




























































































































































































































































































Matrix 1 { Matrix 2 | (A) Naive | (B) Opt. | Ratio
Dim. Dim. {Secs) (Secs) (4) + (B)
16 x16 |16 x16 |0.1131 0.0096 12.5

32 x 32 |32x32 |0.2779 0.0159 17.5

64 x 64 | 64 x 64 2.04543 0.0574 35.632

64 x 128 | 128 x 64 | — 0.0925 e

Table 7.4: Performance of Matrix Multiply : Un-optimized vs. Optimized

# Equs. | (A) Naive | (B) Opt. | Ratio
{Secs) {Secs) (A} + (B)

32 2.88 0.705 4.08

64 — 1.84 —

128 — 4.08 —

256 — 12.57 —_—

512 — 54.93 —

1024 — 288.74 —

Table 7.5: Performance of Forward Elimination : Un-optimized vs. Optimized

optimized version can solve inputs data sets having np to 1024 equations.

# Elts. | (A) Naive | (B) Opt. | Ratio
(Secs) (Secs) (A)+(B)

128 0.0137 0.0102 1.343

256 0.0283 0.01895 1,493

512 0.0794 0.0499 1.591

1024 — 0.163 -

Table 7.6: Performance of Rank : Un-optimized vs. Optimized

The Rank program shows smaller improvements compared to the other programs
since it provides fewer opportunities for optimizations as few routing functions are
used in the program.

7.4.2 Effect of Reduction Intrinsics

We present timings for Matrix Multiply and Rank where reduction is executed ex-
plicitly using forall statements and where evaluation of routing functions have been
optimized. These {imings are compared with those for versions where both reduction
intrinsics are emitied and routing functions are optimized.



Matrix 1 | Matrix 2 | (A) Naive | (B) Opt. | Ratio
Dim. Dim. (Secs) (Secs) (A) +(B)
6x16 |16 x16 |0.0164 0.0096 1.708
32x32 | 32x%x32 | 0.0546 0.0159 3.433
64 x 64 {64 x64 | 0.390 0.0574 6.794
64 x 128 | 128 x 64 | 0.859 0.0925 9.286

Table 7.7: Performance of Matrix Multiply : Reduction using forall vs. Intrinsics

# Elts. | (A) Naive | (B) Opt. | Ratio
{Secs) {Secs) (A)+(B)

128 0.0366 0.0102 3.588

256 0.1173 0.01895 | 6.189

512 0.4683 0.0499 9.384

1024 1.955 0.163 11.994

Table 7.8: Performance of Rank : Reduction using forall vs. Intrinsics

For the Rank program, the effect of using intrinsics is more significant than
optimizing routing functions. However, the optimization of routing functions allows
the compiled program to work on larger input sizes.

7.4.3 Compiling Insert(2)

The compiler penerates efficient data allocation schemes for certain forms of the in-
sert functional. These allocation schemes improve load balancing, by allocating 2-
dimensional FP* array objects onto 1-dimensional CM Fortran arrays, such that all
CM Fortran array elements are active in all iterations. In Table 7.9, we present
run-times for bitonic-sort with this data-allocation optimization, and without this
optimization. The optimized bitonic sort is as much as a factor of 10 faster than the
un-optimized one. Further, the un-optimized version requires larger storage, which
restricts it to smaller data sets. For larger data sets, the un-optimized version runs
out of memory space.

7.5 Absolute Performance
In this section the performance of compiled code for matrix multiply is compared
with the CM Fortran primitive matmult provided by Thinking Machines Corpora-

tion. Run-times are presented for both programs on matrices of varying sizes. The
performance of the compiled program is between a factor of two and six of the CM
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#Elts | (A) Un-Optimized | {B) Optimized | Ratio
(Secs) (Secs) (A)+(B)

256 3.401 (.443 7.677

512 12.901 0.588 21.940

8192 | 2.445 —

16384 | — 3.711 -

32768 | — 8.323 —

Table 7.9: Effect of Optimized Load Balancing for Length-Preserving Insert

Fortran primitive for matrix multiply as shown in Table 7.10. These timings demon-
strate that the performance of the FP* matrix multiply program is within a small
factor of the hand-coded CM Fortran routine for matrix multiplication.

