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program or documentation entry, such as gathering infor-
mation concerning library status, simple time-sharing ter-
minals may be used. With a single central system it will
therefore be possible to develop, manage and test programs
for microprocessors of various origins.

This set-up, in fact, offers other interesting possibilities.
For instance, concerning programming, although the system
is clearly geared to perform compilations on development
systems, it does not preclude using cross compilers. As
reported in Reference 1, software for microprocessor A
might be developed using a programming language available
on the development system M (B), designed to program
microprocessor B. Program entry, compilation and unit test-
ing are carried out on M (B); then a cross compiler on the
central system is used to generate code for microprocessor
A. The development system M (A), or an independent sys-
tem, will be used to perform system tests using A on a
prototype. Though this process seems fairly involved, it can
be made fairly easy in practice, since M (B) and M (A) can
both be connected to the central system.

Costs

The load generated at the central system in such an ap-
plication is fairly low, in terms of CPU usage, since most
operations are file or terminal operations. A medium-to-large
minicomputer should therefore be perfectly suitable. More-
over, actual connect time should be fairly low, since it is
essentially determined by the frequency and durations of
transfers or other operations requested from the central sys-
tem.

It is assumed here that a minicomputer in the $300,000
range (hardware only) could provide simultaneous support
to 25 to 30 users.3and therefore that up to 50 microprocessor
software development systems could be supported. The ac-
tual cost (purchase price) of the total system, per develop-
ment station, would therefore be about $6,000, plus the price
of the development system itself, which is about $20,000. If
it is assumed that one development system can fulfill the
needs of two programmers, that the central system has a
lifetime of five years, that a development system will be
obsolete after three years and that the cost of operating the
central system is the same as the cost of hardware, the cost
per programmer, per year should be in the vicinity of $5,000.

The service thus provided should be of very good quality,
combining those of a minicomputer-based time-sharing sys-
tem with those of microcomputer development systems. The
cost of computer time as assessed above should be com-
pared to figures used for many system developments. Typ-
ically, on a system such as a 370/158 where an average of
two hours of CPU time per programmer, per month is con-
sumed, the cost per year and per programmer is around
$10,000. An overall cost reduction of around 50 percent can
therefore be expected with respect to conventional systems.

With respect to stand-alone microcomputer development
systems, the concept presented increases the hardware cost
by around $6,000 per development system, plus operating
costs. But it is pointed out that:

1. Printers on the development systems are no longer
necessary, since printing is done at the central site
(typical cost of a printer is $2,000-4,000).

2. Extra diskettes are no longer necessary, since a large
disk capacity is accessible on the central system (an
add-on, double density dual diskette costs around
$5,000).

3. Extra services such as library maintenance, documen-
tation aids, etc., and fast /O devices are accessible on
the central system.

CONCLUSION

This approach is being progressively implemented at CIT-
Alcatel for the development of distributed microprocessor-
based switching systems. Initially, INTELLEC systems
were connected to CII-IRIS 80 as Remote Batch stations
giving access to all development tools available for other
developments, then, to improve access conditions and re-
sponse times, they were connected to a CS 40 (a computer
developed by CIT-Alcatel for switching systems), as time-
sharing consoles. Replacement of the CS 40 by a minicom-
puter, to further reduce the costs of the system, is now
being considered.

The system described offers distinct advantages with re-
spect to developments on large systems, or on stand-alone
microcomputer development systems, although in its pres-
ent form the overall services offered are limited by the
performance of the individual development stations, and by
the transfer rates.

Nonetheless, the services offered and the flexibility gained
make the system the real solution to the software develop-
ment problem for the builders of large systems who want to
use commercially available development products.
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INTRODUCTION

One of the most serious problems for vendors of software
is pressure from users to enhance and extend their prod-
ucts.! One important type of enhancement is the change in
language form aimed at improving user productivity by mak-
ing the system easier to learn and use. Ideas for this sort of
enhancement appear regularly in such publications as Sig-
plan Notices. As evidenced by the correspondence in that
publication, there are many opinions on the quality of these
proposals. However, little is known about the actual fate of
enhancements that have been added to existing software
systems and released to users. When a new feature is re-
leased with the best of intentions and the usual fanfare of
documentation and instruction, its acceptance by program-
mers may have little to do with the sincerity of the request
or the quality of the feature.

This paper reports on one experimental study of the fate
of enhancements to existing software systems. Features
whose desirability was established by a survey of the user
community were added to an established and heavily used
text and program editor. The enhanced editor was then
released to replace the old editor for a part of that commu-
nity, and the reaction was monitored. The remainder of this
paper details the experimental method, gives the results,
and draws conclusions on the fate of software enhance-
ments.

EXPERIMENTAL METHOD

The experiment used to test the fate of user-requested
enhancements to software systems proceeded through sev-
eral distinct phases. In this section, I explain what was
involved, beginning with the choice of software system and
user community.

The system used in the experiment was the text editor of
the UNIX** time-sharing system.?? The editor is the main
tool for program and document developments on the system.
It falls within the QED family of editors tracing back to
Deutsch and Lampson’s editor.* It is line-oriented and

* Present address: Sperry Univac, Blue Bell, PA.
** UNIX is a trademark of Bell Telephone Laboratories, Inc.
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biased towards the execution of single commands in isola-
tion and identification by a pattern of strings to be miodified:"

The programming organization involved in the experiment
was the Switching Operations Systems Laboratory of Bell
Laboratories in Columbus, Ohio. The laboratory produces
minicomputer-based real-time systems for the telephone net-
work. The laboratory employs more than 150 people. Over
100 have some involvement with programming. Within the
laboratory, large amounts of program and document devel-
opment are regularly done with the text editor.

The experiment began with a set of proposed enhance-
ments consisting of Features 1 through 5 listed in Table I.
Included in the laboratory is a group specifically responsible
for operating system support including dealing with user
problems with the editor. The majority of ideas for enhance-
ments were drawn from their experience. Each feature was
aimed at making the system easier or safer to use by sup-
plying faciiities either significantly more complex to access
or not available in the existing editor. Feature 1 allows the
reduction of a sequence of two or more commands to a
single step. Features 2, 3, and 4 allow savings in the size of
commands. With Feature 2, surrounding characters need
not be included in order to identify a string meant for sub-
stitution. With Feature 3, a repeated string of characters can
be identified by a shorter string. With Feature 4, repeated
replacement strings can be identified by even simpler means.
Feature 5 is meant to protect against loss of information by
premature exit from the editor. Hence, each feature made
a positive contribution to the use of the editor. Features 3,
4, and 5 were suggested by the members of the support
group, and Features 1 and 2 were developed with their
assistance. All the additions were upward-compatibie from
the current editor, with the exception that the special char-
acter used in Feature 4 would take on a different meaning
in a single context.

The entire laboratory then evaluated the proposals
through a formal survey which detailed the enhancements.
Respondents were asked to identify their usage of the text
editor, to rate the proposed features in terms of helpfulness
in their own work, to estimate their likely rates of usage,
and to rank the features in terms of desire in seeing them
implemented.

Based on the survey, Features 2, 3, and 4 were chosen
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TABLE I.—List and Description of Enhancements Used in Study

No. Description

1 A command to interchange two groups of lines.

2 The ability to identify for substitution specific instances of
matches of patterns within a line. Previously, either the first or
all matches had to be substituted for. Now, individual matches
or sets of matches could be specified.

3 The ability to define simple macros within an editor session.

4 The ability to use a special character to stand for the second and
subsequent references to a string when inserted by consecutive
substitute commands.

5 A special warning when exiting from the editor without writing
out the work space to a permanent file.

6 The ability to append the work space to the end of an existing
file.

for implementation. The special character in Feature 4 was
changed to a less-used symbol. In addition, another feature
suggested by a member of the support group, No. 6 in Table
I, was chosen for implementation. This feature aliowed a
sequence of editor and UNIX control language commands
to be replaced by one editor command. The four features
were implemented without noticeably changing the editor’s
performance characteristics.

The testing phase saw the extended editor replace the
original on two selected computers within the laboratory.
Two common methods of release were used. The editor was
first released on the computer used for systems development
by a group of nearly 50 people, herein called Group 1. Each
person received extensive documentation on the new fea-
tures, including examples of the features’ usefulness. Group
I was also alerted to the change in the editor by a message
that appeared on its terminals whenever the UNIX system
was entered. At a later date, Group I received replacement
pages for the programming manuals describing the extended
editor. Consulting was made available on the features during
the first week after release. Announcement of the existence
of the features also appeared several weeks later in an in-
ternal UNIX users’ newsletter.

