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CHAPTER 1

IN!ROM)CTION

I. L IL'IVATIOH

The dend for increasing computational power continually

outruns the increasing capabilities of sequential omputers. This

fact ham long been recognized, and models for parallel computation

have been developed to allow a problem to be decomposed and solved

concurrently by more than one processing unit. However,

decmpoition of a problem into independent subunits commnicating

through well-defined protocols has been difficult to achieve in

the norml sequential memory-processor paradigm of computation.

Processes mast nicate by changing portions of a con state.

Synchronization, mutual exclusion, and variable sharing require

significant effort on the part of the prorammer. Parallel

progi using such directives as POW, JOIN, and mutual exclusion

variables are more complex than sequential progra, and more

difficult to verity correct.

-1
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An alternate model of computation has been proposed in which

Parallelism is expressed automatically at the expression as well

as block and task level. In this model, the data flow model, a

omputation has the form of a directed graph rather than the

traditional linear sequence of instructions. A node in the graph

represents a unit of computation; an arc represents the flow of

data into and out from the units of computation. A node may

"fire," or be executed, whenever data is available on the input

arcs, and as a result, produce data on the output arcs. This

firing process is determinate. It depends only on data

availabiliy. in the data flow model, there is no conrept of a

global, shared state whose update nast be synchronized through

complex directives.

A class of programing languages has been defined for the

data flow computation model. These value (rather than address)

oriented data flow languages are characterized by properties of

single assignmEnt and referential transparency. Zing]& naaign it

means that a variable may be assigned a value only once, that is,

that a variable may "appear on the left hand side "f an assignment

only once within the area of the program in which it is active"

(E-ke621. This is because a variable in a data flow language

corresponds to an arc in the data flow graph rather than to a

maory location. An arc can have one and only one name.

Referential transp mans that a computation has no context
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ol envirowment which influences the result. A given set of inputs

to the computation always result in the same output. These

characteristics give data flow languages a functional semantics.

onprocedural languages, although not defined specifically

for data flow, seem particularly appropriate as data flow

languaes CAcke79, AshC79]. First, they satisfy the properties of

single assignmnt and referential transparency which data flow

languages have. In addition, they support a very high level,

concise form of problem description. In Model, for example, both

recurrence relations and familiar array operations can be

expressed tring subscripted arrays. In contrast, these tasks

require loop construction in conventional high level languages and

in data flow languages. Thus, with a nonprocedural language. more

of the problem can be expressed in the problem domain rather than

in the programing domain. The specification is more

self-documenting than a conventional program; can be written more

quickly than a conventional program; and can be more easily

changed than a conventional program- all these benefits because

the problem rather than the implementation is described. Another

advantage to a nonprocedural language such as Model is in the area

of data ummory usage. The user can describe data structures in a

form mest convenient to the problem. The translator can then

generate from that description a data structure most efficient to

the implementation.



To illustrate the desirability of using a nonprocedural

language rather than a lower level language to specify a problem

consider the nonprocedural specification of Figure 1.1, a matrix

multiply program. The longest part of the program is the data

declaration. There are only two assertions. The first assertion

cwutes a three dimensional array X, obtained by altiplying the

appropri.te row and columns of the input matrices A and B. The

second assertion uses a reduction function SCN to add together

elements of the innernst dimension of X and produce the matrix

product C.

-. . . . . . . . . ..°---r.~'



SOUC~: INFILE1, INFILE2; /* input files '
TARGETt OUTlFILEg I output file '

INFILEI 15 FILE (IDIRECI); /* Matrix A *
114=1 IS RECRD (111(10));

tIll IS GROUP (A(lo));
A IS FIELD (UNWERIC)

INFILE2 IS FILE (INREC2); /* Matrix B t

IMREC2 IS RECRD (XN2( 10)),
1112 IS GF40EP (8(10)),
8 IS FIELD (MLIERXC);

OUTflILE IS FILE (OUflREC), f* Matrix C *
OWEl' IS RECORD (OfTl( 10)),

OUTI IS GOR0EP (C(10));
C IS FIELD (UWURIC),

'~1X IS FIELD (INMERIC); /* temporary t

I IS SUBSCRIPT ( 10),
J IS SUBSCRIPT (10),
K IS SUBSCRIPT (3.0);

X(ICJ,K) - A(IK) * B(K,J), /* Assertion 1It
C(I.J) - W(X(I,JK),K); /'Assertion 2 '

Figure 1.1 Matrix Mltiply in model

In contrast, the corresponding program in the lower level 14

language contains two procedures and a three level nested loop.

The call

st(a, transpose(b, u. n), 1, a, n)

returns the product of the 1 by a matrix a and the a by n matrix

b. The example, taken from (GostSOJ, in shown in Figure 1.2.
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procedure transpose( ba. a)

for i from 1to ndo
new traxns(-append( trans i. (

initial rowc-ADUD&
for j from I to a do
now row4-appnd(row,j,b~j,ij)

return row))
return trans);

procedure mat(a, bt, 1, a, n)
(initial c4-LANDD
for i from 1 to 1 do

new c<S&ppend(c, i.
initial rowc4-LANUOA
for j from I to n do

colbh-bt~j l;
Wn rowc4C-append( raw,j, (
initial innerprodc-O
fork from ito. do

noew irnerprodc-innerprod~rowa(k] *COlb(k]
return innerprod))j

return rowc))
return C)

ut(a. transpose(b,,n)lam,n);

Figure 1. 2 Natrix Mltiply in Id

The Nodel specif ication is concerned with the problem domain

rather than the impementation domain.* In contrast, one =wst

understand clearly the semantics of the data flow machine to be

able to program in the lower level language.



1.2 WOLRIBMlIONS

The major contribution of this research is the development of

* a system which translates a program specification in a very high

level nonprocedural language to a lower level data flow language.

In the process of specification analysis and translation, a

problem description goes through the following transformations:

I. The problem is defined in the Model language to form a
specification.

2. The specification is analyzed by the Model Processor, and
a form of data dependency graph is created, the A ga.

3. The array graph is processed to yield a data flow progra
template.

4. The template is translated into the NaD data flow

5. The M&D prgram is c1piled to produce machine code.

6. The code is run on the data flow machine to produce the
problem solution.

These transformations are outlined in Figure 1.3.

%"I



LI

Specification

Graph Construction

Scheduling

Data Flow Program Template

Code Generation

Data Flow Pran

wochine Code

Data Flow "Ich'%,

Problem Solution

Figure 1.3 Fr Problem Specification to Solution

Is nonprocedural, language Model bas been used as the source

language for translation. Parts of the existing Model System,

which generates a PL/I program from the specification, have been

used. These progrias create the data dependency graph and perform

sentic checking. The graph is input to the data flow subsystem,

which partitions the graph to produce data flow pr oram units.

The program units are called b1gM. Two types of blocks are

distinguished- iterative and parallel. Blocks are generated an a

L+" "" " " " '"" " " " " " " " " " " "+ "P " " " "" " " + ."." "" """-"
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result of analyzing the Maximally strongly connected Components

(NOW's* ) of th, graph. A block may be generated either from a

Single mmcc' Or from a larger component created by merging MOCC *s.

The process of generating iterative and parallel blocks from a

nonkprocedural specification is called schedul;ig. The result of

scheduling is a language-independent intermediate form of program,

the data flow template. Using practical experience with the

Manchester machine, as well as a comparative analysis of several

other data flow machines, criteria by which to merge comonents to

produce an efficient temlate have been developed.

This research studies in detail one data flow implemntat ion,

the Manchester makchine, and a data flow language developed for the

machine, MaD. Program templates generated from a Vbxdel.

specification are translated to the NRD Programing Languge.

1.*3 OWIMfIZRTION Or THE DISSERTATION

Chapter 2 reviews data flow, from the conceptual model to

various architectural implementations, and explores problem areas

In data flow. In addition, it describes the architecture of the

Manchester University data flow machine. Chapter 3 discusses

languages for data flow compters. it focuses in particular on

the NED (Manchester Data flow) language and on the Model1

SpeifcatonLanguage. in Chapter 4, Model internals ar

discussed: the array graph, subscript processing, and the notion
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of MMn. Chapters 5 and 6 describe the scheduling and storage

allocation algoritm. Translation of the data flow template to

N&D is done in the code generation phase of processing, the topic

of Chapter 7. Chapter 8 summrizes and suggests further areas of

research In nnprocedural languages for data flow. Appendix A

contains a description of the DbD Programing Language in SUP

form, and Appendix B, a description of Model. Appendix C contains

several examles in which Model specifications are translated to

MaD.



~ II

D&RP& 11~OR FIOM

In this chapter, the conceptual frmework and some machine

realizations of data flow architecture are presented. In the first

setion, the data flow model is contrasted with the conventional

sequential model. Next several architectural implementations of the

6e1 are reviewed. The next section discusses problem areas for data

flow iplmentations. Finally, the Mnchester data flow machine is

described.

It.* I TM D&Y& FKI COICUITON MDlL

fUM is a Ioel of comutation which represents an algoritbu

as a directed graph showing data dependencies. In the graph, each

node represents an instruction. og._. (the term used for data)

travel on the directed arcs from the node which produced them to nodes

I-13.- -
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whi.ch consm them. In contrast, an algorithm expressed in the

conventional model is represented as a sequential list of

instructions. To illustrate the difference between data flow and

conventional models, Figure 2.1 shows an arbitrary computation. In a

conventional sequential machine, the linear sequence of instructions

shown in Figure 2.2 comute the expressions. A data flow machine

hover, would execute the graph of Figure 2.3.

.?

4I

............,
." . . .
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11.1.1 Properties Of The Data Flow Model

"we eximple illustrates three desirable properties of the data

flow model. First, the data flow graph shows parallelism of the

"co~attion at all levels, from machine op level up. Second, under

the data flow mode1, there is no concept of memory address. And

third, the graph display. referential transparency.

. 1.4.1 Parallelims -

Parallelism of an algoritha is exposed because the qraph is a

partial order rather than the total order imposed by a sequential

mowhine. Sequential machinm instructions are executed in a fixed

order according to a single proqram counter. Possible parallelism may

be inferred to a limited extent from evaluation of the algorithm.

However since wamory cells can hold different values at different

times, the potential for detection of parallelism is reduced. If the

progrL- r rouses a variable for more than one purpose, cemputation

involving the second usage. even if it is independent of the first,

mi- t occur after the first.

With the data flow model, asynchrony and parallelism are

implicit. Each computation is constrained only by the availability of

its input data. The programer does not have to specify concurrent

operation of procedures. "Co-begin", "fork", or "activate task"

constructs are not necessary. Ti e data dependency graph

representation of t) program exposes all possible parallelism.
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11.1.1.2 Lack Of Address -

In the data flow model, data is described in terms of values

rather than addresses . Inherent in the conventional model is the idea

of an address [Arvi7S]. The address of a memory cell is invariant,

while the value stored in the cell changes with time. In the data

flow model, there is no address. (We will see later that

implementations of the model do use address rather than data to

transmit structured values). Values, or tokens, produced by

processors travel on the arcs to other processors. Data values input

to a node are applied to the comutation represented by the node.

Output values are produced. These values are, in turn, input to other

nodes. For convenience, the tokens are usually named. Since it would

be ambiguous for one name to refer to more than one value, data flow

programs usually follow the "single assignmnt rule". One name can

denote only one value. Mltiple assiqnnt such as in the statement

I :- I 1

is not allowed in the sam fashion as in conventional programs.

I[.1.l.3 eferential Transparency -

The third property of data flow is referential transparency.

This property Imlies that there is no environmnt or context or side

effect to influence the result of a comutation. In the conventional

model, the Change in value of a memory cell might depend on some

coplex interrelationship of the current values of other memory cells.

.. • . " . . %
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Values of cells change in time, so that when the interrelationship is

tested is as important as the interrelationship itself.

Under data flow, however, any parameter which is needed by the

node mist be input to the node. The input values uniquely determine

the results produced. A given set of values input to a processor

produce the sam results regardless of when the computation occurs, so

that the node can be characterized as a mathematical function. The

graph, therefore, displays a locality of effect in which "the

athmatical equations for a data flow program can be derived simply

by conjoining the equations for the various parts of the program in an

-aidditive manner" [Kosi79J.

These properties of data flow graphs make the semantics of data

flow program tractable to formal description. Being able to describe

precisely the "meaning" of language statements is helpful in many

respects. It is then possible to have a standard against which to

test cpilers for cmplance to a language specification. Having a

imthea tically precise set of axions defining a language makes it

possible to attet to prove theorems about the behavior of programs.

The relative ease with which denotational semantics has been developed

for data flow languages has encouraged research into suitable

architectural implementations for data flow.
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11.2 OWANIZAYION OF DATA FLOW MCHINES

Data flow machines have been built or proposed by various groups.

Texas Instrumnts, University of Utah, the CERT Laboratory in

Toulouse, and University of Manchester have all built prototype

system. Dennis and Arvind at KIT were responsible for much of the

ground work in data flow. Each is building a prototype machine. In

this section we will develop concepts common to many of the

imp'emntations.

11.2.1 The Data Flow Instruction

The node of the data flow graph is realized in the machine as an

instruction. A data flow instruction differs somewhat from a

conventional machine instruction. In addition to the op code, the

data flow instruction must carry information about the arcs- that is,

the inputs and outputs to the instruction. An instruction might look

as follows:

opcode
-r of Destinations

for each Destination:
node nuber of the Destination
input point into the Destination (which input arc?)

Number of Inputs
for each input:

input type

-. ./ .- , -'.- - --. . . .-. : -. . . .: ,.. . - . .. .



Thee cn, f oure, e mnyvariations to this format. Space may be

rserved with the instruction for input paraters to be collected.

The Texas Instruments Distributed Data Processor (TI DOP )

instruction, illustrated in Figure 2.4, follows this convention.

There may be a limitat ion as to the number of input parmters arnd/or

dstinat ion addresses. The Manchester data flow machine allows a

mimui of two inputs and two destinations.
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11.2.2 Scheduling Of Instructions

The data flow machine mst have som way to deliver tokens to

instructions and to recognize when an instruction is ready to "fire"

(or execute). In the T DOP, executable instructions are removed from

a Pending Instruction List, a queue of instructions in memory which

are ready to fire, whenever a processing element is available. The

"enabled instruction link" in each instruction is used chain together

the entries in the queue. Output from the arithmetic unit goes to an

update controller, which delivers the result to all instructions which

need that result as input. Depending on the destination address, the

result may go either to the local memory or onto the bus to another

pr ocsing unit. When all results have been delivered to an

instruction, the instruction is put on the Pending Instruction List.

The configuration of one processing unit is shown in Figure 2.5.

*-.--.- ~ ~- * - --.
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In the LAU System, which was constructed at the CERT Laboratory

in Toulouse, instruction memory has control bits associated with each

instruction. A processor continually scans the instruction mmory for

enabled instructions.

In the Manchester machine and in Arvind's machine, there is a

Matchinq Unit. This unit assembles the parameters to an instruction.

When all parameters have arrived, a "group packet" consisting of

opcode, input parameters, and destination address is sent to a

processing element in the Processing Unit. A block diagram of the

NMncheter Data Flow Machine is shown in Figure 2.6. A diagram of

Arvind" s machine is shown in Figure 2.7. The Token Queue in the

Manchester machine corresponds to the Input Section of Arvind's

machine. The Matching Store corresponds to the Waiting-Matchimq

Section. The Node Store corresponds to the Instruction Fetch Section

and Pr Mmory. The Processing Unit corresponds to the Service

Section. The Switch corresponds to the Output Section. In the

Ibuchester machine the function of Arvind's Data Structure Memory is

performed in the Matching Store.
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11.2.*3 Processor Network Topology

It is necessary to provide a path of communication between

processors of a data flow machine. Many architectures specify a

two-level hierarchy. An individual processor usually consists of a

local instruction memory, a local token memory, and one or more

processing elemmnts. 'The higher level connects the processors.

TI DOP nay have up to four processors on a comon bus, called the DCLE

ring. Data produced at one processor and used by another processor is

routed through a switch at the sending processor (see Figure 2.5).

The data then travels along the DCIM ring to the destination

processor, and is routed through the switch at the destination

processor into its local memory. Arvind is designing a machine having

64 processors in the network. Data produced by one processor and used

by another mist travel through the network. Data produced by a

processor and used within the sam processor may short-circuit the

network. In these network topologies, each processing unit can

address any other one directly. The TI and Arvind network topologies

are illustrated in Figure 2.8 and 2.9 respectively.
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In contrast,* DCIII, the University of Utah data flow machine, is

CM figured as a tree. Eac~h processing unit is either atomic or is the

rotof a subtree of up to eight others. Thus a DCII consists .of a

rooted tree of breadth up to eight at each level but arbitrary depth

(Davi791. A processor may comunicate directly only with its parent

and children. All other comnicat ion mast go through one or more

intermediate link. The DCII tree is shown in Figure 2. 10.
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11.3 PROBLDI AREAS IN DATA FLOW DESIGN

There are several problem areas in designing a data flow machine.

Vf will discuss three topics of special relevance to the task of

scheduling a nonprocedural specification for data flow.

S questions of concern are:

First, can more than one token be on an arc at one time? Figure 2.11

shows an instruction X with two inputs. On the left hand input, there

is one token waiting. on the right hand input, there are two tokens.

Bw does the machine recognize that input Al belongs with input Bi to

instruction X rather than with input 82?

Second, how i a program graph to be partitioned among processors in a

data flow smahine? What properties of the graph should be considered

in generating such a partition?

Third, how is structured data handled on the data flow machine? What

data type can a token be- can an array be considered one token, or is

a token constrained to be of elementary type such as integer word?

How does the machine handle structured data such as an array?

We will examine these questions and find how various data flow machine

designs handle the problems.



-30-

>
HZ

HH I

I-- CE FH

I

(E:w

lI

I-Z wI
WO

F0

HA

IL I

j/H Za . O
HZ w rI

'-a I- IK?

II- W4
I-

LI a E

o X H
H WI * (3

Ii

|'o4

|% !1



- 31-

11.3.1 FMentrancy In Graph

The first question concerns reentrancy of graph. If an

instruction in the graph can have more than one set of input existing

at one time, the graph is reentrant. When such a condition exists

(several sets of tokens input to an instruction), there must be some

way of keeping the token sets distinct. If the implementation does

not support reentrancy, then there may be only one set of tokens

active at one time. Only when that set has been processed may another

set be input to the node. The TI D00 and LA follow this strategy.

In the TI DP, input values to a node are stored with the node. When

all required inputs h.Ave arrived, the instruction (node) is linked

into an enabled-instruction list to be executed as processor

availability permits. Because of this implementation, the graph is

not inherently reentrant. If a portion of the program needs to be

reentrant, the subgraph corresponding to that program fragment must be

duplicated so that distinct input sets may be allocated unique storage

areas.

On the LW system, the compiler _ecoqnires an EXPAND directive

which duplicates a subgraph a program r-specified number of times.

This is required in order to allow parallel computation of array

elements, for example. If the number of duplicate copies needed is

not known at compile time, the computation must proceed iteratively

rather than in parallel.
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The Manchester machine and Arvind's machine, which support

reentrancy, use token labeling to keep sets of tokens distinct.

Tokens which belong to the same input set to a node have the same

label.

Figure 2.12 shows the label format for the Manchester machine. A

label consists of an index and a color. The index is used to

distinguish elements of an array when mltiple array elements might be

on the same input arc to a node. The color portion of the label

permits reuse of the graph. It is divided into an activation name,

used to distinguish concurrent calls to a function, and an iteration

level, used to distinguish concurrent iteration instances. There is

flexibility in the size of each field. The index may use 0-20 bits,

activation name 0-32 bits, and iteration label 0-20 bits.

The Manchester machine design incorporates opcodes to manipulate

labels. The Yield opcodes accept an input of any type and return the

label or individual label fields. The Extract opcodes accept a token

of type label as input and extract fields from the label. The Set

op-odes accept label or label field tokens as input and produce new

label tokens.

The data flow template produced by the Model Processor has been

applied to the Manchester System, which supports reentrancy. However,

in order to be useful for non-reentrant data flow machines, sufficient

information is stored in the data flow template to allow construction

of an EXPAMN-like directive.
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11.3.2 Partitioning The Program Among Processors

As we have seen from Section 11.2.3, a data flow machine consists of

one or more processors coomunicating through an interconnect. A

processor has only local storage for data flow programs and data

tokens. There is no coomon memory for instructions or for data. If

data produced by a processor is needed by an instruction in another

processor, that data must be transmitted along the coanication path

to the other processor. In the TI DOP, the comnication path

consists of a comon bus. In Arvind's data flow machine, there is an

Interconnection network to join the processors in the machine. if

there in no direct path from one processor to the second, the data has

to be routed through one or more intermediate links. The Utah DDC

interconnect has this property.

To minimize the cost of data transmission between processors in

the machine, it is desirable to follow the principle of locality of

reference. A partition of the graph allocated to one processor should

contain a related set of instructions. The instructions are related

in the sense that data produced by one instruction in the prgra

subgraph is used by other instructions resident in the same processor.

Such a partition minimizes the nunber of tokens which must be

transmitted over the interconnect to other processors in the machine.

The scheduler, therefore, attempts to partition the data flow program

into blocks of related instructions in which each block is an

independent unit of allocation.
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11.3.3 Data Structures

The third question to be considered is that of handling data

structures. What mechanism does the machine use to access structured

data such as arrays and records? Arvind's proposed machine requires a

"structure controller" to access structured data. The Manchester

machine has special opcodes added on to the basic machine to handle

structures. Since structured data and the array data type is very

important to the Model Specification Language, understanding how

structures are implemented on data flow machines is important in

translating Model structures to data flow.

The use of structured data poses difficulties to a "pure" data

flow machine. Accessing structured data on a conventional sequential

machine is, by contrast, much simpler. The base sequential machine

has a linearly addressed memory (or a hierarchy thereof). Structured

data defined through high level progranming languages is mapped to the

linear memory. A compiler usually generates code to calculate the

array offsets. If an offset is known at compile time, the composite

* - program-relative address can be used directly. In either case, after

the initial address calculation, data in a structure is accessed and

stored just as if it were simple data.

On a data flow machine, accessing structured data is more

complcated. By way of example, consider the reference to an array

element A(S) in a computation. In the data flow graph, A(5) is input

to the computation. However, does this mean that only one element is
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input to the node, or does it mean that the entire array is input? If

the former is inferred, then where is the rest of the array A? There

is no emory in the conventional sense in a "pure" data flow machine.

If the entire array is input to the node, serious efficiency

consideration appear. A token, whether structure or simple field,

mast be duplicated and sent to every node which needs it. Each time

an array element or one field of a record is changed, according to the

strict semantics of data flow, the entire structure must be

duplicated, and a new structure, with a new name, created. Even when

this is done conceptually rather than literally, an implementation

needs additional functional units and/or machine opcodes to support

structured data. The following section describes some ways of

handling structures in a data flow enviromnt.

11.3.4 Structure Processing On Some Data Flow Machines

One approadh which has been taken in some machine designs

(Arvind, DO) is to attach another processor to the data flow unit, a

structure controller, to handle accessing and storing structured data.

The Utah DCI( uses an intelligent memory at each Processing Unit to

handle all data, structured or simple. The Atomic Storage Unit (ASU)

provides a "location independent method for dealing with an arbitrary

structure of variable length fields" EDavi79]. The elementary item of

storage is the field. A field is either a variable number of

characters delimited by two reserved characters (left and right

......
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parentheses) or else a sequence of any number of fields enclosed in

parentheses. A parenthesized field, therefore, represents a data

struccure. It is equivalent to a generalized tree. A field which has

subfields is called a file. The first subfield of the file serves as

a descriptor to the rest of the file. The non-descriptor fields of

the file way be ordered or unordered. Unordered fields mist be

accessed by nam. Ordered fields may be accessed by name or by

position. The ABU can execute such coands as inserting or deleting

fields and positioning to a certain field. Since fields can be

modified at this primitive level, the higher levels must ensure that

the modified structures are referred to by new names in the program

using the fields. The ASU also manages all memory allocation and

reclamtio.

