CHAPTER 3

Pragmas

This chapter contains description of BERT77 pragmalanguage. A pragmaissimply a
special comment placed in your FORTRAN program. Pragmas provide information or
directivesto BERT77. Information in pragmasis used to assist BERT77 during the
conversion process. Quite often information known by the user, but not explicitly
expressed in the program can be helpful to BERT77. Directivesin pragmas can be used to
force BERTto do specific things. Because BERTin general makes "conservative" (safe)
decisions, there may be times when BERTcan not determine a data relationship that is
known by the user.

Pragmas also allows BERTto work with special cases. If BERTcan not determineif a
portion of your program is concurrent due to some special programming technique, then it
will be possible to convert this portion with the use of pragmas. Otherwise, these cases
would be a"dead end" and require code modifications before BERTwould make them
paralel.

This chapter describes the BERTpragmas or directives. It isaso suggested that you read in
Chapter 1. Parallelization Model and Methods. The Introduction sections contains starting
knowledge. The section How to Use Pragmas presents the most common cases when
pragmas are helpful. The section How to Write Pragmas explains how to write complex
pragmas correctly. Sections Syntax of Pragmas and Explanation of Pragmas include
formal pragmas description and detailed explanations. Finally the section Example of
Parallelization is a pardldization tutorial, explaining how to parallelize areal program
interacting with BERT.

Pragmas and Automatic Analysis

Thereis atrade off between automatic concurrency detection and pragma additions by
the user. At one end of the spectrum isthe desire to provide totally automatic
conversion of aFORTRAN program without the need for the user to supply any
information. Thisgoal, while highly desirable, is difficult to achieve and requires a
large amount of work. At the other end of the spectrum is the need for the user to
provide a complete description of their program with BERTpragmas. While this would
allow BERTto provide very optimal conversions, it places an additional (and
unacceptable) burden on the user. The best result lies somewhere in between, where a
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large percentage of concurrent behavior of the program is detected automatically and
"difficult" cases are left for the user to describe using pragmas. It turns out that
automatic detection of the difficult casesis alarge percentage of the work. That is, the
last ten percent of the fully automatic detection represents ninety percent of the work.

Future versions of BERTwill have improved detection algorithms in addition to
pragmas. Pragmas allow BERTto be useful "right now" for almost any FORTRAN
program.

Introduction

BERT77 allows the use of pragmas to facilitate the conversion process. Pragmas are
used to give BERT77 "directives' about the program structure and data dependencies.

Pragmas take the form of FORTRAN comments. The general format is:
C$BERT pragma

where pragma is a specific pragma. In thisway, the original source code can remain
FORTRAN 77 compliant.

Pragmas can be inserted into the source program in one of two ways.
1. The user can add pragmas
2. BERT77 can add pragmas

In the current version, the pragmas added by BERT77 are never seen by the user unless
the -pio[e] [£] optionisused with thebert command. Thisoption isimportant
if you wish to add your own pragmas. BERT will attempt to write the correct
pragma which can then be edited by the user and placed in the original program.

General information and an introduction to pragmas follows in this section. More
detailed pragma descriptions can be found later in this chapter.

Pragma Example

The user can force a program fragment to be executed in parallel. Two kinds of
parallel execution are possible: DO loops and segments. Consider how two
independent program segments can be described with pragmas:

CALL S1(X, Y, N)
CALL S2(A, B, N)

SUBROUTINE S1(X, Y, N)
REAL X(100), Y

| NTEGER N
Y = 0.
DO1 =1, N
Y =Y+ X(1)
ENDDO
END

SUBROUTINE S2(X, Y, N)
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REAL X(100), Y

| NTEGER N
Y = 1.
DO1 =1, N
Y =Y * X(I)
ENDDO
END

Here the subroutine calls s1 and S2 are concurrent, but BERT77, in automatic,
mode neglects this parallelism if it does not consider it efficient. If you want to
force parallel execution of the two subroutine cals, you can use the following
pragmas.
C$BERT PARBEG N
CALL SI1(X, Y, N
CALL S2(A, B, N
C$BERT PAREND

PARBEGIN starts a group of independent instructions. PAREND ends this group.
All instructions in this group will be executed in parallel. If S1 and S2 are not
present in the source code (e.g. they were compiled previously and placed in the
user's library), then data used by the modules MUST be described in pragmasin the
following manner.

C$BERT PARBEG N

C$BERT DATA IN = {N, X(1: N} OUT = {Y}
CALL S1(X, Y, N)

C$BERT DATA IN = {N, A(1: N)} OUT = {B}
CALL S2(A, B, N)

C$BERT PAREND

Here IN are all data values that are used by the line following the DATA pragma -
either explicitly or implicitly. ouT are all data values that are produced by the
correspondingline. A(1: N) meansA (1), ... , A(N) (N should be grester
or equal to 1). Note, that the order of the dataisimportant -similar to READ
statements. Therefore, description IN = {A(1: N), N} isincorrect. If an IN
or OUT set isnot described by a pragma, it will be determined automatically by
BERT. (See Chapter 1. Parall€elization Model and Methods for more information.)