The extended editor was also installed on the development
computer for another project involving a dozen people,
herein called Group 2. The small size of this group allowed
special attention to be given to the programmers, including
a half-hour introductory lecture given to the entire group
upon release, and individual follow-up sessions two weeks
later. The same introductory memo and message used with
Group | was used on the day of release to Group 2. The
new manual pages were also distributed on that day. At that
time, the newsletter had already been issued.

The evaluation of the features involved both automatic
monitoring of editor usage and further surveys. All uses of
the existing editor were monitored for a time prior to release
of the extended editor to obtain a basis for comparison.
After release, usage of the new features was monitored for
an extended period of time. The monitoring dates are given
in Table II. Group 1 had an initial monitoring period lasting
over three months. Between 317 and 1151 editor sessions
were recorded, with an average of 651 sessions per time

period. Total commands monitored numbered over 375.000.
With Group 2, monitoring was done over the three weeks
following release. Between 132 and 481 sessions were re-
corded for each full day: the average was 277 sessions. Total
commands numbered over 53,000. All information was ob-
tained while both groups were carrying out normal duties.

Approximately eight months after release of the revised
text editor, a follow-up survey was distributed to the users
to obtain their impressions of the helpfulness of the new
features, especially with respect to other features in the
editor. The users were also asked to estimate their familiar-
ity with different features in the editor. A final monitoring
period covering 1200 sessions and over 110,000 commands
was employed for Group 1! (see Table II). At that time,
Feature 3 had been removed from the editor (due to the
preliminary interpretation of the results given in the follow-
ing section).

To summarize the method employed, the user community
was first consulted on the choice of enhancements. The
usage of the editor was then monitored both before and after
the release of the new features. Further polling was done
after the user community had the opportunity to use the
features. Some further monitoring completed the survey.
The results of the experiment are given in the following
section.

RESULTS

The pre-implementation survey served as a check on the
users’ desire for the proposed enhancements. The monitor-
ing and the follow-up survey established the fate of the
enhancements. This section presents the quantitative results
of these efforts.

The choice of enhancements was clear after the pre-im-
plementation survey. Fifty-six users returned completed
surveys: 27 were from Group 1 and 8 from Group 2. Ninety
percent of the respondents indicated regular use of the edi-
tor. A high level of interest in the survey was reflected in
the more than two dozen extra comments and suggestions

TABLE II.—Dates and Working-Days with Associated Time Period Labels
on which Editor Usage was Monitored for Each Experimental Group

Group 1 Group 2
Working Working
Time Period Dates Days Dates Days
Base 8/31-9/6/77 4 10/17-10/25/77 6.5
I 9/7-9/8/77 2 10/25/77 0.5
2 9/9-9/12/77 2 10/26/77 1
3 9/13-9/14/77 2 10127/77 1
4 9/15-9/18/77 2 10/28-10/30/77 1
5 9/19-9/20/77 2 10/31/77 1
6 9/21-9/22/77 2 1177 I
7 9/23-9/26/77 2 11/2/77 1
8 10/12, 10/18/77 2 11/7/77 1
9 11/3-11/4/77 2 1977 1
10 11/16/77 | 11/10/77 1
11 12/19-12/20/77 2
Final 6/2-6/10/78 6
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TABLE Ill.—Average Estimates of Helpfulness of Each Proposed Feature
Obtained from Preimplementation Survey, Indexed by Groups

Features
Group 1 2 3 4 5
Entire Lab 3.04 2.64 2.59 2.45 3.15
Group 1 3.00 2.89 2.65 2.44 3.30
Group 2 2.62 2.75 2.62 2.43 3.75

NOTE—Scale for point values show: 1=Very Helpful: 2=Helpful:
3=Somewhat Helpfui: 4=No Help: 5=An Impairment.

concerning the text editor that were returned with the sur-
vey. Table III shows a near-uniform evaluation of Features
2, 3 and 4 as the most helpful. Table IV shows the three
features as being the most preferred for implementation.

Respondents predicted a high usage of these features.
They had the choice of predicting use as follows:

. Every Session
Every Few Sessions
Occasional Sessions
. Rare Sessions

. Never

In Group 1, for example, 54 percent of the 26 respondents
predicted use in the highest 3 categories for Feature 2. Sev-
enty-six percent of 25 respondents chose these same cate-
gories for Feature 3. Eighty-one percent of 27 respondents
did the same for Feature 4. We can conclude that the users
see these features as desirable. With the monitoring results,
it is easy to determine the accuracy of these predictions.

The surveys were completed by the end of July 1977. On
September 7, the expanded text editor and documentation
were released to Group 1. The actual usage of the features
versus time periods is shown in Figure 1. The scale of the
horizontal axis is proportionate for the first three work-
weeks. The last four monitoring periods do not maintain the
scale. However, results for these periods are approximately
the same. The editor was released to Group 2 on October
25, 1977 at the same time the introductory lectures were
given. The use of the features by Group 2 is shown in Figure
2. The horizontal axis in this figure is linear. The follow-up
visit to Group 2 was on Day 11.

The two figures are very similar. Initially high usage rates
decreased quickly. Figure 1 differs by showing a large
“*spike’” for Feature 6. Figure 2 shows apparent recovery

TABLE IV.—Average Rank of Each Proposed Feature on a Preference-
For-Implementation Ordering Obtained from Pre-implementation Survey,
Indexed by Group

Features
Group i 2 3 4 5
Entire Lab 3.30 2.75 2.50 2.15 3.45
Group 1 3.35 2.92 2.36 2.30 3.80
Group 2 3.14 2.29 1.33 3.00 4.29

NOTE—A rank of 1 indicates highest preference; 5 indicates lowest.

TABLE V.—Comparison of Uses Per Session and Usage Rate Categories
of New Features and Eight Selected Old Features. a-h, with Values
Established by Base and Test Period Monitoring. Indexed by Group

Group 1 Group 2
Uses Per  Usage Rate Uses Per  Usage Rate
Features  Session Category Features  Session Category
a 2.807 1 a 1.036 1
g 841 1-2 g 458 2
d 178 2-3 d 343 2
e 15 3 e It 3
h .082 3 h .060 3-4
c 075 3 b 017 4
2 .030 4 2 .009 4-5
4 .026 4 c .006 5
6 025 4 6 .004 5
b 019 4 4 001 5
f .008 5 f .000 5
3 .005 5 3 .000 5

NOTE—Values for older features established during base period, excépt for
feature 4 in Group 1 which was from test period. Values for new features
established by use in Time Periods 6 to il for Group 1, and Time Periods 6
to 10 for Group 2. Features a-# represent a typical assortment of commands,
e.g., the substitute and change commands, and features of commands. e.g.,
end-of-line marker and changing all matched strings.

from low values for Features 2 and 6 late in the period
monitored, but a decrease on the last day. Also, Figure 1
has generally higher usage rates throughout than Figure 2.
The data, therefore, indicates that the special attention given
to Group 2 did not improve acceptance.

To get a better insight into the acceptance of the enhance-
ments, their usage rates can be compared to that of older
features obtained during the base period. This is done in
Table V through a comparison with eight commands and
features whose usage are represeniative of the distribution
of rates for all features. In order to obtain fair values for the
new features, usage rates are taken from the last half of the
time periods monitored—Time Periods 6 through 11 for
Group 1, and Time Periods 5 through 10 for Group 2. To aid
in comparison with the categories on the pre-implementation
survey, a ‘‘usage rate category’’ obtained from a scale
shown in Table VI is used to characterize the information.
Two numbers show rates between categories. In either eval-
uation, the usage of the new features is towards the low end
of the usage rates.

Individualized rates were also low. Counting individual
logon identifiers as distinguishing individual users, there
were 45 users in Group 1 throughout the experiment. During
Time Periods 6 to 11, 16 percent used Features Z and 4 more
frequently than at the ‘*Rare’’ level. Eighteen percent used

TABLE VI.—A Numerical Interpretation of Usage Rate Categories Used
on Preimpilementation Survey

No. Usage Rate Categories  Sessions Per Use Uses Per Session
1. Every Session 1 or less 1 or more

2. Every Few Sessions 2-4 .5-.25

3. Occasional 8-16 .125-.062

4. Rare 32-64 .031-.016

5. Never 128 or more .008 or less
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Sessions Uses
per per
Use Session
350~
3 —
l
) Feature No. 2 —— - ——
280- Feature No. 3 ———— — —
i— Feature No. § —— — ——
Feature No. 6
il
140-
3 -
'ﬁ - .u]n -
32-
64 _
128

Feature 6 at that level. No one used Feature 3 at that level.
This places the usage of Features 2, 3, and 4 well below
those predicted on the pre-implementation survey.