Dennis has proposed a Structure Controller to handle structured

data for his machine. Like the Utah MSU, the Structure Controller

accepts read and write requests from the data flow processor, and

manages the dynamic memory allocation and reclamation. The Dennis

Controller realizes structures as acyclic binary trees. A node is

either an elementary value or a pointer to other nodes. A node is

Saddressed by its selector, which is its position in the tree. The two

basic operations on a structure are SELECT and APPEND. SELECT, when

given a structure name and selector, return the value at that

selector. APPEND, given a structure, selector, and value, returns a

now structure identical to the original one except that the new value
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2

has been inserted at the indicated selector. In order to increase

efficiency, struictures can be shared. Each node has a reference

ount, which is the total number of pointers to that node. A SELECT

operation to a node causes the node's reference count to be increased.

When an APPEND occurs at a selector, then the node which is being

replaced must have its reference count decremented. When an APPEND

occurs and the reference count is greater than one, new pointers muwt

be created to the unchanged portion of the structure. When the

reference count reaches zero, a cell may be reclaimed (Acke7S]1.

A variation to this form of structure controller is Arvind's

I-structure controller.* An I-structure is an array-like data

* . structure. The storage for the structure is allocated before eadh

element of the structure is defined. In order to support the

unordered nature of structure construction, each elemnt has a

*presence bit associated with it. if an undefined element is

referenced, the read is deferred. Once the element is defined, all

deferre reads must be honored EArviSO).

The benefit of having a separate structure controller is in

eliminating the overhead of creating and propagating large, complex,

and unwieldy structures in the sam manner as simple tokens. The

drawbacks are in the introduction of sequential access and update (forI

links and reference count) and the introduction of a usry acess

bottleneck just as in sequential machines (GajsSZ 1.

l

l
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In contrast to the separate structure controller, the Manchester

machine has special opoodes executed by the data flow machine itself

to support structured data. These opcodes manage a data type called

stream. This data type will be discussed in further detail in the

next chapter. In this section, a stream can be considered equivalent

to a file or array.

In the Manchester machine, the iteration level field of the token

label is used to differentiate elements of a stream. Examples of

stream op. include opcodes to generate and check the iteration level

field of the token label; to separate a stream into FIRST and REST;

to check for end-of-stream; and to add an element to the head of a

stream. The opcodes which set and update the token's iteration level

perform much the sam function as instructions in a conventional

machine to coute the address of an array element. The difference is

in what happens to this label or address. On a sequential machine,

the address is sent to the mmry to access the data. On a data flow

machine, the label is attached to the token. The token then is

matched with its partner with the sane label, and the two are

delivered to the appropriate instruction.

In addition, the Manchester data flow machine can store an entire

stream in a Storage Node. Elements of the stored stream are accessed

in a demand-driven fashion. Operations on stored streams include

maintainance of reference count, getting a pointer to the stream,

fetching stream elements, and garbage collection. Besides these extra
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operations, there are matching store functions to support stored

stream. These functions include Increment, to increment a token of

type ordinal, which is used in a token label; Decrement; Preserve,

to make a copy of a token but leave it in the matching store; and

Defer, to defer storing a token in the matching store in case of

collision of labels [KirkS2]. The advantage of using the stored

stream rather than the sinple stream is that a parameter to function

or iteration which is of type array may be passed through a single

token (the address of the array). The disadvantage is that the system

may fill up with a large number of unconsumed tokens (GurdS1]. This

might occur because the Defer matching function is used to keep stored

stream tokens circulating on the ring.

11.3.5 Implications Of The Structured Data Problem

Regardless of the implementation strategy, creating and accessing

structured data can be a major source of bottleneck in a data flow

machine. Using a Structure Controller to store and retrieve tokens

forces sequential operation. It is necessary to read and update

pointers and reference counts sequentially in order to guarantee their

validity. With the I-structures, Gajski points out, it is difficult

to know ahead of time the optimal memory allocation scheme to

pertition large arrays. amory contention problems may occur for

frequently accessed elements stored in the sam memory module. Gajski

observes that these are the same problem which affect vector machines

r '. . . i i / , . . i . i i . . . . . , . , , , , , . . ,
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and other multiprocessors (GaJsB2]. Incorporating stream handling

into the data flow processor can result in a large number of tokens

circulating through the machine.

In generating a data flow template, therefore, it is beneficial

to simplify the structure of data used in the specification. One way

to do this is to recognize cases in which data of type array can be

reduced in dimension in the generated program. When a two-dimensional

array can be reduced to a one-dimensional array or to a scalar,

oerhead in creating and accessing the array is reduced. The del

processor attempts to partition the program graph so that array

dimensions can be minimized whenever this is consistent with

maintaining parallelism inherent in the problem. Doing so reduces the

complexity of the data structure which the data flow machine ust

handle.

11.4 THE IMRCHESTER DATA FLOW NRCHINE

This section describes the Manchester University data flow

machine. A prototype of the machine has been operational since 1981,

and a second unit is under construction. An emulator for the

Nanchester machine has been used to run data flow program generated

by the Model system.

K-
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11.4.1 Machine layout

The Manchester machine consists of five functional units connected in

a pipelined ring. The machine architecture is illustrated in Figure

2.6. Input to and output from the ring are controlled by an LSI-IL,

the host. Tokens travel on the ring in the following manner:

1. Tokens enter the system from the LSI-11 through the Switch. The

Switch is the machine interface to the LSI-ll. The Switch can receive

tokens either from the Processing Unit or the LSI-1l. It can route

tokens either to the Token Queue or the LSI-12.

2. After entering the system through the Switch, tokens are stored in

the Token Queue. The Queue can provide temporary storage for up to

1GK 96-bit tokens.

3. Next on the ring is the Matching Unit. This Unit gathers pairs of

tokens with the same destination node address and label. The Unit

operates associatively. When a token arrives at the Unit, there is an

associative search for a partner. One control field of a token is the

matching store function. This function specifies what the Matching

Unit should do both in the case that a partner can be found and in the

case that a partner cannot be found. The most commn matching store

functions are:

i " .-i,: ;-:: .:.. .,-i .i .. . .: . , . a tt-i . . . ....- .. .. . . . ...
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- Bypass (BY). This means that the token does not have a

partner. The instruction only needs one token, or else the other

token is a literal carried with the instruction. The token

bypasses the Hatching Unit.

- Extract-Wait (EN). This is the normal action. If the partner

is found, the partner is extracted from the store and joined with

the incoming token. The two form a complete token set. If the

partner is not found, the token is stored in the Hatching Unit to

await the partner.

Variations of these comn actions have been added as matching

store functions so that the machine has primitives with which to

implement resource maqers and to handle stored arrays. The

latter functions have been described above.

4. The token or token pair leaving the Hatching Unit next addresses

the Node Store. This is the unit in which the data flow instructions

are stored. Each instruction consists of an opcode and destination

address(es). This information is added to the token( s) to produce a

group packet.

5. The group packet goes to the processing unit for execution.

6. The result goes to the Switch. Depending on the address, it may

. . ...
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either exit the machine or recirculate to the Token Queue.

II.*4.2 Data And Instruction Formats

& token on the Manchester machine consists of a 96-bit word.

This word is divided into a 32-bit data field, a 36-bit label, and

1-bit destination address, and 10 bits for type information and

control. The destination is subdivided into a node address, the input

point (left or right), and the matching function. The label subfields

are discussed in Section I.3.1. Every token and literal has a data

type. The standard types are Integer, positive integer, real,

character, and boolean. The ordinal, activation name, and label data

types are used in labels. Other types include types to create dynamic

arcs (for function return, for examle), stream numbers,

end-of-stream, trigger, the set data type, error, and lambda-i, which

is a nmber in the range 0 to 2-24-l indicating one of 2^24 different

user-defined types.

An Instruction consists of an opcode, and a maximum of two

destinations. One of the destination fields my be used for a literal

input to the instruction. A maxi=m of 71 bits is used for an

instruction. There is a 12-bit opcode, 19 bits are available for one

destination, 32 bits are available for the second destination or for a

literal, and 9 bits are used for control.
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The instruction set is divided into various sets of operators.

The ordinary arithmetic operators constitute the largest set. The

flow control operators include the branch operators. These double

rOsult operators send the left input to the left or right output

depending on a condition involving the right input. There are

operators to manipulate label and destination fields, operators to

control dynamic arcs, data structure handling operators, and

input/output operators. The label-changing and data structure

operators have been discussed above. Dynamic arc control operators

are used for function call/return sequences. Input/output operators

provide a comnication path to the host.

II.5 CONCLUSION

This concludes the survey of data flow machines. From the

discussion above, it is clear that many different approaches have been

taken to implemnting a machine to interpret a data flow graph. The

implementations must deal with issues far more complex than simple

expression evaluation. Reentrancy of graph, program allocation to

processors, and data structures are major problem for machine

implementations. Both the proposed and prototyped implementations

have trouble handling data structures.

The next chapter discusses languages for data flow machines, both

existing languages and languages designed specifically for data flow

machines.



CHAPTER III

LANGJUAGES FOR DATA FLOW

The development of suitable languages to program data flow

machines has been an area of active research. Languages suggested as

apro priate range from conventional programming languages [TrTE80] to

now languages designed especially for data flow (Denn74] (Arvi7S]

(Acke79] [McGrO ]. In this chapter, we will examine some of these

programming languages. In addition to the high level procedural

programming languages, we will consider nonprocedural languages as

data flow languages. We conclude the chapter with a description of

the Model Specification Language.

111.1 CONVENTIONAL PRGRANKUNG LAMNGUGS

Existing conventional programming languages have been used to

program data flow machines. There are several advantages to using

conventional languages. One advantage is that there is a considerable

- 45 -
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body of programs already written is such languages as FORTRAN.

Compiling FORTRAN to a data flow machine language makes those programs

available inmediately to the new machines. Another advantage is that

there is a considerable body of programmers conversant in such

conventional languages as FORTRAN. Proponents of the use of

conventional languages for data flow argue that progrars will find

it difficult to program with the unfamiliar syntax and functional

semantics of the new data flow languages. In addition they claim that

a sufficiently smart optimizing compiler can recover much of the

parallelism from a sequential program [GaisS2].

The programming language for the TI DOP is FORTRAN. FORTRAN was

chosen primarily for pragmatic reasons: TI has a large investment in

supporting FORTRAN on the TI Advanced Scientific Computer (ABC) and a

library of scientific application oriented benchmark program

developed for the ASC could be used on the DOP. The ASC FORTRAN

compiler was modified to produce program graphs for the DDP (TITE8O].

Although existing software and familiarity with it are powerful

arguments for using conventional lanquages for data flow, there are

also disadvantages. A conventional programming language such as

FORTRAN mirrors almost exactly the processor-memory paradigm of

sequential machines. It does not follow the functional semantics of

the data flow machines. Coeautation in FORTRAN is not accomplished

strictly by function application. The tasks of assigning values to

variables, fetching stored values of variables, and updating values of

- - - .
-. . . . . . . .. . '
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ability to provide in the language powerful combining forms for

synthesizing functions into a program. Instead of rewriting the same

basic algorithm in differing contexts, it becomes possible to isolate

functional components of the algorithm, and then put those components

together in different ways as the particular situation demands.

Languages such as Id, Val, the LAU programing language, and MaD

(Manchester Data flow) have been defined for various data flow

ma hines. These languages follow the functional semantics of data

flow machines. The basic language form is the expression. All of the

languages are single-assignment. In addition, most of them support

two new constructs: the parallel loop PORALL as distinguished from

the iterative loop ITER, and the STREAK data type.

111.2.2 Iteration

Just as WHILE and REPEAT loops in conventional languages allow

con trolled branching, the ITER construct in data flow languages allows

controlled reassignment to variables [AckeS2]. The ITER block is used

to express recurrence relations, such as in computing factorial. The

ITE block consists of three parts. First there is an initialize part

to give iteration variables their initial values. Then there is the

body of the iteration. Only in this section may a variable be

reassigned a value. The iteration variables appear here as target of

assignment. The new values of all the iteration variables are

available only at the end of the block, so that within the block, the
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variables are essential parts of the language. Even the most

sophisticated compiler cannot recover all the parallelism in the

algorithm which has been disguised by the sequential nature of the

programing language. In addition, the programmer is forced to

(over)specify the algorithm in the sequential paradigm even if this is

not the most natural way to describe the problem. The programmer must

supply a linear sequence of instructions. Parallelism which might

have existed in one form of problem description might be completely

absent when the problem is translated to FORTRAN.

111.2 DkTA FLOW LAGUAGES

111.2.1 Common Properties

Even though conventional languages will undoubtedly be used on

data flow machines (for back compatibility, among other reasons),

functional languages also have been designed for data flow. In this

type of programming language, a cutation is accomplished by

function application, that is, by supplying parameters to a function

and evaluating the function. The results produced by the function

depend solely on the parameters supplied. The context or environment

in which the function was invoked has no bearing on the results

produced. There are two imediate benefits when programming is

accomplished as function application. First, already mentioned, is

the simlified semantics of the programing language. Another, is the

*, . ..- ... . - ..... , . i ... . .- •
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109

single assignment rule is still enforced. The third part of the ITER

is test for termination. An example of an ITER block is the factorial

program (Ackee2]. In Id, the program is written as follows:

(initial J :- Us FACT :- 1; /* initialization /"
while J (, 0 do I* termination condition /

new J :- J - l; /* controlled */
.new FACT :- FACT * J; /* reassignment */

return FACT) /* value returned ./

The program in N&D is almost identical to the Id version.

111.2.3 Parallel Constructs

The FORALL construct allows the progranr to construct a block

which may have multiple independent incarnations. The scope of

repetition may be a set of indices, as in VAL, or a stream of values,

as in M&D. The ITER and FORALL represent two classes of blocks,

iterative and parallel. There is a direct correspondance in the

translation of the data flow template to a data flow language between

a parallel or iterative block in the template and a parallel or

iterative program block. The two kinds of blocks are the fundmental

units which the Model data flow scheduler generates from the

nonprocedural specification.
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111.2.4 Strem

e stream was introduced earlier by analogy to a file or array.

Bove we define the data type more formally. A stream is defined to be

a possibly infinite sequence of elements. The elements of a stream

have a total linear ordering and are not required to exist

simualtaneously EArv17e]. The stream data type is useful in handling

I/O in data flow languages. A sequential file can be thought of as a

stream of elmnts. The stream data type can also be used to

implemnt arrays. A two-dimensional array of integers, for exaaiple,

can be implemnted as a stream of a stream of integers. If a stream

is a parameter to a function, the function operates on the input

stream as it is read from an input device and produces an output

stream. Operations on stream include extracting the first element

(CAR), the rest of the stream (CDR), and constructing a stream out of

simple tokens.

111.3 THE MW PWGRMKI IG LSGU( Z

MID is a high level data flow language designed at Manchester

University EBove2]. It in considered an interim effort toward a data

flow language for the Manchester machine. MaD is single assigrsint

and function-oriented. The program unit is similar in form to a

Pascal program. We will describe here a subset of the language which

has been used in translating the Model data flow templates into HaD.

.. 1

• J ' ' ," .,,-•-.-% " ,. ". "% % . , ' . " . " . % . ' . - .-.



- 51 -

The COMPlete BF is Included in Appendix A.

In the following HF description, optional language elements are

bracketted by "C" and "]". A "*" following the right bracket denotes

sero or more repetitions, and a "+" following the right bracket

denotes one or more repetitions. A "" is used to separate options in

the expansion of the left hand side. Any punctuation mark used in the

lanJuag itself is quoted (for example, ;'). Syntactic elements are

Put in ... ,. Syntactic elements ending in "id" usually denote an

identifier.

111.3.1 The Program Heading

'rogrm : t- PIWGRA 'cprograi-i&
< (paramterlist), I cresult, s'

( ctypedeclaration,
( (funOde us, ]
( cexPression, ]

( assembly-code,

The program heading has an optional parameter list. However, the

,cresult3i is required. There may follow type declarations and nested

function declarations. The <expression, is the result returned by the

program. Assembly language code may follow the END statement.

• ,cparamaterlirt) :t- '(c parmalist,-

([ 't' (pamalist) *)'

,parmlist, : : (paraid), C , ' (paraid) * *

C (SOMED] STREAM STREAM]* ]

. ..-.. ...
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(typeid),

<result), ::-"E" result> ( ' (result> ]* *'
I ( (STORED] STREAM] <typeid,

E1mMle: PROGRAM FACTORIA N: INTEGER):STREAM INTEGER;

The <paramnterltsti is a standard Pascal format parameter list. The

,cresulto shows the data types of values returned by the program. The

header may either be a composite structure or may refer to a

predefined type. The stream and stored stream data types are

described in Section 11.3.4.

111.3.2 Structured Types In MaD

Structured types as defined in MD are slightly different from

those defined by Pascal. The stream data type is used instead of

array or file. Records cannot be declared as in Pascal. Structures

can be defined; however, fields cannot be named individually. An

expression consisting of a composite structure can be created as an

"informal" record. For example, the expression (5.2, 1*5] is a

composite structure consisting of a real and an integer.

Men the value of a structured variable is defined, the entire

structure must be defined by One expression. Individual structure

elements may not be defined separately. For example, the statement

AE5] :- 10 is invalid in MaD because a specific element of A is being

defined. In addition, structured variables wust be defined strictly
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hioerarchically. For example, to define the value of a matrix of

integers, K, the computation of the least significant dimension must

be nested within the block in which computation of the most

significant dins ion occurs. This restriction is caused by Haw *s

data structure implementation. The lower order dimensions of a

multidimensional structure are always implemented as stored strea.

A two-dimensional array is implemented In HaD as a stream of context

tokens, or pointers. Each context token points to a storage node. A

storage node is an area of the Hatching Store. The storage node for a

raw of the matrix contains the integer values for that row of the

matrix. The matrix values must be defined row-wise, that is, the row

1( ) must be defined before anty element of the next row K(2) can be

defined.* There is no way to express in the language colum-wize

definition of matrix values. The following statement shows a two

level nested block which computes the value of a two-dimensional array

X1.

Doo X: .INEG

E*'Top Xievel Loop- all the rows are defined *
FOR E.ACH I I4 KXSY DO

XI a-DEM

J: Im znu
(Inner loop- a single row is defined '

FOR Ewa 1 .1ft jXST
X2 :-

DIiK: IlB

ME nBO K 1M KcSET R
(The value of an el eme nt in the array is

cmuted by a function FWM. '
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X :-F'WC(K),
RETURN ALL X;

RE!UUI ALL X2;

In this example zXSET and .DSET are assued to be a stream of Integer

indices from 1 to the range of the first dimension of XI for 1. and

from I to the range of the second dimension of Xl for J. Each

instance of the inner loop defines one row of the matrix XL.

Individual elements of a structured variable such as Xl cannot be

defined separately. When a structured variable is referenced in an

express-ion, however, individual components may be selected. Other

e Imles of definition and usage of arrays are given below.

111.3.3 The Expression

<expression).: DECLARE tblock>
IF ccondexp) I
cbasicexp), I

CASE <Caselip3

The (cexpression), can be one of four constructs: a DECLARE block,

an IF expression, a basic expression, or a CASE expression. The first

two are described here.* The basi.c expression i.s defined i.n the next

section. The case expression is not used in translating templates to

HaD. It is described in the complete HaD MUF in Appendix A.

cblocki :: id), E: -cid).1
<typedefn), 1; -degalblock,
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<legalblock) :z- <id, < , id) ]*
-typedefn) 1;'

(let) I
<initforwhile>

Local variables may be declared in a block. scope rules for variable

declaration are the same as for conventional block structured

languages. Following the local variable declarations, the block may

contain either a LET statement containing one or more assigrqnts or a

looping construct.

<1et) git- LET C <M83, t- 4ecpreseioni i ]+
RETURN texpression)

<Ib) Z: (2.4) I'[( (<b) ( ', 1hs ]P *1

In a LET statement, a previously declared variable may be assigned a

value. Each variable may be defined only once in the program. Since

the block must return a value, the LET mist be terminated by an

<expression, to be returned. The value of the block is the value of

this expression.

LE XTRCAH

X1, Al, Sr: INTEGER;
FOR EACH Al IN A; EACH B1 IN B DO

Xl: AZ + B1;

!f1EALL XI;

In this example, XSTREAK is assumed to be of type STREAM IL' ECZR. The

:.4 1. ,,, ,'-'-' '''-".''' ,,,...." . "'-2 .,. . . - . - . . . .
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value of XSTREAM is computed by the above DECLARE block. This DECLARE

block contains a structured loop.

tinitforwhilel ::-[IIT ( (lhs) '.-' <expression> ';' 1+ ]
FOR EACH :id3 IN <streamid>
C ';' EACH <id> IN ,streamid ]*

DO
(WHILE cexpression3 DO]
[ (NEW] <lhs, := (expression) "; 1+
MRK (expression3

A structured loop consists of three parts. The optional

initialize part assigns initial values to variables declared locally

iz the block. The FOR EACH identifies streams whose elements are

selected within the loop. The optional WHILE part sets up termination

conditions for the loop. If the WHILE is not used, end-of-stream

signals loop termination. Next in the loop com the assignment

statements. In this section, the loop variables may be reassigned.

The NEW qualifier indicates reassigrment. The final part of the loop

is the RETURN statement. The value of the block is the value of the

RETURN expression.

S a-
D~IM : Im g: S: TSs

(* TS is a user-defined type *]
l S t- ((PA + F(N+I]) / 2);

Mf ,-SIZES - 1 DO

MEW S . S + F(I+l];
NWI :- I + Il;

4.°
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111.3.4 The Basic Expression

<basicexp. : <all-remainder) I
tsimpleexp> ( <relop, <simpleexp>

A basic expression in MaD is either an expression using the

stream constructs ALL or REMINDER or a more conventional arithmetic

expression.

<all-remainder> :z ALL <basicexp (BUT (basicexp) ] I

REMINDER ( id), I

ALL constructs a stream by concatenating together each instance

of (basicexp) in the loop. The BUT qualifier allows some of the

stream members to be filtered out. The REMAINDER <id> must be a

stream identifier referenced in a FOR EACH. Examples of these

expressions occur in the FOR EACH loop above.

A simple expression is a standard arithmetic expression augmented

with a couple of unusual features. The operators '*', 1+1, AND, OR,

M X and KIM can be used as reduction operators. Similar reduction

operators are used in Model. An "informal" record may be constructed

in MaD with the left and right bracket notation described above.

operations may be performed with portions of a stream by specifying

high and low bounds for the stream subset.

. ." .. ..
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In addition to user-defined functions, the language provides

standard mathematical functions such as SIN, COS, IN, SQRT, and

exponentiation. Stream functions include the CONS to construct a

stream, FIRST, REST, GET (for a stored stream), EMPTY, and SIZE.

Example..

IF DfTY(XSTREAN) THEN 1 ELSE 1 + FIRST( XSTREAM )/( ( I +

Fr3IC(E=l( XSTREAK))

In this basic expression, XSTREAM is assumed to be a numeric stream.

FUNC is an arbitrary function whose call parameter is a numeric

stream. The standard stream functions EMPTY and FIRST are used in the

expression.

II.4 HMUPROCEDURAL LAUGES

111.4.1 Common Properties

Nonprocedural languages have been suggested as being particularly

well suited to data flow. The Model nonprocedural language has only

two statement forms, data description and assertion. The assertions

describe output data in terms of input data. The term "assignment",

whether single or multiple, is not applicable to nonprocedural

languages. Data cannot be assigned. Instead, using the assertions,

one can describe properties of the data items. The independent data

item, on the left hand side of the assertion, is described as a



I
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function of one or more dependent data items. This defining function

is on the right ' and side of the assertion. The use of these two

simple statement forms allows a very high level form of problem

description.

