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Chapter 1

Data Level Parallelism

1.1 Parallelism in the World Around Us

Whenever many things happen at once, parallelism is at work. It is at work for one of
two reasons: either because someone is in a hurry or because it is the natural course of
events. If, for example, many people are working at once to compose a song, it is because
someone is in a hurry. Music is a naturally sequential process. Physical phenomena, on
the other hand, are almost always parallel. The wind in a wind tunnel does not blow
over one square centimeter of an automobile body at a time. It blows across the whole
frame at once, showing the engineers how the flow in one section interacts with the flow in
another. If we simulate the wind in parallel, the results come faster as a natural consequence.
The parallelism is being utilized, but it is not being artificially imposed. Other examples
of fundamentally parallel phenomena include vision processing, information retrieval, and
many types of mathematical operations.

1.2 Parallelism in Computer Systems

The same two motivations, doing things in a hurry and doing things more naturally, also
motivate computer architects. Until recently, those architects who are focused on greater
speed have obtained it from faster circuitry. Making the electronics twice as fast, or the
memory twice as big, has traditionally been a cost-effective way to double the performance
of a single-processor computer system. But now these gains have become much harder to
achieve. Limits to circuit speed have been reached. So designers who are solely focused on
speed are now seeking to inject parallelism into their designs. If two computers of traditional
architecture can operate in parallel, the overall speed of the system can double.

There is, however, another starting point for the design process. Computer architects
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can go back to the problems themselves and understand the parallelism that has been there
all along. Having understood it, they can build a system that exploits it directly. The first
benefit of this approach is simplicity. A computer that fits the problems it solves is easier to
use and program than a computer that doesn’t. And it is also faster. Systems that couple
to the inherent structure of a problem mine a deeper vein of parallelism. For this reason,
they can dramatically outperform systems whose superficial performance specifications seem
superior. When parallelism is imposed on a problem, a speed-up of ten is considered good.
When inherent parallelism is exploited, speed-ups of 1000 are commonplace.

Some applications benefit much more than others. While certain problems do not have
a large amount of parallelism, there is a large and growing body of important problems that
do. For these applications the method of designing the computer around the inherent paral-
lelism of the problem is proving to be outstandingly valuable. This approach is called “data
level parallelism.” The remaining sections of this report describe data level parallelism and
its application to three very different computing problems. The implementation examples
use the Connection Machine system, the first data level parallel computer available on the
commercial market. (See reference (8] for further discussion of the Connection Machine
system)

1.3 Two Styles of Computer Parallelism

All computer programs consist of a sequence of instructions (the control sequence) and a
sequence of data elements. Large programs have tens of thousands of instructions operating
on tens of thousands, or even millions of data elements. Parallelism exists in both places.
Many of the instructions in the control sequence are independent; they may in fact be exe-
cuted in parallel by multiple processors. This approach is called “control level parallelism.”
On the other hand, large numbers of the data elements are also independent; operations on
these data elements may be carried out in parallel by multiple processors. This approach,
as mentioned in the previous section, is called “data level parallelism.” Each approach has
its strengths and limitations. In particular, data level parallelism works best on problems
with large amounts of data. Small data structures generally do not have enough inherent
parallelism at the data level. When the ratio of program to data is high, it is often more
efficient to use control level parallelism. But control level parallelism requires the user to
break up the program and then maintain control and synchronization of the pieces.

1.4 The Connection Machine Data Level Parallel Computer

The Connection Machine computer from Thinking Machines Corporation is the first system
to implement data level parallelism in a general purpose way. Since the computer is designed
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around the structure of real world problems, the best way to understand the Connection
Machine architecture is to follow its use in solving an actual problem. A VLSI simulation
example will be used for that purpose. In VLSI simulation, the computer is used to verify
a circuit design before it is released to be manufactured. The Connection Machine system
provides a very direct way to perform this simulation. Each transistor in the circuit is
simulated by an individual processor in the system. The chapters which follow explain
three more examples in much greater detail.

1.4.1 Program Execution

Data level parallelism uses a single control sequence, or program, and executes it one step at
a time, just as it is done on a traditional computer. The Connection Machine system utilizes
a standard architecture front end computer for this purpose. All programs are stored on
the front end machine. Its operating system supports program development, networking,
and low speed I/O. The front end computer has access to all the memory in the system,
albeit one data element at a time because it is a serial computer.

All Connection Machine program execution is controlled by the front end system. A
Connection Machine program has two kinds of instructions in it: those that operate on one
data element and those that operate on a whole data set at once. Any single-data-element
instructions are executed directly by the front end; that is what it is good at. The important
instructions, those that operate on the whole data set at once, are passed to the Connection
Machine hardware for execution.