Matrix 1 | Matrix 2 | (A) Compiled FP* | (B) CM-F Primitive | Ratio

n X m mXxp Program {secs} {secs) (A} +(B)
16 x 16 16 x 16 0.00960343 0.00362343 2.65
32x32 | 32x32 0.015981 0.00488386 3.27

64 x 64 | 64 x 64 | 0.0574081 0.0108767 5.28

64 x 128 | 128 x 64 | 0.0925419 0.0170383 5.43

Table 7.10: Run-times for Compiled program and CM Fortran primitive, respectively,
for Matrix Multiply

7.6 Inefficiencies

The code generation function suffers from limitations regarding data layout and net-
work usage in the CM-2 implementation described in this chapter. This limitation is
illustrated in the code generation function for Insert(1). The code emitted performs
binary operations where the first operand is at index ¢ and the second operand at
index 7 + 2577 in the array which is being reduced. Before the operation can be
executed, each of the operands must be present on the same processor which neces-
sitates an inter-processor communication operation. The CM Fortran compiler emits
a send instruction for performing this interprocessor communication. As pointed out
in §7.2, send is significantly more expensive than news communication instructions.
The timings presented in Table 7.3 demonstrate the advantage of using news instruc-
tion over send instructions. The code generation function overcomes this imitation
by analyzing source programs and emitting reduction intrinsics whenever possible.
Since CM Fortran has a small, fixed set of such intrinsics this is not always possible
and the code generation function emits forall statements whose evaluation require
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send instructions. This is the case for the MaxLoc function shown in Chapter 2
in which the primary computation 1s reducfion. We have provided timings for the
Mazloe function, and the MaxLoc primitive provided in CM-Fortran which performs
the same function. The timings shows the significant impact data layout has on
performance.

Size | (A) Compiled | (B) Primitive | Ratio
(Secs) {Secs) (A) -+ (B)
4096 | 0.057 0.0045 12.66
8192 : 0.084 0.0048 17.5
16384 | 0.152 0.0049 31.02

Table 7.11: Performance of Maxloc : Compiled vs. CM Fortran Primitive

All communication operations in evaluating the Insert functional can be per-
formed using the news instruction entirely if the underlying hypercube structure of
the network 1s exploited. This is achieved by using a hypercube data structure in-
stead of an array and embedding the data object onto the hypercube network such
that nearest neighbors on the data object are either on the same processing node on
are nearest neighbors on the network. Such layout and compilation techniques that
use only news moves for operand alignment in compiled programs will provide signif-
icant improvements. Most parallel computers provide a small set of operations whose
implementations have been highly optimized for that specific architecture. Efficient
implementations of high-level languages must analyze source programs and generate
those operations, if possible, in the compiled program. Using a code generation func-
tion that is inductively defined makes the task of analyzing source language programs
and emitting such operations relatively simple, as shown earlier with regard to array
reduction intrinsics.
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Chapter 8
Conclusions and Future Work

We have described a set of formal techniques for compiling high-level languages based
on the data-parallel programming model. We conclude by summarizing our contribu-
tions that we have described in earlier chapters of this dissertation and outline areas
that require further investigation.

8.1 Contributions of this dissertation

The focus of this thesis has been on compiling high-level languages based on the data-
parallel programming model for parallel architectures. We have focused on functional
languages that are organized around arrays and array operators as a means of data-
parallel programming. This differs from the traditional approach to parallel functional
programming in two ways: (1) we use a fixed set of higher-order functions instead of
recursion for control, and (2} we use arrays instead of linked lists as the primary ag-
gregate data object. These new approaches have aliowed us to explore new trade-offs
in language design and implementation. We have developed a set of compilation tech-
niques suitable for analyzing data-parallel programs written in a functional language.
These techniques infer types and array sizes, perform program transformations that
minimize inter-processor communication and statically improve load balancing. The
analysis phase of the compiler feeds information to the conversion phase which pro-
duces low-level parallel programs. Parallelism is described exclusively with forall
loops.

We have devised these compilation techniques in a formal framework that in-
cludes inference systems and inductive function definitions. An inference system has
heen used to derive most general types and array sizes of data. Code generation
is completely defined using a syntactic function € thaf, when evaluated on an in-
put consisting of an FP* expression and an execution environment, refurns a target
language program. This formal specification provides a clear and concise descrip-
tion of the compiler including program transformations, program optimizations, and
code generation. This formal approach eliminates ambiguity regarding the abilities
and limitations of the compiler. In addition, since formal specifications can also be
regarded as software specifications, they are useful to implementors. We have im-
plemented the compiler in Prolog in which program statements are inference rules
and recursive function definitions. We have compiled a variety of programs, including
matrix algorithms, sorting algorithms and linear system solvers for efficient execution
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on the Connection Machine CM-2. These benchmarks have helped us in examining
trade-offs in expressiveness and implementation efficiency in the design of high-level
languages. o o -

Finally, we have explored issues in the design, programmability, and implemen-
tation of functional languages organized around arrays and array operators for data-
. parallel programming. We have also explored the use of formal methods in specifying
compilers for parallel architectures. Although thorough validation involving large-
scale applications is required, our research provides evidence that such high-level
languages are useful for writing parallel programs and formal specifications can be
used to describe a variety of compiler optimizations.