Table VII gives another view of individual usage rates
through the number of users accounting for percentage of
use. It shows how many users in Group | accounted for 50
percent, 75 percent, 90 percent and 100 percent of all uses
of the four new features during Time Periods 6 to 11. Since
the total number of users on the system at the time was 45,
no feature was used by a majority of users. Feature 3 is
obviously lightly used (it was deleted shortly after this data
was obtained). Feature 6 has the fewest users accounting
for the most usage. Over the entire test period, two users
accounted for 88 percent of its use. The spike seen in Figure
1 is a side effect of this since the heavy users concentrated
their use of the feature on several isolated days. All three
of the features that were used show a sharp decline in num-
bers of users as lower percentages of use are considered.
Hence, a few users account for most of the usage.

For comparison, individual contribution to the use of four
established features and the sum of all commands during the
Base Period were analyzed for Group 1. This produced the
same type of distribution seen in Table VII. Among other
facts, this indicates that there are a few very heavy users of
the text editor. Interestingly, these users do not substantially

Time Periods

Figure 1—Usage of new features with respect to time by Group 1.

contribute to use of the enhancements. One is among the 75
percent usage group of Feature 2, and another is among the
75 percent usage group of Feature 6. None fit in any 50
percent group.

Analysis of the individuals who used the new features
showed that there is little overlap among users of the new
features. Only two users account for usage in more than one
feature at the 50 percent or 75 percent levels. In terms of
usage per session, there are 12 different users in Group 1 at
the Occasional level or higher for at least one feature. The
same type of variation is seen among users of the four older
features analyzed. Hence, both the style of use of the editor
and the changes in style resulting from the enhancements
differ widely.

TABLE VII.—Number of Users Accounting for Percentage
of Use of New Features During Time Periods 6 to 11 for

Group 1
Features
Percentage 2 3 4 6
100 13 1 10 11
90 6 1 6 6
75 4 1 4 2
50 2 I 3 1
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350 -
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\
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Time

Figure 2—Usage of new features with respect to time by Group 2.

The follow-up survey was distributed a few months after
obtaining these values. At that time, I was inclined to think
that the features were rejected. However, the response given
in Table VIII indicated a different conclusion. Users who
were in the two experimental groups at the time of the first
survey clearly rated Features 2 and 4 more helpful than they
did on the pre-implementation survey. Ignoring the votes of
those who stated they were unfamiliar with the features, the
popularity of these two enhancements is even higher. Fur-
ther, users found Features 2 and 4 as helpful as the majority
of the older features considered. Users therefore had ac-
cepted at least two of the four features.

In order to see if the acceptance of the features translaies
into new levels of usage, the results of the Final Period of
monitoring of Group 1 can be analyzed. In some ways, rates
are changed. Usage rates of Features 2 and 4 are .057 uses
per session and .089 uses per session, respectively. This is
nearly double and more than triple the earlier rates. Feature
2 is now near the top of the Occasional-To-Rare category,

while Feature 4 is well into the Occasional category. At the
same time, Feature 6 is now in the Never category with a
usage rate of .005 uses per session. As opposed to increases
in usage rates, the number of users of the features has not
substantially increased. There were 52 on the text editor
during the period. Features 2, 4, and 6 were used by 14, 11,
and 8 users, respectively. Table IX shows that the identity
of the users of Features 2 and 4 during the earlier and later
periods is often the same. The level of use is also similar.
In particular, few users drop to the Never category. This
shows that users have some loyalty to tools they have begun
to use, but it also shows that the increases in overall usage
rates of Features 2 and 4 are not matched by other increases.

DISCUSSION AND CONCLUSION

To summarize the preceding section, it can be seen that
the study produced several distinct results. Users responded
positively to a set of features presented to them through a
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TABLE VIIl.—Average Evaluation of Helpfulness of New Features and
Selected Old Features, with Number Responding as Not-At-All Familiar
with Each Feature, and Average Evaluation of Only Those Familiar,
Indexed by Groups and Obtained from Follow-Up Survey

Group 1
(22 respondents)

Average Number of Respondents Average Helpfulness of
Feature  Helpfulness Not-At-All Familiar Those Familiar
a 1.00 0 1.00
e 1.24 0 1.24
h 1.33 0 1.33
d 1.55 0 1.55
4 1.95 2 1.79
g 2.00 2 1.79
c 2.00 1 1.89
2 2.14 5 1.75
f 2.35 5 1.80
6 2.43 2 2.26
3 3.00 5 2.67
b 3.38 5 3.10
Group 2
(7 respondents)
Average Number of Respondents  Average Helpfulness of
Feature  Helpfulness Not-At-All Familiar Those Familiar
a 1.00 0 1.00
h 1.00 0 1.00
c 1.43 0 1.43
g 1.71 1 1.50
2 1.71 | 1.50
d 1.71 0 1.71
f 2.00 1 1.83
4 2.00 0 2.00
e 2.82 0 2.82
[ 2.86 1 2.66
3 3.20 3 2.67
b 3.33 4 2.50

NOTE—AII respondents were members of laboratory at the time of the Pre-
implementation Survey. Scale for point values show: 1=Very Helpful:
2=Helpful; 3=Somewhat Helpful; 4=No Help; 5=An Impairment.

survey. A high usage rate immediately after release quickly
decreases to well below predicted levels and below the levels
of use of most other features. The group receiving special
instruction shows no higher usage rates. The effect of the
enhancements on individual usage styles varies considerably
and the style of the heaviest users of the system are less
affected. A degree of loyalty to tools is evidenced by users.
In addition, users’ subjective evaluation shows greater ac-
ceptance of the features. These features were clearly desired
by users. Assuming that these results are an example of the
general reaction to software enhancements, it is important
to understand their underlying causes and to consider the
consequences the pattern has on computing.

Peter Naur® and many others have commented on the
difficulty of new programming languages gaining accept-
ance. A guess at one reason for this is that people and
organizations, through their personal commitment of re-
sources, have developed strong usage habits. I believe that
similar habits, those dictating the way in which people use

a particular language, are what produces the pattern that
this experiment has uncovered.

There are a number of points that lead me to favor this
explanation. Probably the most striking evidence is the pe-
culiar distribution of users over both old and new features,
and their loyalty to the features they have adopted. This
points to the existence of well developed styles on a level
that would interfere with acceptance of new features. The
lack of agreement between reality and subjective observa-
tion can be explained by the tendency for habitual activities
to be performed without conscious recognition. This lack of
agreement is found in the users’ evaluation of features ver-
sus their actual use. It also was evident in discussions with
Group 2 where several users indicated they were using new
tools more heavily than what concurrent monitoring
showed. Finally, habit can be seen in the rejection of the
enhancements by the heaviest users. These users are likely
to depend most on habit to achieve their high usage rates.

Whether or not habits are the reason for the results arrived
at, -the consequences of the results must be considered.
These consequences must differ with the perspective
brought to the problem. As a vendor, the goal is to satisfy
user demands. Since subjective evaluation can be high with-
out correspondingly high usage rates, enhancements can be
successful. As a user, or better yet, as the party who bears

TABLE IX.—Number of Users in Group 1 of Features 2 and 4 Compareu
by Usage Rate Categories: Time Periods 6-11 vs. Final Time Period

1 2 3 N.A.
1
1-2 1 1
Usage Rate 2 1 1
Category in  2-3
Time Periods 3 |
6-11 3-4 1 1
4 2
4-5
5 X 1 1
5 45 4 34 3 23 2 122 1
Usage Rate Category in Final
Time Period
a. Users of Feature 2
1 N.A
1
1-2
Usage Rate 2 1 1
Category in  2-3 1 1 1
Time Periods 3 1
6-11 34 1
4 1
4-5 1
S X 1 2 1 1

5 45 4 34 3 23 2 12 1

Usage Rate Category in Final
Time Period

b. Users of Feature 4

NOTE—N.A. (Not Applicable) columns and rows identify users not recorded
as nsing the text editor during given time period. X indicales that no values
are given for constant nonusers.
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the expense of the enhancements, these same arguments
can be presented. However, it is more likely that people will
want to see some resulting usage. The experiment has shown
that scattered usage is possible. This may be enough to
justify the enhancements. There are, however, cases where
as general an adoption as possible is desired; for example,
when the enhancement is a software tool that will improve
productivity. In conclusion, let’s consider what to do in
these situations.