In the VLSI simulation example, the important instructions are the ones which tell
each processor to step through its individual transistor simulation process. Each processor
executes the same sequence of instructions, but applies them to its own data, the data that
describes the voltage, current, conductance, and charge of its transistor at that time step
of the simulation.

1.4.2 The Connection Machine Processors

In order to operate on the whole data set at once, the Connection Machine system has
a distinct processor for each data element. The system implements a network of 65,536
individual computers, each with its own 4096 bits of memory. The data that describe
the problem are stored in the individual processors’ memories. During program execution,
whenever the front end encounters an instruction which applies to all the data at once,
it passes the instruction across an interface to the Connection Machine hardware. The
instruction is broadcast to all 85,536 processors, which execute it in parallel.

Applications problems need not have exactly 65,536 data items. If there are fewer,
the system temporarily switches off the processors that are not needed. If there are more
problem elements, the Connection Machine hardware operates in virtual processor mode.
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Each physical processor simulates multiple processors, each with a smaller memory. Virtual
processing is a standard, and transparent, feature of the system. A Connection Machine
system can easily support up to a million virtual processors. In general, a problem should
have between ten thousand and a million data elements to be appropriate for the Connection
Machine system.

1.4.3 Connection Machine I/O

Since the front end system has access to all Connection Machine memory, it can load data
into that memory and read it back out again. For small amounts of data, this is a practical
approach, but for large amounts it is too slow. A separate 500-megabit-per-second I/O bus
is used instead. This bus is used for disk swapping, image transfer, and other operations
which exceed the capacity of the front end.

1.5 Communications: The Key to Data Level Parallelism

Large numbers of individual processors are necessary for data level parallelism, but by
themselves they are not enough. After all, there is more to a VLSI circuit than individual
transistors. A circuit is made up of transistors connected by wires. Similarly, there is
more to a Connection Machine system than just processors. A Connection Machine system
is made up of processors interconnected by a massive inter-connection system called the
router.

The router allows any processor to establish a link to any other processor. In the case of
the VLSI simulation example, the links between processors exactly match the wiring pattern
between the transistors. Each processor computes the state of an individual transistor
and communicates that state to the other processors (transistors) it is connected to. All
Connection Machine processors may send and receive messages simultaneously. The router
has an overall capacity of three billion bits per second.

It is part of the reality of the world we live in that many things happen at once, in
parallel. It is part of the beauty of the world we live in that these many things connect and
interact in a variety of patterns. Looking at the whole problem at once requires a computer
that combines the ability to operate in parallel with the ability to interconnect.

Since the structure of each problem is different, the interconnection pattern of the com-
puter must be flexible. All linkages between Connection Machine processors are established
in software. Therefore, the system can configure its processors in a rectangular grid for one
problem and then into a semantic network for the next. Rings, trees, and butterflies are
other commonly used topologies. The chapter on hardware describes router operation in
greater detail.
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1.6 Connection Machine Application Examples

Each of chapters 2, 3, and 4 describes a Connection Machine example in detail. First
the algorithm is described, and then the actual program that implements this algorithm
is presented and discussed. It is not necessary to study the program to appreciate the
simplicity of the overall approach. Many readers will want to skip over these details. The
third example, contour mapping, is quite sophisticated. Hence the program for this example
is more complex than the two that precede it.

The initial Connection Machine languages are C* and *Lisp. C* is an extension of C
and is appropriate for a wide range of general purpose applications. *Lisp is an extension of
Lisp. Lisp, while less well known than C, is also an appropriate language for a wide variety
of applications. Its primary use, however, has been in the field of artificial intelligence.
Chapters 5 and 6 provide an introduction to these languages.
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Chapter 2

Document Retrieval

There is too much to read. The written material for almost every discipline grows much
faster than any one person can read it. Computers have not provided much relief to date.
Now data level parallelism provides the computing power to implement significantly better
solutions to the document retrieval problem. These solutions are more natural, so they
require less user training. And they are much more accurate, so they give the user much
greater confidence in the results.

2.1 Accessing Computer Data Bases

There are a number of systems today that provide on-line access to text information, but
they perform poorly because they rely on a “keyword” mechanism for finding documents.
The premise of a keyword system is that the relevance of a whole document can be deter-
mined by the presence or absence of a few individual words. Users enter one or more “key-
words” or labels that they feel capture the sense of the information needed. All documents
which either contain these words or have been indexed under these words are retrieved.
Those that do not are ignored. Even with refinements, such as “Find all occurrences of
‘New England Patriots’ within ten words of ‘Superbowl’,” a keyword search generally tends
to either find too many documents for the user to cope with, or too few for the user to find
useful. It is a guessing game, with the user trying to imagine the most fruitful search terms.