Another example is when you want to force parallel DO loop execution.

DOI =1, N
CALL S(A(l), DBLE(!)/DBLE(N))
ENDDO

SUBRQUTI NE S(X, 2)
X =2z*Z
END
If BERTdoes not think that parallelization of the loop is useful and you think it will
be, you can forced this loop to be executed in parallel by adding the c$serT PARDO
(paralel DO loop) pragma. For the example above:

DO =1, N
C$BERT PARDO
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CALL S(A(l), DBLE(!)/DBLE(N))
ENDDO

SUBROUTI NE S(X, 2)
X =27
END

This pragmawill force the loop to be executed in paralldl.

How to Use Pragmas

Basic information and typical examples of parallelization directives can be found in
this section.

When to Use Pragmas

When are pragmas needed?

These are two different cases and each should be considered carefully. The first
case is when a program is to sophisticated for automatic parallelization. It may be
possible that BERTcan not determine if avariableis recursive (depends on each
loop cycle). In this case the user can force BERTto parallelize the loop anyway -
presumable because the user knows the variable is not recursive. The second case
iIswhen thereisaneed to force a concurrent section to execute in parallel. BERT
may have determined incorrectly that a concurrent section should be performed on a
single processor, perhaps due to the incorrect estimation of aloop boundary.
Pragmas allow all BERTdecision to be overruled. Please be aware that in some
cases improper use of pragmas may provide inefficient and incorrect results.

What is described in pragmas?

For the most part, pragmas described how data handling and parallelizations should
be performed. The IN and OUT sets described in a pragma are used by BERTso the
correct data may be transmitted to worker processors.

How complex pragmas can be?

Pragmas can range from very simple to complex. The required complexity depends
on the program.

Selection of Parallel Segments

The simplest use of pragmas is selection of which concurrent portion must be
performed in parallel.

Example:

DOl =1, N
DO J = 1,
C$BERT PARDO

N

ENDDO
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ENDDO
Hereinner (J) loop will be executed as parallel, and outer (I) loop as sequential.

Another example shows forcing of parallel execution of two subroutine calls. Note,
that in this case DO loop inside subroutine s will be executed sequentially, because
itisnested to PARBEGIN/PAREND construction.

Example:
C$BERT PARBEG N
CALL S(A)
CALL S(B)

C$BERT PAREND
SUBROUTI NE S( X)
DOI =1, N
ENDDO

Simple pragmas can also be used to prohibit automatic parallelization of certain
parts of programs.

Example:
DOl =1, N
C$BERT SEQDO
ENDDO

Here pragma segpo (sequential DO loop) prohibits parallel execution of DO loop.

To avoid automatic parallelization also pragmas PAR=0ON | OFF can be used (see the
Section on PAR pragmas).

Avoiding Recursion (Parallelization Inhibitors)

The most common reason for not parallelizing a DO loop do to recursive usage of
data. Recursive data are intermediate data produced by aloop iteration that is then
used by following iteration(s). When BERTdetects recursion, it gives diagnostics:
"possi bly recursive variable (array)"."Possibly" meansthat sometimesit
may not "true" recursion and therefore the loop may be concurrent. When BERTis

not sure that there is no recursion, it assumes "the worst case".

At various times BERTwill detect "false" recursion - due to the worst case
assumptions. Below are the most common cases of "false" recursion.

"False" Recursion

Example:
DOl =1, N
IF(B .GT. 0) X = 1.
IF(B .LE. 0) X = -1.
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.= X
ENDDO
Here BERT"does not know" that on every loop iteration X is always computed
before it isused (the if statements make BERTthink X is conditionally
computed). BERT"thinks" that this can be the case when value of X is not

assigned on some iteration. This kind of recursion can be overridden with a
PARDO pragma.

Another "false" recursion may appear when array indices has a complex form.

Example:
DOl =1, N
A(l) = A1 +K) + F(B(I))
ENDDO

Here BERTdoes not evaluate T+K and does not know, if old or new values of
array A are used for computation. In the case when K>0 there is no recursion.
Here again ssimple PARDO pragma can be applied, but it is strongly
recommended to describe the data using an IN field.

C$BERT PARDO | N={A(1 +K), B(1)}

IMPORTANT: If asingle or generated data object is described in
corresponding pragmafield, All data objects of this kind must be described in
the pragma. To do thisit is recommended to run BERTwith the "- pi 0" option
and note the correct pragma patterns generated for your program.

One more exampl e illustrates the following problem. BERTassumes that a
variable value assigned within loop can be used after the assignment . When
the value is not assigned on every iteration, BERTdoes not know, what
physical processor has generated the correct value.

DOI =1, N
| F(B . GT. 0) THEN
X = ...
.= X
ENDI F
ENDDO
If value of X isnot used after the DO loop, it can be parallelized by the
pragma PARDO.

Inductions

Consider the following loop:

DOI =1, N
K=K+ 1
... = K
K=K+ 2

ENDDO

Thisloop can be parallelized with pragma
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C$BERT PARDO | NDUC={ (K, 3)}

Here value of variable K isincreased in every iteration by constant step equal
to 3. Thisis example of induction variable. BERTdoes not determine it
automatically, because it is changed more than once in DO loop. It can be
described by INDUC field in pragma. (K, 3) means: "induction variable K
increased by 3 each iteration”.

