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Abstract

This lecture reviews some issues in the translation of an HPF pro-
gram to a SPMD program. The need for a run-time array descriptor is
discussed. An abstract model of a suitable Distributed Array Descriptor
is developed. Illustrative translations of HPF fragments to Fortran and
C++ are presented.
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nt o t on

ere is an exceedingly simple  F program

e ant to convert this data parallel program into a program that can be
executed directly on a typical M M computer or cluster of orkstations. e
assume that the target machine provides a Fortran compiler and an M library.
A reasonable translation is given in Figure 1. This looks a little complicated.

e ill break it do n into its parts.

First e have a series of statements that simply set up the environment

So far as the present example is concerned their only important role is to de ne
the variables _ _ .

Secondly e have statements associated ith the declaration of the dis
tributed array

These compute a bound on the number of elements of the distributed array
held on any processor and allocate a local array large enough the hold those
elements. n the present case the si e of the distributed array 50 and the
number of processors over hich it is distributed are both kno n at compile
time. So the block si e 50 4 can be computed at compile time and the array
segment can be declared statically.

The remainder of the code is associated ith transation of the F RA
statement assigning . There is a test to see if the local processor is a member
of the processor arrangement over hich the elements of the assigment variable

are distributed



Figure 1 M translation of a simple F program.



e ill al ays adopt the policy that an  F processor arrangement may have
any number of abstract processors up to the number of physical processors
available at run time or conversely number of physical processors provided at
run time must be at least the si e si e of the largest processor arrangement
declared in the program . This is not the only possible policy but it is a
reasonable one and it is consistent ith hat the F standard says .

f the local processor in e compute some parameters of the locally
held subset of distributed array elements the values - and -
These characteri e the position of the local segment in the global index space
and the number of elements in that segment

Finally e have the actual loop over the local elements

The global index is computed as a linear function of the local loop index and
the assignment to the array element is performed.

f course there as uite a lot of book keeping in the M translation but
nothing conceptually di cult.

o consider this super cially similar fragment of F




The R T directive speci es that the mapping of the dummy argument

should be the same as the actual argument hatever that is. At compile
time e have no information about that mapping other than it is a legal F
decomposition. f the main program as

then the translated subroutine ought to behave exactly as in the previous ex

ample. ut at the time is translated this fact is generally not kno n. The

subroutine may be part of a library compiled long before the calling program is
ritten.

A fe of the possibilities for mapping of the actual argument are illustrated
in Figure 2. The rst case has already been discussed. The array ill be
divided into 4 contiguous blocks of si es 1313 1311 . n the second case the
blocking is di erent 13131212 and the formula for computing the index
value inside the local loop ill be wuite di erent. The third case illustrates
that might actually be some section of an array. n this example the blocking
is 13121312 and the translation must someho take account that the sub
scripting into the local segment of the array is strided and there is an o set

hich is sometimes ero and sometimes one. n the nal case is again a sec
tion but no the parent arrayist o dimensional and e have to deal ith the
fact that asa holeis mapped only to a portion of the processor arrangement.
The physical processors associated ith the bottom ro of should do nothing.

Someho the procedure needs to be translated in such a ay that it
can deal ith all these cases and many others.

e have deliberately started ith a very simple case. The parallel part of the
program only deals ith a single one dimensional array and it is clear that the
translation re uires absolutely no inter processor communication. evertheless

e have already stumbled into a hole ad of complexity associated ith the
translation of procedures.

This is not an arti cial example. eneral purpose libraries for dealing ith
distributed arrays are likely to encounter ust this kind of problem. As a speci ¢
example the array communication libraries discussed in the next lecture have
exactly this re uirement they must deal ith distributed arrays that have
unrestricted ~ F mappings unkno n at the time the library code is compiled .

