
A PARALLEL COMPILER FOR SequenceL 

by 

PER ANDERSEN, B.E., M.S. 

A DISSERTATION 

IN 

COMPUTER SCIENCE 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

die Degree of 

DOCTOR OF PHILOSOPHY 

Approved 

Chairperson of the Committee 

Accepted 

Dean of the Graduate School 

August, 2002 



Copyright 2002, Per Andersen 



ACKNOWUEDGEMENTS 

I could not have completed this dissertation without the support and encouragement 

of a number of people who I wish to acknowledge here. 

Foremost, in this group of people is Dr. Daniel Cooke. Dr. Cooke has been a 

dedicated advisor, a judicious mentor, and a good friend. Dr. Cooke introduced me to 

compiler theory and SequenceL and during a three-year process he provided constant 

guidance to my academic work and research projects. He stood by me at times of 

difficulty, encouraging me and showing his confidence in me. This dissertation work 

would not be in the current form without his insightful input and constmctive criticism. 

I am very grateful to Dr. Noe Lopez-Benitez, Dr. Milton Smith, and Dr. Richard 

Watson, who served on my dissertation committee. I appreciate their intellectual 

perspectives and general encouragement over the process of this dissertation work. 

I would like to thank my family for putting up with the time I have spent away 

from them during this process. At times I may have been near them physically but 

mentally I was a thousand miles away. Even so my wife Sue has always given me her full 

support and encouragement. Without this support this dissertation would not have taken 