If an induction variable is increased inside a subroutine/function call, BERTalso
"needs help" though the addition of a pragma similar to the one above.

Reductions

Congder the following example.

X =1

DOl =1, N

X = -X

ENDDO
Here X changesits sign every iteration. It can be described with the pragma:
REDUC = {(X, X=SIGN(X, X*#), X = 1)}

This pragma means that reduction variable (X) is computed through partial
results computed in different processors (#) by formula:

new value = SIG\(old value, old value * partial result)
Initial value of partial result is 1.
For more details see section "REDUC _LIST Pragma’.

Number of DO Loop Iterations

When BERTestimates parallelization efficiency, it counts execution times. The
precision of this estimation depends on how well it is possible to estimate the
number of loop iterations. When the number of iterations cannot be computed
explicitly, BERTmakes assumptions. Nevertheless, in certain cases there is no
reliable points to "start from". Then the directive indicating the number of
iterations is useful like the following:

DOI =1, N

C$BERT DO REPEATED( 5000)
X=X+ ...

ENDDO
Here BERTgets information that this DO loop is expected to have 5000 iterations
and can make further decisionsitself. Thisdirectiveisalso useful when BERTover
or under estimates the actual number of loop iterations. Under estimation may
prevent parallelization while over estimation my create inefficient parallelizations.

Unknown Function Calls

To solve the problem of time estimation for unknown function calls, the DATA
pragmamay be added. To account for the time of the unknown function, a TIME
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field has been added to the DATA pragma. Thisfield allows you to tell BERTthe
time required to call thisfunction. The form of the TIME field is asfollows:

TIME={tinme_val ue [scal e]}.

where: time_value isinteger constant and scale is s (seconds), ms
(microseconds) or ns (nanoseconds). The default is s (seconds).

For example:
C$BERT data tine={12345 ns} IN = ...

indicates to BERTthe execution time of an instruction following this pragmais
0.012345 seconds. Thetimeis for one pass of the instruction (or function call), not
the total in the program. The user must determine this execution time.

To solve the problem of dependency analysis, the -call option can be used when
invoking BERT This problem arises when BERTmust assume the unknown function
can call any function in the program or may contain STOP and file instructions.
Therefore, aloop that contains an unknown function call may have alarge
unresolvable set of dependencies. Seethe BERT 77 User Guide for more
information.

Decomposing DO Loops

Normally BERTdecides itself, how many processors to use for certain parallel DO
loop. It isalso possible to "tell" BERThow many processors to use. For example:

DO1 =1, N
C$BERT PARDO (N / 2)

ENDDO
With this directive BERTwill use N/ 2 workers for the loop.

How to Write Pragmas

Hints on pragmas construction are given in this section.
Defining IN and OUT Sets

The IN set must contain al data values that are used for computations upon entering
aFORTRAN line. The OUT set must contain all data values that are produced by
the corresponding FORTRAN line and used in further computations. Further
information on IN and OUT sets can be found in Chapter 1. For example:
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PROGRAM ABSTRACT
COMMON X(100), Y(100), Z, N

CALL S
PRINT *,(Y(1), | =1, N
END

SUBROUTI NE S
COMMON X(100), Y(100), Z, N
DOl =2, N, 2
IF(X(1) .GT. 0.) THEN
Z = X(1) + X(1-1)
Y(1) =2 * Z
ENDI F
ENDDO
END

Here avalid data description for the statement calling module Sis:
C$BERT DATA IN = {N, X(1: N, Y(2: N 2)} QUT = {Y(22 N 2)}

Where (Y(2: N 2) isanarray sectionand meansY(2), Y(4), Y(6), ... , Y
(N)) Onemay ask, "Why did array Y appear in the IN set?'. The reason isthat
elements of Y are not necessarily computed by module S because of the | F
statement. Therefore, sometimes these elements contain 'new' values and
sometimes 'old' values. The IN set contains data that are actually transferred from
the master to the worker. The OUT set contains data that are actually transferred
from the worker to the master. If elements of array Y are not loaded to the worker,
then elements which do not contain 'new' data will have incorrect values that
overwrite correct values after transfer from the worker to the master. The genera
ruleis:

ALWAYSADD VARIABLESFROM THE'OUT' SET TO THE 'IN' SET IF YOU
ARE NOT SURE THAT THEY ALWAY S GET ASSIGNED NEW VALUESIN
PARALLEL SEGMENTS OF THE PROGRAM.

Another question to ask is: "Why isthe variable z not present in the OUT set?".
Adding it to the OUT set is not an error, but its value is not used after module Sis
called, so it islocal. Reducing the amount of datain the IN and OUT sets will
increase performance of parallel program because communication can be
minimized. In any case:

REMOVE LOCAL VARIABLES FROM THE'OUT' SET ONLY IF YOU ARE
ABSOLUTELY SURE THAT THEIR VALUES ARE NOT USED IN FURTHER
COMPUTATIONS. REMEMBER THAT THIS PROPERTY MAY DISAPPEAR
AFTER MODIFICATION OF THE PROGRAM.