This lecture mainly discusses a run time parameteri ation of F arrays
that is designed to deal ith this kind of problem.
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e e ents o n es to

t seems that in the translation of procedure calls like the one discussed in the
last section some non trivial data structure must be passed to the translated
procedure to describe the layout of the actual argument. This data structure
is called a istributed Array escriptor or A . e ish to understand the
re uirements on the A  and ho best to organi e it. n vie of the times
that organi ation should probably be informed by ob ect oriented principles.

ne of the most obvious structural features of an  F array is that it is a
multi dimensional entity. ach dimension can be mapped essentially indepen
dently by many di erent strategies including

collapsed serial

simple block distribution
simple cyclic distribution
block cyclic distribution
general block distribution

through a linear alignment relation to some template dimension ith
of the above distribution formats.

n the translation of Figure 1 there ere various formulae and code frag
ments that ere special to the choice of simple block distribution format. These
included the formula

for the si e of locally allocated memory in terms of the array extent and the
extent of the processor arrangement the formula

for the least global index associated ith the local block in terms of the process
coordinate  the recipe

for the actual number of elements held locally and the formula




hich computes the global index in terms of the local loop index
All of these prescriptions can di er for other mapping strategies. For ex
ample if the array had been distributed in fashion the formula for
- ould be simply

the recipe for - ould be ust

ie and the global index ould be given by

These formulae may be checked against the second picture in Figure 2. f e
are dealing ith say block cyclic distribution or a dimension ith strided
alignment the corresponding prescriptions get considerably more complicated.

The important thing is that e see evidence of a common set of operations
that must be performed on di erent kinds of distributed array dimensions. The
actual computations di er depending on the distribution format and alignment
of the individual dimensions. To the ob ect oriented programmer it looks as if a
class hierarchy is emerging ith the common operations implemented as virtual
functions. n the organi ation of the A described in this lecture this ill be
the hierarchy aseries of classes describing distributed index ranges. The
details ill be left to Section 4.

Apart from ranges there is another important kind of subcomponent in
our A . e can explain the need for this component by considering the last
example in Figure 2  ich involved a rank 1 section of a rank 2 array.

n most respects this section should behave exactly like an ordinary rank 1
array thisis are uirement of the Fortran language and a very convenient one.
t means for example that sections can be freely passed to all the transforma
tional intrinsic functions of Fortran. A reasonable expectation is that the A
for the rank 1 section should contain ust one ob ect describing its single
dimension. n the current example it ould be most natural for that
ob ect to simply be a copy of the corresponding ob ect in the parent A

ut the implementation of the section is not like an ordinary one
dimensional array. t retains some vestige of the orthogonal dimension of its
parent array. n particular in the example the section is only mapped to the top
ro of the processor arrangement . The translation of must someho take
account of the possible existence of hidden higher dimensions of some parent
array. f they exist the translated code should only execute the assignments
on processors in the appropriate ro  or column or more general slice of the
processor arrangement.

n fact a related problem as addressed in our rst example hen e insisted
on a test



to ensure that the local processor as a member of the processor arrangement
over hich elements of the assignment variable ere distributed. The solution
of the current problem is to generali e the idea of distributing an array over
a processor arrangement and explicitly allo that an array can be distributed
over some of a processor arrangement. A class ill be introduced
to represent this more general idea of a process group and an ob ect from this
class ill be added to the A . Then the translated code ust needs to check
that the local process is a member of the group by a suitable method. As

e ill see in the next section the re uired class has a compact and e cient
implementation.

(0] S

efore giving a detailed speci cation of the interesting hierarchy e need
a more concrete language for discussing the processor arrangements over hich
index ranges ill be distributed. e ill also take the opportunity to discuss
representation of A  process groups in general.

e are familiar ith the M  idea of a process group hich is represented
by a data structure of type _ . The groups referenced by a A are
conceptually similar but likely to be implemented in a di erent ay. f e are
going to create and manipulate A s ith the same freedom that typical data
parallel programs create references to array sections for example the group
ob ect in the A better be very light eight highly streamlined.

Any A group ill have a parent processor arrangement. The preceding
discussion about the A as supposed to be at a logical design level. ut
fromno on e ill need to become more concrete. So e give speci c interfaces
in A run time representation of an F processor arrangement

ould naturally be implemented as an ob ect ust as a group or communicator
is logically an ob ect in M . e can easily see that the  F directive

might map to a declaration something like

and
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Figure 3 A hierarchy of process grids.