Environment or context is also missing in a nonprocedural

language. The validity of the assertions is not time dependent. It

is not tied to a state of the machine. In fact, a nonprocedural

language has no sequencing or control constructs. Data dependencies

alone control the sequence of execution. There might be several

linear execution sequences of a specification which are correct. From

the discussion of the data flow model in Section 11.1, it is clear

that specification languages follow exactly the semantics of the

model. The availability of data drives program execution. Since

there is no programmr-controlled sequencing, a data flow graph can be

constructed directly from the specification.

Monprocedural languages have the sa functional semantics as the

applicative data flow languages described above. However, a language

such as Model is at a higher level than the data flow languages. A

programmer using a data flow language must recognize iterative and

parallel aspects to the algorithm and must explicitly construct

iterative and parallel blocks in the program. In contrast, a

porgrammer using Model need only specify operations on data structures

and arrays. The Model Processor detects iteration and parallel

invocation from the subscript expressions used in array reference. It

*-4**..
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then generates the appropriate kind of block in the data flow

template.

111.4.2 LUCID

UCID is a nonprocedural language invented by Ashcroft and Wadge

(Ashc77]. The design of LUCID was motivated by the desire to combine

program writing and program proving into a single language. The

assertions in LUCID are the axioms from which properties of the

program are derived. LUCID has sequencing control operators such as

FIRST X and NEXT X to specifiy values occurring during an iterative

computation. The AS SOON AS operator can be used to extract values

from a loop. A data item in LUCID can be thought of as an infinite

sequence. The elements of the sequence form the history (or "world

line") of the data item in an iterative computation. This is

equivalent to the STREAM type in data flow languages.

, 111.4.3 DWL

The mDWEL nonprocedural language has many concepts in comon with

LUCID. The "world line" analogue in MODEL is one dimension of an

array. The elements of the array represent successive values of a

data item during an iterative computation. This notation is more

powerful than that of LUCID because data element values other than the

current, next, and first can be referenced by using the appropriate
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subscript expression. The notation facilitates ease of reference to

multi-dimnsional structures. The same array notation can be used.

In LUCID, malti-dinmnsional structures must be constructed with nested

loops.

Iterative loop termination can be expressed in 1S0EL in several

ways: the array can be given a constant upper bound; the SIZE

attribute of the array can be defined in an assertion; or the

END.array condition can be defined in an assertion. The use of these

attributes is described in Section 111.5.4.

The objectives of MDDEL are different from those of LUCID. MODEL

has been designed as a software aid tool to automate program

development. The system does extensive consistency and completeness

analysis of a specification. The sequential Model Processor generates

a PWl program from the specification (LuKaB2]. The aim of the MODEL

program generation system is to provide a language for very high level

specification of a problem by non-programmers. The system has been

designed to resolve ambiguities or errors in the specification and

report corrections to the user [Shas?8]. Since the work reported here

has been done with the Model System, we describe a subset of the Model

Specification Language in greater detail in the following section.
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I1.5 T=E NDOEL SPECIFC&TION LRNGUFLE

& specification in Model consists of a program header followed by

data declarations and assertions. The header contains the

specification name and the names of the input parameters to and output

results from the specification. The input and output parameters must

be of type file. The following is an example of a program header-

MD -E zNTRImIJL;
SOUCE: INFILE;
TAT 4ET: OUTFILE;

This header indicates that the specification name is MPLTRIXJL and

that there is one input file, INFILE, and one output file, OUfltLE.

The files are assumed to be sequential. There must be a target file

declaration: the specification must have output. The data structures

of the files are given in the data declaration statements.

111.5.1 Data Declaration

Nodel supports structured data in the syntax style of PVI. The

data declaration statement defines the structures of the input and

output files and of any interim data used. Levels of structure

include FILE, RECORD, GROUP, and FIELD. The RECORD is the unit of

input/output. The FIELD is the smallest unit of data. The field must

be of elementary data type. Some representative data declaration



- 63 -

statements follow. Note that each statement is independent of any

other. The order is not significant to the Processor. The order of

statements and indentation used merely enhances readability.

INFILE [S FILE (IMEC),
IIREC IS RECORD (1l, Na),

13 IS GRCOUP (I112(10)),
IN12 IS GROUP (A(l0));

A IS FIELD (NUMERIC);

1N2 IS GROUP (IN21(10));
IN21 IS GROUP (0(10));

B IS FIELD (NUERIC);

OUWFILE IS FILE (OUTREC);
OUTRC IS RECORD (OUTI);

OUTl IS GROUP (Ofl2(1o)),
OUT2 IS GRXW (C(10));

C IS FIELD (UMERIC),

(0 IS GROW (11(10)),
XL. IS GRUP (X(10));
X2 [S GROUP (X(1O));

X IS FIELD (NUMERIC),

These declaratims indicate that the input file consists of one

instance of one record, INREC. INREC contains two elements, [11 and

1N2, whidh are also aggregates. A and B are the leaf nodes of this

tree structure. They are fields. INREC therefore consists of two

matrices. The output file is similarly defined. OUTREC is also a

matrix. (0 illustrates the declaration of an interim structure.

f.I
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111.5.2 Array Data

Array data has two major uses in Model. In addition to the

conventional usage of array in the mathematical sense of vector or

matrix, the array is also used as an indication of repetition.

Iterative computation can be expressed in Model using the same array

notation as for matrix manipulation. Examples of the use of arrays in

iteration are given in the next section. Here, we describe several

special constructs which support use of arrays.

111.5.3 Subscript Data Type

The SUBSCRIPT data type is a unique feature of Model which helps

describe the index of an element in an array. A variable declared as

type SUBSCRIPT may assume all values in a r from 1 to some upper

bound. For example, the declaration

1 IS SUBSCRIPT (100);

defines I to have all values in a range from I to 100. When I is used

to qualify an array variable, as in the reference A( I), the entity

A( I) denotes all 100 elements of A. In contrast, if X is defined by

the statement

X IS FIELD NUMERIC;

then the reference A(X) denotes only one element of A- the element

whose index corresponds to the value of X.

G. .o ,o / ... ,. .- . .~ .. _ . -. / ° . ,'
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Model distinguishes between global and local subscripts. The

explicit subscript declarations define global subscripts. Local

subscripts are of the form SUBn, where n is a positive integer. They

are predefined to the Model Processor. The subscript is local to an

assertion. The name may be reused in other assertions to denote

different ranges.

111.5.4 Range Arrays

The number of elements in one dimension of an array is called the

j of that dimension of the array. An array dimension may have a

onstant range definition or either of two system-defined auxiliary

arrays to define the range. They are called range arrays.

If A is an n-dimnsional array, then SIZE.A is a k-dimensional

integer array, where O(-k(n. SIZE.A defines the range of A's

rightmost (least significant) dimension. The range of each dimension

of SIZE.A is equal to the range of the corresponding dimension of A.

However, SIZE.A uist have fewer dimensions than A. For instance, if A

is a vector, then SIZE.A is a scalar. If the value of SIZE.A is 15,

this implies that A hs fifteen elements. The SIZE array may be

defined in an assertion to establish the range of the last dimension

of the corresponding array. The value of the SIZE.A array cannot

depend on a subscript j of A where kcj -n. Figure 3.1 shows the

correspondanCe between a two-dimensional array and its SIZE array.

. .
. .- .
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The other array qualifier is DID. EDD can also be used to define

the range of the least dimension of an array. If A is an

n-dimnsional array, END.A is an n-dimensional boolean array whose

value is defined as follows:

If DID.A(l,X2,...In-l,q) is true and END.A(IlI2...,In-l,p) is false

for lc-pcq, then A(Il,[2,...,In-l) has q elements (LuKa82]. For

emple, if A is a vector, and END.A(I) is false for l-I-c5, and

END.A(5) is true, then A has 5 elements. The values of END.A may

depend on data in A. Thus the range may be defined by data generated

at run time. Figure 3.2 shows the correspondance between a

two-dimnsional array and the corresponding DD array.

Although there are marty special prefixes in addition to SIZE, and

END, only these two are used in the data flow version of Model.

:.-. . .. ... . . .-.... ... ...< . -, . .'.-. . .. .- .. . -. .... ... .. . . . . .. .. . . . . .. -:.....
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II[.5.5 Assertion

The assertion is used to define the values of variables declared

in the specification. An assertion in Model is of the form

ctarget variable) - cexpression

The target variable, or dependent variable, may be a scalar or may be

subscripted. If the variable is subscripted, the form of each

subscript expression may not be an arbitrary expression. It must be

of the form cglobal subscript name, or <local subscript name>. This

restriction exists because the target language MaD does not support

the structure operations SELECT and APPEND. Instead, a structure must

be ommpletely defined by one statement. Use of an arbitrary subscript

expg smion implies selective definition of one array element rather

than definr4cion of each element. The expression on the right hand

side contains the source, or independent, variables. The expression

may be an arithmetic or conditional expression. Subscripts on the

right hand side nay contain ar%'trary subscript expressions.

A conditional expression is of the form

IF ,boolean expression), THEN (expression)

ELSE cexpression)

The following are examples of Model assertions:

SX(I,J,K) - A(I,K) B(K,J);

* 8(I) - IF I - I THEN (PA + (N))/Z,ELSE s(1-1) + F(I-l);

i" .4

-.
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END.J(SUMISEDJ )- IF J(SUB I,SUBJ) ,- IFILE.N THEN TRUE:
ELSE FALSEj

In the first assertion we assume that r, J, K are of data type

SUBSCRIPT. With this assumption in mind, we can see how the assertion

illustrates the power of the specification language. In a

conventional high level programing language, the statement would have

to be enclosed in a three level loop. In Model, use of the subscript

data type permits the programeer to specify operations on a

three-dimensional array with a single assertion. The second assertion

illustrates the use of recurrence relations. In this example, the

TIM clause establishes the initial condition because it defines the

value of S for the first iteration. The ELSE clause defines the

recurrence relation. The termination condition for the recurrence

could be established in any of the ways discussed above: with range

arrays or through the range of the subscript I. The third assertion

illustrates use of the range array END. Note that the value of END.J

depends on data available only during program execution.

1i1.6 THE W.HePL SPECIFICATION

The specification shown in Figure 3.3 below demostrates some of

the constructs in the Model Language. This specification is also used

as an example in the following chapters.

.-.
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MODUE EXAMPLE;

SOURCE: INFILEl, INFILE2;
TARGL~r OUTIFILE;

INFILEI IS FILE (INRECI( 100));
INRECI IS RECORD (A);

A IS FIELD (NUMERIC);
INFILE2 IS FILE (INREC2( 100));

INREC2 IS RECORD (B);
B IS FIELD (NUERIC);

OUTFILE IS FILE (OUTREC(100));
OUTREC IS RECORD (C);

C IS FIELD (NMHERIC);

XO IS GROUP ((loo));
X IS FIELD (NUMERIC);

I IS SUBSCRIPT (100);

/* Assertion 1: AASS220 */

X(I) - AMI + BI)
/* Assertion 2: AASS230 */

CMI X(I) * M

END EXAMLE;

Fiqure 3.3 The EXAMPLE Specification

A BHF description of Model is included in Appendix B.

111.7 CONCLUSIC01

This concludes the discussion of languages for data flow. We

have described novel features of data flow languages. Data flow

languages distinguish between iterative and parallel loops and have a

now data type, the stream, which is used for I/O and for
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muiti-dimensional structured data. We have presented in greater

detail the KaD data flow language and the Model Specification

Language. The next chapter describes how a specification is stored

arnd processed by the Model System.



CHAPTER IV

THE MDEL SYSTEM

This chapter describes the array graph and other data structures

of the Model System which are used in scheduling and code generation

(LuKa82] (Pryw82a]. The first step in generating a high level

language program from a specification is syntax analysis. The Model

System reads the specification and checks the syntax. If any errors

are found, they are reported, and the system halts. if the

specification is verified to be syntactically correct, it is then

checked for semantic correctness, completeness, and consistency. In

many cases, incompleteness and ambiguity in the specification are

corrected, and warnings reported to the user [LockS2]. If it is not

possible for the system to correct the specification, error mssages

are issued, and further analysis is curtailed. If the specification

passes these stages, the system makes an internal representation of

each entitity in the specification, and builds the array graph. The

array graph is the major input to the scheduler.

- 72 -
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The Model System implementation is described in (Luka8I]. In

addition, in (Shas78] may be found description of a more powerful

general-purpose program.ing variant of Model. (GreeBl] describes a

Model variant which can generate a PWI program to solve a set of

simultaneous equations. (Prywe2b] is a report on using Model for

cooperative computation in a distributed computing environment.

The next section describes the underlying graph of a

specification. Next, we describe the array graph, node

dimensionality, and the precedence relations which determine the edges

of the graph. The concepts of range and range set are introduced

next. The final section defines the storage allocation attributes of

physical and virtual storage.

IV. i TE UNDERLYING GRAPH

A natural way to represent the specification for analysis is in

the form of a graph. There is a node in the graph for each entity in

the specification. Edges are inserted into the graph to indicate

precedence relationships between the nodes. To be an accurate

representation of the specification, the graph should contain a node

for each array element and a node for each instance of an assertion.

Por example, if variables A and B are assumed to have 10 elements

each, then the assertion

A(I)- I)5
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has 10 instances, one for each value of I from 1 to 10. TUis graph is

called the underlying gr of the specification. If such a graph

were constructed, it would certainly be very large. In addition, in

many cases the graph could not be constructed because the number of

elements in an array might not be determined until run time. Thus the

system would not know at compilation time how many nodes to create.

For these reasons, a compact form of the underlying graph is

constructed instead of the underlying graph itself. This graph is

called the aray r It is so named because each node and each

edge may be multi-dimensional. A node represents an entire array (of

zero or more dimensions) and an edge represents the corresponding

array of relationships between nodes.

There is a node in the array graph for each data item declared in

the specification and each assertion. In addition, nodes are created

for range arrays if these are used in assertions. Such basic

information as the node type (file, record, group, field, assertion,

etc.), node dimensionality, and node predecessors and successors is

stored with the node.

LV. 2 DATA STR[UTURES DEFINING THE ARRAY GRAPH

The following description of the array graph is adapted from

(Pryw82aj. The array graph is represented by three data structures:

- DICT. A dictionary of nodes. There is a NODE entry in the

.4

-U
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dictionary for each assertion and each data item.

- MODE. All the attributes of interest for an assertion or data

item are stored in the NODE data structure. Figure 4.1 lists the

NODE attributes. FP'are 4.2 shows the data structure of a local

subscript list entry of a node. The local subscript list is a

description of the node dimensions.

- EDGE. Information about the relationships between nodes is

stored in the EDGE data structure. In the EDGE are shown the

source and target of the edge, and the subscript expressions used

in the edge. Figure 4.3 shows the data structure of the EDGE,

and Figure 4.4, the data structure of a subscript expression.

Figure 4.5 shows the nodes and edges in the array graph for the

specification EXAMLE (Figure 3.3).
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- NODEID. Node number and Name

- NODE.TYPE. Node type <data or assertion)

If the NODETYPE is data, the NODE contains the following attributes:

- PARENT: the array graph node number of the parent of this

-node.

- *SONS: the number of immediate descendants of this node.

- SONl: the node number of the leftmost descendant.

- BBOTHERL: the node number of the sibling to the ismediate
right of this node.

- REPEATING: whether this node is repeating or scalar.

- SUBSLST. The local subscript list, a list of node subscripts
associated with the node.

- PRED_LST. The Predecessor Edge list.

- S0CC_LST. The Successor Edge list.

Pigure 4.1 The NODE Data Structure
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- E "ED. Whether the dimension is reduced in that
subcript. Only applicable to assertion nodes.

- STOTYP. Whether the dimension is physical or virtual. Used only for
data nodes.

- RANG=. The range set number of the range of this dimension.

- RAXR. The real arguments to a range array.

- WIDfr. The nesting level. Determined in scheduling and
used in code generation.

Figure 4.2 & Node Subscript

1'*.
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- EDGITYPE. Data Dependency, Hierarchical, Parameter Dependency.

- SOURCE. The node number of the predecessor node.

- TARGET. The node number of the successor node.

- DINDIF. The difference in dimensionality between the source and
target.

- SUBX. The subscript expressions used in the edge, ordered
by position in the predecessor node.

Figure 4. 3 The EDGZ Data Structure

- )CAkSUBJ. Kcal subscript position in the successor node.

- MROE. Subscript expression type
("I", "I-k" (where k).l), other).

- tK. The "k", if the APRJUDOE is "I-k".

Figure 4.4 Subscript Expression

II

' • • . . . . ". . . " ... . " " ' " . . . " ' ' ' " J-. - , , ' . ' . ,,-- : ., ," " "
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a Nodes:

L. t OUTFILE IS t X KFtLEZ.
2 : OcnY'ILE.ocUREC 9 t NFILE2.ENREC2

13 s OUTFILE.C 10 : INFILE2
4 :AASS230 (Assertion 2) I11 : INFILEI.A.
5 : NTERIM.XD 12 : INFELEI.XNREC1

16 z INTERZK.X 13 :INFILE1
7 : AASS220 (Assertion 1) I14 t EXAMLE

Edges:

*IPredecessor Successor Edge Type
I2 1 2
I3 2 2

3 2 10
14 37
16 5 2
I6 4 3
I7 6 7

8 7 a
19 0 1
110 9 1

11 7 31
112 11 1
I13 12 11
I14 13 211

-7I14 10 21
14 1 211

Figure 4.5 Nodes and Edges for the EXAMPLE array graph

- a

.7 . . - . . . - . . . . 7 - - 7 - - .7- - .7 - -
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IV.3 NODE DIXNIONArLIY

Each node in the array grqaph has zero or more dimensions. For

example, X in the declaration

X [S FIELD (NUMERIC);

has a dimensionality of zero, and V in the declaration

VO IS GOEXP V(lO);

has a dimensionality of one. The dimensionality of an assertion node

is set to the union of the dimensionality of all the data nodes in the

assertion. After a data node's dimensionality has been determined

from the data declaration statement, the data usage must be checked in

the assertions to ensure consistency of dimension. In one dialect of

Model, variables may be used without subscript or with an incomplete

subscript list in assertions. The actual number of dimensions is then

constructed from the variable' s data declaration, and the node

dimension fields of the variable and the assertions which use it are

augmented appropriately (LuKaB2 ]. In Figure 4.1, the node

dimensionality determines the number of node subscripts in the local

subscipt list. Each node subscript contains a further description of

a dimension.

The REDUCED field in a node subscript is used only in an

assertion node. The assertion's node subscript list is the union of

the subscript lists of source variables and of the target variable.

If a subscript appears of the right hand side of the assertion but not

on the left hand side, then we say that the subscript has been
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reduced, and the REDUCED field for that subscript for the assertion

node is set to 1.

The IDWITM field is determined in scheduling. Each node

dimension is identified with a block level when the node dimension is

scheduled. The block level number is stored in I[WrTH.

RANGE and RALP hold information about the range of the subscript.

Definitions of rance and of a range set are given below. The field

SWTTP is used only for data nodes. It records how the node dimension

is represented in the generated program. During scheduling, each node

dimension is determined to be either physical or virtual. If a node

dimension is physical, the STOTYP field is negative. If the dimnsion

is virtual, the STOTYP field is positive. The absolute value of the

STOTYP indicates the anount of storage required by the data node in

the generated program. The term physical and virtual are defined

below.

v.4 PT4CEDnCE RELATIOMSHPS

The predecessor and successor lists of a node in the dictionary

define the precedence relationships between a node and other nodes in

the specification. If a node Ni is on the predecessor list of a node

NO, we say that there is an edge from Ni to NO. Similarly, if NJ is

on the successor list of NO, then there is an edge from NO to NJ.

'-A
,*9
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An edge from a node NO to a node Nj has the following form:

tMj(ul0 ... Ek) <-NO(Ji, ...

where t is the edge type, k is the dimnsionality of N-) and m is the

dimensionality of NO. The subscript expressions Ul,U2, ... E lk are

stored with the dictionary entry for N3. Jil, J2, ... . Jin are the

n s cript expressions associated with dimensions 1, 2, ... m of NO.

For example in the assertion,

Assertion: A(I) - 8(1-2) + B(I-2);

there is a subscript expression "1-2" associated with the first

dimension of an edge from B to Assertion and a subscript expression

"I-i" associated with the first dimension of a second edge from B to

Assertion.

There are three broad categories of precedence relationships,

data dependency, hierarchical, and data para!Vter. Data dependency

man that data must be generated before it can be used. Therefore,

for each assertion, source variables appear on the predecessor list of

the assertion, and the target variable appears on the successor list.

A hierarchical relationship exists 3etween a higher level data

structure and its components. For example, there is a hierarchical

relationship between a file and the records it contains, or between a

group and its component fields. Therefore, the records of a file
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apear on the successor list of the file's dictionary entry, and the

file appears of the predecessor lists of each of the records'

dictionary entry. . A data parameter relationship exists between a

*range array and the nodes whose range it defines. A data parameter

edge is drawn from a range array to the nodes whose ranges it defines.

IV. 4.1 The EDGE Data Structure

Each element in a node predecessor or successor list points to an

EDGE data structure (Figure 4.3). The DINDIF field in this structure

is the dimensionality of the target node minus the dimensionality of

the source node. The EDGE-TYPE indicates the type of precedence

relationship between source and target. There are several edge types

with which we will be concerned. A Type 3 edge is drawn from an

independent variable of an assertion (on the right hand side) to the

assertion. A Type 7 edge is drawn from an assertion to the variable

it defines (the variable on the left hand side). Edge Types I and 2

are hierarchical edges drawn from a node in an input file to its

ismediate descendants for the Type 1 and from a node in an output file

to its immediate ancestor for the Type 2 edge. Edge Types 13 and 14

are used for the range arrays SIZE and END respectively. They are

drawn from the range array node to the node whose range is being

defined. The Type 8 edge is drawn between siblings in an input or

output file if the nodes concerned are below the record level or if

they belong to sequential files. A Type 21 edge is drawn from the

-4I
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module to each file. It indicates the precedence of the module over

the file nodes.

In the sequential version of the Model Processor, Type a edges

are also drawn from the last field of a repeating structure of an

input sequential file back to the node representing the structure, and

from a repeating structure in an output sequential file to the first

field in the structure. For an input structure, this edge is inserted

because the last field of the previous instance of the structure must

be processed before the next instance of the structure may be

accessed. For the output structure, the edge means that an instance

of a repeating structure may not be written until the previous

instance has been completely written.

However, as we have seen in Chapter 2, data structures are not

accessed and stored on data flow machines in the same way that

* 0structures in sequential files are accessed and stored in conventional

machines. Several instances of a repeating structure may be accessed

concurrently on a data flow machine. Therefore, these two cases of

Type 8 edges are not used in the Model Data Flow Processor.

IV.4.2 The EDGE Subscript Expression List

The final field of the edge data structure, SUBX, is the list of

subscript expressions used in the source. If the subscript expression

is of the form Uq or Uq-c for some constant c, then LOCALSUB# is q,

that is, the ordinal number of the subscript in the target. APRMWE

0-7

6.
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is the subscript expression type. The system distinguishes seven

types of subscript expressions. A Type 1 subscript expression is a

simple subscript reference, as in A( I). A Type 2 subscript expression

is of the form I-1, as in A( r-i). A Type 3 subscript expression is of

the form I-k for some positive integer k greater than 1, as in A(I-5).

A Type 4 subscript expression, or generalized subscript expression, is

anything other than the first three, for example, A(N*(R+T)). In this

example, N, R, and T are assumed to be variables declared elsewhere in

the specification. The expression "N*(R+T)" is the Type 4 subscript

expression. Types 5-7 are used for indirect indexing vectors. An

indirect indexing vector can be used to hold index values for another

array. The Model Processor detects the use of indirect indexing. The

sequential version of the Scheduler optimizes the generated program

when this feature is used (Luka82]. If the subscript expression is

Type 3, the rK field holds the constant offset. For example, for the

reference A(X-5), the value of II is 5.