Note, that variable z did not appear in the IN set. The reason is that the value of z on
entering module Sis not used for computations, asit isALWAY S set to new value
before use.

EXCLUDE VARIABLES FROM THE 'IN' SET ONLY WHEN YOU ARE SURE
THAT THEY ALWAY S GET NEW VALUES IN PARALLEL SEGMENTS BEFORE
USE.
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DO Loops Inside PARBEGIN/PAREND

As mentioned above, all statements within PARBEGIN/PAREND are executed in
paralel. Thisleadsto the following limitation:

NO EXPLICIT OR IMPLICIT GOTO'SARE ALLOWED INSIDE
PARBEGIN/PAREND GROUP.

For example, IF-ENDIF statements are not allowed, because they contain implicit
branches. Although, thelogical IF isallowed if it hasno GOTO, becauseit is one
FORTRAN statement. One exclusion is made from this rule. BERT regards an
explicit DO loop as one FORTRAN statement. Hence, the following example is
possible.

C$BERT PARBEG N
DOl =1, N
Y =Y + X(I)
ENDDO
DOl =1, N
B=B* A(l)
ENDDO
C$BERT PAREND

Parallel DO Loops

DO loops can be considered as a collection of consecutive iterations. When all
iterations are independent, they can be executed in parallel, and the Doloop is called
concurrent. Actual parallel execution, as decided by BERTdepends upon the
efficiency of theloop. Concurrent DO loops are the most important part of a parallel
programs. Concurrent DO loops can be described as following:

DOl =2, N, 2
C$BERT PARDO IN = {X(1-1: 1), Y(I)} OUT = {Y(1)}
IF(X(1) .GT. 0.) THEN
Z = X(1) + X(1-1)
Y(1) =2 * Z
ENDI F
ENDDO

Note that adding a PARDO pragmawill tell BERTto make the loop parallel regardless
of efficiency or data dependencies. IN and OUT setsin the PARDO pragma describe
datafor oneiteration. A PARDO can be an element of PARBEG N PAREND group
like the following:

C$BERT PARBEG N
CALL S1

DOI =1, N
C$BERT PARDO

ENDDO
C$BERT PAREND
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Reduction and Induction Variables

Quite often DO loop iterations are not parallel because an associative operation like
summation, addition, MAX, etc. is performed on the data. In thiscase, it is possible to
compute partial resultsin parallel and then apply a given operation. These
operations are called reduction constructions and variables - reduction variables.
Summation and multiplication are usually detected by BERT v.1.03 automatically.
An example with maximal value search is asfollows.

VALMAX = F(X(1))

DOl =2, N
C$BERT PARDO REDUC = { ( VALMAX, VALMAX = NMAX( VALMAX, #),
#=VALMAX) }
I F(X(1). GTI. VALMAX) VALMAX = F(X(1))
ENDDO
Where the '# character denotes partial result. Description of reduction consists of
three parts:

1) Thefirst part is the name of the reduction variable (here VALMAX).
2) The second part is the operation performed on the partial result.

3) Thethird part isthe initialization of the partial result on processors
executing the parallel program.

Note: When using floating point arithmetic, the result may differ after applying
parallel reduction constructions. This difference is caused by roundoff hardware
errors. Changing the order of operations may produce different results. For the
great majority of cases, these errors only influence the least significant digits. When
the result must be exactly the same, reductions on floating point should not be used.
This can be important particularly when you use unstable algorithms. The
following program illustrates roundoff errorsif run both in sequential and parallel
modes.

program dx
doubl e precision result,f,x, step,func
integer t1,t2
st ep=1./1000000. dO
resul t=0. dO
do 1 i=1,1000000
x=(i-.5d0)*step
f=func(x)
result=result+f*step
1 conti nue
print *, ' result=",result
stop O
end
doubl e precision function func(x)
doubl e precision x
func=dsi n(x)*dcos(1. dO-x)
return
end
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Another case appears when avariable is changed in every iteration by a constant
value. This case makes it possible to compute the variable viaaloop parameter.

DOl =1, N
C$BERT PARDO | NDUC = {(J, -1)}

J=J-1

ENDDO
The description of induction variable consists of two parts: variable name and step.
Below are two more examples of pragma usage; PARTIAL CASCADE SUM and
CYCLIC REDUCTION are based on "Designing Efficient Algorithms for Parallel
Computers' by Michael J. Quinn (McGraw-Hill Book Co, 1987). Real speedup can
be achieved when instead of using array elements, function calls are used. These
examples should be regarded as general examples.