place. 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ii 

ABSTRACT vii 

UST OF TABLES viii 

USTOFHGURES ix 

CHAPTER 

L INTRODUCTION 1 

1.1 An Introduction to SequenceL 4 

1.1.1 Regular Constmct 7 

1.1.2 Irregular Constmct 7 

1.1.3 Generative Constmct 8 

1.1.4 Consume-Simplify-Produce 8 

1.2 Imphed Parallelisms in SequenceL 12 

1.2.1 Singleton Computations 13 

1.2.2 Parallelisms Involving Indexing 13 

1.2.3 Control Flow Parallelisms 15 

1.3 Document Overview 16 

n. CURRENT STATE OF PARALLEL PROGRAMMING 17 

2.1 Message Passing Interface 18 

2.1.1 MPI Programming Example 20 

2.2 0penMP 25 

111 



2.2.1 OpenMP Programming Example 26 

2.3 POSIX Threads 28 

2.4 Parallel Programming Languages 29 

2.4.1 NESL 31 

2.4.1.1 VCODE 32 

2.5 Automated Parallel Language Tools 37 

2.5.1 PARAMAT 38 

2.5.2 PAP 40 

2.6 Parallel Architectures 42 

m. METHODOLOGY 44 

3.1 Lexical Analysis and Syntax Analysis 45 

3.1.1 Eliminating Left Recursion 47 

3.1.2 Eliminating Common Prefixes 48 

3.1.3 Selection Set Generation 49 

3.2 Semantic Analysis 55 

3.3 Intermediate Code 59 

3.3.1 Quadruples and Triples 59 

3.4 Code Generation 60 

3.4.1 Parallel C Code 62 

3.5 Scheduling 65 

rv. RESULTS 67 

4.1 Proof of Concept 68 

IV 



4.1.1 General Approach to Mapping SequenceL Constmcts 70 

4.1.1.1 Regular Constmcts 70 

4.1.1.2 Irregular Constmcts 75 

4.1.1.3 Generative Constmcts 78 

4.1.2 Proof of Concept Through Testing 78 

4.2 Intermediate Language 83 

4.2.1 Initial Intermediate Language 84 

4.2.2 SequenceL Intermediate Language 89 

4.2.2.1 SequenceL IC Operations 91 

4.2.2.2 Multi-Operand Operations 93 

4.2.2.3 Conditional Operation 98 

4.2.2.4 Generative Operation 99 

4.3 SequenceL Thread Model 100 

4.3.1 Dynamic Thread Function Creation 104 

4.3.2 Dynamic Thread Functions for Conditional Expression.. .111 

4.4 Optimization and Scheduling Issues 116 

4.4.1 Granularity 116 

4.4.2 Code Restmcturing 121 

4.4.3 Data Distribution 122 

4.4.4 IC Collect Operation 123 

4.5 Data Representation 124 

4.5.1 Circular Linked List Sequence Representation 124 



4.5.2 Sequence Stmcture Representation 126 

V. CONCLUSIONS AND FUTURE RESEARCH 129 

5.1 Conclusions 129 

5.2 Future Research 132 

5.2.1 Preprocessor 132 

5.2.2 Optimization 133 

5.2.3 Parallel Models 133 

5.2.4 Granularity 134 

REFERENCES 136 

APPENDIX 

A. SEQUENCEL GRAMMAR 140 

B. AN IMPLMENTATION GUIDE TO A SEQUENCEL 
COMPILER 142 

VI 



ABSTRACT 

Procedural languages like C and FORTRAN have historically been the languages 

of choice for implementing programs for high performance parallel computers. This 

dissertation is an investigation of a high-level nested programming language, SequenceL, 

and whether a SequenceL compiler that compiles to parallel code can be developed for a 

parallel system. This dissertation has achieved the following results. 

• Established a proof of concept that there exists a SequenceL compiler that can 

create executable programs that embody the inherent parallelisms and other 

implied controls stmctures in SequenceL, 

• Developed a new intermediate language capable of representing the meaning of a 

SequenceL source program, 

• Developed the techniques for spawning threads to dynamically create parallelisms 

using a threaded approach, and discovered that the SequenceL language implies a 

parallel execution model, 

• Identified a number of optimization and performance enhancement opportunities, 

• Identified a new SequenceL language requirement for defining nesting and 

cardinality typing information for SequenceL data stmctures. 
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CHAPTER I 

INTRODUCTION 

This report presents the research in developing a compiler for SequenceL, a 

nested high-level language that exploits the full extent of parallelisms inherent in a 

problem solution. The specific results of the research are as follows. 

• Established a proof of concept that there exists a SequenceL compiler that can 

create executable programs that embody the inherent parallelisms and other 

implied controls stmctures in SequenceL, 

• Developed a new intermediate language capable of representing the meaning of a 

SequenceL source program, 

• Developed the techniques for spawning threads to dynamically create parallelisms 

using a threaded approach, and discovered that the SequenceL language implies a 

parallel execution model, 

• Identified a number of optimization and performance enhancement opportunities, 

• Identified a new SequenceL language requirement for defining nesting and 

cardinality typing information for SequenceL data stmctures. 

Why should developers consider this high level parallel language when so many 

other high level parallel languages have not been particularly successful? The problem 

with high level parallel programming languages is that they ultimately force the 

developer into coding the data decomposition [CooOO]. This is also the nature of 

procedural languages and the motivation for seeking improvements in programming from 



high level parallel languages. The hard part of programming is making the implied data 

product appear in the programmer's mind when reading or writing the explicit control 

stmctures that produce or process the data product. Something as simple as multiplying 

two matrices together can quickly get lost in the coding that is required in a procedural 

language like C. 

for (i=0;i<=m.rows;i++) 
for (j=0;j<=m.columns;j++) 

{s = 0; 
for (k=0;k<=m.length-l;k++) 

{s+=mU][k]*m[k][i];} 
mr[i]|j] = s;} 

High-level functional languages like NESL [Ble96] and Sisal [Feo] attempt to 

redefine the way data stmctures are realized. The following is an example of matrix 

multiplication in NESL. 

function matrix_multiply(A,B) = 
{{sum({x*y: x inrowA; yincolumnB}) 
: columnB in transpose(B)} 

: rowA in A} 

Note the nesting of the data stmctures, nesting levels are delineated by curly 

brackets. A programmer decides where to locate the curly brackets based on the 

parallelisms they wish to exploit. Even for so simple a numerical operation as matrix 

multiply the distribution of the data stmcture across the control stmcture is explicitly 

defined by the programmer. 