Figure 4 nterfaces of and
might map to a declaration something like
This supposes that is a class of one dimensional process grids and
is a class of t o dimensional grids . e ill generali e to a family class hier
archy of process grids illustrated in Figure 3.
hat methods are needed on the class  ooking back at Figure 1

e see that e need the ability to check if the local process is a member of
the process grid in uestion and e need to nd the coordinates of the local
process relative to the grid. ater e 1ill nd that it is useful to have a separate

concept of one dimension of a process grid. e introduce
another class to stand for this concept. Finding the coordinate
becomes a method on the dimension class. oncrete interfaces for and

are given in Figure 4.
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f e decided e anted to use these primitives in a version of our
original translation example the lines

could be replaced ith something like

A ob ect is probably not particularly light eight . t is likely to
contain a vector of ob ects and probably some vector de ning ho
logical processes are mapped to physical processes and so on. Most likely a

A should not contain a of this information but some to an
externally created ob ect.

At the end of Section 2 e sa that in fact the A should be able to reference
a of a process grid. Speci cally hat is needed is the ability to
reference a portion of a process grid selected by xing the coordinates in any
subset of the dimensions to single values. Figure 5 gives some examples.
uckily there is a very compact ay to represent this kind of subgroup.

f e call the hori ontal dimension in the gure and the vertical di
mension then a represents the hole of the grid and has dimension
set b has dimension set ¢ has dimension set

and d has the empty dimension set . ith the dimension set

given a group can be uni uely speci ed by its lead process the process ith
coordinates 0 relative to the e ective dimensions. n our examples a has lead
process 0 b has lead process ¢ has lead process 1 and d has lead process
6.

The dimension set can be represented as a subset of the parent grid di
mensions using a bitmask. Since any reasonable grid ill have less than 32
dimensions this bitmask 1ill al ays t in a single ord. So e see that our
4 examples can be parametri ed by the tuples 11 0 10 01 1 and

12
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Figure 5 xample restricted groups in a 2 dimensional process grid

00 6 respectively together ith a pointer to the ob ect representing
the parent grid.
The class 1ill have an interface like
and it can be implemented in about 3 ords of memory. So ob ects can

be freely copied and discarded they t naturally in the A . The conversion
constructor provides a user de ned type conversion from a process grid ob ect
to a group ob ect representing the hole of the grid. The method
restricts the group in one of its dimensions.
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Figure 6 A hierarchy of ranges.

n es

nsideour A arangeob ect ill describe the extent and distribution format of
one dimension of a distributed array. e can expect a class hierarchy of di erent
kinds of range ob ect Figure 6 . ach subclass represents a di erent kind of
distribution format for an array dimension. The simplest distribution format is
se uential format. ther distribution formats include
and decomposition. e ill see later that some range classes allo
to support stencil based computations.

Figure gives a possible interface of a class in . To understand
this A let s give an example of its use.  ur original F example and a
possible translation to as sho n in Figure . e declare a process grid
as described in the previous section then create a ob ect of subclass

. The arguments of the constructor are the process dimension over

hich the range is to be distributed and the extent of the range. The value

previously called - is returned by the method call and a

local array segment is allocated ith this si e. n any process that is a member

of e call the method passing it the local process coordinate. This
initiali es a structure hich has elds

The elds de ne the count of the local loop and the base and step for the local
subscript and global index .

14



Figure nterface of the class.

Figure isshorter and arguably more readable than the original translation
in Figure 1. t also has the interesting property that if e change the distribution
directive in the  F code to

the only change needed in the translation is that the declaration of
becomes

This suggests e are making progress to ards the goal of being able to produce
generic code that orks for data ith any distribution format.
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efore ranges and groups can be put together to makea A e need to deal
ith one other detail. This is the issue of .

An array dummy argument may be matched ith an array in the
calling program. So for a dummy the layout of elements in memory may be
di erent to hat ould be expected for a general Fortran array. This problem
is not speci c¢ to F it is a feature of Fortran 0. n

the rst dimension of is most rapidly varying so the stride in that dimension
the memory displacement bet een ad acent elements is 1 ord. The second
dimension has a stride of 100 ords. So the stride for the dummy argument
ill also be 100. Fortran compilers typically take this into account by passing
a for an array argument. For a rank argument the dope vector
contains the extents and the strides that describe the shape of the array and
its memory layout 2. The procedure code uses the stride information from the
dope vector hen resolving array references.
nour A the extent information ts naturally in the ob ects. e
nd it convenient to keep the memory stride information separate. t seems
useful to allo range ob ects to be shared by arrays that have the same mapping
in particular dimensions although they may have di erent overall shape and
memory layout.
The upshot is that the A for a rank array ill contain

A distribution group
range ob ects and
integer strides

Figure gives an interface for the class. ere is a small structure that
bundles a range ith a stride



Figure nterface of the class.

ith this A e can nally give a translation of the second example in
section 1. Source and translation is given in Figure 10. To fully appreciate ho
this translation orks e need tosee ho the calling program sets up the A
For this e revist the four examples in Figure 2. Sources and translations are
given in Figures 11 through 14.