Ck***** PAR‘I'IAL (:ASCAE SUM *kkhkkkkkkhkhkhkkkk*k
DOl =0, N1
C$BERT PARDO
X(r) = ©(1)
ENDDO

DOI =0, LOGN-1

DOJ = 2**|+1, N1
C$BERT PARDO | N={X(J), X(J - 2**I1)}; OUT = {X(J)};

X(J) = X(J) + X(JI - 2**1)

ENDDO
ENDDO
C *kkkkkk k% CYCLI C REMTI O\I *kkkkkhkkkkhkkkxk
DOI =0, LOGN -1

DOJ = 2**| + 1, N1
C$BERT PARDO IN = {A(J),A(J - 2**1),D(J)}; OUT ={A(J), X(J),D

(I}
IF (I .GE. 1) THEN
T =AJ - 2%*1)
AJ) = AJ) + T
ENDI F
T = D(J-2**1)
DJ) = A(J) * T + DJ)
X(J) = D(J)
ENDDO
ENDDO

Syntax Of Pragmas

The syntax (grammar) for all of the pragmasis contained in this section.
pragne_st atenent : C$BERT pragna

pragna: bl ock
or dat a
or do_desc
or swi tch
swi tch: PAR=ON
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or PAR=OFF

bl ock: PARBEG N
or PAREND
dat a: DATA [ data_list; ]
do_desc: do_spec [ data list; ]
or DO [ repeats ]
do_spec: SEQDO [ ( deconposition ) ] [ repeats ]
or PARDO [ ( deconposition ) ] [ repeats ]
deconposi tion: FORTRAN_expr essi on
repeats: REPEATED ( i nteger_expression )
data_list: in_list
or out |ist
or reduction_li st
or i nduction_li st
in_list: IN={ var_list }
out list: QUT = { var_list }
reduction_list: REDUC = { reduc_list }
i nduction_list: INDUC = { induc_list }
var _list: [ element [, elenment ] ... ]
reduc_list: [ r_element [, r_elenent ] ... ]
i nduc_list: [ i_element [, i_elenent ] ... ]
r_element: ( elerment, reduction, initialization)
i _element: ( nane, step )
reducti on: #_assi gnnent
initialization: #_ assi gnment
st ep: FORTRAN expr essi on
#_assi gnnent : FORTRAN_assi gnnmet where instead of scal ar
nane can be used synbol '#
el ement : | ocal _nane
or gl obal _name
or array_section
or speci al _nane
| ocal _nane: FORTRAN scal ar _vari abl e_nane
gl obal _nane: / conmon_bl ock_nane
[. invariant_extension] /
or <nodul e_nane>
i nvari ant _ext ensi on: FORTRAN i nt eger
array_section: array_nane ( sections _list )
sections_list: section [, section ]
secti on: low ][ : up[ : step] ] [ | overlap ]
| ow: ext ended_expressi on
hi gh: ext ended_expressi on
st ep: ext ended_expr essi on
over | ap: ext ended_expr essi on
ext ended_expr essi on: FORTRAN expressi on where instead of scalar

name can be used one of the follow ng
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BERT_$
nanme_BERT
name_BERT _LOW
name_BERT_UP

speci al nane: BERT_STOP
or BERT_FI LE
or BERT_GOTO

Explanation of Pragmas

Theindividual pragmas are listed with specific notes and examples.

Description

Pragmas are special directivesfor controlling parallelization. They alow you to
describe parallel constructions supported by BERT Pragmas can be used when
BERTTfails to parallelize some program segments automatically and for development
of new parallel programs.

Pragmas have the form of FORTRAN comment lines. The first position of each
pragmaline must contain the symbol 'C'. If comment starts with 'C$BERT ' then it
means that thisline is pragmaline. Otherwise BERTconsiders thisline asa
FORTRAN comment. When pragma contains more than one line, it can be
continued on subsequent comment lines also starting with 'c’. A '&' symbol at the
end of pragma line means that it will be continued. For example,

C$BERT < lines &
C cont ai ni ng &
C pragma >

No difference in upper and lower caseis madein pragmas. All blanks and Tab
symbols after C$BERT are ignored.

Limitations
Pragmas may not contain text or bit constants and substrings.
Pragma Listing
Pragma contains of two fields: <keyword> <data>,
where: <data> field may be empty and <keyword> is the pragma type.
The following pragmatypes are allowed:

PARDO
SEQDO

DO
PARBEG N
PAREND
DATA
PAR=ON
PAR=CFF
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PAR Pragma

Pragma PAR=OFF is used for switching automatic parallelization off. This pragma
has no effect on parallel constructions described by other pragmas. Pragma
PAR=0ON switches automatic parallelization on. The scope of these pragmas are al
subsequent lines of FORTRAN source until another PAR=ON|OFF pragma or the
end of the module is encountered.

Example:

SUBRQUTI NE SUB1
C$BERT PAR=OFF

END
PARBEGIN, PAREND, and DATA Pragmas

These pragmas are used for concurrent execution of instruction sequences on
different workers. Pragma PARBEGIN starts a sequence of concurrent instructions.
Pragma PAREND terminates this sequence. Pragma DATA isused for describing
the data which should be sent to corresponding worker and data which should be
sent back to the master after its execution.

Example:
PROGRAM

C$BERT PARBEGQ N

C

C$BERT DATA <VAR_LI ST for SuBl1>
CALL SuBi

C

C$BERT DATA <VAR_LI ST for SuB2>
CALL SuB2

C

C$BERT DATA <VAR_LI ST for SUB3>
CALL SuB3

C

C$BERT PAREND

C

END
In this example three instructions will be executed in parallel. VAR _LISTsare
described in below.