The problem is to get as many users as possible to use a
new feature. New arrivals to a system do not, of course,
have established programming habits. Securing their ac-
ceptance of the desired feature should be easier. An envi-
ronment that approaches that of a new arrival to a system
appears achievable by revolutionary change in a program-
ming environment. For example, a group at the Columbus
laberatory reported success at changing their programming
style when they changed from one programming language to
another, from FORTRAN to “*C.”" ¢ At the same time, peo-
ple already using the target language had a more difficult
time adjusting.

In addition, there may be ways to reach users in evolu-
tionary situations. The experiment shows that the habits of
established users cannot generally be changed by simply
presenting information. Even the more elaborate process
employed with Group 2 failed. However, from my discus-
sions with that group, one possible tactic emerged. Several
people liked the features but did not remember them when
they used the editor. Similarly, many people who had been
in the two groups at the time of release noted on their
surveys that they were Not-At-All familiar with some of
them. Several commented that they would use one feature
or another now that they knew it was available. For these
users, the problem is not learning but remembering; typical
aids to memory such as opcode cards, lists of features at
work sites, and suggestions for use generated by systems
are promising tools.

One final possibility is change via software project man-
agement. People respond to guidance. Weinberg and Schul-
man? have experimental evidence that programmers will dra-
matically alter the style and structure of the programs they

produce in response to guidance. Hence, in achieving gen-
eral adoption of a software enhancement, there is the pos-
sibility of managing its adoption.

In summary, this paper has reported on a case where
desired software enhancements were not generally adopted
when introduced into an existing programming environment.
I maintain that this indicates the presence of well established
habits and suggest the need for more vigorous acceptance
methods to ensure that new software tools produce changes
in programming style. I conclude that it must be the task of
sofiware engineers not only to discover enhancements to
software systems but also to discover better methods of
ensuring their use.
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Experiences in building and using compiler validation

systems

by PAUL OLIVER
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Washington, D.C.

INTRODUCTION
Software Validation

For purposes of this discussion, the term *‘software vali-
dation’” refers to the process of testing a completed software
product in its operational environment. The scope of this
paper is further limited in the following ways: the experi-
ences described are not applicable to applications software;
the validation systems discussed must be capable of func-
tioning on a variety of dissimilar hardware and operating
systems; the staff performing the validation is not involved
in the development or the maintenance of the products being
tested; and the result of a validation could impact the eligi-
bility of the product for procurement. This environment
imposes unusual and stringent requirements on the porta-
bility of the validation systems and the auditability of the
validation.

The methodologies available for software validation are
few. Design simulation? can and is being used, concurrently
with software system design, to evaluate the effects of var-
ious system requirements or design alternatives once the
system has been defined and modeled. Problem statement
languages! provide a formal syntax and semantics with
which to communicate needs of users to analysts, and are
applicable during the system definition and design phases of
a software development effort. Neither design simulation
nor problem statement languages are applicable to the test-
ing of a completed product. The experiences of the Federal
COBOL Compiler Testing Service (FCCTS) suggest that
functional testing®>~* is the most thorough technique pres-
ently available for testing a completed software product.

Functional Testing

Functional testing is the process of executing a series of
generally independent tests designed to exercise the various
functional features of a software product. The examples
discussed in this paper will address the testing of compiiers,
but the findings and conclusions are applicable to system
software in general. The exclusion of application software
is not meant to suggest that such software is not amenable
to functional testing, but is, rather, a reflection of the general
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inadequacy of specifications for applications software. It is
difficuit to test for the valid implementation of functions
when the functions themselves are ill-defined. This is of
course a subjective observation, and it is aiso true that the
specifications of a compiler’s architecture (generally, the
standard) often leave much to be desired.

Functional testing can be used to test characteristics of
software such as performance and integrity, but is most
commonly used for specifications testing. Thorough func-
tional testing requires a complete test plan, systematic con-
trol of the testing effort, and objective measurements of test
coverage. Functional testing is applicable during implemen-
tation (verification), during evaluation (validation), and dur-
ing the maintenance phase of a software product’s life-cycle.

This applicability to all phases of test activities is a prin-
cipal advantage of functional testing. Furthermore, the thor-
oughness of testing is measurable in terms of number of
functions tested, and the revision and evaluation of test
specifications is relatively simple. Also, functional testing
offers a high degree of visibility to a customer, and is apt to
be well understood by that customer.

With these advantages come some disadvantages. The one
most frequently cited is that it is generally not possible to
assure that all possible features or decision points of a soft-
ware product are in fact tested. With regard to compilers it
is certainly true that it is not practical to test all possible
combinations of language components and data types. We
have not, however, found this to be a serious shortcoming,
since it is certainly possible to test all reasonable combina-
tions. What is ‘‘reasonable’’ is admittedly a subjective judg-
ment, but such subjectivity regarding test limits is hardly
unique to software testing. A more serious problem, from
the FCCTS experience, is that functional testing can only
be as good as the specifications being tested. Thus, it is an
unfortunate fact that many important features of a compiler
cannot be tested because the pertinent language specifica-
tions are ambiguous.

THE FCCTS EXPERIENCE

The Federal COBOL Compiler Testing Service has, dur-
ing the years 1973-1978, performed official validations of
over four dozen COBOL and FORTRAN compilers,? in
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support of Federal Government procurement regulations.
What follows are descriptions of some of the results of these
activities, a summary of the resources expended in perform-
ing such validations, a description of the technical problems
encountered, and suggestions as to what future work re-
mains to be done in this area. It is the intent of this paper
to present data on specific experiences which can hopefully
lead to useful generalizations regarding functional testing.

Validation of FORTRAN and COBOL Compilers

The importance and utility of higher-level languages is, in
this writer’s opinion, no longer at issue in data processing.
The steady decline in hardware costs, a growing awareness
of the importance of programmer productivity and software
reliability and maintainability, and improvements in the
quality of code produced by compilers have nearly termi-
nated arguments regarding the relative effectiveness of
lower- and higher-level languages.

This trend has made the compiler the most visible com-
ponent of system software. To many programmers, the com-
piler is the system, since it is the tool which is most fre-
quently used in building a piece of software. It is therefore
important that the compiler conform to its specification. For
some compilers, most notably COBOL, FORTRAN, and
PL/I, these specifications (at the functional or architectural
level) are embodied in a standard.

The software development manager is faced with a mul-
titude of problems. The productivity of his average program-
mer ranges from three to nine lines of code per hour, and
has been increasing at a rate of only about 3 percent per
year.® Furthermore, the quality of his product is not too
good. and he may require as much as 75 percent of his
resources just to maintain the product once it is developed.”
These are not very encouraging figures. Thus, it is para-
mount that the manager, and his programmers, at least be
able to have some faith in the tools of their trade. In partic-
ular, it is not unreasonable to expect that a compiler conform
to existing standards in its translation of programs written
in standardized languages. There are of course limits to how
much a standard can do. A language standard is not like
most engineering standards. The state of the art in software
technology (or the level of maturity of the data processing
industry) is not yet at the point where such precision is
possible. Furthermore, rightly or wrongly, most, standards
still allow quite a bit of latitude to the implementor with
regard to the meaning of certain language constructs. Never-
theless, a language standard can and should provide a frame-
work for a workable, well-disciplined approach to software
development. This is in fact the fundamental contribution of
a language standard. It is important to recognize this because
one commonly hears dubious claims made on behalf of
standards—the most frequent of which is that the presence
of a language standard makes program conversion (within
the language, e.g., COBOL-COBOL) costs disappear. This

is simply not true. Programming practices, imprecise stand- -

ards, and environmental factors (e.g., operating system dif-
ferences) all contribute to keeping the cost of conversion

fairly high. An analysis performed by the FCCTS of some
32 COBOL-COBOL conversions reveals, for example, that
the conversion cost of one line of COBOL code can range
from $.50 to $6.00, and this suggests that conversion costs
are still high, even for programs written in “‘standard’’
COBOL.

To repeat—the principal purpose of a language standard
is to provide a disciplined, predictable, efficient framework
for software development. To fulfill this goal, a compiler
must perform according to the standard. Testing is required
in order to determine conformity.