V. 5 RANE SETS

The size of an array dimension is called the rgL9 of the

dimension. The system must determine the range of each node

dimension, either as a constant, or in terms of the range arrays

described earlier. If the node is placed by the scheduler into an

iterative block, then the range of a dimension determines the number

of iterations of the node for that dimension. If the node is placed
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in a parallel block, the range determines the number of incarnations

of the node which may be active concurrently.

Prior to scheduling, the system determines the range for each

node subscript. It places each node subscript into a range set. All

the node subscripts in a range set have the same range. However, no

two dimensions of a node can be in the same range set. This is

because the range set is the basis for block of iteration or

duplication, and no two dimensions of the same node can be at the same

block level. The range set number is stored in the RANGE field of the

node subscript.

The range of a node dimension can be established in one of

several ways. A constant bound may be used in declaring the array.

If the array is part of an input file, the end-of-file condition

defines the range. If the array is referenced with a subscript, the

range of the subscript is used to define the array dimension range.

The SIZE or END qualifiers may be used to define the range.

If a range array is used to define a node dimension, the system

stores this information with the dimension. In particular, it records

whether any more significant (to the left) dimensions are used in

computing the range array. These are called the r ealnts to the

Sdimension. When real arguments exist for the node dimension, this

-4indicates that the ranges corresponding to the real arguments prcede

• .the range of the dimension. Existence of real arguments to a range

array imposes a partial order on the range sets. In generating nested

-.

.. . . . . . . .
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blocks, the scheduler mst observe the partial order. This requires

in the synthesized program that the blocks corresponding to the real

argumnts enclose the block corresponding to the range in question.

The real argument list is stored in the RALP field of the node

subscript.

TV.6 PHYSICAL AND VIRTUAL DImISIOUS

A node in the array graph is an aggregate composed of zero or

more dimensions. At each node dimension, the number of instances of

that dimension is determined by the range of the dimension. For

example, let A be a one-dimensional array. Let the range of that

dimension be 5:

A IS tPEDW (5) FIXED BINART;

The aggregate character of the data node A is interpreted in the

generated program as representing a variable whose data type is

stream. A two-dimensional data node corresponds in the generated

program to a stream of a stream, that is, a two level stream. The

scheduler determines the number of levels of stream required for the

variable in the generated program from I) the data node dimensionality

and 2) the ways in which each dimension of the data node is

referenced. The scheduler establishes a mapping from each data node

dimension in the array graph to a level of stream for the variable in
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the data flow template. The mapping differentiates two possible

cas:

I. & data node dimension is sapped to a stream, and the nunber

of stream elements is equal to the range of the dimension. Irn

this case, the node dimension is called Eysical. The field

MOYP in the node subscript description is set by the scheduler

to -(range of the dimension). For the above example, the S70TYP

for dimension I of A, where A is physical, is set to -5.

2. A data node dimension is mapped to one or more representative

elements. The number of elements required in the generated

program is fewer than the range of the dimension. The dimension

is called vjjt . The number of eler-nts representing the

dimension is called the window into the dimension. In this case,

the STOT for the dimension is set to the width of the window.

If dimension 1 of A is determined by the scheduler to be virtual

with a window width of 1 element, then the STOTYP for that

dimension is set to I.

If a variable in the generated program can be represented by

fewer representative elements than dictated by the data node

diimnsionality, the generated program is more efficient. Chapter 6

discusses efficiency gained through detection of virtual dimensions.
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IV. 7 COHCWS ION

'This completes the introduction to the Model System. We have

introduced the array graph, a compact representation of the underlying

graph of a specification. We have identified the nodes of the array

graph, and have shown how edges (indicating various types of

precedence relationships) are inserted into the graph. It addition,

the concepts of node dimnsionality, range, and physical versus

virtual storage allocation have been defined.

The next two chapters describe the process of scheduling:

translating the array graph to a data flow template. Chapter 5

introduces the process of scheduling and presents a simple algoritha

to generate a data flow template. Chapter 6 discusses methods to

increase efficiency in the generated program.

4
•
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CHAPTER V

SC HEMLING THE ARRAY GRAPH FOR A DATA rFOW MACHNE

V. L0 WIIODUTIOt

Translation from the array graph to a data flow program is

performed in two steps. The translation occurs in two phases to

separate the problem of determining the structure of the data flow

program from the problem of implmnting that structure on a specific

mchine. The array graph is translated first to a data flow program

temlate. The ±InJtA is an intermediate form of the data flow

program. It is a machine- and language-independent representation for

a data flow program. The template serves aw input for the second step

of translation: to a program for a specific data flow language and

dhine on a chosen level of a high level language, assembly language,

or a machine language. Since the format of the data flow template is

independent of the object language and machine, the sam tmplate can

be translated to progrm for different data flow languages and

90
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machines. In our case, the program template is translated to the R&D

Programming Language for the Manchester University data flow machine.

The first step of the translation, from an array graph to a program

template, is called scheduling.

During scheduling, nodes of the array graph are merged into

components. A data flow computation block is generated from each

component. In the following section, the source and target

representations of the scheduling process are described. Then, a

simple algorithm is defined for translating the array graph to a data

flow program template. With this algorithm, the components from which

blocks are generated are the smallest consistent with the precedence

relationships defined by the array graph.

V.2 DTA STJTURES USED BY THE SCEDULER

V. 2. 1 The Component Graph

The input to the data flow scheduler is the array graph. The

data structure representation of the array graph is described in

Section [V.1. The scheduler first builds from the array graph a

omonent graph. The component Q is a more compact representation

of the array graph. Each component corresponds to a Maximally

Strongly Connected Component (MSCC) of the array graph. (An MSCC is a

subgraph of the array graph in which there is a path from any node to

every other node.) The component graph is represented as a vector
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t00IM of pointers, as illustrated in Piqure 5.1.

COMPONENT S -IX

COPOE a M ODE- MUXL. HUT-

OMPIONIENT N

rZUfmE a TI E CONPONENT O* lNMM

IMLST( ) points to the list of nodies contained in the 19th

wnt. Each node is described by a GWOI entry. A WMOOE has the

followinq field t

- WO ID. The MOOE-ID Is the index of the node in the array

qrapb.

UM- L. TIhe SUL is the intra-compont list of successors to

the node . Each entry in the successor list of a node describes

* 4 4.- , . . ,,*4 q' , , . , , . . - . - ..t- . . ,. . . - . - . , . ' . . . .*, . .. . - , . , • . . . , - . . , * ..-.. . .
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an edge in the array graph from the node to another node in the

Sam component.

* W NXGIIOE. This field is used to link together all the nodes

in a component. A NMMGIHOOE entry points to the the next node in

the component.

V.2.2 The Data Flow Template

The template consists of two parts, data description and block

description. The ta dsr~ gn entries define the characteristics

of data to be used in the final program. There are three types of

data: input, output, and interim. The input and output data

description entries are formed from the source and target file

descriptions of the specification. Any data not declared as part of a

source or target file is part of the interim data entry. The data

description entries contain the file nodes of the specification, and a

node for the interim "file." These nodes are represented by their

arvay grph node nvaers. Each of these file nodes is the root of a

go eralized tree. Intermediate nodes of the tree represent GROUP or

R3OORD rodes. Leaf nodes of the tree correspond to data fields of the

specification. Thus all the descendants of the file can be accessed

from the description of the file node. In the second step of

translation, code generation to a lower level data flow language, data

declarations appropriate to the target language are generated from the

data description entries in the template.
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The second part of the data flow template is the block

deec. iton section. A block description entry contains information

needed to construct the computation blocks of the final program. A

program element indicating repetition or duplication is generated from

each block description entry. The block description entry also

specifies the dimension and node number of each data node produced as

a result of block evaluation. The final portion of the block

* description entry is a list of block members. The members may be

assertions or other blocks nested within the given block. A block

contains the following fields:

- Number. An integer index assigned to the block.

- Type. A block may be of type simple, iterative, or parallel.

A j block is not to be duplicated or expanded at run-time.

It consists of exactly one incarnation. An iterative block is

expended sequentially at runtine. A 2axajti block is expanded

in parallel at runtime. There may be many incarnations of a

parallel block active at the se time during execution of the

data flow program.

- Level. The nesting level of the block. The outerost block is

at nesting level 0.

- Range. This field defines the number of repetitions or

incarnations of a block which will be active as the block is

executed on a data flow machine. For iterative or parallel

/a
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blocks, the range field holds the range set number associated

with the block. For simple blocks, the field is 0.

- Data nodes. There is one entry for each data node of type

field which is defined as a result of block evaluation. The

entry consists of three parts. The first part is the node number

of the data node being defined in the block. The second part is

the ordinal position of the dimension of the data node which is

defined. For a scalar data node this field is zero, since a

scalar has zero dimension. The dimensions are numbered (right to

left) from least significant to most significant. The notation

(D,i) is used to refer to a data node. The D is the identifier

associated with the data node. The i is the dimension being

defined. The next section describes how it is determined that a

data node is defined in a block.

- Block members. The member entry consists of two parts. The

first part is the member type. A block member may be an

assertion or another block. The second part is the member

number. If the member is an assertion, the number is the array

graph node number of the assertion. If the member is a block,

the number is the block number.

The data flow template is illustrated in Figure 5.2.

. - . , . . : _ 4 - : . : - - . _ . . . . . ; : .
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V.3 A SIMPLE SCHEDULrING ALGORII(

Because Model follows the data-driven semantics of the data flow

"omputation model (see Section Ir.4), a program template can be

synthesized easily from the component graph. The data description

section is created by placing each node of a component which is of

type file into this section of the template. The block description

section of the template is produced by the procedure SCHEDULE.

SCHEDULE calls on a mutually recursive pair of procedures to perform

the actual scheduling. The first procedure, SCHEDULE_GRAPH, is given

a component graph as input and produces the block description entries

for the all components. SCHEDULEGRAPH calls on SCHEDJLESH PONEMT to

generate a block description entry for each component of the component

graph. If the component C contains more than one array graph node,

SCHEDULECOMPOMET may delete certain intra-omponent edges, and

recursively call SCHEDULIELGRAPH with the component C as parameter. If

intra-component edges were deleted, C may no longer be an NSCC.

Therefore, SCHEDULE-GRAPH can perform the same actions on this

subgraph as it did on the original graph. The simple scheduling

algorithm is described in greater detail below. The process is

illustrated with the EXAMPLE specification (Figure 3.3) and array

graph (Figure 4.5).

The procedure SCHEDULE first performs initialization of data

structures needed by SCHEDULE_GRAPH and SCHEDULE_OMPOENT. SCHEDULE

then calls SCEEDILEGRAPH to synthesize a block description entry for

. . . , .
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the entire specification. This entry corresponds to the outermost

block of the generated KaD program.

V.3.1 Initialization

A Component graph is constructed from the array graph. The

component graph is viewed initially as consisting of only one

component. Each node of the array graph is a member of the single

coonent. The SUXL field of a node in the component is built from

the successor list of the corresponding node in the array graph.

SCHEDULE allocates space for a block description entry for the initial

c oent. During initialization, some of the fields of this entry

are defined. The block is of type simple since there is only one

incarnation of the entire program. The nesting level is 0. The data

node portion of the block description entry is constructed. A data

node in the component is added to the data node section of the block

description entry for the initial component if the data node is a

field, has zero dimension (a scalar), and is the target of some

assertion. The block description entry for EX3NPLE at this point is

as follows:

- Type - Simple

-Level - 0

- Range - 0

- Data nodes null (there are no scalar data nodes)

SCHEDULE then calls SCHEDULE_GRAPH. Call parameters to SCHEDULEGRAPH
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are the initial component graph, the block description entry, and the

nesting level (1+ the current nesting level 1 1).

V.3.2 Procedure SCHEDULE-GRAPH

SCHEULE-GRAPH receives as input a component graph and a block

description entry. It produces as output block members for the block

description entry. SCHEDULE-GRAPH performs the following actions:

1. Find the MSCC's of the component graph. An MSCC of the

component graph is a set of array graph nodes which are maximally

strongly connected. The component graph is modified to reflect

the MSCC's. Figure 5.3a illustrates the initial component graph

for module EXAMPLE. After the NSCCs of this component graph

have been found, the new component graph contains two components.

the new graph is illustrated in Figure 5.3b.
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MOCULSY( 1)

V
E30MILE NODELST(1) -1 EXAMPLE
INFILEl NODELST(2) - INFILE
INREMi NODELST( 3) - INR l
A NODELST(4) - A
ZrXZLE2 NODELST(S) -, I -LE2
INREC2 NOOELST(6) - INREC2
B NODELST(7) - B
Assertion 1 NODELST( 8) -, Assertion 1
X NOOLTLS(9) - X
XD NODELY 10) - N
Assertion 2 NODEWI( 11) -> Assertion 2

C NOOELST(12) - C
O E NODELS'1( 13) - 07'PREC
OUTFILE NODELST(14) - OUfFILE

Figure 5.3a Figure 5.3b

Initial Component New Component Graph
Graph

2. Call the procedure SCMECJECOHPOEN once for each component

of the component graph. SCHEDULECONPONET adds one block member

and one or more data nodes to the block description entry for the

component.

3. Return a completed block description entry.

V. 3.3 Procedure SCHEDULE-03N0T

Input to SCHDUEE-COMPOMN are a single component. Ci, from the

o~oent graph; a block description entry, BD; and the nesting

level, NL. The output is a modified block description entry:

information about a new block member is inserted into BD. This
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process is discussed below.

SCHEDULESOMPONEWI searches the nodes of Ci for node dimensions

which have not yet been processed. A dimension of a node which has

not been processed is called an unocheduled dimension. The procedure

first finds the the *in!--m number of unscheduled dimensions of any

node in the component. It then performs the following analysts:

et Ci be the component being analyzed, and jCil' denote the

nmber of nodes in Ci. Let HINFREE be she minimm number of

unscheduled dimensions.

Case 1. If ICil - 1 and KINFME 0:

If the node type of the single node in the component is9

"assertion", then return the node as the block wamber of the

block description entry. The member type is "assertion." The

am'r numer is the array graph node numer of the single node

in the component. If the node is not an assertion node, then a

null entry is returned.

Case 2. If KINFUE 3, 0: This indicates that there is at least

one unscheduled dimension in each node in the component.

SCMXDILSQMP0UONEN attempts to find a range comon to an

unscheduled dimension of each node. It verifies that the

dimens ion corresponding to the range chosen, the distiguished

dias ion, is in a consistent position.

ExAmple
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Assertion: A(r,J) - A(I,J-l) + A(J,[)

Ci contains two nodes, A and Assertion. Each node has two

dimension. Assume that SCHEDULE_COPONENT chooses to schedule

the least significant dimension (J). However, there is a

conflict in the choice of dimension for A. The least siqnificant

dimension of A in one case corresponds to the range set of I and

in the other case corresponds to the range set of J. The same

problem occurs if SCHEDULECONPONENT chooses to schedule the most

significant dimension (I). In either case, there is

inconsistency in the position of the chosen dimension. This

anomaly is discussed below. For now, we assume that a common

range is located, and that the distinguished dimension is in a

consistent position in eadh node. If a common range can be found

and the ccponent contains at least one assertion,

SCHEDULE_COPOtUNT can create a new block from the component.

After the block is constructed, the block description entry for

this new block, BD, is returned to SCHEDU LGRAPH as a member of

8D. The member type is "block," and the mmber number is the

index assigned to BDI in the data flow template. This new block

is nested in the block which SCUEDULEGRAPH is building. The

data structure of a block is described above. The values of the

fields in a block are defined as follows:

a) Block number. The block number is the index of the next

available template entry.
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b) Block type. If there are any edges with subscript

expressions of Types 2 or 3 in the position of the

distinguished dimension, the block is of type iterative.

Otherwise the block is of type parallel.

c) Block Level. The block level is set to the current

nesting level, a call parameter.

d) Block Range. This the range set number of the ranqe

found common to an unscheduled dimension of each node.

e) Data nodes defined in the block. For each assertion in

the omponent, the array graph node number of the target of

the assertion is added to the data node portion of the block

description entry. The ordinal position of the

distinguished dimension is added as the dimension of the

data node being defined.

f) Block members. SCHEDULECOMPOENT deletes all edges with

subscript expression of Types 2 or 3 in the distinguished

dimension. It then calls SCHEDULE_GRAPH recursively with

the resultant subgraph, BDl, and (1 + the current nesting

level) as parameters. SCHEDULE-GRAPH returns all the

members of the block. Each member may be an assertion or

may itself be a block.

Cases 1 and 2 can be illustrated with the component graph of the

module EXAMPLE. Let SCHEDULECOMPOMET be called with component

Ci - Assertion 1. Ci has one unscheduled dimension, the

I~IC
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dimension corresponding to the range of I. This is the

distinquished dimension for Ci. SCHEDJUE_COMPONENT creates a new

block description entry BDI for Ci. Since there are no Type 2 or

3 edges, the block type is parallel. The block level is the

nesting level, ML. The range is the range set number of the

range set containing I. There is one assertion Ci. The target

of the assertion is X. Therefore, (X,1) is the data node defined

in this new block. The 1 1' refers to the ordinal position of the

dimension of X being defined, in this case, the first. This

dimension of X is marked as processed, and SCHEDULE_GRAPH is

called with parameters Ci, BD1, and NL-2. Since Ci is an 1SCC,

S1.GWrULW.GRMAP calls SCHEDUL_SOtNPOME with parameters Ci, BD1,

and L-2. Now Case I applies since |Cii - I and there are no

unscheduled dimensions. The node in Ci is of type "assertion,"

so the node is inserted into 9D as a member of BDI of type

"assertion."

S4EDM(LGRAPH also calls SCHEDJLE.COHPONENT later on with

Ci-Assertion 2. The sequence outlined above is repeated.

Another mmr BD2 is added to the block description entry BD.

B02 is defined similarly to BD1. The block type is parallel, the

level is 1, and the range is the range of 1. The data node (C,1)

is defined in 902. Figure 5.4 shows the completed data flow

tewplate for EXMPLI.

..............................
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Pile Description: (IENFILEI, INFILE2, oCITFIL, INTRIK)

- - Block Description:

Block 1: Type-Simple [ave 1-0 Rangem0
Data Nodess None
Block Imbers: ((u...naMeS-BlOCk 2 U...type-biock)

(R..name-BlOCk 3 u-type-block))

Block 2: Type-Parallel Level-l Range-i
Data Modes: ((d..naweX &.Aia-l))
Block I9bbrs: ((u..name-Assert ion 1 m..type-assert ion))

Block 3: Type-Parallel Level-i Range-i
Data Nodes: ((d..nam-C &.dim-i))
Block NAubers: ((8..naMe-A28ert ion 2 ULtype-aSsert ion))

Figure 5.4 The Template for EXAMPLE

*case 3. rf ici 3. L anid KINFREE - 0: This case represents a

cycle in the array graph which the scheduler is unable to

eliminate. The cycle my indicate a true cyclic dependency which

would cause the data flow program to hang in execution. An

example Of such a dependency is the following pair of assertions.

*ASS 1: A(r) - BCE) + CCE);
Ass 2: 9(r) - Amt - c(x);

rn this exmle, the first assertion can only be evaluated when

the value of array a has been defined. However, the value of the

B depends on A. Figure 5.*5 shows the graph for this example.

Since the value of B depends on the value of A andl the value of A

depends on the value of B, neither assertion can be evaluated.
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"- data flow program generated from this pair of assertions

would hang. "Banqing" in the sense of a data flow program means

that there is no instruction ready to be executed and therefore

no data being generated to enable other instructions.
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However, in other cases, a cycle in the graph does not

necessarily indicate that the corresponding data flow program

would hang. For example, the following assertions can be

evaluated:

A(I) - IF I-D THEN B(I) + C(I) ELSE C(I);
(I) = IF I -- E THEM AU() - c(r) ELSE C(I);

Here, the only elee.rt of A which depends on B is A(D). The

value of D is available, however, only at run time. Let the

runtime value of D-5, and the run time value of E be some index

other than 5. Then, in this case, B does not depend on A(D).

The data flow program executes as follows: Each element of A

except A(S) can be evaluated as C becomes available. Once these

values of A are defined, B can be evaluated. B(S) receives a

value as soon as C(S) is available. After B(S) is defined, A(S)

can be evaluated. Therefore, each element of A and each element

of B can be evaluated. The program does not hang. The cycle in

the graph cannot be eliminated because it is not always

determinable at compile time that individual array elements will

be defined before they are used.

The cases described above cause SCHEDULE_COMPONENT to detect

that ICI , 1 and KINFREE - 0. The sequence of events which cause

this are as follows:

a) SCHEDULE_GRAPH calls SCHEDULE_COMPONENT with the graph of
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Figure 5.5.

b) SCD COMONMNT finds an unscheduled dimension common

to all the nodes in the component, the dimension

corresponding to the range of I. In this case, ICI 1 I and

KONFR 0. Therefore, SCHEDULE_COMPOtEN marks the

distinguished dimnsion of each node in the component as

scheduled. and attempts to delete any edges with Type 2 or

Type 3 subscript expressions. In this case, there are none.

It then calls SCHEDULEGRAPH with this component as a new

subgra h. SCHEDULEGRAPH attempts to find the NsCCls of

this subqraph. Since no edges were deleted, there is still

only one MSCc. SCHED EGRAPH calls SCHEDULECOHPORT with

this component as parameter. Now SCHEDULE_COMPONENT

discovers that ICJ > 1 and, since the one dimension of each

node is already being scheduled, KINFREE - 0.

Since the cycle is potentially resolvable when the program is run

on a data flow machine, SCHEDULE.CONPONENT continues with

scheduling. It reports a warning to the user of a possible cycle

in the graph. It then deletes an arbitrary edge from the

component, and calls SCHEDULEGRAPH with the component. Deletion

of the edge may result in an acyclic subgraph which

SCHEDULELGRAPH can then handle in the normal manner. For

example, in Figure 5.5, if the edge from the second assertion to

B is deleted, the graph is acyclic. If deletion of the first

i" i . ' -. .- ? ., .. -- ...- .. . .. . .. ". . .



edge ¢ hosen does not produce an acyclic graph, the process will

dimension can be located in each node. This case is similar to

Case 3. However, with the present implementation of structured

data on the Manchester machine, the program generated from this

graph cannot run successfully. A structure must be completely

defined in one block before it is available to be accessed by

instructions in other blocks. The graph, however, indicates

cyclic dependency. Generating an element in one array depends on

an arbitrary value in another array, and vice versa for the other

array. Therefore, an element fro each array is being selected

before the entire array is defined. In addition, there is no

consistent range, so the assertions defining the two arrays

cannot be included in the same block.

To warn the user of this problem, SCHKDCULECOMPOENT issues

an error message reporting a cycle in the graph, and makes no

change to the block description entry. The graph cannot be

scheduled.

pt



V.4 CONCLUION

This concludes the discussion of the simple scheduling algorithm.

Th nxt chapter describes modifications to the algorithm to increase

efficiency in execution time and in storage requirements on the data

f low machine.



CHAPTER VI

SCHEDULING II: EFFICIENCY CONSIDERATIONS

VI. 1 INTRODUCTION

The algorithm described in the previous chapter produces a data

flow template from an array graph. However, it is possible to further

analyze the array graph and to produce a template from which a more

efficient program can be generated. The algorithm described below

merges components so that the generated block contains more elements

than in the simple algorithm.

The dimensions along which to measure efficiency of a data flow

program are still being formulated. Most designs of data flow

computers are on paper or in very early prototype stage. One study of

the performance of a proposed machine has been done using simulation

(GostSO]. Prototypes which have been built have not been studied

extensively in terms of efficiency in prograiming them.