Sisal requires programmers to explicitly express loops. The following matrix 

multiplication example is written in Sisal, note the explicit use of the "for" looping 

constmcts. 



function dot_product( x, y : array [ real ] returns real) 
for a in x dot b in y 
returns value of sum a * b 
end for 

end function 
type One_Dim_R = array [ real ]; 
type Two_Dim_R = array [ One_Dim_R J; 
function matrix_mult( x, y_transposed : Two_Dim_R 

returns Two_Dim_R) 
for x_row in x % for all rows of x 
cross y_col in y_transposed % & all columns of y (rows of 

y_transposed) 
returns array of dot_product(x_row, y_col) 
end for 

end function % matrix mult 

Like NESL, Sisal puts the responsibility for data decomposition onto the 

developer tiirough the need to explicitiy express the computational loops upon which 

concurrent or parallel opportunities are exploited. 

For the same numerical method in SequenceL the programmer declares the 

matrices and defines the calculation as a row multiplied by a column and the control 

stmcture and parallelisms are implied. 

{{matmul(s_l(n,*),s_2(*,m)),where next = {([+([*(s_l(i,*),s_2(*,j))])])} 
taking [i,j] from cartesian_product([gen([l,...,n]),gen([l,...,m])])} 
matmul, s_l} 

Given the level of complexity in as simple a numerical method as matrix 

multiplication, the development of a procedural language algorithm for parallel execution 

is just that much harder. (A description of SequenceL matrix multiply is presented in 

Appendix B.) It has been estimated that the development of parallel code costs on 

average $800 per line of code [Pan]. Even the migration of existing serial code to 



parallel execution, a problem of critical interest in many enterprises, may cost anywhere 

from $50 to $500 per line of code. 

The goal of the SequenceL language [Coo96] is to provide an environment where 

the problem solution can be stated at a high level of abstraction - where one can describe 

the data product explicitly and have the iterative and parallel program stmctures that 

produce and process the data product generated automatically. In other words, the desire 

is for a language that is based upon high-level constmcts that permits one to declare data 

products directly. In such an environment, the abstraction should be easier for the 

problem solver - the problem solver no longer has the difficult task of envisioning the 

elusive and implied data product. Rather than having to write the explicit algorithm that 

implies the data product, the problem solver explicitly declares the data product. 

1.1 An Introduction to SequenceL 

The definition of the SequenceL language began in 1991. In 1995 the proof of 

Turing-completeness was published [Fri]. The current version of the language was 

completed in 1998. Parallelisms implied by the language statements were discovered in 

early 1999. Papers introducing the language include [Coo96, Coo98, CooOO]. In this 

section these papers are summarized in order to provide an overview of the language 

constmcts. 

SequenceL is a high-level nested language whose fundamental data type is the 

sequence. Sequences are collections of integers, reals, strings, identifiers, functions and 



computations delineated by square brackets. Reals and integers can be mixed, but string 

sequences can only appear in sequences with strings. 

[1,2,3] 

Sequence 

[3] 

Singleton 

A sequence of one element is called a singleton. The simple sequence listed above 

contains three singletons. Sequences can contain sequences. These types of sequences are 

called multi-dimensional or nested sequences. 

[[1,2,3],[4,5,6],[7,8,9]] 

Sequences can contain references to identifiers and functions. The following 

sequence contains references to the functions eigen, matmul and max and the input 

variables s_l and s_2. 

[eigen,matmul,s_l ,max,s_2] 

Although not necessary, a language convention adopted for this dissertation is to 

begin input variables with s_. Input variables are always constant sequences. Sequences 

can also be unbalanced. The following is an example of an unbalanced sequence. 

[[1,2,3],[4,5],6] 

Unbalanced sequences are normalized before operations are preformed on them. 

Therefore, normalization by default is performed for every sequence operation when 

necessary. For example the following expression does not undergo normalization before 

addition. 



+([[1,2,3],[4,5,6]]) 

The result produced by this expression is; 

[5,7,8] 

This next expression does undergo normalization before the addition. 