The FORTRAN and COBOL Compiler Validation Systems

The FCCTS has performed functional testing of FOR-
TRAN and COBOL compilers since its inception in 1973.
This testing has been done using the COBOL Compiler
Validation System (CCVS)® and the FORTRAN Compiler
Validation System (FCVS).? A detailed description of these
systems can be found in the references; only a brief sum-
mary is presented here. The CCVS74 (COBOL 74) consists
of nearly 219,000 lines of COBOL code which collectively
exhaust the meaningful constructs in the COBOL language.
The FCVS 78 (FORTRAN 77) consists of over 62,000 lines
of FORTRAN code, and represents a subset of the full
standard. The FCCTS has also produced a HYPO-COBOL
Validation System and an FCVS for FORTRAN 66, but the
size of these projects was so small (12,000 and 38,000 lines
of code, respectively) that data derived from them would be
misleading. The interested reader is referred to References
9 and 10.

The Validation Systems consist of syntactically correct
programs and an executive routine. The executive routine

is used to perform certain text editing (e.g., specification of

implementor names), for program and test selection (hard-
ware dependent language elements may not be testable), and
for the generation of job control language statements appro-
priate to the host operating system. Furthermore, an audit
log of these actions is produced. These functions are neces-
sitated by the environment in which the FCCTS operates—
portability of the validation systems and auditability of the
test procedures may not be required for in-house testing
(although they are not bad features to have).

The Validation Process

The Compiler Validation Systems used by the FCCTS are
necessarily generalized products, almost in the sense that
an operating system is generalized when it is first delivered
to a customer. A system generation process must take place
to produce a product which is tailored to the installation in
which it is implemented. In the case of the Compiler Vali-
dation Systems, this generation process consists of inserting,
through the executive routines, implementor names in the
source code, generating operating system control state-
ments, and deleting (actually, not generating) tests which
the compiler is unable to process at all, e.g., language fea-
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tures which the compiler does not implement. This genera-
tion process is performed by the organization whose com-
piler is being validated, with some assistance from the
FCCTS.

Validation is performed by the FCCTS staff, and consists
of executing the audit routines on site, reviewing the result-
ing raw data, and producing a Validation Summary Report.>

Results

Experiences with COBOL compiler validations were re-
ported by Baird and Cook.¢ It is encouraging to note that
many of the anomalies reported in 1974 have disappeared
from compilers today. Errors reflecting sloppiness or poor
judgement, such as performing syntax correctness checks
on comments, no longer occur. Errors in simple constructs
such as ADD, SUBTRACT, and COPY statements in
COBOL are no longer prevalent. There is little if any justi-
fication for such errors, and their disappearance suggests
that the availability of an independently-administered vali-
dation service has had an impact on compiler developers.

Table I illustrates the downward trend in both the average
and the maximum number of errors discovered during a
validation. It should be noted that the failure to implement
a particular language feature is regarded as an error by the
FCCTS. While this type of error is irritating to a programmer
who wishes to use the feature it is not as serious as the
presence of a feature which is incorrectly implemented,
since this latter type of error is deceiving. We are finding no
strong patterns in the errors found—i.e., our data does not
reveal any meaningful distribution of errors according to
language elements. The distribution according to modules is
what one might expect—65 percent of all errors were found
in the Nucleus, while 29 percent were found in the I/O
modules. It is perhaps surprising that only 1 percent of all
errors occurred in the remaining modules. We do note that
a large number of ‘*errors’’ are in fact caused by purposeful
implementation decisions on the part of compiler devel-
opers, particularly in input-output functions, data represen-

TABLE 1.—Validation Errors Summary

(1) Average number of errors found for COBOL 68 compilers

(1973) 18
(2) Maximum number of errors found for COBOL 68 compilers

(1973) 50
(3) Minimum number of errors found for COBOL 68 compilers

. (1973) 0

(4) Average number of errors found for COBOL 74 compilers

(1977) 9
(5) Maximum number of errors found for COBOL 74 compilers

(1977) 30
(6) Minimum number of errors found for COBOL 74 compilers

(1977) 1
(7) Average number of errors found for FORTRAN 66 compilers

(1977) i
(8) Maximum number of errors found for FORTRAN 66 compilers

(1977) 2

(9) Minimum number of errors found for FORTRAN 66 compilers
(1977)

tation, and other language areas which are closely related to
operating efficiency of the total data processing system. This
seems to suggest that implementors, when faced with the
decision of implementing a feature correctly or efficiently,
will chose efficiency. Given a community of users which
traditionally has favored "‘efficiency’” over correctness this
is not surprising; but it is not desirable. The misconception
that a rigorous standard inhibits efficient implementation is
still a prevalent one.

Finally, it should be noted that the reduction in errors
found in COBOL compilers took place during a period of
transition from COBOL 68 to COBOL 74. This makes the
error trend even more significant since it took place in a
development rather than a maintenance context, and oc-
curred in the face of an expanded, more complex version of
COBOL. :

A less encouraging trend has been the number of language
features which the FCCTS has been unableto-include-in-its-
Validation Systems. The FCCTS COBOL Validation Sum-
mary Reports list 24 language elements which are fully or
partially implementor-defined. Some, such as “‘computer-
name’’ in the COBOL SOURCE-COMPUTER paragraph
are innocuous and acceptable. Others, such as the represen-
tation of a valid sign in certain forms of numeric tests and
the number of positions carried for intermediate results of
arithmetic statements are, in this writer’s opinion, indicative
of a poorly-defined standard.

A typical result is that one recent COBOL Validation
Summary Report listed 15 results **for information only,”
i.e., applying to tests whose resuits are not well-defined by
the standard. Six of these referred to input-output functions,
and four to computation or comparisons. Thus, a COBOL
programmer cannot use such common and useful statements
as COMPUTE with any degree of certainty as to what the
results are to be from one compiler to the other. This is
perhaps to be expected in a language which is defined by a
committee, whose national standard is set by a second com-
mittee, and whose Federal standard is set by a third com-
mittee.

The results of FORTRAN compiler testing are not so
dramatic. This is due partly to the fact that testing to date
has been with respect to the 1966 FORTRAN standard. The
features contained in this standard are but a subset of most
FORTRAN dialects, and have remained stable over the past
12 years. Furthermore, FORTRAN is a simpler language
than COBOL. 1t is therefore not surprising that the error
rate found in FORTRAN compilers has been much lower
than that found in COBOL compilers.

Two generalizations come to mind. One is that methodi-
cally and independently applied functional testing of com-
pilers has produced meaningful and beneficial results. The
other is that functional testing is limited by the quality of
specifications.

Resources Required

Table IT summarizes workload and resources expenditures
data compiled by the FCCTS during the 1974-1978 period.



1054 National Computer Conference, 1979

TABLE I1.—Validation Projects Data

CCVS FCVS FCVS
74 HCVS 66 78
(1) Lines of delivered source 218,560 12,000 37,839 63,188
code
(2) Calendar months 49 13 1 20
expended
(3) Man-hours expended 11,200 781 1,959 4,600
(4) Lines produced per man- 19.5 15.4 19.3 13.7
hour

(5) Time distribution
(percent) Design/Code/
Test

35/42/23  36/48/16  40/37/26  50/30/20

The CCVS74 elapsed time data is somewhat misleading. The
49 months given for the development of CCVS74 were really
devoted to development of three distinct versions of the
product, each of which was really a distinct, usable product
in itself. Thus, periods of relative inactivity are included in
this timespan. The reason for this approach is that devel-
opment of the CCVS had to be coordinated with develop-
ment of COBOL compilers, and these were developed and
released incrementally. The first releases of COBOL 74
compiler implemented subsets of the language, and therefore
the audit routines tested only these subsets. It is a peculiarity
of compiler testing that development of the test tool must
rely on the compiler; it fact many vendors used portions of
the CCVS74 in testing their compilers during development.
The 49 months cited were therefore caused by a continuing
mutual “‘piggy-backing”” of compiler-audit routines devel-
opment.

Productivity was quite high on all the validation systems
development projects. This is due to a variety of reasons—
the product specifications were to some extent already in
existence (the standard represents specifications for audit
routines as much as for compilers), the FCCTS staff was
recruited for the specific purpose of software testing from
the inception of the FCCTS in 1973, and the experience
factor of the staff is quite high. Also, although a validation
system may be quite large, as with the CCVS74, it really
consists of a large number of relatively small, relatively
independent modules. Productivity in developing this type
of system will naturally tend to be well above average due
to the lowered incidence of interpersonal communication
required.