- 112-
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We can demonstrate in a data flow scheduler, therefore, soP

opt imizations which seem appropriate 1) from results obtained from

running programs on a specific machine and 2) from a comparative study

of several different machines (see Chapter 2). Two general areas of

optimization are pursued here. These areas are block enlargement and

dA~a structure simDlification.

VI.2 BLOCK FNUm.A

The first area of optimization is to enlarge the size of a block

generated by the scheduler. The size of a block is the number of

block members. Enlarging the size of a block generates a more

efficient data flow program in two ways. The first reason that having

one large block may be more efficient than having several small blocks

has to do with reducing the number of allocations of program units to

processors in the data flow machine.

A data flow machine is composed of one or more processors

communicating through an interconnect. An individual processor has

only local storage for programs and data tokens. There is no memory

shared by all the processors in the machine. If data produced in one

processor is needed by an instruction in another processor, that data

imt be transmitted along the communication path to the other

processor. The transmission may require routing through one or more

intermediate link. To minimize the cost of data transmission between

processors in the machine, the scheduler follows the principle of
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locality of reference. The scheduler may enlarge the scope of units

of allocation so that a program unit contains a related set of

instructions: that is, data produced by an instruction in the program

unit is used by other instructions in the same unit.

The other way in which generating one large block produces a more

efficient program than generating several small blocks has to do with

cost of transmitting streams from one block to another. This cost

occurs whether or not the blocks are located in the same processor.

On the Manchester machine, the cost is manifested in the work

associated with generating and updating token labels.

Each token generated or referenced in a KaD language block has a
label which identifies it as being in a unique block instance. When a

token enters a block, the old Activation Name (M) and Iteration Level

(IL) fields of the token are replaced with new AN and IL fields. The

new fields indicate that the token has a new context- the context of

the associated block. Variables Igg to a block, that is, generated

and used completely within the scope of the block, are also labeled

with the new AN and IL. A token exiting the block must have the old

AN and IL inserted into the label fields, indicating that the token is

no longer associated with the block. When a stream of tokens is

generated within a block, the label of each token exiting the block

must be changed. This is accomlished by generating two label

stream, each with the same number of elements as the data streams.

There is one label stream for the AM and one for the IL. Pairs of

• " t . " . . " " " " " ' " ' ' " . . ' " " '" ...n,,mA ,, ,, ,,, ,. ,..,. ... ,, ,.,.,, ' ." _ ,, .. .m ,-.... ,.7 .... ..
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elements (Data and AN) are input to a set Activation Name instruction

to update the AN. Pairs of elements (Data and IL) are input to a Set

Iteration Level instruction to update the IL. The cost of having a

data stream exit the block is that two label streams must be

generated, and the two fields of each data token must be updated.

Therefore it is advantageous to detect data which is local to a block.

If a variable is local to a MaD language block, it need not exit the

block. Therefore the label fields need not be restored to another

context.

Enlarging the scope of a block (or program unit) is accomplished

by merging adjacent components in the component graph. Component

merging to enlarge a block can be illustrated with the EXAMPLE

specification. Figure 6. la shows a portion of the component graph for

the specification (the file nodes have been omitted). Each component

contains a single node. Application of the simple scheduling

algorithm to this graph results in a data flow template with two block

description entries in addition to the outer block (the outer block is

the block representing the entire program). In one block, Assertion 1

is the sole mmber, and X is the data node being defined. In the

other block, Assertion 2 is the sole member, and C is the data node

being defined. If, however, adjacent components are merged to create

a single component containing multiple nodes, the data flow template

contains only one block. Figure 6.1b illustrates the component graph

with merged comiponents. If this component is given as parameter to
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* -CDULE-COMPONENT, the procedure returns two block members in the

data flow template entry, one corresponding to Assertion 1, and the

other Corresponding to Assertion 2. This block is a larger unit of

allocation thant the two blocks produced from the component graph

without merged components. Figure 6.2 shows the block description

entries produced from the component graph of Figure 6. lb.
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Pile Description. (IWFILEl, INWILE2, OUTflILE, INTERIM)

Block Description:

Block 1: Type-Siple Level-O Range-O
Data Modes: None
Block Members: ((m._name-Block 2 L.type-block))

Block 2: Type-Parallel Level-I Range=l
Data Nodes: ((dname-X a_dim-i) (4.name-C d_dim-I))
Block Members: ((wname-Assertion I retype-assertion)

(mt.name-Assertion 2 u-type-ssertion))

Figure 6.2 The New Template for EX MPLE

There is a trade-off involved in merging components of whether to

merge a component containing cycles with a cycle-free component. in

many cases, an iterative block is generated from a cycle-containing

con[ent. A parallel block is generated from a cycle-ftee component.

If the two types of omponents are merged, the block generated from

the resultant component is iterative. Merging the two types of

omonents enlarges the scope of the generated block, which is a

desirable optimization. iowever , the block so created is an iterative

block. Potential parallel cmputation from the cycle-free component

could not be exploited on some data flow machines. Merging the two

could, therefore, result in a decrease of parallelism in the data flow

template, and in the generated program. The scheduler's objective is

to provide as much information as is available at compile time in the

data flow template. Combining an iterative and parallel block into

one iterative block causes information about parallelism in the
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program to be lost. If the two are kept distinct, the information is

still available. The run time processor allocation program can still

allocate an iterative block and a parallel block to the same processor

if a run time evaluation of locality issues so dictates. The

scheduler therefore does not merge a cycle-containing component (which

might produce an iterative block) with a cycle-free component

(potentially a parallel block).

VI.3 DATA STRCTURE SIMLIFICATION

The second area of optimization is data structure simplification.

Data flow machines, which typically support the transmission of data

values of elemntary type, need special hardware to handle data

structures. The support hardware may take the form of an auxiliary

structure controller or of additional machine instructions to

manipulate structured data. (See Section II. 3). The data flow

scheduler, therefore attempts to simplify the data structure of

variables declared in the specification. The scheduler simplifies a

variable's data structure by reducing the number of elements required

in the generated program to represent a node dimension.

A data node dimension is defined to be physical if the dimension

is mapped to a stream, and the number of elements in the stream is

equal to the range of the diiension. A data node dimension is defined

to be virtual if the dimnsion is mapped to a "window" of elements,

and the width of the window is smaller than the range of that
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dimension. If a dimension can be recognized to be virtual, there may

be considerable savings in the generated data flow program. There is

substantial cost (demonstrated on the Manchester machine) in creating

and accessing a stream.

The KaD language defines two varieties of streams: token streams

and stored streams. A token stream can be thought of as a number of

tokens traveling down the same arc (Boweel]. The tokens are

distinguished by the index field of the token label. A stored stream

follows more along the lines of a conventional array. The stream is

stored in Matching Store and represented by a single "context" token,

or pointer. Recognizing that a dimension of either type of stream is

virtual way produce a more efficient data flow program.

The cost of processing a token stream is as follows: When the

stream is created, the index field of the label of each element must

be initialized. To select an element from the stream, a new stream

mst be created to hold the index of the element selected. This new

stream, which has as many elements as the token stream, is matched

* against the token stream. When the value of the index stream matches

the index of the data stream, the element has been located.

Therefore, it is advantageous to have as few elements as possible in

the token stream. If a data node dimension can be identified as

virtual in the least order dimension, then it may be possible to

represent the node in the data flow program as one or more scalars

*i rather than as a stream.
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It is also advantageous to find virtual dimensions in a node

which is generated into a stored stream. A stored stream occ-upies

space in the Matching Store. If a data node dimension can be found to

be virtual, fewer storage locations are needed in the Matching Store.

This is beneficial, since overflow of the Matching Store is not

recoverable.

VI. 3.1 Virtual Dimensions For Local Data Nodes

One example of a variable with a virtual dimension is the data

node X in Figure 6.2. X is local to Block BDI. A data node is local

to a block if the data node is produced by an assertion in the block,

and the node is used only by assertions within the block. Since X is

produced by Assertion 1, which a member of BDI, and X is used by

Assertion 2, also a member of BDL, X is local to BW1. There are as

umany instances of Block BO1 as the range of I. Only the instance of X

corresponding to the block instance is needed in the block instance.

Only X( 7) is needed in the seventh instance of SDI. Therefore the

dimension of X associated with the range set of I can be marked

virtual. In the data flow program which is generated fron the

template, X can be declared as a scalar local to BDI.

* - - - - - - - -
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VI.3.2 Virtual Dimensions In Iterative Blocks

Another example in which a data node dimension is virtual is

within an iterative block. If a data node is defined by a recurrence

relation, that is, each element of the array is defined in terms of

elements of lower index, and only the last element of the array is

used in other assertions, then the dimension corresponding to the

recurrence may be marked virtual. The Factorial example illustrates

this situation:

Assertion 3: FACTORIAL(r) - IF I - 1 THEN 1;
ELSE I * FACTORIAL(X-1);

Assertion 4: OULT - FACTORIAL( SIZE. FACTORIAL);

Only the final value of the factorial iteration is needed to define

the value of OTT. Therefore, the dimension may be marked virtual.

In this case, the subscript expression in Assertion 3 is Type 2,

"I-I". This indicates that only two successive elements of the array

are required at any one time. Therefore, a "window" of 2 array

elements is required. In general, a window of k+l elements is

required for "I-k" subscript expressions.
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VI.4 EXPERIENCE WITH THE MANCHESTER MACHINE

Experiments done as a part of this work on the Manchester data

flow machine confirm that block enlargement and data structure

simplification result in more efficient data flow programs. One

series of experiments were performed with specification EXAMPLE. The

data flow template based on Figure 5.4 was translated to MaD and

coupiled. The execution run resulted in the following run time

statistics:

TOTAL N -%NER OF INSTRUCTIONS EXECI'ED : S1 - 624
ASSUMING -1. ULIMITED N0.OF PROCESSORS

2.ALL INSTRUCTION EXECUTION TIMES - I STEP
TOTAL NUMBER OF PROCESSING STEPS : SIMP - 148
AVERAGE PARALLELISM OF THE PROGRAM : S1/SNF - 4

9 RESULT TOKENS WRITTEN
865 TOKENS PASSING THMXIGH THE RESULT QUEUE

Then the template from Figure 6.2 was translated to MaD, compiled, and

run on the emulator. In this template, the block was enlarged to

include both assertions; X was recognized to be a local data node;

and dimension 1 of X was marked virtual. The following results were

obtained from running the second version of the program:

TOTAL NUMBER OF INSTRUCTIONS EXECUED : 51 446
ASSUMING : 1. UNLIMITED No.OF PROCESSORS

2.ALL INSTRUCTION EXECUTION TIMES - I STEP
TOTAL NUMBER OF PROCESSING STEPS : SINF - 133
AVERAGE PARALLELISM OF THE PROGRAM : si/SINF - 3

9 RESULT TOKENS WRITTEI
616 TOKENS PASSING THm0iQG THE RESULT QUEUE

. . . ..-
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The second program executed 178 fewer instructions (a 28% improvement)

and completed in 15 fewer processing steps (a 10% improvement). 249

fewer tokens passed through the token queue (a 28% improvement).

Enlarging the block and simplifying the data structure of X resulted

in a computation which completed faster (fewer processing steps),

required that fewer instructions be executed, and generated fewer

tokens to flow through the ring. Similar results were obtained with

the Factorial program.

In the following section, the algorithms used to achieve the two

optimizations discussed here, block enlargement and data structure

simplification, are described.

VI.5 THE MDIFIED SCHEDULING ALGORITm

The SCHEDULE procedure described in the simple scheduling

alqorithm is also used in the new scheduling algorithm.

Initialization is carried out as in the simple algorithm. SCHEDULE

calls SCHEDUL&_GRAPB with

1) the component graph representing the entire specification,

2) a block description entry for the outermost block, and

3) a nesting level of 1

as call parameters. A new version of the procedure SCHEDULEGRAPH

incorporates the algorithms to do block enlargement and data structure

simplification.
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VI.5.1 Criteria For Merging Components

SCHEDJLEGRAPH attempts to enlarge the scope of blocks in the

template by merging adjacent components of the component graph.

Components C and C' are said to be adjacent if there is an edge C-,C'

or an edge Cl->C. Let G be the component graph. Each member C of G

is an MSCC. If ICI ) 1, then the component graph contains a cycle.

There is a path from any node in C to every other node in C. For

example, the array graph for Assertion 3 above is shown in Figure

6.3a. The graph contains a cycle because Factorial is both source to

the assertion and a target of the assertion. Since a node represents

an entire array instead of an array element, there appears to be a

cyclic dependency. Further analysis of the subscript expressions

reveals that the cyclic dependency does not exist in the Underlying

Graph, as illustrated in Figure 6.3b. The program generated from this

specification should compute the array iteratively from index I to the

range of I. In many cases, a cycle in the array graph indicates the

possibility of iterative computation, a computation in which the value

of an array element depends on the values of elements of the array of

lower indices. Since a cycle-containing component is not to be merged

with other conents, only components C with ICI 1 1 are candidates

for merger.
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Components are merged by adding new edges to the component graph. p

If Cl and C2 are two components such that

1. IC1: - IC21 - 1

2. There is an edge from N2 in C2 to N1 in C1 (N2 -N 1)

3. Adding the edge does not cause an iterative computation to be

merged with a parallel computation

then a new edge is added from N1 to N2 (Ni -N 12). This will cause N1

and N2 to be in the same MSCC. There is an edge N2 - N1 in the

original graph. When a new edge N1 -, N2 is added, a cycle is formed.

As successive pairs of single node components are considered, the

cycle may be enlarged, enlarging the number of elements in the

component and, therefore, the number of members in the parallel block

generated from the component.

It should be noted that a distinction is made between M5CC's in

the original array graph and MSCC's caused by new edges being added to

the graph to merge single node components. MSCC's in the original

graph reflect data dependencies of the specification. These SCCs

usually indicate iterative computation of successive array elements.

10he 15CC's caused by new edges added to the graph are components from

which parallel blocks are generated.
Ii

Condition 3 ensures that each time an edge is added to the graph,

addition of the edge does not cause the new MSCC being constructed to

be merged with an 1SCC of the original graph. Addition of the edge

under such circumstances would cause an iterative block and a parallel
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block to be merged into one iterative block. As discussed above,

iterative blocks are not merged with parallel blocks, even though

doing so increases the number of elements in the block. It is

consuidred more important to retain the distinction between iterative

and parallel blocks in the generated program than to increase the

number of elements in an iterative block.

Let 11 and N2 be the single nodes in CI and C2 respectively (ICt1

- I C21 - 1) such that there is a path from Ml to K2 in the component

graph (N1 -3+ N2) which does not go through a node in a multi-node

M4CC from the original graph. Let K be any 1SCC in the original

graph. Consider the following three relationships which could hold

between (Ml, N2) and K.

1. There is an edge from N to 1 and an edge from 1 to N2.

2. There are edges from both N4 and N2 to K.

3. There is an edge from N4 to K and from N to N2.

Figures 6.4a. 6.4b, and 6.4c illustrate these relationships. The

fourth relationship, an edge from U2 to M, and an edge from 1 to M1

could not occur in the component graph. If it did, there would be a

path from HZ back to itself and from M1 back to itself, and N would

contain these nodes in the first place.
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Next. consider the effect on the component graph of adding edges

so that for each edge in the chain from M- -+ N2, a new edge is added

in the reverse direction. This creates a new chain from N2 ->+ MI.

If Case I above applies, then adding such a chain will not result in a

cycle between the new 3SCC containing tNl, M2) and N. New edges are

only added between nodes in single node components, so a new edge

cannot be added from N4 to K. Similarly for Case 2, creating an MSCC

containing (N1, M2) does not cause a cycle between the new 1SCC and N.

However, Case 3 poses a problem. If a chain is added back from

N2 to 1l, then since there is already an edge from N1 to N, a new path

is created from Ml back to itself, and from N2 back to itself. A new

3SCC is created which contains both 1 and the chain 1l -)+ N2. An

3SOC which is to be part of a parallel block is merged with an MSCC

for an iterative block. Omitting any one edge in the chain from N2

back to 14 is sufficient to prevent this condition. The scheduler

(arbitrarily) omits the edge from the successor of N1 back to 14.

VI.5.2 Adding Edges To The Component Graph

SCHEDULEGRAPH first finds the NSCC's of the component graph, as

in the simple scheduling algorithm. The procedure then scans each

caomnent, starting with components with no successors and ending with

oponts with no predecessors. Let NO be a node of a component C of

G, where ICI - 1. The scheduler forms the predecessor set of C, P(C).

P(C) consists of all other components C2 of G such that

"~~~~~~~~~~~~~~~~~~~............: ,". ;".,- / -.... "--..., - _. . . . , ._ . .. ..
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1 1. IC21 -1

2. There is an edge in the array graph from the node U2 in C2 to the

node N in C

3. Adding an edge to the component graph N -N 12 will not cause N and

NZ to become part of one of the original multi-node NSCC s.

From P(C), the scheduler forms a set of candidate components I(C)

for inclusion with C in the component being formed. A predecessor C2

is added to I(C) if all edges from the node in C2, N2, to the node in

C, N. have a Type I subscript expression from one or more unscheduled

dimensions D2i in U2 to the corresponding unscheduled dimensions Di in

N. In addition, each pair Di and D2i must belong to the same range

set R. C2 is said to be a candidate for inclusion in a common

component with C for the range R.

A node has zero or more dimensions. Each dimension belongs to a

range set. Let the set of range sets associated with a node N be

called FM. Let RC refer to the set of range sets associated with a

component C. In general,

W - Union(RNi), where Ni is in C.

In our case, RC - RN when N is in C, because we only consider

components C with ICI-I. Each member of I(C), Cj, has a set of range

sets RCJ associated with Cj. Let

RC- Intersection(RCJ,RC).

That is, j contains those range sets which are in both RCj and in

RC. There may be cases in which there exists a range set RI such that
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RI in Ri; RI not inP

Ci, Cj in I(C).

Por example,

Assertion 4: A(Z,J,K) - X(I,K) + Y(K,J)

Let RX and RY refer to the set of range sets associated with the

components containing X and- Y respectively. Let C be the component

containing Assertion 4. Then RI contains the range sets of I and K

(([,K)), and RY contains the range sets of J and K ((J,K)). RI and RY

overlap. The scheduler must resolve this overlap. Assertion 4 cannot

be in a comon component with X for the range of I and at the sam

time in a common component with Y for the range of J. Doing so would

" place Y in a common component with X for the range of I. Since Y does

not have a dimension whose range set is the range of I, it would be

impossible to schedule Y in the block with range 1.

This overlap occurs when

Intersection(BQ) ci• Union(EQ).

To resolve the situation, the scheduler computes Intersection(_BCj).

It then retains in I(C) those components C1 such that

Intersection(RCJ) is contained in B",

and retains as the comon ranges only those ranges in

Intersection( Q). For the example above, the common set of range sets

is (K), and the candidates for inclusion with C in a common component

- - - A-. A = t a. -A Z... -II r
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for the range of K are (X,Y).

The scheduler then adds edges to the component graph. Adding

edges changes the connectivity properties of the graph. In particular

adding edges causes new multi-node MSCC*s to appear in the component

graph. Parallel blocks in the data flow template are generated from

these new multi-node MSCC's.

For each component C2 in the inclusion set I(C), the scheduler

adds an edge from N in C to N2 in C2. The edge type indicates that

this is a "back" edge, that is, an edge back from the target of an

existing edge to the source of the edge. Adding this edge creates a

new cycle in G. The subscript expressions for the dimensions in

comon are marked as Type 2 (r-1), so that they can be recognized in

later processing as a pseudo rather than true cyclic dependency.

Once the new edges are added, the graph can be decomposed once

uore into 3SCC's. If back edges were added, then new MSCC*s will have

been formed. Each component is now given as parameter to

SCHEDULE_COMPOKNT. This procedure is the same as described for the

simple scheduling algorithm, with two exceptions. SCHEDULECOMPONENT

now recognizes "back" edges and creates a parallel block from a

component which contains these edges.

The other change to SCHEDULECOMPOENT is that data structure

simplification, the second optimization goal, is also performed in

this procedure. Once a new block has been created (Case 2 of

SCHEDIULECOPOMUDT), data nodes in the component from which the block
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is formed are examined to locate virtual subscript dimensions.

The component graph for EXAMPLE obtained from the new

SCHEDILE.GRAPH is as follows:

Component I has nodes: OCITFILE
Component 2 has nodes: INTERIM. XD
Component 3 has nodes: AASS220 INFILE1.A, INFILEL.IMRECI,

INPILE2. B, INFILE2. INREC2, INTERIM. X,
AASS230,OUTFILE.C,OUflILE.OUTREC

Component 4 has nodes: INPILE2
Cxmionent 5 has nodes: INFILE1
Component 6 has nodes: EXAMPLE

VI .5.3 The Revised SCHEDULE-GRAPH

The cmponent enlargement analysis is performed in

SCHEULEGRAPH. The revised SCHEDULE.GRAPH performs the following

steps:

1. Input to the procedure is a component graph. The format of the

component graph is as described in Chapter 5.

2. Build a list of predecessors for each component. If there is an

edge E from Component C2 to Component C, then C2 is a member of

CPREDS(C), where CPREDS(i) consists of the predecessors of Component

i.

Remove from CPREDS components for whom adding an edge back from C to

C2 would cause the new MSCC to be merged with an MSCC in the original
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component graph.

A function OKMscc checks whether a member of CPREDS should be removed.

OKMscc is called with the two nodes U2 in C2 and N in C such that

there is an edge in the array graph from M2 to N.

OKscc does the following:

Assuming that an edge will be inserted from N in C to N2 in C2,

construct the MSCC K containing N and N2. If any member of K was a

member of an 3SCC from the original component graph, then return

false. The back edge should not be inserted. Otherwise, return true:

it is safe to insert the back edge.

If OKMscc returns false for m predecessor NZ of N, N2 is removed

from CPREDS.

Steps 3-6 are performed for each single-node component in the

co onent graph.

3. Build the Candidate data structure. This involves locatinq those

predecessors of the component which are candidates for inclusion in

the same parallel block as the current component.

01 Candidate(ndim) based (p.candidate),
02 range_num fixed bin, /* range set number

for each node dimension */
02 onecand (comp-cnt) bit(l); /* lb -

the comp is a candidate */
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A predecessor is added to Candidate if 1) the predecessor forms a

single node MSCC, and 2) adding an edge from C to the predecessor will

not cause a merger of the new component with a multi-node component

from the original component graph. ndim is the number of node

dimensions. rang. num is the range set number for the dimension.

onecand is a bit vector. A true value for an element of one cand

indicates that the indexed component is a candidate for inclusion in a

paxallel block with the current component for the indicated range.

The Candidate structure is built as follows:

For each dimension I of N in C, the node being processed, do
( for each member Ci of CPREDS do

Let Ni be the name of the node in Ci.
Locate a dimension I9 in Ni with the

same range as I, R(I).
If such a dimension should exist then do
( Look at the edges from Ni to NO.

If all edges Ei have a Type I subscript expression
at the V dimension then add Ci to
Candidate at the dimension I.

)
)

)

4. Form the intersection of the candidate ranges. The intersection

* data structure consists of two parts.