PARDO Pragma

Pragma PARDO forces DO loop iterations to be executed in parallel. This pragma
has the following format:

PARDO [ (nunber _of _workers)] [ REPEATED(iterations)] VAR LIST

where "number_of workers' isthe number of partsto split the DO loop. All these
parts are executed independently. "iterations" is the expected number of DO loop
iterations.
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SEQDO Pragma

Pragma SEQDO forces DO loop iterations to be executed sequentially. This
pragma has the following format:

SEQDO [ (nunber _of _workers)] [ REPEATED(i terati ons)] [VAR_LI ST]

where "number_of workers' isignored. "iterations" is the expected number of DO
loop iterations. This pragma can be used to override automatic parallelization of a
DO loop.

DO Pragma

Pragma DO can be used only to instruct BERT, how many iterations are expected to
be executed in the DO loop. This pragma has the following format:

DO REPEATED(i t erati ons)
"iterations’ is the expected number of DO loop iterations.

VAR_LIST Pragma

VAR_LIST may contain IN_list, OUT _list, REDUC list and INDUC _list. These
lists has the following form:

I D FI ELD={ variabl e description, variable description, ... }
IN_LIST and OUT_LIST Pragmas

IN_list and OUT _list have the same syntax. The IN_list contains data which are
sent to the worker before execution of the corresponding program segment.

OUT _list contains the data which are received by the master from the worker after
execution of corresponding program segment. IN and OUT lists may contain the
following variables.

Scalar variable example:
| NTEGER B

CSBERT | NS{. ..., b, }

Global variable (COMMON BLOCK). [referred as '/name/'] example
COWON / ABC A, B, C

CSBERT OUT={..., /ABC, ...}

which means transfer of the whole COMMON BLOCK ABC. If the COMMON
BLOCK isinvariant (i.e. its elements have the same length in every module) then it
ispossible to transfer it in smaller parts. Parts of invariant common blocks can be
transferred using a number placed after a'.', like/ ABC/ . 3.

C$BERT QUT={..., /ABC/.3, ...}
Here/ ABC/ . 3 stands for variable C from COMMON BLOCK given above.
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When afunction or subroutine called from a given module uses SAVE variables, its
possible to transfer these variables. An Example of static variables from other
modules:

C$BERT PARBEG N

C$BERT DATA OUT={<SUB>}
CALL SUB

C$BERT PAREND
C

SUBRCQUTI NE SUB
SAVE Z,Y

END
Array Sections Pragma
Array sections, in the style of FORTRAN 90 can be expressed as:

C$BERT PARDO ... IN = { A(NL:N2:-1)}
A DO loop parameter can be used for array indexing as follows:
DOl =1, 100
C$BERT PARDO ... QUT = { A(l,1:10) }

In this example, the worker which performs DO loop iterations returns values A
(1,1:10). Let'sconsider the following example:

DO =1, 100
C$BERT PARDO IN = { B(I-1: |+1) }

Here aworker getsvaluesB(1-1), B(1), B(I+1) for eachloop iteration. Usually
each worker performs more than one iteration. Lower and upper bounds of parts of
DO loop are designated as. parameter BERT _LOW and parameter BERT_UP
correspondingly.

C$BERT PARDO IN = { B(|_BERT_LOW1: | _BERT UP+1) }

This pragma generates nearly three times less data transfers than the previous one.
Let's explore an example:

DOI =2, 21
B(1-1)
B(1)
ENDDO
In the given DO loop, elements B( 2: 20) are computed twice. When we have two
workers the first one computes B( 1: 11) and the second (B(11: 21) . Thefollowing
pragma may produce incorrect results:

C$BERT PARDO(2) ... OUT = { B(|_BERT_LOW- 1. | _BERT_UP) }

Termination order of workersis not determined, hence value B(11) may be
produced by first worker and overwritten by second or vice versa. But the correct
value of B(11) when loop isfinished is the value produced by the second worker.
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To avoid the problem an overlap can be used. An overlap isthe number of last

elements of array section which are not transferred if worker isnot last. Thelast

worker transfers the whole array section. The correct pragmais as follows:
C$BERT PARDQ(2) ... OUT = { B(I_BERT_LOW- 1: | _BERT_IP 1) }

Now the first worker returnsB(1: 10) (B(11) isnot transferred), the second

worker returns B(11: 21) .

GENERAL RULE:

VALUESOFALL SCALAR VARIABLES FOR PARDO ARE RETURNED
ONLY FROM THE LAST WORKER (OUT) AND SENT TO ALL WORKERS
(IN). THE SAME RULE ISAPPLIED FOR SINGLE ARRAY ELEMENTS
WHICH DO NOT DEPEND EXPLICITLY ON A DO LOOP PARAMETER.
ARRAY ELEMENTSWHICH EXPLICITLY DEPEND ON DO LOOP
PARAMETERS ARE TRANSFERRED FROM WORKERS WHEN OVERLAP IS
ENCOUNTERED.