The translations in Figures 11 and 12 are fairly self explanatory. A A s
set up describing array . This contains a group ob ect describing  the conver
sion from to is implicitly used and and a map ob ect containing
the range and stride 1. A pointer to the A is passed to the procedure
together ith the pointer to the elements.

Figure 13 is a little more complicated. e again create a range parameter
i ing the 100 element array . n mechanically translated code e might go on
toset upa A describing the hole of but for simplicity e skip this stage
here. e only set upa A describing the strided section of . This involves

using the method on to create a ne range ob ect representing
a subrange. The subrange has stride 2.  hen the the procedure calls
the method on this ob ect it ill return appropriately ad usted values

for subscript and global index bases and steps.

Figure 14 is more complicated again. To deal ith the scalar subscript it
uses the method. This takes the global subscript as argument and
returns a structure  hich has elds

These de ne the corresponding process coordinate and local subscript. n some
sense is the dual method to takes a process
coordinate and returns a range of indices and local subscripts takes



an index and returns a coordinate and a local subscript . ote the memory
stride for the second dimension goes into the ob ect and
the base address passed to the procedure is o set in memory by an amount
determined by the scalar subscript. f course the groupinthe A  assuitably
restricted.

e e en es
1 ryan arpenter uansong hang and uhong en. A R run
time kernel de nition. Technical report ortheast arallel Architectures
enter 1 . http .npac.syr.edu pro ects pcrc kernel.html.

2 Michael olfe.
Addison esley 1 6.
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Figure 11 Translation of rst example from Figure 2.
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Figure 12 Translation of second example from Figure 2.
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Figure 13 Translation of third example from Figure 2.

23



O R

RA

A IO

Figure 14 Translation of fourth example from Figure 2.
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te et eso t e

The A described in this lecture as a simpli ed version of the Adlib de
scriptor developed at Syracuse during the R pro ect 1. nfact e strictly
follo ed the current version of the Adlib spec and the examples are all ex
ecutable using Adlib. ut in the interests of simplifying the presentation many

elds and methods ere omitted. n this appendix e ill brie y summari e
some of the more important things that ere missed out.

The approach to translating parallel loops given in this lecture is too simple to
deal ith block cyclic distribution. n that case the local loop needs an outer
loop enumerating the set of locally held blocks. Adlib provides some iterator

classes etc for enumerating these blocks. t also has an extra
eld in the class to specify the block. An method can be
used to compute the total memory o et implied by a ob ect taking

account of this generali ed case.

Adlib supports ghost extensions on suitable ranges. o ever the local subscript

eld computed by or does not incorporate the associated
shifts in base address. Also Adlib supports a packed layout for arrays ith
strided alignment but again the local subscript eld is not divided by the pack

ing factor. nstead local subscripts or ob ects must be converted by
methods called to allo for these layout options. Steps in
local subscripts must be converted by a method. The need for the extra

calls is slightly unfortunate but the advantages of having a universal de nition
of the local subscript that is independent of these details of the memory layout
seem to arrant them.

The method has variants that take triplet parameters to e ciently
enumerate local blocks of a  range. This is an important optimi ation more
e cient than creating a subrange and using the simple method
on that.

ertain subranges only have blocks de ned for a subset of coordinate values
and there are methods to compute these ranges of coordinate values. As a
matter of fact it is illegal to call for coordinate values outside these
ranges a trap for the un ary but a restriction that improves the e ciency of
the implementation.
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The components of the Adlib A have accumulated various other methods to
support the communication library. Associated infrastructure includes iterator
classes for iterating over blocks of a range not ust the
ones in a single process .

There are in uiry functions to discover many properties of ranges groups and
A s and various predicate methods desighed for run time checking for cor
rectness of programs.
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