"* dcl 01 intersec,
02 iranges (ndim) fixed bin,
02 i-sec (comp-cnt) bit( 1);

This data structure is built as follows:
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(For i ranging from L to ndim, p
(for j ranging from 1 to comp-cnt,

if candidate(i).one-cand(j) = 1''b then
if, for all k ranging from I to ndim,
candidate(k).one-cand(j) = 11b

then

(set iLranges( i )-candidate( i). range-.num;
set isec(j)-'1'b;

)
else set i_ranges( i)-O;

5. Check to see whether any members of intersec must be discarded

because of the partial order relation over range sets. Suppose there

is an edge from Ni to N, where Ni is in Ci and Ci is a member of

intersec, and where the edge contains a Type I subscript expression

for dimension I1 of Ni corresponding to I of N. Now suppose that "

is another dimension of Ni and the range set corresponding to I",

R(I"), precedes the range set corresponding to V., R(I'). That is,

suppose R(I") must be defined before R( 1) can be known. This would

occ.ir if the SIZE or END qualifiers were used to define I', and I"

were an argument to the SIZE or END expression. If I" cannot be

scheduled before I, then Ci must be removed from intersec for the

dimension I. This information is gathered by examining the raip field

of the WOCALSUB corresponding to I*. ralp points to a list of other

dimensions of the node Ni which must precede the dimension '. The

following check is performed for each entry in the ralp list. The

dimension referenced in the ralp entry precedes (in the partial order

on range sets) the dimension being processed

4. i
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For each "ralp" entry in the list, do the following:
( If the dimension in the ralp entry has been

scheduled then continue.
If the dimension has not been scheduled, and the

range corresponding to that dimension is not a
member of intersec, then discard the node and exit.)

If all dimensions in the ralp list pass,
then keep the node in the intersection set.

6. For each candidate which is left in intersec, insert a new edge

from the node N to Ni, the single node in Ci. This "back" edge will

cause an M5CC to be formed whict will include nodes N and Ni. The

NSCC will be the basis for a parallel block.

7. Once back edges have been inserted for each eligible node, the

array graph is again divided into SCC's. Each MCC is then submitted

to the procedure SCHEDULECONPONENT.

8. SCHEDULECOMPONENT adds a member K to the current block

description entry. If N is of type "block", SCHEDULECOMPONENT calls

FindVirtual(K) (described below) to mark virtual dimensions of data

nodes defined in N.

9. When all components have been scheduled, SCHEDULE_.GRAPH return the

composite schedule.

;. -;2~....-.. i..............."'.-- • i.. .. ... . . - "..
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VI. 5.4 Locating Virtual Dimensions

The procedure FindVirtual is called by SCEDULECOPONEWT to

locate virtual dimensions of data nodes. Input to FindVirtual is the

block description entry B of the block member constructed by

SCMDULECOMPONENT. Let R be the range for B. FindVirtual performs

two functions.

1. If the block type of B is iterative, look for virtual dimensions

of data nodes defined in B.

For each data node defined in B, let D be the name of the data node.

Nark the dimension of D corresponding to R as virtual if each edge

from D (source) to an assertion (target) is in the following form:

la. The edge has a subscript expression of Type 1, 2 or 3 in the

distinguished dimension and the target is in B,

and, optionally,

lb. The edge has a Type 4 subscript expression in the

distinguished dimension, and the subscript expression is SIZE. name

of D). This edge indicates that the target depends only on the

last element of D.

2. Construct a table, Local, of local data nodes. Each entry of the

table has two fields: Nodeid, the data node id; and Block.ix, the

index of the block to which Node_id is local.

For each data node defined in B, let D be the name of the data node.

D is a local data node if for each edge from D to an assertion, the

assertion is also a member of B. If D is found to be a local data

J

: -..- -... ..
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node, then do the following:

If every dimension of D has been scheduled, and each edge from D to an

assertion has a Type 1 subscript expression in every dimension, then

add (D, Block Number of B) to Local.

V1.6 COMMCLSION

This concludes the discussion of efficiency considerations in

scheduling for a data flow machine. We have described algorithms

which enlarge the scope of generated blocks and which simplify the

structure of data. The topic of the next chapter is code generation,

the problem of generating from the data flow template a program in the

MaD language.

[_ - ._ ... . . . .



CHAPTER VII

CODE GENERATIONf FOR THE MANCHESTER MACHINE

VII I fNlTRODCTION

The data flow template produced by the scheduler represents a

language- and machine-independent form of the Model specification.

The template is input to the code generation phase in which the

template is translated to a specific language and machine. In this

work, the data flow template is translated to the Manchester Data flow

language (MaD) for the Manchester data flow machine. The HaD language

is described in Chapter 3, and the Manchester data flow machine in

Chapter 2.

The generated program is divided into three parts: global

declarations, "assignment" statements, and a return statement. MaD

follows the requirements of Pascal in compulsory data declaration and

strong typing (Jens79]. The MaD program header resembles a Pascal

function declaration. The program name is followed by a list of input

- 143-
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parameters and their types. Next is the data type of the result

returned by the program. After the program header, the variables used

in the program and their data types are listed in the global

declarations section of the program. In this section, the variables

used to hold the value returned by the program (called the output

parameters in the following discussion); interim variables; and any

special variables used in the specification (such as END or SIZE

variables) are declared. After the data declarations come the

"assignment" statements. These statements define the values of the

variables. An assignment statement may have as the right hand side a

simple arithmetic expression or a more complicated MaD block. The

assignment statements are generated systematically from the block

description section of the template. If a member of the block being

processed is an assertion, an assignment statement of the simple sort
is generated. If the block member is itself of type block, an

assignment statement with a right hand side of consisting of a MaD

block is generated. A block member of type block is then processed

recursively. In this way, blocks nested to an arbitrary level may be

generated. The final section of the MaD program generated by the

Model Processor is the return statement. A WaD program must return a

value upon termination. The value returned may be simple or

ccuosite. The return value is composed of the values computed by the

assigrent statements for the output parameters of the program. The

form of the generated program is shown in Figure 7.1.
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1. Declarations
A. The Program Header

1.. Program Name
2. Input Parameter Names and Types
3. Result Type

B. Global Declarations
1. Interim and Special Variable Names and Types
2. Output Parameter Names and Types

I1. Assignment Statements
A. Simple Assignments
B. Nested Blocks

11I. Return Statement

Figure 7. 1. The Generated Program Structure

To demonstrate the correspondence between data flow template and

MaD program, the structure of the MaD program generated for the

EXMPLE template (Figure 6.2 ) is shown in Figure 7.2. The EXAMPLE

template contains the following information:

1) The file description section of the template contains two input

files containing repeating fields A and B respectively, one output

file containing repeating field C, and an interim file containing the

repeating field X.

2) There are two blocks in the block description section of the

template. The first is the outer block, representing the entire

program. The second block is nested in the outer block. The two

assertions are nested within the second block.
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I. Declarations
A. The Program Header

1. Program Name: EXMPLE
2. Input Parameter Names and Types:

Integer streams A and B
3. Result Type:. Integer stream

B. Global Declarations
I. Interim Variable Names and Types:

None (since X is local to
a nested block)

2. Output Parameter Names and Types: Integer stream C

I. Assig nmnt Statements
A. Simple Assignments: None
B. Nested Blocks: There is one nested block.

It contains assignment statements for X and C.

11I. Return Statement:
the value of C is returned as the program result.

Figure 7.2 Structure of the EXAMPLE Program

The following sections describe the algorithms used to transform

the data flow template into a MaD language program. The next section

describes limitations of the MaD language which are more restrictive

than the model language. Then, an overview of the code generation

phase is presented. Each part of code generation is discussed:

generating the data declarations, the assignment statements, and the

return statement.

[-o
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VII. 2 RESTRICTIONS OF THE MAD LANGUAGE

R&D has several limitations which are more restrictive than those

of the Model System. MaD permits dimensions of a multi-dimensional

structure to be constructed only in a hierarchical sequence. The

least significant dimension must be defined first, followed by the

next least significant dimension, and so on. If K(diml, dim2) is a

matrix, the restriction dictates that every element of the first row

of K must be defined before an element of the second row is defined.

This restricts the flexibility of algorithm construction rather than

the scope of algorithm which can be defined in MaD. The Model data

flow scheduler chooses any unscheduled dimension of a component from

which to construct a block. The choice may be limited by precedence

relations among range sets. However, if a selection is not limited by

such precedence relatinnships, the scheduler does not restrict the

nested block structure to be a hierarchical definition of node

dimensions as does MaD. It does not require that a node's dimension

be defined from least significant to most. Therefore, some valid data

flow templates produced by the scheduler may not be translatable to

MaD.

A second restriction is that the input and output parameters of a

program may not be of generalized tree structure. There can be only

one leaf node in the tree structure for the parameter. Thus, although

a parameter may be multi-dimensional, it must be of elementary base

type. Because of this restriction, Model specifications which require

.

.' '. .' '. " ' , " " .. . "- ". " ." "- ." . . ._ _. . . . .,
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input and output data formatted as generalized trees cannot be

translated into MaD.

The third limitation of MaD which affects translation is that a

complete dimension of a multi-dimensional structure must be defined in

one expression. Individual elements may not be defined separately.

For example, if A is a one-dimensional array, a definition of the form

"A(6) :- 15" is not permitted. Instead, the definition must take the

form "A :- <expression>", where the (expression3. evaluates to a

stream, the MaD equivalent of a Model one-dimensional array. Because

of this restriction, Model assertions with generalized subscript

expressions on the left hand side cannot be translated into MaD.

This restriction also means that an entire record or group must

be defined by a single expression. A data fl w template in which all

the components of a record or group are not defined within the same

block is not directly translatable to MaD. Therefore, structured

interim data is transformed to an equivalent but simpler form in the

generated MaD program. The simple tree structure used for interim

variables is the same as the structure required of input and output

parameters in MaD (described above).

VII.3 ORGANIZATION OF THE CODE GENERATION PHASE

The procedure Codegen in the Model Processor is responsible for

generating a MaD program from the data flow template. Data structures

used by Codegen include the data flow template, the table Local

4 - % . - -
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created by the scheduler, and the node attribute table or dictionary

created prior to scheduling. Codegen calls on three auxilliary

procedures to generate the data declarations, the assignment

statements, and the return statement. The procedure GenDcl handles

the declarations. Input to Gendcl are 1) the data description section

of the data flow template, 2) the table Local, and 3) the node

attribute table. Gendcl produces all the global declarations. The

procedure GenBlk generates the assignment statements, both simple

statements and statements which contain nested blocks. Input to

Genblk are 1) the block description of the data flow template, 2) the

table Local, and 3) the node attribute table. GenBlk uses several

procedures to generate parts of the assigment statemnts. Procedure

GeMAssr generates a simple assignment statemnt from an assertion.

Procedure LocalVar generates local variable declarations in nested

blocks. Procedure ForEach generates the body of a parallel block.

Procedure Iter generates the body of an iterative block. The

procedure Ret, called by GenBlk, ForEach, and Iter. generates a Return

statement.

VII.4 GmIERATING DATA DECLARATIONS

Declarations are generated for the program header, the interim

variables, and the output parameters. The program header is generated

first.
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created by the scheduler, and the node attribute table or dictionary

created prior to scheduling. Codegen calls on three auxilliary

procedures to generate the data declarations, the assignment

statements, and the return statement. The procedure GenDcl handles

the declarations. Input to Gendcl are 1) the data description section

of the data flow template, 2) the table Local, and 3) the node

attribute table. Gendcl produces all the global declarations. The

procedure GenBlk generates the assignment statements, both simple

statements and statements which contain nested blocks. Inpyut to

Genblk are 1) the block description of the data flow template, 2) the

table Local, and 3) the node attribute table. GenBlk uses several

procedures to generate parts of the assignment statements. Procedure

GenAssr generates a simple assigment statement from an assertion.

Procedure LocalVar generates local variable declarations in nested

blocks. Procedure ForEach generates the body of a parallel block.

Procedure Iter generates the body of an iterative block. The

procedure Ret, called by GenBlk, ForEach, and Iter, generates a Return

statement.

VIX .4 GENERATING DATA DECLARATIONS

Declarations are generated for the program header, the interim

variables, and the output parameters. The program header is generated

first.

. . . . . . . . . .
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VII.4.1 The Program Header

The program header consists of the program name, input

parameters, and output result type.

cprogramheader .. PROGRAM <program-id)
( <parameterlist> ] <result> ;

cparameterlist> : (<parmlist,
(r ';'<parmlist, ] )*

<parmlist, :.- cparmid , < parmid ]( STORED] STEA STREAKI* I
<typeid>

<result, :c [ result, [ ',, <result> - ]

[ (STORED] STREAM] <typeid>

Examole:

PROGRAM FIBOmACCI( K: INTEGER): STREAM INTEGER;

The program name is FIBONACCI. There is one input parameter, N, of

type integer. The output parameter is of type stream, with the base

type of the stream as integer.

The name for the program is taken from the name of the

specification. Declarations for the input and output parameters are

generated from the data description section of the data flow template.

Data description entries referring to files of type SOURCE are used to

generate the input parameter list. TARGET file entries are used to

generate the output parameter list.

. ..- .



A file node is the root of a generalized tree. Recall from

Chapter 4 that each data node has attributes 50ff1, the node number of

the leftmost descendant of the node, and B- .. ER1, the node number of

the sibling to the immediate right of this node. By following the

SONl field of a file node and the BROTHER1 field of descendants of the

file node, all the fields contained in a file may be accessed. The

input and output parameters are generated from the descendents of the

source and target file nodes respectively. In the restricted form of

tree used for input and output parameters, each data node has zero or

one son and zero brothers.

A MaD input parameter declaration is generated as follows:

The parameter nae is the name of the leaf node of the tree whose root

is an input file. The base type of the parameter is the data type

associated with the leaf node. The dimensionality of the leaf node

determines the number of "STREAM" prefixes to which the base type is

appended. For example, for the Model data declaration

KNT IS RECORD (ROW (10));
RO IS GOUP (COL (10));
COL IS FIELD INTEGER;

the MaD parameter name is COL; the base type is integer; and, since

the dimensionality of COL, the leaf node, is two, there are two

"STREAM" prefixes. The parameter declaration is as follows:

CoL: STREAM STREAK INTEGER

If a node dimension is virtual, then the STREAM prefix for that node
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dimension is omitted in the parameter declaration. For example, if

the Model declaration for an array used to compute the factorial of a

number is

FPAC IS FIELD (*) (FIXED BINARY);

and dimension 1 of FAC is found by the scheduler to be virtual, then

the MaD declaration

FAC: INTEGER;

is generated instead of

*PAC: STREAM INTEGER;

The output parameters are formed in the same way. However, only

the data type of the output parameter is specified, not the parameter

name. This is similar to the function result declaration in Pascal.

If there is more than one TARGET file, then the output parameter list

is enclosed in brackets, for example, (STREAM INTEGER, REAL). This

notation allows the program to return a composite result, a record.

'The first field of the record is a STREAM INTEGER; the second field

is a REAL number.

VII.4.2 Data Declarations For Global Variables

After the program header is generated. GenDcl generates

declarations for global variables. Variables in the interim "file" of

the file description section of the template are processed. If such a

variable is not local to a nested block, a MaD declaration for the

variable is generated. Following these interim variables come

- I
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declarations for the variables which hold the program result. The

target file descriptions in the template are processed to obtain these

variables. The syntax of variable declarations in Had is shown below.

The 4typedefn) refers to the data type of the variable.

<blockdeclarations> : <: (id) ( , cid> :
<typedefn> *,-

< id, < id) *
<typedefn, ; ,t

VIE.4.Z.l Interim Variables -

There is one entry in the data description portion of data flow

template for the interim "file." Any variables declared in the Model

specification which are not part of a source or target file are

members of the interim "file." The data structure of an interim item

in Model is also a generalized tree. However, the MaD STRCXLT

construct, which is provided to describe a variable whose data

structure is a generalized tree, is not used in code generation. This

is because there are several restrictions in MaD on definition and

usage of fields in a data structure declared with a STRUCT data type.

Instead, the tree for the interim variable is transformed to a set of

restricted (as opposed to generalized) trees. Each restricted tree

has the form of the tree for an input or output parameter, that is, a

zero or greater level tree with a single leaf node. A data

declaration is generated for each restricted tree using the method

outlined above for input and output para mters. An example of data

r4
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declaration for interim variables is as follows:

E30mle-

Let an interim variable in a Model specification be declared as
follows:

SCORES IS GROUP (100) (SCORE_1, SCORE2 );
SCORE-1 IS FIELD (FIXED BINARY);
SCORE-2 IS FIELD (FIXED BINARY);

T" data structure of SCORES is illustrated in Figure 7.3a. This data

structure is transformed into the data structure illustrated in Figure

7.3b. The MaD declaration generated for this example is as follows:

SCOREl: STREAM INTEGER;
SCORE_2: STREAM INTEGER;

Declarations for interim data which the scheduler found to be

lca1 to a particular block are not generated in the outer block.

Instead, these declarations are generated in the block in which the

data is defined. Given the template for specification EXAMPLE, the

following declarations are generated in MaD:

PROGRAM EXAMPLE(
A: STREAM INTEGER;
B: STREAM INTEGER

) : STREAM INTEGER;

DECLARE C: STREAM INTEGER;

A declaration is not generated for X, because X is a local data node.

7-
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VII.4.2.2 Variables To Hold The Program Result -

The output parameters, which correspond to the target files in

the specification, are declared next. Only the data types of these

variables are declared in the <result> portion of the program header.

For example, if a record for the target file in a Model specification

is declared as follows:

RESULT IS RECORD (RES(50));

RES IS FIELD (INTEGER);

then the MaD output parameter declaration is STREAM INTEGER, and the

declaration in the cblockdeclarat ions) is

RES: STREAM INTEGER

The output parameters are declared using the same method as is used to

generate input parameters. The na associated with the leaf node is

used as the variable name. The data type is generated from the leaf

node data type as for the input parameters.

VII.5 GDIERATING THE ASSIGNMENT ST&TEIENTS

The next part of the MaD program consists of a definition for

each of the variables declared in the global declarations. This

definition section is generated as one or more assignment statements,

a MAD (let> clause. The format of a (let> clause is

<let> :: LET tlhs. :- (expression)
S<lhs z- <expression) ,*

4chs •:- <variable id> I

-40
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'[ cvariable id> ' evariable id, ]* 1,

The second form of clhs) is a composite definition. If this form is

used, the expression on the right hand side must evaluate to a list of

results. Each result in the list must match the data type of each

component of the list on the left hand side. For example, if 11 is of

type integer and R1 is of type real, then the following composite

definition is correct:

[zlet] (1C5, o.91;

The (let), clause is generated from the block description portion

of the data flow template. Each block description entry consists of

two lists. The first is a list each element of which has two

components, the data node defined in the block and which dimension of

the data node has been defined. The second is a list of members of

the block. A member can be either an assertion or another, nested

block. If a block member is an assertion, then a MaD definition is

generated from the assertion. Procedure GenAssr transforms the

assertion into a simple assignment statement.

VI 1.5.1 Procedure GenAssr

GenAssr modifies the text of the assertion to conform to MaD

syntax. For example, instead of the Model 1-' separating the left and

right hand sides of an assertion, a : is used in the MaD form. The

nam of a variable used in the Model specification may be modified in
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the HaD program. The HaD version of the variable's name might have

fewer subscript qualifiers than the Model version. This would occur

if one or more of the variable's dim'.tsions were found by the

scheduler t- be virtual. Another difference is that a qualified

variable is not permitted on the left hand side of a MaD definition.

Therefore, subscripts are omitted from the variable on the left hand

side of the assertion when the assertion is output as a MaD

definition. MaD permits a qualifier 'NEW for the variable being

defined. The 'NEW' qualifier is used for variables defined in an

iterative block. At each iteration, a new instance of the variable is

defined. For example, if a variable FAC is defined by an assertion

FAC(I) - IF I - 1 THEN 1 ELSE I - FAC(I-1)

and dimension 1 of FAC is virtual, then the HaD equivalent is

NEW FC :- IF I - 1 THEN 1 ELSE I * FAC

VII.5.2 Procedure GenBlk

GenBlk generates a MaD block from a block description entry in

the template. The MaD program outer block is constructed from the

first block description entry. A MaD block is constructed in two

steps. Simple assignment statements are generated first for data

nodes defined directly in the block. Then, definition statements are

generated for data nodes defined in nested blocks. In the latter form

of assigrnment statement, the right hand side is a nested MaD block.

Procedure Genblk, given a block description entry, constructs the MaD



- 159 -

block. Input to Genblk is the block description entry, B0.

Procedure Genblk( BO);

1. Generate definition statements for data nodes defined directly in
BO.

For each data node D defined in 80
( find the block member, A, which defines D. A is of type

"assertion". Call GenAssr to generate a simple assignment
statement for the assertion. )

2. Generate definition statements for data nodes defined in nested
blocks.

For each member B of 80 which is of type "block",
( Let the list of all data nodes defined in B be called Lhs.

Output the list Lhs as the left hand side of the MaD definition.
If an element of Lhs is a local data node, then do not output
that element on the left hand side of the definition. A local
data node is declared and used only within the scope of B, on
the right hand side of the definition.

Generate the right hand side of the definition. The right hand
side is a block with data locally defined. Output a
declaration for the <range set name) of the range set
associated with B. The form of the declaration is 'DECLARE
<range set name, : INTEGER;.

Next, output data declarations for a local copy of each variable
in Lis. A declaration is generated for local data nodes as
well as globally declared variables. Procedure LocalVar
produces the nested block declarations.

If the block type is parallel, call ForEach to generate a
parallel block.

Otherwise the block is iterative. Call Iter to generate an
iterative block.

I|

Construct a 4return statement. The statement generated is of the
form 'RETURN <variable list)'. The (variable list3 corresponds
to Mhs. However, the name generated for the local copy of the
Me name is used. Procedure Ret constructs this list.
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VI 1. .3 Procedure LocalVar

LocalVar is called by GenBlk with parameters Lhs, the list of

data nodes defined in a block, and Level, the nesting level. This

procedure generates the data declarations for the nested block on the

right band side of the definition.

Let D be an element of Lhs. Examine the table Local constructed

by FindVirtual during scheduling. If D is in Local, then omit the

declaration for D unless Level is equal to the dimensionality of D.

This is done so that a local data node is only declared in the the

most deeply nested block in which it is produced and used.

Now consider the dimensionality of D. D is a leaf data node of

dimensionality n. Level represents the most significant dimension of

D which will be used to generate the declaration. For example, if

Level is 2 and D has three dimension, D(I,J,K), then the second and

third dimensions of D, those represented by J and K, are used to

generate the declaration. The dimension corresponding to Level, that

of J, is the most significant dimnsion. The dimensionality of the

local copy of D is at most (n-Level)+l. Let the dimensions of D be

numbered from most significant to least significant. Examine the node

subscripts of D from dimension S Level to dimension * n. If a

dimension of D among those examined is virtual, the dimensionality of

the local copy is reduced by one. For example, let Level = 1 and a

data node FAC have dimensionality 2. The maximum dimensionality of

the local copy of FAC is (n-Level)+1 - (2-1)+1 - 2. However, if the
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moet significant dimension of FAC is virtual, the dimensionality of

the local copy of FAC is 1. The dimensionality of the variable

determined by this calculation is reduced by one if the variable is

not in the table Local.

The algorithm for LocalVar is as follows:

For each D in Lhs which is either non-local or is

local to the current block,

Output the name of D followed by a :

Initialize the dimension count to 0.
ExamLne each dimension of 0,
starting at the most significant
dimension Level. If the dimension
is not virtual, add 1 to the
dimension count.

If D is not in the table Local, decrement
the dimension count of 0 by 1.

Output the data type of D, for example,
ITEGER' or 'REAL.

VIX.5.4 Procedure ForEach

This procedure generates the "FOR EACH" statement for a parallel

block. The call parameter to ForEach is the parallel block Block.

The form of the MaD <foreach statement used is

cforeach) :: 'FOR EACH' (variable name> 'IN* stream) 'DO'
clhs ':' cexpression>
[ ';' clhS ':-' (expression) 1+
'RETURN' <expression)

PorEach first generates the block header, the first line of the
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<foreach- definition above. The <variable name, is the <range set

name of the range set for Block. The <stream, consists of a sequence

of indices, from 1 to the range set maximum. It is constructed by a

standard procedure PROLIFERATE, which, given a maximam integer,

returns a stream of integers from 1 to the maximum. The range set

maxim= can be defined in Model in one of three ways. The maximum can

be a constant; it can be defined by the end-of-file condition; or it

can be defined by a range array. If the maximum is constant, the

constant is the input to PROLIFERATE. If the maximum is defined by

end-of-file, then the MaD function SIZE(<stream id>) is used. SIZE,

given the name of a stream, returns the number of elements in the

stream. If the maximum is defined by the Model range array SIZE, then

the range array is used as input to PROLIFERATE. If the maximu is

defined by the Model range array END, then the input to PROLIFERATE is

the number of elements in the dimension of the END array corresponding

to the Block range set.