The project time distributions show a greater percentage
of the development effort is devoted to coding than one
would generally expect. Again, this is attributable to the
nature of the product being developed. The major phases of

TABLE IIl.—Validation Time Requirements

Personnel Type/Phase Average Hours Required

Professional/Preparation 4.0
Professional/Site Visit 20.0
Professional/Report Production 18.0
Clerical/Report Production 7.5

design, coding, and testing are not as distinct in this type of
product as they are generally. The modularity and module
independence of the audit routines make it convenient to
combine much of the documentation and unit testing activ-
ities with the code production phase in a way which makes
it impossible to separate the time associated with each.

Table III summarizes the FCCTS resources expended for
validations. We believe that a good portion of the profes-
sional time presently spent in the report production could
be shifted toward clerical time, and are taking steps to do
this.

A few observations regarding the makeup of the staff
might be of interest. The FCCTS was formed in 1973%and
performs some of its functions in support of Federal pro-
curement regulations. Previous experience with compiler
validation existed,® but much remained to be learned. Re-
cruitment and staffing therefore leaned toward experienced,
highly competent personnel, and the positions established
were fairly senior. This was wise at the time, but it is not
the optimal staffing pattern once some experience has been
gained, nor is it optimal outside the Federal procurement
support environment. Development of validation systems
requires a high level of skill, ingenuity and maturity during
the design stages of the product, and for the development
of certain support functions such as the executive routines
and code generators; but the coding and testing processes
bear such a resemblance to a production line that high-cal-
iber personnel is simply neither required, nor desirable.
Rather, such a project should be staffed along the lines of
a Chief Programmer Team, with some obvious modification
(it perhaps should be called a ‘‘chief designer team’’). The
project manager should also act as the chief designer, with
the primary responsibility for developing the test specifica-
tions. A software specialist should be responsible for de-
veloping support software such as the executive system.
The coding task can be relegated to junior programmers.
Ideally, a single individual should be responsible for com-
puter-based testing. It has been found very useful to have
programmers visually review each other’s code—the simple
structure of audit routines makes this practice very cost
effective. Documentation can be voluminous; the validation
system itself should be self-documenting, but such docu-
ments as user guides should be produced by a literate tech-
nical writer. Finally, a ‘‘'librarian’ is both feasible and use-
ful.

Technical Problems

It was indicated earlier that lack of completeness can be
a problem in functional testing. It has not been a problem
in compiler validation. The reason is that the potentially
combinatorial number of logic paths which should be tested
in application software (whose inputs are unpredictable) is
not a factor when testing a compiler. Ensuring that all mean-
ingful language constructs are tested may tax the patience
of the developer, but not his intellect. The problem is further
alleviated by limiting the tests to correct language con-
structs, i.e.. we do not insert erroneous code in the audit
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routines. This decision is motivated by the environment in
which the FCCTS functions. If we were developing tests for
an in-house product we would very likely want to introduce
erroneous code in the tests. We would then be faced with
the traditional question of what errors to introduce, at what
frequency distribution, and by whom should they be intro-
duced.

A problem we have encountered is that of properly iden-
tifying the building blocks of the audit routines. This is a
problem unique to validation of compilers. Since the audit
routines must be compiled by the compiler which is being
tested it is necessary to identify certain language constructs
for which correct compilation is taken as a set of axioms, in
the sense that if these features are not correctly implemented
there is no point in continuing the validation. An example
of this building block approach can be seen from the FOR-
TRAN Compilér Vitidation System (FORTRAN 77). Some
of the assumptions we have made regarding the Subset FOR-
TRAN are:

1. Six (6) character symbolic names and five (5) digit
statement labels are permitted.

2. Comment lines do not affect a program in any way.

3. Execution of the unconditional GO TO statement

GO TO s
causes the statement identified by the statement label
s to be the next statement executed.

4. Branching to a CONTINUE statement causes the
statement following the CONTINUE statement to be
the next statement executed.

5. The arithmetic assignment statements

variable = constant
variable = variable
function correctly.
6. The arithmetic IF statement functions correctly:
IF (e) sl, s2, s3
where e is any arithmetic expression of the form
variable + constant
variable — constant
and sl1, s2 and s3 are statement labels.
7. The character assignment statements
character variable = character constant
character variable = character variable
function correctly.
8. The logical expression
IF (character relational expression) executable
statement
where the form of the character relational expression
is
character variable .EQ. character constant
functions correctly.

9. The following form of the WRITE statement functions
correctly:

WRITE (u, f) iolist
where u is a unit specifier, f is a FORMAT identifier,
and iolist is an input/output list containing arithmetic
or character variables. The format statement contains
nH edit descriptors, X edit descriptors, numeric ed-
iting descriptors and/or A edit descriptors.

10. In order for the output report to have the correct
format, the use of the first character of a formatted
record for vertical spacing on a printing device must
function correctly.

The two characters which are used in printing the

report are:
Character Vertical Spacing Before Printing
1 To first line of next page
blank One line

11. The system output device has at least 56 characters
per line.

12. An integer datum consists of at least 16 bits of which
one bit is a sign bit.

13. A real datum contains at least 16 bits in the mantissa
and eight bits in the exponent.

14. A character datum of length 14 is permitted.

These assumptions are necessarily subjective—a different
designer might have made different choices. The point is
that choices must be made, and that the validity of the
choices must be determined prior to full testing.

Because the type of validation systems we are discussing
consist of a large number of small independent modules, and
because the high-level specifications are a **given’ (i.e., the
language standard) there is a tendency to bypass the design
phase (after having determined the **axioms’’) and to plunge
immediately into the coding phase. The danger with this
approach is not that the resulting product will be a faulty
one, but rather that it will be an unnecessarily voluminous
one. We have found it useful to develop general specifica-
tions which define in a broad way a set of tests for a given
language module or construct (e.g., arithmetic expressions),
and to follow these with a set of detailed specifications
which define each test. The general specs allow us to refine
the estimates of time and resources required for the project,
and to ensure completeness ‘‘in-the-large,”” while the de-
tailed specs provide thorough documentation and enable the
actual coding to be done by relatively junior personnel.

Audit routines should be self-checking. The volume of
output is far too large to be eyeballed. We have also found
it useful to be able to suppress printed outputs during the
testing phase of a validation system development.

We have encountered two problems which are unique to
an outside testing group which is testing a product on dif-
ferent systems. One is portability of the validation system;
the other is auditability of the test process itself. We must
be able to execute the audit routines on any compiler-op-
erating system-hardware combination, and we must be able
to assure the consistency of our testing procedures. The
executive systems allow us to fulfill both the goals. In-house
testing would require no more that a good text-editor and a
library management function. Additional details of the val-
idation process using the executive routines are to follow.

Although our productivity has been high we believe that
it is necessary to improve it. We would like to be able to
develop a validation system for a new language, e.g., PL/I,
in six months or less, while limiting the project staff to, say,
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five people. This is not yet possible. We have taken some
steps to increase our productivity. One has been to adopt
very stringent and precise development procedures, so that
tasks are completely interchangeable among project staff
members. These are described in greater detail below. We
have also found it useful to use the COBOL Compiler Val-
idation System executive routine in developing the audit
routines. This not only ensures consistency but also pro-
vides us with a useful and complete log of all significant
development tasks. Our major effort at improving produc-
tivity has been the development of a pre-processor, or gen-
erator, as part of our FORTRAN validation system project.

The generator is used to speed up production of ‘‘boiler
plate’’ material and repetitive code which changes only with
regard to statement labels. Specifically, the generator is used
to:

I. Produce standard comments which appear, unchanged,
before each grouping of tests or before each individual
test.

2. Produce code 10 be executed when a test is passed,

failed, or deleted.

. Produce ‘‘standard’’ variables declarations.

4. Generate statement labels which render the common
code segments unique.

W

While the generator has been useful. it should be noted
that it is not used to generate the test code itself. We have
given this possibility serious thought for over three years,
and have concluded that while test code generation is fea-
sible, it is not productive. Such an attempt would be useful
if either of these conditions were true:

1. We needed to produce multiple but differing versions
of a validation system for a given product.

2. The generator could be used to produce validation sys-
tem for different languages or products.

The former condition does not exist, while the latter is not
feasible except for the most simple-minded languages. We
are therefore faced with the uneasy feeling that we are reach-
ing a practical limit on productivity with regard to validation
systems development.

We do expect to achieve some improvements through a
refinement of our programming practices. Our standard de-
velopment rules presently specify the following:

® Symbolic name conventions

® Assumption or axioms

e Statement label conventions, particularly in distin-
guishing among test, pass, fail, delete, verify, and I/O
code

Convention for external unit identifiers

File naming and contents rules

Composition and organization of routines and tests
Phases in the development cycle

Use of the generator

We hope to find additional ways of expanding and using the

generator. but are skeptical as to the chances of making
quantum improvements in our productivity.