8.2 Limitations of FP*

Our research has been performed in the context of the programming language FP*.
FP* incorporates a small set of modifications and extensions to FP to make it more
suitable for data-parallel programiming. These include the introduction of a static
polymorphic type system and programmer-defined routing functions. In the course
of writing and compiling programs in FP*, we came across limitations in the language
that either made it difficult to express certain operations or significantly increased
the complexity of the implementation. Overcoming these limitations would aid the
development of large application programs in FP*.

Like FP, FP* does not allow programmers to freely define and refer o vari-
ables. Instead, the programmer must create and pass entire environments across
functions and use selection functions to extract values from the environment. An-
other constraint in FP* is that values obtained by evaluating true and false branches
of conditional must be of the same type and size, limiting the expressiveness of the
conditional higher-order function. Removal of this limitation requires modification of
the structure inference systemn to handle union types [19].

FP* has the same set of primitive functions as FP. However, for purposes of
data-parallel programming, 1t would be useful to infroduce a wider variety of prim-
itives into the language to improve efficiency. One such primitive is permute which
takes as input an array of values and a vector of destination indices. The output is
obtained by performing the permutation on the input. An FP* function that per-
forms permute is described in example 2.5, It requires lg n time using n? processors
to permute n elements. Some paraliel computers provide more efficieni iinplementa-
tions of permute. The introduction of a permute primitive function in FP* allows the
compiler to take advantage of efficient permute implementations provided in parallel
computers.

FP* also provides the same fixed set of higher-order functions as FP. FP* uses the
Insert higher-order function to describe divide-and-conquer programs such as Bitonic
Sort. Although Insert has its advantages, it still requires that the programmer unfold
the divide phase till the base case is reached after which the Insert can be used for
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the combine phase. A higher-order function which integrates the divide phase with
the combine phase would lead to more elegant divide and conquer programs|44].

8.3 Future Work

A number of issues remain to be addressed. These can be broadly categorized into
two areas: language enhancements and compiier optimizations.

8.3.1 Language Enhancements

¢ Recursion. Recursion has been shown to be a very elegant and powerful means
for high-level programming. Our research has resulted in optimizing compilation
schemes for translating higher-order functions for efficient execution on parallel
architectures. An interesting research problem is to analyze programs described
using recursion and automatically transform them into programs constructed
using higher-order functions. In fact, techniques for translating high-level lan-
guages organized around recursion into languages organized around a fixed set
of higher-order functions are being investigated [46, 21].

¢ Segmented Arrays. We have focussed entirely on regular problems, such as
matrix computations and linear system solvers that have highly regular com-
putation structures. Segmented arrays have been shown to be useful for de-
scribing irregular computations such as sparse matrix computations and graph
algorithms {10]. Integrating segmented arrays and operations on them into FP*
would be useful for enhancing its domain of applications to irregular problems.

¢ Input/Qutput. The issue of parailel I/O primitives at the language level has
not been addressed in this work. Parallel I/O is critical to sustained performance
in real-world applications. In functional languages, I/O is typically modelled
by the abstraction of a stream of input and output. By abstracting input
and output as operations on a data-structure, side-effect free semantics can be
preserved. To perform parallel I/O, streams must allow parallel access to input
and output elements.

8.3.2 Compiler Optimizations

s Communication Optimizations. Communication is the most expensive op-
eration on parallel architectures. Minimizing communication has two distinct
aspects: (1) data allocation and (2) communication synthesis. There has been
considerable research on generating efficient array layouts for distributed mem-
ory machines where by inter-processor communication is minimized [34, 48],
Secondly, most parallel computers provide a non-uniform view of inter-processor
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communication. Some patterns of communication are more expensive than oth-
ers. There is ongoing research on communication synthesis {37] whereby com-
munication due to array reference patterns in the program is translated into
low-cost comrmunication instructions.

e Control parallelism. We have entirely focused on data parallelism in this
work. For some applications and machines, control parallelism is more appro-
priate than data parallelism. Compilation techniques appropriate for this model
need further development.

By no means is this research complete, as evidenced by the list of challenging
problems that await. Nonetheless, the prototype compiler demonstrates that high-
performance functional languages are quite feasible. We look forward to continued
dramatic improvements in this technology.
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