+([[1,2,3],[4,5],6]) 

Normalization before the addition results in; 

+([[I,2,3],[4,5,4],[6,6,6]) 

The result produced by this expression is; 

[11,13,13] 

Computations can also appear in sequences. In the language definition the 

functions and operators operate only on sequences and produce as results only sequences. 

This expression contains a computation and a constant sequence. 

[+([s_2]),[l,2]] 

The expression is evaluated in place resulting. If s_2 has the following value; 

s_2=[[l,2,3],[4,5],6] 

Then the result produced by the expression is; 

[[11,13,13],[1,2]] 

SequenceL provides the following operators +,-,*,/ in support of addition, subtraction, 

multiplication and division. 

The fact that function references and computations can appear in a sequence is a 

powerful feature of SequenceL and supports the consume-simplify-produce philosophy 

of the language. Details on this philosophy will be presented later in this section. 



SequenceL has three basic constmcts for processing sequences: regular, irregular 

and generative constmcts [Coo96]. 

1.1.1 Regular Constmct 

A regular constmct applies an operation in a uniform manner to a normalized 

non-scalar operand or sequence. For example given the sequence. 

s_l=[l,2,3,4,5] 

The following SequenceL addition expression: 

+([s_l]) 

Is applied to all the elements of the sequence s_l in a uniform manner. The result of this 

expression is a summation of all five singletons. 

[15] 

1.1.2 Irregular Constmct 

An irregular constmct applies an operation selectively to a non-scalar operand 

based on a conditional expression. Conditional expressions are expressed with the 

"when" clause which has a relational operation component and a tme and false 

expression component. For example the following SequenceL expression uses the not 

equal relational operator <>. 

/([s_l(i),x(i)]) when <>([x(i),[0]) else [ ] 

The tme expression is; 

/([s_l(i),x(i)]) 



The false expression is the null or empty sequence. 

[ ] 

In this example only elements in x that are not equal to zero are divided into the 

corresponding sub-sequence of s_l which are selected by index i. Additional relational 

operators include <, >, =, <=, >= which provide for less, greater, equal less than or equal, 

and greater than or equal. 

1.1.3 Generative Constmct 

While the regular and irregular reduce their inputs in terms of size and dimension, 

tiie generative operation is an expansion operation. The following expression is a 

generative expression. 

gen([[l],...,[5]]) 

This generative expression results in the sequence. 

[[1],[2],[3],[4],[5]] 

1 • 1.4 Consume-Simplify-Produce 

The SequenceL tableau can best be described as a shared memory area that 

contains a complete problem solution in SequenceL. This includes all functions, 

operations and sequences. Within the tableau SequenceL expressions are processed using 

a consume-simplify-produce strategy. When SequenceL expressions or functions are 

referenced they proceed to consume input arguments and undergo a simplification 

process before they are evaluated. When no more simplifications can take place the 



simplified expressions are evaluated and a result is produced. The result produced will 

normally be a sequence. Some functions can produce as a result, another function. 

SequenceL expressions and function references are also placeholders in the tableau. 

Therefore the result produced will replace the evaluated SequenceL expression or 

function in the tableau. The examples in this paper use small data sets, memory is the 

only limitation on the maximum size of an input data set. 

A simple example of this consume-simplify-produce philosophy is illustrated in 

the following example. Assume the following sequence appears in a function. 

[eigen,matmul,max,s_2,s_l] 

Assume that eigen and max are SequenceL functions and each accepts one input 

argument. Matmul is also a SequenceL function, but it accepts two input arguments. In 

the evaluation of this sequence, s_2 would be consumed by max. Max would then 

simplify its expressions working towards producing a result that would replace max in 

the sequence. The function matmul would then consume the result that max produced and 

the sequence s_l. Matmul would then simplify its terms producing a result. The function 

eigen would finally be referenced and it consumes the sequence produced by matmul, 

eigen then simplifies its terms and produces a result. Note that this consume-simplify-

produce process continues until no more functions or operators appear in the tableau. In 

this example all function references and input variables have been consumed, the only 

expression left is the sequence produced by eigen. This consume-simplify-produce 

philosophy is also the case for sequences containing nested computations. For example 

the multiply/add operation in matrix multiply is carried out by. 