The Executive Routines

The executive routine is used to control the generation of
a specific Validation System, to control the generation of
job control language statements, and to perform updates.
System generation consists of program selection, identifi-
cation of options to be used and the validation environment,
and the control of report outputs.

Job control statements are generated for a given operating
system through a "‘higher-level language’’ which is used to
indicate the need for accounting statements (e.g., JOB or
RUN), for the invocation of processors such as compilers
and collectors, and for the initiation of execution.

Finally, a simple set of text-editing statements is available
for replacing, adding, or deleting source statements. As was
indicated earlier, the need for an executive system is pred-
icated on the degree to which the validation system itself
must be portable.

FUTURE WORK AND UNRESOLVED PROBLEMS

Much of our thinking during the past few years has been
directed at determining the feasibility of automating the test
generation process. Our motivation has been to increase the
rate at which we can produce compiler validation systems.
Others have been motivated by the perception of additional
problems: 3

1. Lack of a formal construction method

2. No reference to measures of test effectiveness

3. Manual preparation resulting in uneven product qual-
ity.

4. High costs

We believe, based on our experiences, that rigorous pro-
cedures, augmented by some support tools, adequately ad-
dress the first three problems. We furthermore do not be-
lieve that cost is an inhibiting factor. The cost of CCVS74
has been approximately $400,000 (including maintenance),
or somewhat under $2/line of code. This is an almost insig-
nificant cost compared to development costs in general.
Naturally, the fact that we act as a central service facility
whose testing product is applied to many compilers reduces
the relative cost—$400,000 spent to test 40 compilers is a
less disturbing figure than $400,000 spent to test one com-
piler.

Our experience to date suggests to us that attempts at
using a formal notation for the specification of programming
languages as the means by which a language’s syntax and
semantics may be described, and by which tests may be
generated, are ill-conceived. This approach is certainly fea-
sible. But, as anyone familiar with syntax-directed compi-
lation knows, this approach will not significantly reduce the
time required to produce compiler validation systems. The
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reason is simple enough—it is no easier to specify a test
using a formal notation than it is to specify it in the pro-
gramming language directly. Furthermore, the differences
among languages are great enough to preclude using a single
test specification to generate multiple tests, each in a differ-
ent language. We have not closed the door on this approach,
but we have become very skeptical of its merits.

A more serious problem, in our opinion, is that of the
poor quality of language specifications. It is in fact some-
what fruitless to concern oneself with the completeness of
a test vehicle when so many significant language features
are ill-defined. This is a solvable problem, but its solution
will require a “‘consumer movement,”” whereby users be-
come more critical of what is handed to them by standards
committees. As of now, inadequate language specification
represent the most significant limitation on function valida-
tion. The PL/I Standard is a major step forward i addressing
this problem, despite the criticism it has received.

A related problem has to do with the stability of the
product being tested. The FCCTS receives numerous com-
plaints that we often insist on revalidating a compiler be-
cause of new releases of the compiler or of its operating
system. Our rejoinder is that we will drop our requirement
for revalidation when offerors of compilers stop putting out
a new release every six months. The industry as a whole
has standards of software quality control that would embar-
rass most other professions.

Finally, more attention needs to be given to the devel-
opment of specifications languages, so that the process of
testing the specifications, producing a product from these
specifications, and producing a testing system with which to
test the product could be a largely automated, coordinated

effort. We are aware of the work that is under way in this
regard, but results have been very meager.
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Automatic program synthesis via synthesis of loop-free

segments™
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INTRODUCTION

Work on theorem-proving-based automatic program synthe-
sis (see Lee, et ai.,” for example) has been negiected iately.
In their 1971 paper, Manna and Waldinger® covered one of
the main reasons why—the difficulty of synthesizing pro-
gram loops within the current state of the art of automatic
theorem-proving.- However, there is a great deal of contin-
uing work in theorem-proving, and it is important that mo-
tivating work in related areas such as program synthesis not
be neglected.

Most theorem-proving-based synthesis systems attempt
to constructively prove theorems of the form, **for all input
values satisfying the desired input predicate 7, there exists
a corresponding set of values of output variables which
satisfy the desired result predicate, R.”” The resulting pro-
gram (if any) is correct with respect to the input and output
predicates. In general, inductive proofs are needed to syn-
thesize the loops within a program. This causes difficulty,
and in fact previous work has not been notably successful
with loops. To quote Manna and Waldinger, **. . . these
systems have been fairly limited; for example, either they
have been completely unable to produce programs with
loops or they have introduced loops by underhanded meth-
ods.”” Since most interesting programs contain loops in some
form, this is a crucial problem for successful synthesis. We
will limit our discussion to iterative loops.

Manna and Waldinger outlined an approach to automatic
synthesis which attacked the problem of iterative loops, and
discussed the use of various forms of induction for reducing
synthesis to the proving of loop-free (i.e., induction-free)
lemmas. However, they were dissatisfied with the large
number of equivalent induction principles required by their
approach. In fact, only a single rule is needed. Loop invar-
iants can be used to provide a single, general rule for ex-
pressing the synthesis of loops in terms of loop-free lemmas.

We consider only input and output predicate pairs, I and
R, which make sense in the context of program synthesis;
i.e., they must be decidable and ‘‘define’” a nontrivial re-
cursive function, in the sense that F{I(v)—>R(v,F(v))} is
true. If a recursive function is ““defined’” by an I,R pair,

* This work was partially supported by NSF Grant No. GJ-36424.
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then there exists a program for computing the function. We
show that such a program can be-synthesized via synthesis
of only loop-free program segments. The necessary formu-
lations are constructed by using loop invariants associated
with while—do loop forms to state these loop-free lemmas,
which can take the standard forms expected by many syn-
thesis systems. ’

DECOMPOSITION INTO LOOP-FREE SEGMENTS

If a program P, correct with respect to an input predicate
I and a result predicate R, can be found, then it computes
a function F,, such that

I(vn)>R(0in, F p(v1)) (N

where v;, is the vector of values of the program’s input
variables. For a large class of recursive functions, there
exist natural decompositions of the form
Fo(Fo (. .. Fi)...))=F(v), n>1, where F is the orig-
inal function and v is its argument. This form of the decom-
position still holds for any function for the trivial cases
where one of the F;is F and the rest are identity functions.
Let us consider some decomposition of our function Fp,
such that

Fo(Fuoy(. . (i) - . ))=Fp(via) @

Let P; be a program for computing F;. A program comput-
ing F» may be constructed by concatenating the programs
P,, ..., P,. Though the decomposition (2) may be trivial,
for most programs there will exist non-trivial ones.** Now
consider the set of all P; satisfying the decidable input and
resuit predicated defined as foliows:

I,=I,

L) =530, [1(0:)Nv=F;,(. . . Fy (tw) -« . .1,
for 2= j=<n,

and R;(v,v")=2{p'=F,(v)}.

Any concatentation P,P, ... P, of P;s satisfying these

** Tt will be recognized that this decomposition is included in the very well
known concept of stepwise refinement in program construction (see Mills9).
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predicates will produce a program which computes Fp,
provided that each P; is constructed to terminate. The pro-
gram so produced will thus be correct with respect to / and
R.

We proceed to show that, under this scheme, there will
always be a satisfactory set {P,, P,, . ... P,} such that
each P; contains at most one loop. Since any computable
function can be computed by a program with a single loop,
each F; can be computed with at most a single loop. Each
such single-loop program has an associated loop invariant
which is sufficient for a Floyd-type correctness proof. This
follows from the loop invariant existence proofs in Refer-
ences 2 and 4. Therefore there will always be a satisfactory
set of P;s such that each one contains at most one loop,
which can always be of the form **(initialization) while B do
{loop body).”” F, can thus be computed by a concatenation
of single loop program segments which have associated loop
invariants. We will use this fact to complete the analysis
leading to our characterization of general program synthesis
in terms of loop-free lemmas.

Manna and Waldinger® considered synthesis in terms of
the proof of first-order theorems of the form

vvin[l(vin )—)(avout )R(vin9uaut )]’ (3)

where v;, is the vector of input variable values, and v,,, the
vector of output variable values. Let us now consider any
arbitrary single loop program with while—do loop form,
correct with respect to input and result predicates I and R.
Such a program has two segments—the initialization code
and the loop body code—and has a lo /p control predicate,
B. and a loop invariant, (), such tha: Q/A~B—R. We can
synthesize the two segments separclely and then use the
two segments to assemble the program into its while—do
structure.