Example:

C$BERT PARDO ... OUT = { A(1: 10| 10) }
Here all elements are transferred only from the last worker.
A NOTE OF CAUTION:

IF SOME VARIABLE VALUE ISRETURNED BY A WORKER BEFORE
ANOTHER WORKER ISLOADED, THE LATER WORKER WILL RECEIVE
THE NEW VALUE, OTHERWISE IT WILL RECEIVE OLD VALUE.

Incorrect example:

N=1
DOl =1, N
C$BERT PARDO IN = {N, ... } QUT = {N, ... }
N =2
ENDDO
Here the first worker receivesN = 1, all other workers may receive either N = 1 or

N = 2.
REDUC_LIST Pragma

REDUC list contains a description of additional actions for PARDO processing.
REDUC list hasthe following format:

(desc_of reduc), (desc_of reduc) ...
desc_of reduc contains of three fields: name_of var, action, init

name_of var is variable description, either scalar or array section, action and init
are FORTRAN statements.

When avariablein aDO loop is computed by repeating an associative operation
(like'+', *', MIN, .OR., €etc.), it is possible to paralelize the DO loop the following
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way. Workers compute intermediate results, and the associative operation is
performed on these intermediate results.

name_of var iscomputed variable,
action is associative operation,
init isinitialization of intermediate results.

Thefollowing ruleis used. Name of intermediate result is'#'.

Example:
DOl =1, N
C$BERT PARDO |IN = {DELTA M N, DELTA MAX, ... } QuT ={ ... } &
C REDUC = { (DELTA_.M N, DELTA MN = MNDELTA MN, #) ), &
C (DELTA_MAX, DELTA MAX = MAX(DELTA MAX, #) ), &
C (DELTA_SUM DELTA SUM = DELTA SUM + #, # =0.) }

| F(DELTA_M N . GT. DELTA) THEN
DELTA M N = DELTA

ENDI F

| F(DELTA_MAX .LT. DELTA) THEN
DELTA MAX = DELTA

ENDI F

DELTA SUM = DELTA SUM + DELTA

ENDDO
If the computed variable is an array element or an array section then indices are
placed only in the name_of var field.

Example:
C$BERT PARDO REDUC = { (C(2:6), C=C* #, # = 1.) , &
C (C(1), C=C+ #, #=0.) }

INDUC_LIST Pragma

INDUC _list contains a description of induction variables. INDUC _list hasthe
following format:

(desc_of _i nduc), (desc_of _i nduc)
desc_of_induc contains of two fields: name_of var, step
name_of var isvariable name, must be ascalar, step is FORTRAN expression.

When value of scalar variable isincreased or decreased by constant value on each
loop iteration, the variable is called an induction.

Example:
DOI =1, N
C$BERT PARDO I NDUC = { (X, DX) }
.X..:X+ DX
Z(1) =X

ENDDO
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An induction variable value cannot be used for array indexation in VAR_LISTSs.
Nevertheless, it is possible to use derived names: 'nane_BERT_LOW - value of
induction variable 'nane' on entering worker and 'name_BERT_UP' - value of
induction variable 'nane' on leaving worker.

Example:
DOl =1, N
C$BERT PARDO QUT = { A(JK LOWN JK UP - 1), B(JK LOMI1: JK UP)} &
C INDUC = { (JK, 1) }
A(JK) = ... I variable JK used before change
JK=JK + 1
B(JK) = ... I variable JK used after change
ENDDO

Note. The length of name of parallel DO loop parameter or reduction/induction
variables may not exceed 22 symbols.

Example of Parallelization

In this section an example parallelization is presented. User interaction with BERTIs
during parallelization is given here. Although example does not cover all possibilities,
it illustrates main points. Seethe BERT Users Guide for more information.

The following example is taken from an image processing test suite.
PROGRAM TEST60B

C
C PROGRAM TEST60B
C PROGRAM MEDI AN
C RANKI NG TI ME TO REPLACE EACH PI XEL OF AN N * N ARRAY W TH
C THE MEDI AN VALUE OF I T'S 3*# NEI GHBORHOOD
C
C TYPE A = 512**2  BYTE | MAGE ARRAYS
C B = 1024**2
C C = 4096**2
C D = 15000%*2
C

PARAVETER( | XX=1024, |YY=1024)

PARAVETER( | KXX=3, |KYY=3)
C
C
C

| NTEGER MAX, |, J, M N
C | NTEGER | M 1024, 1024) , | O( 1024, 1024) , SRTBUF( 9)
I NTEGER | M I XX, 1 YY), | O(1 XX, 1 YY), SRTBUF( 9)

C

| NTEGER CPU
REAL WALL, T1, T2, T3
LOG CAL TI MER
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| NTEGER SEED, K, P