For example, let I be the name associated with a range set. Let

the maximum for I be the number of elements in a file A consisting of

a sequence of integers. Then the first part of the <foreach>

statement in MaD is as follows:

FOR EACH I IN PROLIFERATE( SIZE(A)) DO

In this example, SIZE is the MaD function which returns the number of

elements in A. PROLIFERATE creates a stream of indices from one to

the number of elements in A.
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The body of the cforeach, is generated by Genblk. The procedure

ForEach calls Genblk(B) to generate the definition statements which

constitute the body of B and the return statement.

VII.5.5 Procedure Iter

This procedure is called with input parameter Block, a block

description entry for an iterative block. Iter generates the 'WHILE'

statement for the iterative block. The form of the 'WHILE, statement

used is as follows:

cwhile) :-- 1INIT1 crange set name) := 1;

'WHILE* <range set name) , -' <range max) $DO'

( 'NE' ] <lhs; := <expression>

( ';' <lhs) :- expression> 1+

-RETURNI <expression,

The <range max3 is found in the same way as described in ForEach

above. The body of the iteration is generated by Genblk(B).

VI1.6 GEERATING THE RETURN STATE4ENT

Procedure Ret constructs the Return statement for a block. This

procedure is called with Lhs, the list of data nodes generated in a

block, and Level, the nest-nq level. For each element D of Lhs, Ret

does the following:

1. If D is a local data node, then skip it.
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2. If the dimension of D corresponding to Level is not virtual, then

output 'ALL'.

3. Output the name of the local copy of D.

VI .7 CODE GENERATION FOR EXAMPLE

Generating the MaD assignment statements and the return statement

from the data flow template is illustrated with the EXAMPLE template.

The block description entries for EXAMPLE are shown in Figure 7.4.

Block Description:
Block 1: Type-Simple Level-O Range--O

Data Nodes: None
Block Members: ((N._nameL-Block 2 uLtype-block))

Block 2: Type-Parallel Level-I Range-i
Data Nodes: ((d_name=X &_dim-1) (d.name-C d& m- L)}
Block Members: ((u-name-Assertion I utype-assetion)

(nname-Assertion 2 uL-type-assertion))

Figure 7.4 Block Description Entries for EXAMPLE

Procedure Genblk is called with parameter Block 1. There are no

data nodes defined in Block 1, so Step 1 of Genblk is skipped. There

is one member of Block I of type "block", so Step 2 is invoked.

PindLhs is called with parameters Lhs-null and Block= Block 2.

Findlhs returns a list Lhs (X,C) as the data nodes defined in Block 2.

The left hand side of the MaD definition for Block 2 is generated from

Lhs. The lbs is

. . - . ..
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C=4

X is not part of the lhs since it is a local data node.

Next, the right hand side of the definition is generated. "I" is the

name of the subscript associated with the range set for Block 2.

DECLARE I: INTEGER;

Local declarations are generated for each entry in Lhs:

X: INTEGER; C: INTEGER;

Since Block 2 is of type parallel, Procedure ForEach is called with

paranmter Block 2. This procedure generates

FOR EACH I IN PROLIFERATE( 100) DO

ForEach then calls Genblk recursively with Block-Block 2. Genblk now

generates the definitions for the two assertions in Block 1 (Step 1 of

Gerblk). The output of Genblk-

X A m[Il + s[(l;

C X *X;

RETURN ALL C;

PorEach returns to Genblk. Genblk generates the RETURN statement for

Block L:

RETURN C;

The complete HaD program is shown below:

PROGRAM EXAMPLE(
A: STREAM INTEGER;
B: STREAM INTEGER

): STREAM INTEGER;

DECLARE

C: STREAM INTEGER;

b
- °

... •......... .... -.- •.,.. .. .... ...
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C :DECILARE
I: INTEGER;
X: INTEGER;
C: INTEGER;

FOR EACH I IN PROLIFERATE(100) DO
X .'A-NII + B(I];
C : X X;

RETURN ALL C;

RETUSN C

ED

VIII. 8 CONqCLUSIONI

This concludes the discussion of code generation to MaD. We have

shown how the data flow template is translated to a NaD language

program. The data description section of the template is used to

generate the program header and global variable declarations. The

block description section is processed recursively to generate the

"assignment" statements, either simple assignments or nested blocks.



CHAPTER VIII

CONCLUS IoN

VI I I. I SUMIMARY OF CONTRIBUTIONS

VIII.1.1 Desirability Of Nonprocedural Languages For Data Flow

In this investigation, we have demonstrated the use of a nonprocedural

language as a very high level programing language for data flow

computers. A nonprocedural language seems desirable as a way to

specify a problem because such a language provides a powerful vehicle

for concise description of problems. A nonprocedural language seems

particularly well suited to data flow because, in a data flow

environment, a schedule for a specification can be derived almost

immediately from the dependency graph representation of the

specification. However, by using the Manchester Emulator as a tool to

test scheduling strategies, we have been able to develop optimizations

which produce more efficient schedules than the one imaediately

available from the dependency graph.

- 167 -



- 168 -

VIKI.1.2 Scheduling The Array Graph For Data Flow

The approach in scheduling has been to partition the array graph

into Maximally Strongly Connected Components (HSCC). Iterative blocks

are generated whenever possible for MSCC's derived from the original

array graph. Remaining nodes with common ranges in corresponding

dimensions are mrged into graph components. From these components,

parallel blocks are generated. Each parallel block can be expanded

into multiple incarnations which can execute concurrently.

After the array graph has been partitioned, the Scheduler

searches for dimensions of data nodes which can be virtual. Data

nodes local to a block and data nodes produced by iterative blocks can

potentially be reduced in dimension. Dimension reduction results in a

more efficient data flow program.

VIII.1.3 Generating Data Flow Progrms

We have shown how the template generated by the Scheduler may be

used to generate programs to one specific data flow language, MaD.

The generated program can be compiled and run on the Manchester

Emulator.

.4.
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VrrI.2 FUTURE RESEARCH

Several promising avenues have presented theitselves in the course

of this investigation. We summarize these areas:

1. The current Model system is embedded in the PL/E programming

environment. creating a data flow version of the Model language with

constructs more suited to a data flow environment would provide a good

tool for programing data flow machines in a nonprocedural language.

2. In this work, we produce a data flow program partitioned into

blocks. An interesting area of study would be the static allocation

of these blocks to processors. Processor allocation would depend on

data generation and usage. The array graph contains information which

would facilitate this analysis.

3. Another interesting study would be a performance comparison of

sequential vs. data flow programs produced by the same

specifications.

4. Developing applications in Model suited to data flow is another

area of research. Such algorithms as graph-theoretic problems and

* discrete event simulation could be written in Model and run on a data

flow machine.

L,



- 170-

5. model produces iterative and parallel blocks from the

specification. An enhancement to Model currently being implemented is

to produce whole specifications as blocks and to analyze the data

dependencies among specifications. (ShiY82] describes this

distributed processing version of Model.

.--
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M4AD BUF

<prograinw. PROGRAM <program-id), ( paramaeterllst .
<header) 1;
< typedeclarationm

C <excpression>)
END
C <assembly-code>

eparmte?1ist> c:~ parmisNt> E ';, <parlist> 1**)
<parmlist. <:parnid>. ( ', (parmid) 1

( (STORED] STREAM [STREAK]* < typeid>

<header> : C' c~header) ( ', <header3 ]* ]I

((STORED] STREAM] <typeid),

ctypedeclarationwz:- TYPE <typeid> < typedefn>

.typedefn), [:STORED] <Btructyp).
(STORED] (Btructypeid>
<typeid)

<Btructyp>. it STREAM ( <structypsys) ] cstructyp>.
SREAM <structypeid>

STRUPCT <geno ( ,*gen>] ENDSTRCJCT

-catructypeys : STREAMK STRECT ISET
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cgen) <: generatorid),
(' < typ> I <,typ> ]* I

<typ> :: structypsys), <structyp> ' typeid>

(funodeffla :: FUNCTION <funcid> parameterlist> :

<header),'
( cfuncdefns> < expression>

<expression) : DECLARE <block),

CASE (casexp>
(baa icexp),

* (block) <:id)- < id), ] <typedefn),'
<legalblock>

clegalblock> <: id> < . id> J < typedefn3 '

<let) I
<initforwhile>

clet, : LET ( <lhs> :- <expression.% ]' +
RETURN cexpression>

(tinitforhi~le), :: INIT E (Tha) *:- <expression> 1; 1+ 1
FOR EACH <id) IN (streamid)

( CEACH <id> IN cstreamid ]
* DO

(WHILE (cexpression) DO)
([NEMI
(lhs) :Z* <expression> #;1 1+

RETURN <expression>

<COfldOxp), :: expression), THEN (expression) ELSE (expression>

* <casexp>. <: id> OF
( <genid, < ( parameters> "

<'expression> 1;1 1+
ENDCASE

(pearamters), <z id, ( <i(d,*]

* (<baSicexp), <: all-remainder)
(csiuapleexp) C crelop> <silnpleexp>

* (~all-remainder) : ALL <basicexp> (BUT1 <basicexp) ]
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REMALINDER < id) ]

Isimpleexp> <:n( term>~ <simpleops> <term>

Cterm), <: factor> <tenIKops> <factor>

* caimopleops ::'> OR ' mmX ' KIN

<teruKops) '* DIV MOND AND

<factor> <: generatorid> ( & parmid)
C 1,1 parmid) 1* 1) 1 1.

<simp1eid> <qualifier>.
<function),I

<constvalue)I
.4' 'E, E <basicexp). ( 4basicexp i'

NOT <factor>
IAMBDI
<reductionops), 'I < factov-

- creductionopw2 :- AND IOR I MAX IKIN

<qualifier), z: 'E' <b-or-col) (, < b-or-col 1+
( C basicexp, I 1 '11,

<b-or-colb <: basicexp>I*

(funfctlom) t:- tuserdef, t standard>

<uuerdef ::- <funcido 'C'basicexp3 ( ',' <basicexp>] )

cstandard), <= Cons), t(basicexp> , basicexp),

<Btreauopo '('basicexp ')

COtNCAT 4 C <basm woxp ',' <basiCexcp)

toneargfns-i> '(baSiCexp ,
coneargfns-r3, '( basicecp~).
<expontentiation> cbasicexp).

cbasiCexp *)

- <Conls> C: NSL I CONS

<streauop :: FIRST IREST IGET EMDPTY ISIZE

4 oneazgfns-i), : -SRT I ABS I EVEIN ODD
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coneargfns-r) : SIN COS I ARCS rN 1, ARCCOSl Ara L N
SQfRr RO3UND TRUNC

c exponentiationl,::- EXR EXI

V.

I,*m *. 4 . **-,~*5 . * ~ -- i~ L .---- -- ~ - - - -



APPENDIX B

HDDEL BSUP

cNWE[4-SPECzpCTION),-:-[<MDEL.DBDYSTWM~)- It
<WDOEkSPECIPICATION)b

<MVDEL..DDYSTMffS>::NDULE WDUX.EKANE-ST~fqT).
SOURCE <SOURCF.FILES_S14TW,

ITARGET cTARGETPIX.ES-STHT>

I DCk..DESCRIPYION)b
cOwjrLLESTM)

I SEHPLE_MSERTIONI,
<DCIL-DESCRIPTION> 1 I. DhT&-SPEC>

C. <INTEGER), <DATA...SPEC). ]* <ENDCHAR3.

cATTR.SPEC>

<AT1MR.SPEC) : cPILE> (FILE...DESC> -cS1VRAGEDEWC,
c RECORD)>

I C GRDUPp I
(SIMPLE..ASSER1~IOt42: : (WJAR>

i BOLEAtIEXPRESS ION), <ENDCHAR,
-cSUB...VAR.ALE: - (VAR>

tBOOLEAKCEXPRESSIOCI) (
t BOLEANM.EPRESS ION), I

(cSUB..VPLRtABLEl)1t VRR)
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<BOOLEA*LEXPRESSIOU) E,
< BOOLEANE3PRESSION), I

<BOOLEANEXPRESSION,:: <COND_ECP >
<BOOLEANTERN)
(cOR> <BOOLEZAN_TERMK 1

<COND_EXCP3::-F <BOOLEAH_EXPRESSION)b
THEN cBOOLEAN_EXPRESS ION:,

( ELSE <BOOLEANX"RESSION> I
<OR)::-I
<DOOLEAN_TERK : : <BOOLEAN_FACTOR>

C_ <fOOLEAN_FACTOR> 1*
<BOOLEAN_FACTOR>::- cCONCATENATION)

cREIAION: i -(<REtATION4- sC0NCATENAWtOU),1

< CIONCATEN&TION34) - ARXTKEEXPi

E <dONCAT) 'ARITILEXP ]'
-dCNCZT>:: .I
<ARITELEXP::- (SIGNb ]

(TERM [<OPS, <TERM4).
(TERM4):- Z FAC"TOR),

E(cNDPS> (tFACI'R), 3'
cFACTOR,:: t- < PRIMA~RY)

(~EXPON> 4PRIIWRY) I'
<EXPO),::-*
(PRIMARY): : (ISPRIM>
dIS_.PRIKb: : - ( BOOLEAN_EXPRESSION~),

< NUMBER),
-cSTRING_FOM(>
c FUlNCTION_CALL),

I SUB_VARIABLEl>
gSTRINQ_FOR:-::- E < STRING>

<FUNCTIONCALL>::s- 4FUNCTION_MAHE)
(( (cBOOLEAN_EXPRESSIOff>
C, DBOOLEAN_EXPRESSIOtJ

(KVAR>::- ( SUBJARIABLE),
(, SUB...VARIABLE) I

< (5UBVARIABX.E)
(cVAR): : (NAME)o

C * . -cKAHE), ]* /STP-CON/
* (~DC4...VAR), <:(VAR> (, VAR *

< (VAR),
<09S:: + -
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MUSCLE..NME..S Tr) - NAME)
ENDCHAR>

(cSOURCE_FILES_S14Tf,::- (<FtEjEYWORD,.]
.scSOUCEFILELIST3, (ENDCHAR>

<FrLEKETWORD>: :FILESipILE
<SOURCF...FrLELIST)o:- <NAME)

E, <NAME> J
<TARCZET_FILES_SIf1',::- (FILE-JCEYWK)RD>

cTARGET_FILELIST> <EN4DCHAR>
<TARETFILELISTo::- tNAME,

cDRA&DE5C_STNT)::- <DATk&DESCRIPTION> <ENDCHAR>
cTADESCRIPTION>.
4FILISTMff,
I (RECORDSlir),
IGROUPSTMT)
I <FIEWQSTMTro
I (SUBSTN1ff

cSUBSTfT:: SUBSCRIPT> (( OCCSPEC> )
cSUBSCRIPT>: :- SUB I SUBSCRIPT SUBSCRIPTS
cFILE2o: t FILE I REPORT I FILES IREPORTS
(cRECORD_STW)z::- <RECORD> C(( <ITENLIST ,i)
cRZCDRD> :: REC I RECORD 1. RECORDS
ITEICKLIST>::- cr=> ((,] (ITEN)1]*
cITEK::-KNE> . cKhMNE)o J c(OCCSPEC) )
ocCsr,,)::- <STAR), I (NINOCC) (NAXgCCJ]

cKINOCC>:: -,cINTEGER>
4cMXCC> :z :],INTEGER)

( INTEGER),

4GROUP3) ::- GRP I GRW I GROUPS
cFIEWD_ST)::- (FIED> <FIEW_&TR3)
4FIEW23 ::- FWD I FIELD 1 FIELDS
4FIE_-ATTR3 :s- [(I cTYPE> C <LENGSPECJ ),]
cLENG_SPEC)o :s ( KINLENGTH), ( <M LENGTH>

<NINLENGTH), (NMAXLEKGTH],
4(N_LEIOTH),: - tINTEGER),
(TYPE)t:- <STRING-SPEC3) I NUN-SPEC)
(cSTRIIG..SPEC3.: t- (STRINGTYPE)-
c STRIWGTYPEi-t: - CHAR I CHARACTER 1, BIT INUN INUMERIC
4IWSLSPEC-)::in (HUK-TYPE) C (FIXFLT), I
c3t*LTYPE): BIN I BINARY I DEC I DECINAL
cFXXFLT):: FIX I FIXED ' FL I FLOAT ' FLT
4NSX..LENGTH) :s : (:<ITGER),

(cSINTGR),
(INTEGER),

cSINTGR)uits- (IXNTEGER) < INTEGER)-
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* RCCG:- cRE)CORD> AGROEIP>

< EVD_C!IAR,

<IS::-ISII RE
cFIESKT):: -FILEv r50NO_DESC>

4F ILEDESC> <STDPRAGE_DESC>
<SDN_.DESC>: :( <rTLKLIST>

RECG> [NAME) (41S~] C(] cITEK). C]
< OW.YFILES1WI'::- <PrLE: (KANE] (<IS),

<RECG> (NAME] (<IS),] cITE, ()
<ENDCHAR>



APPE14DIX C

EXaM4PLES

Th~is Appendix contains examples of the translation of Model
specifications to MaD. For each example the following reports are
reproduced below:

- Listing of Specification
- Block Description
- MaD Program

-179-
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C.l MATRIX MULTIPLY

This example is the familiar matrix multiply program from

Chapter 1. A and 8 are the two lOxlO input matrices to be

multiplied. C is the lOxtO output matrix result. In a new

dialect of Model under development, even the two assertions

defining the multiplication will not be needed. The dialect

supports matrix operations at the source level, so that the

operator ! * indicates matrix multiplication (LiuW82].

It should be noted that the generated MaD program does not

use a "transpose" function as does the Id function for matrix

multiply in Chapter 1. The matrix B input to the Id version of

the program is transposed and the transposed array is input to

function nut. Doing so creates a stream, the column of B. The

inner product of a row of A with a column of B can then be

computed within a simple loop. In the Mad implementation a loop

is not needed in order to compute the inner product. The partial

products are computed in INTERIMX, and the reduction operator 41

is used to add all the partial products. In addition, MaD stores

each dimension after the first of a multi-dimension str;icture as

a random access permanent structure in the Matching Store. Each

elemant can be accessed repeatedly with no cost other than the

cost of selecting a single element. The entire array need not be

duplicated. Therefore, the generated MaD program does not use a

transpose function.

J
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Note that the variable INTERIMLX is local to block 3. It is

not declared in the global declaration section of the program.

4t

C- . . . . . .
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I MODULE: aM;
2
3 SOURCE: INFILE1, INFILE2;
4 TARGET: O(UTFILE;
5

6 INFrLEl Is FILE (ImREC);
7 INRCCI IS RECORD (IN( 10));
8 114 IS GROUP (A(1O));
9 A iS FIED (NUMERIC);

10
11 INFILE2 IS FILE (IMREC2);
12 ZNREC2 IS RECORD (11N2(10));
13 1N2 IS GROUP (B(10));
14 B is FIEWD (NUMERIC);
15
16 OTFILE IS FILE (OU'REC);
17 OflREC IS RECORD (OWT1( 10));
is Ocri IS GROUP (C(1o));
19 C IS IED (NUMERIC);
20
2L XO IS GROUP (XI(1O));
22 X. IS GROP (X2(1O));
23 X(2 IS GROUP (X(1O));
24 X IS IED (NUMERIC);
25
26 1 IS SUBSCRIPT (10);
27 J IS SUBSCRIPT (10);
28 K IS SUBSCRIPT (1O):
29
30 X(I,JK) - A(r.,K) * B(K,,);
31 C(I,J) - SEU(X(I,J.K),K);
32
33 END 3MM:

-J2

. " . " - . . " --' -.. . . . .'- -. - , ,. _. ' _ .. 1
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Block Description:

oBlock 1
S': S Love 1: 0 Range: 0 # Data nodes: 2 Block

Kosberg: 1

Data Nodes:
INTERIN.X for dimension 0 in block 1
OUTFKLE.C for dimension 0 in block 1
Block Mmbers:

2 BLOCK
Block 2
PARA Level: 1 Range: 1 t Data nodes: 2 S Block
Hmbers: 1
Data Nodes:
"NTERIN.X for dimension 3 in block 1
OEM FILE.C for dimension 2 in block 1

Block Members:
3 BLOCK

Block 3
PARA Level: 2 Range: 2 5 Data nodes: 2 5 Block
Members: 2

Data Nodes:
SNTRIUM.X for dimension 2 in block 1
OUtnILE.C for dimension I in block 2
Block Members:

4 BLOCK
5 BLOCK

Block 4
PARK Level: 3 Range: 3 5 Data nodes: 1 # Block
Newberg: 1
Data Nodes:
INTERIM.X for dimension I in block 1
Block Members:
AASS300 ASSERTION
Block 5
PARA Level: 3 Range: 3 # Data nodes: 1 # Block
Members: 1
Data Nodes:
OUITILE.C for dimension -2 in block 1
Block Nembers:
AASS310 ASSERTION
Local Data Nodes

Node I:WERIN.X is local to block 3
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KIuD Program

.4 PRGRAM MR(

.4 ~ ~ nIMPLE35 .As STREAK STREAK IWEGER
* ~ INF1LR2...S STREAK STREAK INTEGER

0Cmfl4 IL-C: STREAK STREAK INTEGE

omprYLE-C :- DECLARE
ocn'prIpct STREAK rMTE(ZR
Lji. IKYKER;
PoR EAcit riA r" PRLrF( 1) Do
OUTflILIEC t- DECLARE
rt4TERflNLX: momGE
OUfTrLE_.C: ItITEGER

-, 1-2: rMTlGER;

FOR EACH r-..2 IN PROLIF( 10) Do
INTERIULX - DECLARE
IDITERULX: ITEGER
1-3:1 INTEGER;
FOR EACH r-3 ru P)LIF( 10) Do
IMERIK...X t- INFILEI..A[l~i. 1]*INFILE2B( i..3 *L21;

WtJW ALL ItERILX
-. ~~ouflpILE.C : - 41irNTERIUL.x(SUB3,suB~z

UIJU MLL OU'LUEC
RETMW ALL OU~flYILEC
RETUJRN Ocf Ir.EC

4MD
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C. 2 TRAPEZOIDAL IN'EGRATION

In this example, the area under a curve in an interval (A,B]

is computed using the trapezoidal method. Input parameters axe

the coefficients of the quadratic function to be inteqrated; the

interval limits A and B; the width of each subinterval H; and

the number of subintervals H. The interim array X holds the X

values for each subinterval. The array F holds the corresponding

function values. The area is computed in array S. This

specification, the VFT, and the explanation of the FFT were

written by Mr. Chi-King Chen of the University of Pennsylvania.

I am grateful for his help.

