assert command to
provide the debugger with the necessary
information needed to perform the comparison
operation. For example if the array B above has
been distributed using a block-cyclic
decomposition defined by the map bcyc then
the assertion might be written as:

assert $procl:: A@filel.c":123 =
bcyc($proc2:: B@file2. f”:456)



Once a data distribution mapping has been
defined the user no longer needs to be concerned
with the decomposition issues and can again
concentrate on locating the source of the error.
A complete description of paralel relative
debugging is given in [19]. The utility of this
technique is demonstrated in the following case
study which examines the use of relative
debugging to locate errors in a distributed
memory paralel code.

3 Distributed Memory Case Study

The program used in this case study is a
simple numerical moddl of the shalow water
equations [15][9]. Abramson, et al. ported the
shadlow water equations to a number of
languages and architectures [1]. Both the
sequential and parallel versions are written in the
C language. The paralel program is a hand-
coded distributed memory implementation using
the MPI paralel architecture [14]. The
application is interesting because it represents a
smplified model of the dynamics of a red
weather model [11] and it captures features of
the computation such as the communication and
data distribution requirements. The equations
are discretized across a regular grid and a finite
difference formulation is used to approximate the
partial derivatives. The program time steps from
one iteration to another updating the key
variables on each step. Figure 1 shows the basic
program call tree.

mai n()

{

int ncyc;

initialise(u,v,p,psi,d,dj);

for (ncyc = 0; ncyc < itmax; ncyc++) {
/* Calculate cu, cv, z and h*/
cal cuvzh(p, u,v, cu, cv, z, h, fsdx, fsdy);

/.’L.Calcul ate tine tendencies */
ti met end(dudt, dvdt, dpdt, z, cv, cu, h);

/* Cal cul ate new val ues */
tstep(u, v, p, dudt, dvdt, dpdt, first,tdt);

if (first ) {
/* leapfrog */
tdt = tdt+tdt;
first = 0;

}
} /* End of time step |loop */

Figure 1: “shallow” program call tree

The distributed memory code uses a
master/dave arrangement, where the master
maintains primary copies of the key data
structures. Each dave is sent an entire copy of
the data structures, but only performs
computations on a portion determined by dlicing
the outer loop using a traditional BLOCK
decomposition [7]. Before and &fter a
calculation, each slave synchronises the edges of
the data dstructures with its immediate
neighbours. At the end of the time step loop the
dave data is copied back to the master process.
This arrangement is shown in Figure 2.

master

initial and final
synchronisation of
X save date
save data slice
K
slave 1 save 2 save3 slave 4
v
4
v
N\

~—___ data boundary synchronised before
and after each calculation

Figure 2: Data decomposition and boundary
synchronisation for “shallow”

Both codes use a number of key variables in
the computation of the shallow water equations.
These include the zonal wind (u), meridona
wind (), pressure (), potential enstrophy )
and quantity (h) as well as mass weighted zond
wind (cu) and meridonal wind (cv). In addition
the codes maintain time tendency variables for
the zona wind (dudt ), meridona wind (dvdt)
and pressure (dpdt ). Both codes compute new
vaues for cu, cv, z and h in the routine
cal cuvzh() and pefform the time tendency
caculationsin theroutinet i met end().

In order to begin debugging the “shalow”
code, a map that describes the data
decomposition technique used by the distributed
memory code was defined. One major difference
between the codes is the index ordering which
has been swapped in the trandation from
sequentia to parallel. The map was aso defined
to account for thisindex permutation.




map shal | ow( P: : A)
define index(i,a,u,l) = a[l-i]
define proc(i,a,u,l) =
a[1] * $procs / $rows
end

The first line of the map indicates that the "
index of the array should be swapped with the
(1-)" index. This effectively swaps the indices
of atwo-dimensiona array. The second line of
the map specifies which process holds each
element of the array. In this case multiplying the
first index vaue by the number of processes and
dividing by the number of rows in the array
determines the process number. i.e. rows O
through r ows/ procs- 1 are located on process 0,
rows/ procs through 2*rows/procs-1 are
located on process 1, and so on. The full
mapping syntax and femantics can be found in
[19].