Not all relevant documents contain the one particular word that the user chose, because
writers use language differently. A search for documents containing the word “chips” may
find five relevant documents, but miss ten others that were indexed under “integrated
circuits” or “VLSI.” Since the search yields only one third of the relevant documents, it
would be considered to have a recall of 33%. Worse yet, the five relevant documents might
be returned mixed into twenty other documents describing cookies or paint or other subjects
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where the word “chips” appears. Such a search would be considered to have a precision of
20%. Recent published testing has shown that recall results of as little as 20% are common
with keyword based systems [1].

In short, keyword-based systems are very good at finding one or two relevant documents
quickly. What they are poor at is producing a refined result with high recall and high
precision. The Connection Machine document retrieval system provides a very powerful
way for doing complete searches. It starts out using a keyword approach, but once the
first relevant document is found, the whole approach changes. The user proceeds by simply
pointing to one or more relevant documents and saying, in effect, “Find me all the documents
in the database that are on the same subjects as this one.” A document that has been
identified as relevant by the user is referred to here as a “good document.”

2.2 Algorithms for Document Retrieval

Data level parallelism makes massive document comparisons simple. The basic idea is
this: a database of documents is stored in the Connection Machine system, one or more
documents per processor. Once the first good document is found, it is used to form a search
pattern. The search pattern contains all the content words of the document. The host
machine broadcasts the words in the pattern to all the processors at once. Each processor
checks to see if its document has the word. If it does, it increases the score for its document.
When the entire pattern has been broadcast, the document that most closely matches the
pattern will have the highest score, and can be presented first to the user.

The algorithm is simple to program because it takes advantage of innate characteristics
of documents rather than programming tricks and second guessing. Every document is,
in effect, a thesaurus of its subject matter. A high percentage of the synonyms of each
topic appear because writers work to avoid repetition. In addition, variants of each word
(such as plural, singular, and possessive forms), and semantically related terms also appear
among the words in a particular article. Clearly not every synonym, variant, and related
term will occur in a single article, but many terms will. Each reinforces the connection
between the search pattern and the document. Spurious documents, on the other hand,
will not be reinforced. The word “chip” will appear in an article about cookies, but “VLSI”
and “integrated circuit” simply will not. In the overall scoring, truly useful documents are
reliably separated from random matches. (See figures 2.1 and 2.2.)

2.3 Database Loading on the Connection Machine System

A document database may be constructed from sources of text such as wire services, elec-
tronic mail, and other electronic databases. For this description it is important to draw a
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distinction between source documents and content kernels. A source document contains the
full actual text of a particular article, book, letter, or report, and is stored on the front-end’s
disk. A content kernel is a compressed form of the source document that encodes just the
important words and phrases. It omits the commonplace words. Content kernels are stored
in the memory of Connection Machine system.

The content kernel is produced automatically from the source document. First, the
source document is processed by a Thinking Machines document indexer program that
marks the most significant terms in the text. Next these terms are encoded into a bit-
vector data structure, using a method called “surrogate coding.” Surrogate coding, which
is sometimes referred to as a “hash coding” method, allows the content kernel to be stored
more compactly. It also speeds up the search process. In surrogate coding, each term in
the content kernel is mapped into ten different bits in a 1024-bit vector. The ten selected
bits in the vector are set to one to indicate the presence of the word in the document. In a
content kernel of 30 terms, the process of surrogate coding ends up marking about a third
of the bits as ones.

The source document in its original form is available for retrieval and presentation to
the user when needed. The location of the original document on the system disk is stored
with the content kernel.

Each segment of the content kernel is made up of the following fields:

*score* is used by the document lookup program to accumulate the ranking of each
content kernel in the database according to how closely the content kernel matches
the user’s search pattern. Each time a match is found, *score* is updated.

*document~id#* contains a reference to the original source document that this content
kernel was derived from. When a content kernel is selected from the database lookup,
the user is shown the source document referred to by this index.

*kernelx is a table of the surrogate-coded bit-vector encoding.

The necessary declarations for these fields are as follows. (In this chapter only, all of the
code is presented twice, first in the *Lisp language and then in the C* language, to make it
easy to compare the two languages. Because the characters * and ? may not appear in C#
identifiers, such *Lisp names as *score* and word-appears? are rendered in C* simply as
score and word.appears.)