1 MOULE: IrTEG;
2
3 SOURCE: INFILE;
4 TARGETt OUTFILE;
5
6 INFILE IS FILE (INREC);
7 INREC IS RECORD (IN(6));
8 IN IS FIELD (NUERIC);
9 A IS FIEW (NUMERIC),

10 B IS FIELD (NUMERIC);
11 0 IS FIELD (NUMERIC);
12 N IS FIELD (NUMERIC);
13 COEFFI IS FIELD (NUMERIC);
14 COEFF2 IS FIELD (NUMERIC);
15 COEVV3 IS FIELD (NUMERIC);
16
17 Sl IS GROUP (s(l:loo));
19 S IS FIELD (NUMERIC);
19
20 Fl IS GROUP (r(l-lOO));
21 F IS FIELD (NUMERIC);
22
23 Xl IS GROUP (X(*));
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24 X IS FIELD (NUMERIC);
25 PA IS FIELD (NUMERIC);
26

27 OUfTFIE IS FILE (OUflREC )
28 OUTREC IS RECORD (OUT');
293 OUT IS FIELD (NMERIC);
30
31 I IS SUDSCRIPT( 100),
32
33 kwu )
34 HmIf(2);
35 HmI(3);
36 coEFFIINk(4);
37 COEPP2IM( 5);
38 COEPF3.IN(6);
39) PA -COEFF1 &A A+ COEFF2 A+ COEFp3,
40 s(1 - IF 1 1 THEN (PA + P(N))/2
41 ELSE s(r-i) + r(1i-1);
42 P(I) - COEFF1 * X(I) * X(I) + COEFF2 *X([) +COEFF3;
43 X(I) -IFI - ITHEN A+ 8
44 ELSE X(I-1) + U;
45 OUT - S(NU);
46
47 END Ith"M,
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Block Description:

Block 1
SXIP Level: 0 Range: 0 # Data nodes: 11 # Block
Nebern: 11
Data Modes:
IMTERIK.COEFF3 for dimension 0 in block 1
INLERIM.COEF12 for dimension 0 in block 2
IMTERIM.COEFF1 for dimension 0 in block 3
INTEIRIN.N for dimension 0 in block 4
IWETRIM.H for dimension 0 in block 5
INTERIM.A for dimension 0 in block 6
INL'ERIM.FA for dimnsion 0 in block 7
INTERIM.X for dimension 0 in block a
INTERIM.F for dimension 0 in block 9
INTERIM.S for dimension 0 in block 10
OUTFILE.OT for dimension 0 in block 11
Block wbsrn:
AASS380 ASSERTION
AASS370 ASSERTION
AAS360 ASSERTION
AASS350 ASSERTION
AASS340 ASSERTION
AASS330 ASSERTION
AAS8390 ASSERTION

2 BLOcK
3 BL=K
4 BLOCK

AASS450 ASSERTION
Block 2

LTER evel: 1 Range: 1 # Data nodes: 1 # Block
Newbers: 1
Data 9 oes:
INTERXM.X for dimension 1 in block I
Block Nbers:
AASS430 ASSERTION

Block 3
PARA Level: 1 Range: 1 * Data nodes: 1 # Block
Nwberg: I
Data Nodes:
INTERIK.F for dimension 1 in block 1
Block Members:
AASS420 ASSERTION
Block 4
ITER Level: 1 Range: 1 * Data nodes: 1 Block
3sberu: 1

Data Nodes:
INTERIK.S for dimension 1 in block 1



Block aowers:
AASS400 ABSRIOt
Local Data Node8

Mode INTERIM.K is local to block 1
Mode INTERIK.B is local to block 1
Node IWN'RIK.FA is local to block 1
Node INTERrM.COEFW3 in local to block 1
Node IHTERIK.COEFF2 is local to block 1
Node INTERIM.COEFPI is local to block 1
Node IWRMK.A is local to block 1

% '

"- '--,-,;-,--:,----. -- -. -,:--" ---- 0--: --- " -i "-:,:. . .. .- .. . .. ;..- .:-- -- -. ".-.",". -. . -.- , -. ". - .', -. ", - ..- ..



HaD Program

PRGRAX INTEG
rmprLEIM: STREAK INTEGER

0UTFKLEL..OUT: INTEGER

DECLARE
IW1'ERIIX: STREAM INTEGER;
IHYER2DCS: STREAK INTEGER;
tILWrELF* STREAM INTEGER;
IDITERDILB: INTEGER;
IHTERIK..COEFF3 :~INVILE...IN(61;
IWI'ERDL-COEFF2 :-IMP ILE_.IN( 5];
XIEIDLCOEFF1 XMFILE_I:N(4];
IW1'ERI)LN z-INFIaE..IN(3];
IW1ERZMJE r- MFLE....N(21;
INTERDSL& INFPILE_.IN( 1];
1WL'ERnLtA : INTERDbLcoEF1' IWI'RIDLAt INTRI3CA+

INTERflLCOEW2 'IWIERIILA+INTERIKLCOEFF3;
INIERKLX :- DECLARE
XNTERIIL. INTEGER

7 L-1: INTEM;R
* KNIT

WHILE r.It~-,I0 Do

NEW INTERDLX :-IF 1-1-1 THEN INTERItCA+INTERIK-.H
ELSE INTERIlLX+INTERIMjg;

RETURN ALL NEW IWTERICX;
IWI'ERZILF : - DECLARR

* UTERUF: INTEGER
Li1: INTEGER;

FOR EACH L-i IN PROLIF( 100) Do
L TRIIL? INTERIDCOEFF1*INTERIK-X( Li1 *]IWfEItjC( 111

+INTERrI-coEw2IrtMjLi 1+INTERIILSOEFF3;
RETURN ALL IWI'ERIILF

* INtEcRIILS :- DECLARE
INTERKILS: INTEGER
Li1 I NTGER;

* KMIT

WHILE I-..i-i00 DO

NEW INTERIMLS s- IF 1..-- THEN
(INTERIILFA+INTERnlLF( INTRIIK] )/2
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ELSE INTERZ3LS+IW1MRr)LLF( 11-11;
-~~ RETURJN AIL NEW IWM'RZDLS I

OtTILE..OUTt ]: WMRIIL-S( INTRIIKt4I;
RETURN OUTl'ILE.0L'
END.
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C.* 3 PAMI POMRER TRAbSFOI

This moidules specifies the computation of the Fourier Transform

of M-16 sample data taken from the function

with the sampling interval T - 0.375. The FORTRAN version on the

program can be found in Appendix B of (Stea75 1.

The purpose of the FMT is to calculate the DFPT using N log N

mltiplicat ions rather than W~2 umltiplications, where N is the

nuadber of sample data points.

Let f( t) be the time function for the sample data and fn be

the nth sample. Then the OFT of the data isa given by

U-1
Pm -Sum(fn e (1J)*(2pi*ukn/N) UrnO .. M-1

n-0

-Sum( fn * N(wa)) where WN - e^ (-j)(2*pi/9)
n-0

Because of the cyclic property of the exponential function

111k - W(c-N+k) where c is any integer

Ilb can find (Fm I 0<-mc-N-l) together by q decompositions if we

choose N - 2Aq. For simplicity, the method is explained usinq N

-V3. The method described is that of comuting the FlY using

time decomposition witn input bit reversal.
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In order to reduce the number of multiplications, the

sequence of inputs should be reordered, for exam.ple by the input

bit reversal method. This is illustrated in Figure C.I.

input 0 1 2 3 4 5 6 7
pattern 000 001 010 011 100 101 110 111
reversal 000 100 010 110 001 101 011 111
result 0 4 2 6 1 5 3 7

Figure C.1 Input Bit Reversal

Using the obtained sequence, we can calculate (Fm). Each Fm is

calculated through 2 intermediate stages, Gil and GiZ, 1=1 .. 8.

For example,

GI1 = fo + WO0 f4

G21 - f0 + W84 f4

G31 = f2 + WO f6

G41 = f2 + W84 f6

and the result for the second stage is given by

G12 - GlI + WSO * G31

G22 = G21 + W82 * G41

G32 - f2 + W84 * G31

G42 - f2 + W86 G 041
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That is, the node is obtained by two nodes in the previous stage

and some power of WK.

* In the WDDEL specification, BRS(I) gives the input bit

reversal sequence. WR( I) and WI( I) give the real and imaginary

parts respectively of WNk, k - 0, 1, .. ,N-1. WP(J,r) gives

the power k in WNk for the Ith node in the Jth stage. GPI(J,4)

and GP2( J, I) give the first and second node numbers respectively

from the (J-1)tb stage for the Ith node in the Jth stage.

GRJ,I) and GI(J,I) give the real and imaginary parts

respectively of the values for the Ithe node at stage J. Then,

finally, GR(log N,I) and GI(log N,I) are the real and imaginary

parts of the Fourier transform Fl.
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I MODULE: FFTtSD0;
2 TARGET :OUTFLLEl, OUTFILE2;
3 OCITFIL.El IS FILE( OUTRECI( 16));
4 OUifRECi IS RECORD (OUTR);
5 OUTFILEZ IS FrILE(OUflREC2(16)),
6 OUT1REC2 IS RECORD (OUTI);
7 (OUTR,OUTI) IS FIELD (BIN FIXED);
a
9 GO IS GROUP (GOREC(16));

10 GOREC IS GROUP (T,P,ARG,WR,VI,FRBRS);
11 (T,F,ARG,WR,WI,FR) IS FIELD (BINARY FLOAT);
12 BRS IS FIELD (BIN FIXED);
13
14 GI IS GROUP (GlRECI(4));
15 GIREMi IS GROUP (P,Q);
16 (PQ) IS FIELD (BIN FIXED);
17
i8 G2 IS GROUP (G2RECI(4));
19 G2REC1 IS GROUP (G2REC2(16));
20 G2REC2 IS GROUP (BRWP,GP1.GP2,GR,GI);
21 (BR,WP,GPIGP2) IS FIELD (BIN FIXED)
22 (GRGI) IS FIELD (BINARY FLOAT)
23
24 (NB,N,NH) IS FIELD (BIN FIXED);
25
26 1 'IS SUBSCRIPT (16);
27 J IS SUBSCRIPT (4)
29
29 NB-4;
30 N-2**NB;
31 NHaN/2;
32 P(J)-2**J;
33 Q(J)mi2**(J-1):

36 BR(J,I)= IF J-=1 THEN WDD(r-1,2)*NII
37 ELSE (W)D(-1,P(J))/P(J-1))*(N/P(J))
39 BRS(I)-SUM(BR(J,),J)
39 FR(I)- F(BRS(r)+1)
40 ARG(r)-3.1415926535*(1l..)/NH
41 WK(X)- IF I <- NH THEN CCOS(ARG(I)) ELSE -WR(I-9);
42 WI(I)- IF I <- NH THEN SSIN(ARG(I)) ELSE -11(r-8);

44 GP1(J,r)- IF WD(r-1P(J)) < Q(J) THEN I
45 ELSE I-Q(J)
46 GP2(J.I)- GP(J,I) + Q(J)
47 GR(J,I)- IF J-=1 THEN IF t4OD(r,2) 1 THEN FR(I) +

FR(I41)
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48 ELSE FR(I-1) -FR(1)

49 ELSE GR(J-1,GP1(J,I))+WR(WP(J,))*GR(J-1,GP2(J,r))

51 GI(J,I)w rF J-1 THEN 0.
52 ELSE GI(J-1,GP1(J,I))+wR(wp(j,r))*G(J-1,GP2(J,I))
53 +WI(WP(J,I))-GR(J-1,GP2(J,t));
54 OcUMRI )- GR( NB, I);
55 OCTI(I)- GI(NB, 1);
56
57 END FFTW7JD
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Block Description:

Block 1
SrMP Level: 0 Ranqe: 0 # Data nodes: 20 # Block
Members: 13
Data Nodes:
IWIERIM.T for dimension 0 in block 1

INTERIK.F for dimension 0 in block 1
IHTERIM.NB for dimension 0 in block 2
NTERIM.N for dimension 0 in block 3

INTERIM.NH for dimension 0 in block 4
INTERD(.ARG for dimension 0 in block 5
INTERIM.WR for dimension 0 in block 6
INTERIM.WI for dimension 0 in block 7
tW!ERIM.Q for dimension 0 in block 6
INTERIM.P for dimension 0 in block 8
INTERIM.WP for dimension 0 in block a
INTERIM.GPI for dimension 0 in block a
INTERIM.BR for dimension 0 in block 9
INTERIM.BRS for dimension 0 in block 9
IMTERIM.FR for dimension 0 in block 9
INTERIM.GP2 for dimension 0 in block 10
INTERIM.GR for dimension 0 in block 11
INTERIM.GI for "imension 0 in block 11
OXPELEL.OCR for dimension 0 in block 12
o(FEELE2.OTm for dimension 0 in block 13
Block Nmmbers:

2 BLOCK
AASS290 ASSERTION
AAS300 ASSERTION
AASS310 ASSERTION

3 BLOCK
4 BLOCK
5 BID=K

6 BLOCK
9 BLOCK

12 BOK
14 BLOK
17 BLOCK
is BLOCK

Block 2
PARA Level: 1 Range: 1 0 Data nodes: 2 5 Block
aeMrus: 2

Data Nodes:
UATERIK.T for dimension I in block 1
IMTERIM.F for dimension 1 in block 2
Block Members:
AASS340 ASSERTION

.1'
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AASS350 ASSERTION
Block 3
PARA Level: 1 Range- 1 # Data nodes: I Block
mers t 1

Data Nodes:
IHTERI.ARG for dimension 1 in block 1
Block Memberst
AASS400 ASSERON
Block 4
LTER Level: 1 Range: 1 # Data nodes: 1 # Block
Members: 1
Data Nodes:
r[MmRtM.WR for dimension I in block 1
Block Members:
AASS410 ASSERTION
Blocdk 5
ITER Level: 1 Range: 1 # Data nodes: 1 # Block
Mabers: 1
Data Modes:
]UTERIN.WI for dimension 1 in block 1
Block IMeberst
AASS420 ASSERTION
Block 6
PARK Level: 1 Range: 2 * Data nodes: 4 * Block
Memberst 4
Data Nodes:
rWMK.Q for dimension I in block 1
INTERIK.P for dimension I in block 2
ENTKRM.WP for dimension 2 in block 3
INTERIM.GPI for dimension 2 in block 4
Block Newbe s:
AASS330 ASSERTION
AASS320 ASSERTION

7 BLOK
e BIWXC

Block 7
PAM Level: 2 Range: 1 # Data nodes: 1 I Block
Mmbers: 1

Data Modes:
rINTEIN.WP for dimnsion 1 in block 1
Block Mmbers:
AASS430 ASSERTION
Block a
PARA Level: 2 Range: 1 * Data nodes: 1 * Block
Kembers: 1
Data Nodes:
INTERIK.GPI for dimension I in block 1
Block Neebs:
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AASS440 ASSERTION
Block 9
PARA Level: I Range: 1 # Data nodes: 3 # Block
Rbaers: 3

Data Modes:
ILIRIN.BR for dimnsion I in block 1
INTWM.BRS for dimension I in block 2

INTRIK.FR for dimension 1 in block 3
Block Members:

10 BLOCK
11 BWO(K

AASS390 ASSERTION
Block 10

PARA Level: 2 Range: 2 t Data nodes: 1 8 Block
Nembers: 1
Data Nodes:
INTER M.BR for dimnsion 2 in block 1
Block Nembers:
AASS360 ASSERTION

Block 11
PARK Level: 2 Range: 2 8 Data nodes: 1 Block
Members: 1
Data Nodes:
INTRIM. BRS for dimension -1 in block 1
Block Nmers:
AASS380 ASSERTION
Block 12

PAMR Level: 1 Range: 1 Data nodes: I 8 Block
Nefers: 1
Data Nodes:
INTERIK.GP2 for dimension 1 in block 1
Block Nembers:

13 BLOCK
Block 13
PARK Level: 2 Range: 2 # Data nodes: 1 8 Block
Members: I
Data Nodes:
INTERI.GP2 for dimension 2 in block 1
Block Nmers:
AS S460 ASSERTION

Block 14
ITER Level: 1 Range: 2 Data nodes: 2 8 Block
Hafterst 2
Data Nodes:
INTERIM.GR for dimension 2 in block 1
I.TZRIM.GI for dimension 2 in block 2
Block nmoers:

15 BLOCK

92:
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16 BI)oCK
Block is
PARK Level: 2 Range: 1 1 Data nodes: 1 Block
Newberg: 1
Data Nodes:
INTERIK.GR for dimension 1 in block 1
Block mers:

AAW47O ASSERTION
Block 16
PARR Level: 2 Range: 1 Data nodes: 1 1 Block
Nembers: 1
Data Nodes:
INTERIM.GI for dimnsion 1 in block 1
Block Members:
AASS510 ASSERTION

Block 17

PARK Level: 1 Range: 1 Data nodes: 1 1 Block
Nembers: 1
Data Nodes:
OtfnFILE1.Ofl'R for dimension 1 in block 1
Block Mmbers:
AA•S540 ASSERTION
Block 18
PARR Level: 1 Range: 1 * Data nodes: 1 # Block
Ibubers: 1

Data Nodes:
OITFILE2.oTI for dimension I in block 1
Block Members:
AASS550 ASSERTION

Local Data Nodes

Node INTER'I.NH is local to block 1
Node WN'TERII.NB is local to block 1
Node IWIERNM. N is local to block 1
Node INTERIM.BR is local to block 9
Node INTERIM.WP is local to block 1
Node INTERIM.GP1 is local to block 1
Node INTERrM.GP2 is local to block 1
Node INTERIK.Q is local to block 1
Node INTERIK.T is local to block 2
Node INTERM.ARG is local to block 1
Node INTERIM.BRS is local to block 9

'S .. . . i
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K&D Program

PIROGRAK F~FTHM0

OUT? ILEL-OCUR: STREAK INTEGER
; OUTFILE2..0CI: STREAM INTEGER

1:
DECLARE
INTERIULGR: STREAK STREAM REAL;
INTERIKlOX STREAK STREAK REAL;
INTERIILP: STREAM INTEGER,

a' KWNTI'ENl'F STREAK REAL;
THTERIILWR: STREAK REAL;
INTERIULI: STREAK REAL;
KWLERIILFR: STREAM REA,
INTER3IP DECLARE
INTERDN-T: REAL
INTERI)LF: REAL
1_1: INTElGER;
FOR EACH 1_1 IN PW)LIF( 16) 00

INTERrXL? : -W( (-NTERIULT) )*ssi:N( NTERrILT);
RETURNI ALL IWIERIILF
INTERIILNO 4;

INTERDLNH: - ITERIlMN/2,
LIATERIMLARG : - DECLARE
INTERrILARG: REAL
rl..: INEGER;
FOR EACH 1-..1 IN PROLIF( 16) 00
INTERIMILARG :- 3. 1415926535*( 1-I..INTERDLNE;
REUR ALL INTERrDLARG,
INTERDlLWR :- DECLARE

* INTERDLWR: REAL
E,..,1 INTEGER;

INTERIILWR: -01

NEW l...1:-I-jI+1j
NEW ENTERIDLWR t- IF I_-EITERIDLH THEN CCOS( INTERrILARG( I..1J)
ELSE -INrERDLWR[ l.-SI;
RETURNI ALL NEm rNTERIDLUR
INTERDKlVIa DECLARE
INTERDLWI: REAL
X-1: INTEGER;
KNIT
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MhILE L,_inI6 DO
NEW I-1:-1-1+1
NEW INTERIILNWI :- IF I_1-IL'ERILKH THEN SSI4( INERIKLARG(1_1i)
ELSEC -IWWERIK-IVI L--i:
RETUJRN ALL NEW INTERIULVI
(I'ERI)LQ, INTRIILP, INTRIDL-WP, INTERIILGE'i] I DECLARE
XYTERIILQ: INT'EIZR
INTERIILP: INTEGER.
INTERIUP. STREAM INTEGER
INTERIRLGPi: STREAM INTEGER
L_2: INTEGER;
FOR EACH r-..2 IN PiR)LIF( 4) DO

IN'TER.IlLVP -DECLARE

J. IrNTERXILWP t INTEGER
L-1: INTEGER;
FOR EACH 11.. IN PRWLIF( 16) DO
INTERIULUP : - MM( (I..1-1), INTERIIP )*( INTERIILN,'INTERIILP )+i;
RETURN~ ALL IWL'ERIILWP
XWTlRIMGP1 2 DECXARE
IU4TERIXLGPI: INTEGER
L-1: INTEER
FOR EACH Z- IN PROLIF( 16) DO
IHTERILGPI t- IF IVD( C L-i-) ,INTERIILP )' ITER.I)LQ THEN I_1 ELSE
L-1-INTERDLQ;
RETURN4 ALL INTERILGPI
RETURN ( ALL INTERXLQ, ALL IMTMRXIP, ALL INTERIILWP * ALL
L PrERDGPLI)
INTEPflLFR : - DECLARE

-RIK-OR: INTEGER
INTERZILBRS I WTEGER;

* - INTERDMLFR: MiAL

L-1 INTEGER:
FOR EACH ILI IN PROLIF( 16) DO
IWIERIN.BR : - DECLARE
INTERI"LR: INTEGER

-AtL2 t INTEGER;
FOR EACH 1_2 IN PRI)LIF(4) DO

4 IM~ETERIKLBR c- IF 1_2-1. THEN HUD( ( L-i), 2 )*INTRILNH
ELSE (3,O( ( L-i-), IffTERImI(LZ )/
IMTERIP(L-2-I )*( INtERIKjI/HTEIDL-P( 21);

RETURN ALL INTERIKLBR,
INTERIULBRS a-+ IINTERILSR( SUBi I:
INTERIILFR a-INTERIDLP( INTERIKLBRS+ 1]:
RETIUH ALL IWI'ER.IK-PR
INTERIILGP2 a- DECLARE
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INTERIILGP2: STREAK INTEGER
I....1 INTEGER;
FOR EACH I.1. IN PROLIF( 16) DO
INtftRIILGP2 Z- DECLARE
IWI'ERIMLGP2: INTEGER

S.., E.2 t INTLEGER;

FOR EACH IL.2 IN PJR)LIF( 4) DO
ufw!ERIIGP2 1- IwIERIULGPIE( 12, l.A +ITERI1LQEI...2 1;
RETURN ALL INTERItLGP2 ;
RETURNI ALL IMRIK..GP2 ;
(MTE-RILGR, INTERIILGXI DECLARE
INTER IDLOR: REAL
INTERINLGI: REAL
1-2: INTEGER;

IT
Z-2:-1;
ItE=RDLGR:inOI
INTERKILGI t:0;
WHILE 1_.2<-4 DO
MN IL..2-KL241;
MN [WW.RIILGR :-DECLARE
IWLERZILGR: REAL
]Ll: INTGER;
FOR EACH 1.1 IN PROLXF( 16) DO
tMEDLGR t- IF r12-1 THEN IF NWO(L3,2)m-l

TRWN INTERIELFRt -l1+IWIERIILFRt I-j+1
EWE IWL'RIKLFR[ I..1-1 ]-INTERIILFR[ -lI

ELEINTRILGR-INTERIILW I INTERIIWP( 1-.2 ..11

-INTERIiLGI( INT'EI3LG2( 1-2, 1-111;
RETURN ALL INTERIULGR ;
NEW INTERIULGI :-DECLARE
ZNTERIULGI t REAL
L-1: INTEGER;

FOR ECHM 1..1 IN PROLXF( 16) DO
INTERIULGI :-IF 1.2-1 THEN 0

ELSE IW1fERLG+INTERIK-IR( INTERIDLWP( Ir.2. .1]]1
*INTERDL-G+W1ERIZ'LWIC INTERItLWP( 1-2, I1-1l

* *INflRr)LGR[ INTERIILGP2( 1.2, I.-111];
* ~RETURN~ ALL IWWERIDLGI

RETURN E ALL NEW IWI'ERIbLGR, ALL MN rNTERIK-GI :
W~ffILE_OUTR. :- DECLARE
OCITFXIL...OUTR: INTEGER

FOR EACH 1-1 IN PWOLIF( 16) DO
OFILEL.OUTR : -INRIJRINRILB11]
RMTUM ALL OUTFlILEi..OUflR p
OUTFILEI-OU!I DECLARE
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OtnWKLE2...OWUTX INTEGER
x-it rNTKGER;
FOR EACH X-1 IN PRI)LIF( 16) DO
WIYPILE2-OCUI :- INTERIILGI( INTERIICNB, 1]11
RETURN ALL 0(PIYILE2-OCFI
RETURNE (OUTnILE1..OUTR, OCTFILE2_0(f'i];

CEM
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