C
C SETUP
C
WRI TE( 6, 3)
3 FORMVAT(2X, " PROGRAM TEST60B MEDI AN 3*3 BASE")
| X=1 XX
' Y=IYY
N=l XX
| AREA=I X*1'Y
I KX=1 KXX
I Ky=1 KYY
| KAREA=] KX* | KY
C
C*
Clnitializing some constants
C
C*
MAX =1 X
T2 = 0
SEED = 37
K =69
C*
Clnitialize Menory
C
DO 50 J = 1, MAX
DO 50 I = 1, MAX
P = (K*SEED + 1)
SEED = P - (P/255)*255
IMI1,J) = SEED + 1
50 CONTI NUE
C*
C Printing out the resultant inmage
C
WRI TE( 6, 160) ((IM1,J), J = 16,40), | = 16, 40)
160 FORMAT( 251 5)
Ck*~k******************************************
C START TEST
Ck*~k******************************************
C
C PROGRAM TEST60B
C PROGRAM MEDI AN
C RANKI NG TI ME TO REPLACE EACH PI XEL OF AN N * N ARRAY W TH
C THE MEDI AN VALUE OF I T'S 3*# NEI GHBORHOCD
WRI TE( 6, 3)
C
c T1=SECOND( 0. 0)
C
C
CALL CALC(I X, 1Y,1KX IKY, M SRTBUF, | O
C
C
C CALL I RTC
C
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c T2=SECOND )
T3=T2-T1
WRI TE(6, 928) T3
928 FORMAT(2X," CPU TIME = ", F15.8," SEC. ")
C
C

Clgnore this code, it sinply convinces the conpiler to
C generate the
C the object code that carries out the benchmark by making the
C conpil er
C think we m ght need the results for output. This code will
C never
C execute since the IF condition will always be fal se
C

I F (1.GI. MAX+10) THEN

DO 900 J = 1, MAX

DO 900 | = 1, MAX
WRI TE( 6, 1000) IMI,J)
900 CONTI NUE
END | F
1000 FORMAT(' YO, L1)
Cc
C Report Runtines
Cc
END
SUBROUTI NE CALC(1 X, I'Y, I KX, I KY, | M SRTBUF, | O
C
PARAMETER( | XX=1024, |YY=1024)
PARAMETER( | KXX=3, |KYY=3)
C
C
Cc

| NTEGER MAX, |, J, M N
C | NTEGER | M 1024, 1024) , | O( 1024, 1024) , SRTBUF( 9)
I NTEGER | M1 XX, 1 YY), | O(1 XX, 1 YY), SRTBUF( 9)

C
Ck********************************************
C START TEST
Ck********************************************
C
C
C CALL SECOND( T1)
Cc
Cc
C Generate Median Filtered | mage
C
MAX=I X
DO 200 J = 2, MAX-1
DO 200 | = 2, MAX-1
SRTBUF(1) = IMI-1,J3-1)
SRTBUF(2) = IMI1-1,J)
SRTBUF(3) = IMI-1,J+1)
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SRTBUF(4) = IM1,J-1)
SRTBUF(5) = IM1,J)
SRTBUF(6) = IM 1, J+1)
SRTBUF(7) = IMI+1,J-1)
SRTBUF(8) = I M| +1,J)
SRTBUF(9) = I M| +1, J+1)

DO 100 L = 1,5
DO 100 M= L+1,9
| F (SRTBUF(M . LT. SRTBUF(L)) THEN
TEMP = SRTBUF(L)
SRTBUF(L) = SRTBUF(M
SRTBUF(M = TEMP

END | F
100 CONTI NUE
1O(1,J) = SRTBUF(5)
200 CONTI NUE
C CALL SECOND(T2)
C
RETURN
END

After processing with BERTone may find out that the most of computations arein
subroutine carc. Information on the largest DO loop follows.

test60b.f: LINE 124

ACTI ON

Processi ng DO | oop.
NOTE: Possi bly recursive variable: 'tenp'
NOTE: Possi bl e recursion in array 'srtbuf’
RESULT:

Loop i s not concurrent

DO LOOP BODY
IN = {nax, tenp, im2-1: nex-1+1, j_BERT_LOW1: j_BERT UP+1),
srtbuf (1: 9)}
QUT = {tenp, srtbuf(1l: 9] 9), io(2: max-1, j)}
ESTI MATI ONS
Execution tinme: 1.565745 seconds repeated 1022.0 tinmes (99.9%
Overhead tinme: 0.002244 (seconds)
Dat af | ow speedup: 6. 93046 times with 8 processors (85.5129%
Esti mat ed nunber of iterations : 1022
NOTE: Efficiency of DO | oop depends on boundary val ues
Parallelization is estinmated as: H GH EFFI Cl ENT

Parallelization of this DO loop is estimated as high efficient. But there are two
recursions not allowing BERTto paraldizeit. One may discover that these recursions
are false recursions (see Avoiding Recursion at the beginning of this chapter.) First,
variable TEMP is suspected to be recursive because it isimpossible for BERTto know if
this value needed after the DO loop. Fortunately, it is not needed after the DO loop is
therefore false recursion. The sameistrue about array SRTBUF. Do loop can be
parallelized with following pragma:
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MAX=I X
DO 200 J = 2, MAX-1

C$BERT PARDO QUT = {io(2: max-1, j)}
DO 200 I = 2, MAX-1

The OUT field here is presented to disable warnings.

This pragma was generated by running BERTwith the - pi o[ e] [ f] option. The pragma
produced by BERTwas copied to the original program. The original program was then

processed by BERT The variables descriptions for TEMP and SRTBUF were simply
deleted.
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