For this case study a modd size of 32" 32 and
arun length of 950 time steps was chosen. The
distributed memory code was initially run on two
processors. The codes are designed to report a
number of key values every 50 time steps o it
was smple to determine if the codes were
working correctly or not. Figures 3a and 3b
show the output from the two versions of the
code after 950 time steps and in which
significant errors can be clearly seen in dl four
values.

Cycl e nunmber 950
Model time in days 0.99
Potential energy 6816. 106

Ki neti c Energy 41183. 156
Pot. Enstrophy 2.006166e- 27
Tot al Energy 47999. 262

(a) Sequential

Cycl e nunmber 950
Model tinme in days 0.99
Potential energy 6790. 644

Ki neti c Energy 41219. 078
Pot. Enstrophy 6. 152948e- 17
Total Energy 48009. 723

(b) Distributed Memory

Figure 3: Output from the“ shallow” code

3.1 Error 1: Incorrect Index Value

The shdlow water mapping was used to
define a series of assertions to compare the

values of the key data structures u, v and p
between the sequential and paralel codes just

prior to entering the main time step loop. This
tests the initidisation code in the two programs,
and ensures that the variables are correct before
any calculations are undertaken. The error limits
were set to an initial estimate of the likely error
range. The commands used were as follows
(assuming $c represents the sequential program
and $p the parale program):

set error 1.0e-20 1.0e-1

assert $c::u@-cshallow. c":61 =
shal | owm $p: : u@ rai n. c": 405)

assert $c::p@-cshallow c":61 =
shal | owm( $p: : p@ nmai n. c¢": 405)

assert $c::v@cshallow. c": 61 =
shal | owm $p: : v@ nai n. c": 405)

Execution of these assertions showed that u,
p and v are correct prior to entering the time step
loop. This confirms that the errors must be being
introduced by calculations in this loop.

The next step was to examine the result of the
computations performed in cal cuvzh(). This
was done by defining assertions to compare the
values of the variables cu, cv, h and z as
follows:

assert $c::cu@cshallow. c":71 =
shal | ow( $p: : cu@ nmi n. c": 430)
assert $c::cv@cshallow. c":71 =
shal | om $p: : cv@ nai n. c": 430)
assert $c::h@-cshallow. c":71 =
shal | owm $p: : h@ mai n. c": 430)
assert $c::z@cshallow.c":71 =
shal | om( $p:: z@ mai n. c": 430)

After first call to cal cuvzh() differences
were observed in the variable cv. These
differences are shown in Figure 4a. To visudise
the differences in the arrays we use a two-
dimensional representation where each pixel
shows the value of the difference at the
corresponding location in the arrays. The
relative magnitude of the differences are mapped
onto a colour table with white representing no
differences and black the largest difference.
Using this technique the differences observed in
the cv arrays suggested that the error was related
to a boundary calculation by each processor.

To confirm this suspicion the codes were re-
run with the distributed memory code executing
on four processors rather than the initial two.
Errors were again observed in the variable cv
however this time the differences appeared as
shown in Figure 4b. This confirmed that cv was
affected by a boundary issue that depended on
number of processes. Since the error was in the



boundary column the corresponding boundary
code was examined for coding defects.
Inspection of the cal cuvzh() code (12 lines)
lead to the discovery of an incorrect array index
in the calculation of cv.

32 elements

|
i I|I

| I 32 elements

(a) Two Processes (b) Four Processes

Figure 4: Boundary errorsobserved in
thecv variable

Relative debugging alowed the rapid
identification of this error by observing the
changes resulting from running on different
numbers of processors, and irrespective of the
fact that the array indexes are permuted.

3.2 Error 2: Wrong Array Element

After correcting the index value and re
running the programs using the same assertions
errors were still observed in the cv variable.
The characteristics of the differences had altered
sgnificantly however and now seemed to
indicate a periodic error in the cv calculation.
The new differences are shown in Figure 5.

Figure5: Apparent periodicerrorsin
thecv variable

Further ingpection of the cal cuvzh()
revealed a second error in the calculation of cv.
In this case the wrong element of the array v was
used in the calculation of cv.