[+([*(s_I(i,*),s_2(*,j))])] taking [i,j] from [[I,1],[I,2],[2,1],[2,2]] 

In this example the multiply operation consumes the sequences s_l and s_2 and 

simplifies the nested expression, which becomes, 

[ 
[ +([*([s_l(l,*),s_2(*,l)])]) 

+([*([s_I(l,*),s_2(*,2)])]) ] 
[ +([*([s_l(2,*),s_2(M)])]) 

+([*([s_l(2,*),s_2(*,2)])]) ] ] 

If we set, s_l and s_2: 
s_l = [1,2] 
s_2=[[5,6],[7,8]] 

The above set of terms are simplified further to: 

[ 
[ +([*([[1],[5,7]])]) 

+([*([[1],[6,8]])]) ] 
[ +([*([[2],[5,7]])]) 

+([*([[2],[6,8]])]) ] ] 

Because the two sequences that are to be multiplied and added together are not the same 

dimension, normalization will take place. 

[ 
[ +([*([[1,1],[5,7]])]) 

+([*([[1,1],[6,8]])]) ] 
[ +([*([[2,2],[5,7]])]) 

+([*([[2,2],[6,8]])]) ] ] 

The terms are now ready for evaluation, and a result is produced. 

In the above example, the identifiers / and j are indexes used by the index operation 

to select sub-sequences of s_l and s_2. The index constmct s_l(i,*) also contains the 

wildcard operator * which says select all. The wildcard is useful in selecting larger parts 

of a nested or multi-dimensional sequence. For example given. 
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s_l = [[l,2],[3,4],[5,6]] 

The expression s_l(l,*) means "select all elements of sub-sequence 1". Which results in: 

[1,2] 

The expression s_l(*,l) means "select only element 1 of all sub-sequences." Which 

results in: 

[1,3,5] 

In the nested computation example / and 7 are assigned values by the taking 

expression: 

taking [i,j] from [[1,1],[1,2],[2,1],[2,2]] 

The taking expression is the only assignment statement in SequenceL. It processes the 

sequence specified after "from," in the above expression that sequence is; 

[[1,1],[1,2],[2,1],[2,2]] 

We will call this sequence the "taking sequence." Taking will assign parts of the taking 

sequence to identifiers specified after "taking." In this example there are two identifiers 

after "taking." The determination of how to assign parts of the taking sequence to the 

identifiers is dependent on the number of identifiers specified. For the above expression 

since there are two identifiers two assignments need to be made for each sub-sequence 

taken from the taking sequence. The first sub-sequence processed will be [1,1], therefore 

identifiers i and; are set to 1 and 1 respectively. If there had been only one identifier, 

such as: 

taking [i] from [[1,1],[1,2],[2,1],[2,2]] 

11 



Then taking would assign / [ 1,1]. The next sub-sequence from the taking sequence is 

[1,2]. This process of taking sub-sequences from the taking sequence and assigning 

values to identifiers continues until the taking sequence has no more sub-sequences left to 

process. The process of assigning values to taking identifiers and then using those 

identifiers as indexes in an index operation is at the heart of one of the implied 

parallelisms that is inherent to SequenceL. 

SequenceL is a Turing-complete language [Fri], a more complete description of the 

language can be found in [Coo96, Coo98, CooOO]. A listing of the language grammar can 

be found in Appendix A. 

1.2 ImpUed Parallelisms in SequenceL 

It is the mixing of SequenceL's regular, irregular and generative constmcts that the 

programmer is provided with the tools needed to specify problem solutions. In 

SequenceL these problem solutions are specified by their data stmctures, in a procedural 

language the same problem solution is specified by an interaction between data and 

control stmctures. It is the combination of these constmcts as well as the execution 

strategy of SequenceL that supports the languages ability to imply parallelisms. Implied 

parallelisms involve one of three SequenceL operations, 

a. Computations on singletons, 

b. Computations involving indexing, and 

c. Control Flow Parallelisms. 
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