;i Declarations for the *Lisp version.

(defconstant table-size 1024)
(defconstant hash-size 10)
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(*defvar *score*)
(*defvar *document-id*)
(*defvar *kernelx*)

/* Declarations for the C* version. */

#define TABLE_SIZE 1024
#define HASH_SIZE 10

poly unsigned score, document_id;

poly bit kernel[TABLE_SIZE]

2.4 Document Lookup on the Connection Machine System

During the first stage of document lookup, the user lists a set of terms to be used to search
the database, and receives back an ordered list of documents that contain all or some of
those terms. The user then points to a document which is relevant, and from this document
an overall search pattern of content-bearing words is assembled. The search pattern is simply
a list of these words, with weights assigned to each word. The weight assigned to a word is
inversely proportional to its frequency in the database (for example, “platinum” appears in
the database less frequently than “gold,” and therefore has a higher weight associated with
it). This weighting mechanism ensures that uncommon words have more of an influence
than common words over which content kernels get selected during the document lookup
process.

Next, the search pattern is broadcast to all processors in the Connection Machine system.
The same mechanism that is used to code each word in the content kernel as a series of bits
is applied to the words in the search pattern. For each word in the search pattern a set of
ten bit indices is broadcast. All content kernels that have these same ten bits set will have
the weight of that word added into their *score* field. (It is possible that all ten bits for
a word might happen to be set on account of other words even though that word doesn’t
really appear in the source document. Such an accident will result in a “false hit” on that
word. However, for two reasons, this will not seriously affect the results of the lookup.
First, the probability of a false hit is small: ( é)m, or less than one in 50,000. Second, a
false hit will be only one of many terms contributing to the score, and so will have only a
small effect even when it does occur.)

The following code is used to broadcast one search pattern word to all the processors
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in the system, which check their content kernels and add the value of weight into their

xscore#* if it contains the word. The word is represented by a list of ten bit locations
(bit-locs).

i:: *Lisp code for testing the presence of a single word.

(*defun increment-score-if-word-appears (bit-locs word-weight)
(¥let ((word-appears? t!!))
(dolist (bit bit-locs)
(*set word-appears?
(and!! word-appears?
(not!! (zerop!! (load-byte!! *kermel* (!! bit) (!! 1)))))))

(*¥if word-appears?

(*set *score* (+!! *score* (!! word-weight))))))

/* C* code for testing the presence of a single word. ¥/

poly void increment_score_if_all_bits_set
(mono unsigned word_bit_position[HASH_SIZE], mono int weight) {
mono j;
poly bit word_appears = 1;
for (j = 0; j < HASH_SIZE; j++)
word_appears &= kernel[word_bit_position[jl];
if (word_appears)
gcore += weight;

The main search program simply calls this routine once for each keyword in the keyword
list.

2.5 Retrieving the Highest Scoring Documents

The code that follows is used to retrieve the *document-id* for each of the highest scoring
content kernels in the database. The program returns a list of *document-id+s for the
content kernels with the highest scores. The program first retrieves the *document-id* for
the highest score, then the next highest score, etc., until a list of length document-count is
retrieved. The already-retrieved? flag is set once a processor has had its *document-idx
retrieved so it will not be retrieved again.
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ii: *Lisp code for retrieving documents in order, highest score first.

(*defun retrieve-best-documents
(let ((top-documents-list nil))
(*let ((already-retrieved? nil))
(dotimes (i document-count)
(*when (not!! already-retrieved?)
(*when (=!! *score* (*max *scorex))
(*let ((next-highest-document (*min (self-address!!))))
(setq top-documents-list
(append top-documents-list
(l1ist (pref *document-id* next-highest-document))))

(setf (pref already-retrieved? next-highest-document) t))))))
top-documents-liet))

/* C* code for retrieving documents in order, highest score first. */

poly void retrieve_best_documents
(mono document_count, mono unsigned *document_id_array) {
poly bit already_retrieved = O;
mono i;
for (i = 0; i < document_count; i++) {
if (lalready_retrieved) {
if (score == (><= score)) {
processor *next_highest_document = (<>= this);
document_id_array[i] = next_highest_document->document_id;
next_highest_document->already_retrieved = 1;

2.6 Timing and Performance

A production level version of the algorithms described above has been implemented and
extensively tested on the Connection Machine system. Performance studies have been done
on a database of 15,000 newswire articles, which constitute 40 megabytes of text. An
















































































































