This error was interesting because it occurred
in the same statement as the previous error, but
was missed in the origina code inspection.
Because the nature of the eror in a single
variable changed from a boundary problem to a
periodic problem the source of the problem was
quickly identified.

3.3 Error 3: Wrong Sign

After ensuring that both errors had been
corrected in the parallel code the programs were
rerun to check that the cv variable was now
correct. The assertions showed that al four
caculated variables, cu, cv, h and z were
correct after first iteration, however on
subsequent iterations errors were observed
accumulating in the cu variable. Figure 6 shows
an example of these errors.

[ E
|
|

.
1

Figure 6: Errorsobserved accumulating
in thecu variable after first time step

Inspection of the code showed that the
caculation of cu is derived from the values of p
andu. Since dl valuesof cu are correct on first
iteration but incorrect on second and subsequent
iterations, this implies that there must be in error
in the computation of p and u (which were
shown to be correct immediately after
initidisation).

The following assertions were defined in
order to check the values of p and u at theend
of the time step loop:

assert $c::u@-cshallow. c":85 =
shal | ow( $p: : U@ mai n. c": 449)

assert $c::p@cshallow c":85 =
shal | owm( $p: : p@ i n. c": 449)

When the codes were again run errors were

immediately reported in u. These are shown in
Figure 7.

Figure7: Errorsobserved in u, which is
used to derivecu

At this point it was clear that errors were

being introduced into the variable u but these
could have resulted from either the calculation of



u itsdf in tstep()or in the time tendency
variadble dudt which is cdculated in
ti met end(). To verify which routine was the
source of the errors it was necessary to rerun and
check the value of dudt immediately after the

cdl to tinetend(). Figure 8 shows the
differences visible in dudt when this was done.

Figure8: Errorsresulting from wrong signin
calculation of dudt

It was now known with reasonable certainty
that the erors were occurring in the
ti metend() routine. At this point a visua
ingpection of the 15 lines of code in
ti met end() was used to locate the source of
the error. In this case the error turned out to be a
wrong sign used in the calculation of dudt .

This error highlights the use of relative
debugging to quickly reduce the possible
location of an error to a small region of code.
Once this has been done, smple code inspection
will usually pinpoint the incorrect statement
immediately even when the actua error is very
minor as in this case.

4 Conclusion

In this paper we show how our relative
debugger, GUARD, can be used to locate errors
in a code that has been ported from a sequential
architecture to a distributed memory architecture.
This work is significant because it is the first
time that relative debugging has been used to
locate errors in a hand-coded distributed memory
code running on multiple processes. The case
study shows that the debugger:

easily handles significant changes to
key data structures that are introduced
during the porting process; and

can accurately locate the source of
errors in only a few steps using an
iterative refinement process.

One criticism of the mechanism used by the
debugger to describe data decomposition is that
the user may write an incorrect transformation
and thus the debugger will indicate that the

structures are incorrect even though they are
actually the same. In addition the mapping
language itself is inherently fragile That is,
minor coding errors can lead to major changesin
the final specification. The consequences of
such mapping errors are that it may become
difficult or impossble to locate the origina
program errors or that ‘spurious errors may be
introduced. We propose a number of solutions to
overcome these shortcomings. First we believe
that the use of pre-packaged transformations will
reduce the occurrence of this situation. It should
be possble to provide transformations to
replicate most normal decomposition techniques
such as block ad block-cyclic. Map creation
could also be facilitated through the use of either
a semi- or fully automated analysis system. A
semi-automated system could provide a
graphical environment for specifying maps and
alowing the user to modd and test the
decomposition or transformation interactively. A
fully automated system could perform code
analyss on the serid and parallel codes to
determine the required mapping.

In concluson it is worth indicating that
relative debugging is of limited value when
timing and other non-deterministic errors occur
in paralel codes. The technique is very effective
at locating aregion that isin error and it will flag
errors between a working program and an
erroneous one. However, because the debugger
disturbs the timing of the program any errors it
isolates may vary from one execution to another
if non-deterministic behaviour is present.
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