Initialization code must produce output satisfying the loop
invariant whenever the input predicate is true. Thus the loop
invariant acts as the result predicate of (3) and initialization
can be stated in terms of the induction free lemma

Vo {d(vin)—>30e[Q(ve,00)1}, 4)

where v is the vector of all program variables, with v,
representing its initial value.

The input conditions for loop body code entry are that the
loop control predicate, B, is true and that the loop invariant,
Q. is true. The desired output of the loop body code must
satisfy the loop invariant. Further, since we wish to synthe-
size programs which terminate, we require that the input to
the loop body code, which satisfies B, must be transformed
into output which is closer to not satisfying B. The predicate
ensuring this, denoted by P(v,v'), is essentially Dijkstra’s
variant function.® (Here v is the program variable vector
before loop execution and v’ is the updated value after
execution.) The complete result predicate is thus (Q/\P)
and the loop body code lemma is stated as

Vo Vo{B()\NQ(vy.0) =30 [Qve. 0 P{v.0)].  (5)

SYNTHESIS

Existing first order synthesis systems can be applied to
the above lemmas after they are generated for a given prob-
lem. For instance, Lee, et al.,” have presented a resolution
based algorithm for producing loop-free programs which is
proved to generate correct programs. Their system con-
structively proves theorems of the form

ViV 0o dR(vn Vo ) > ANS (Vg )} (6)

The predicate ANS(v,,) is used to record the unification
substitutions which take place for v,, during a resolution
proof. To use their methods, lemmas 4 and 5 are converted
to the form of (6). Our desired result predicate for initiali-
zation is Q, and for loop body code is @Q/\P. Although Lee,
¢t al., make no explicit mention of input conditions, clearly
these can be included in their form. Thus (6) can be used
for initialization by letting R={B/A\Q(v¢,v)\Q(v,,v')\P},
giving us

Vo Vooll(vi)\NQ(vg,04)>ANS(v4)} 7)
and
Vo VoV o' {B(w)\Q(ve,0)\Q(vy,v" ) \P(v,0")
—ANS(v")}. (8)

If the assumptions (or axioms) that I{v;, ), B(v), and Q(v,,v)
are true are added, (7) and (8) can be shown to be logically
equivalent to (4) and (5). Thus we have logical equivalence
where I, B, and Q are true, which is the only real case of
interest.

The following example illustrates our approach in con-
junction with resolution based loop-free synthesis as in Ref-
erence 7.

Example 1: Factorial Function
1={N=0} R={z=f(N)}

f is the factorial function, defined by f(0)=1 and
flx+1)=(x+1)*f(x). We choose Q(z,k)={z=f(k)},
~B(k,N)={k=N}, and P(k,k')={k<k’}, so that
OQA\~B—R. (The non-active elements in v, and v are
suppressed in the above argument lists.)

® Initialization code—From (7), the theorem to be
proved is VNVVE{I(N)\Q(z,k)>ANS(z,k)}, or
VYNVYVK{N=0/z= f(k)->ANS(z,k)}.

From f(0)=1, we have Q(1,0). Expressing the theorem
in clause form appropriate for performing resolution, we
have

(@) ~I(N)N/~Q(z,kN\/ANS(z.k).

The axioms specifying 7 and (). as required for resolution,
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are

(b) I(N) (since we are interested only in cases where I is
true) and
(c) Q(1,0) (by definition of factorial).

Resolving clauses (a) and (b) yields
(d) ~Q(z,k)\/VANS(z,k).
Resolving clauses (c) and (d) yields

(e) ANS(1,0).

The unification substitutions, carried in ANS, are 1—z and
0—k. From this, initialization code is z:=1; k:=0.

® Loop body code—From (8) the loop code generation
theorem may be stated as the clause

(@) ~B(k,N)N~Q(z,k)\/~Q(z" k' \/~P(k,k")
VANS(z',k').

From the definition of factorial, we have the axiom
(b) ~Q(z,k)\/Q(zx(k+1).k+1).

From the hypothesis that control is still in the loop, since
that is our condition of interest, we have

(¢) B(k,N), which is the condition, "*B is true’’, and
(d) Q(z,k), which means, “"the ioop invariant hoids."’

The axioms needed to specify the progress requirement
predicate, P={k<k'}, are expressed by the clauses

(e) ~PO,L)\/P(M,M+L) and
(H P(,1).

A string of resolutions leading to isolation of ANS(z',k") is
as follows:

(g) Q(z#(k+1),k+1), from (b) and (d)

(h) ~B(k, N)\/ ~Q(z, k) \/ ~P(k, k + 1)\/ ANS(z *
(k + 1), k + 1), from (a) and (g)

(i) ~O(z,k)\/ ~Pik,k+1)/ANS{z+(k+1),k+1), from (c)
and (h)

(G) ~Plk,k+1N/ANS(zx(k+1),k+1), from (d) and (i)

(k) ~P(0,1\/ANS(z*(k+1),k+1), from (e) and (j)

() ANS(z#=(k+1),k+1) from (f) and (k)

Thus the loop body code. derived from the substitutions for
ANS arguments leading to (1), is z:=z*(k+1): k:=k+1.

Example 1 illustrates a difficulty with resolution-based
methods—the fact that rather oblique axiomatization is nec-
essary to define Q and P.

It is desirable to have an automatic (or semiautomatic)
synthesis system which parallels good programming meth-
odology. Thus we might wish to carry out the necessary
theorem proving by the use of ““natural deduction rather
than resolution. An interactive approach, allowing human
intervention, is the best immediate hope for a practical syn-
thesis system. Natural deduction systems, by definition,
retain theorems and intermediate steps in a form near to that
which humans usually use. The deductions are kept reason-
ably close to the rules of inference usually used by humans.
Additionally, such systems have much of the necessary ax-
iomatization built into their deductions, definitions, and re-
write rules. This greatly simplifies setting up a synthesis
problem, compared to resolution. Of course, natural deduc-
tion systems are usually incomplete, but this is not expected
to be a practical handicap. Bledsoe and Bruell! have pre-
sented a system, called PROVER, which combines natural-
deduction-like theorem proving with a capability for man-
machine interaction. PROVER has been modified for use in
a practical correctness proving system (Good, London and
Bledsoe®). Much of this adaptation should be useful also for
synthesis proofs.

The lemma schemata (4) and (5) are already in natural
form. Example 2 shows the form applied to the integer
multiplication problem and illustrates a natural deduction
style proof, after the methods of PROVER.

Example 2: Integer Multiplication

I={y=0/"\z=0} R={x=y*z}

O={x+cxd=y*z}  ~B={c=0}

® The initialization theorem is

(i) VyVz{y=0\z=0-AxIcAd[x+crd=y*z]}

The quantifiers are removed by treating universally quan-
tified variables as constants, identified by the subscript o,
as in y,. Existentially quantified variables are left as is.
Thus we have

(i) y,=0N\z,=20—>x+cid=y,¥z,.

The o subscript indicates that no value substitutions can be
made. Since y, and z, are general constants, any substitu-
tion for x, ¢, d which satisfies (ii) will satisfy (i). Thus, for
our purposes, (i) and (ii) are logically equivalent. In the
PROVER system, an hypothesis of the form in (ii) is re-
moved and added to the axiom list, leaving the basic theorem
to be proved as

(i) x+cxd=y,*z,.

A key problem for synthesis proofs is existential infer-
ence, as necessary to satisfy (iii). A natural deduction sys-
tem will certainly require heuristic methods for guessing
these inferences, which can then be checked for validity
within its deductive framework. For instance, (iii) can be
solved by term matching to get x=0, ¢c=y,, and d=z, as
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the desired substitutions, which is easily shown to be valid
by current formula manipulation and simplification systems.

e The loop body code theorem is
VyVzVcVd{c#0 \x+ cxd
=y+z—>3x'Ac'3Ad'[x'+c'*d' =yxz\c'<c]}.
Eliminating quantifiers yields

(i) [co®0N\x,+Coxdo=y,%z, |=[x"+c'*d’
=y,#2,/\¢'<cC,].

The splitting heuristics of PROVER yield the subgoals

(1) [co#F0N\xo+Cotd,=Yo*Zo |>x'+c'*d'=y*z, and
@(i1) [co#0NX,+Co¥d,=Yo*2, ]2 '<cCy,

which must be proved under the restriction that (ii) and (iii)
must be satisfied by the same set of substitutions.

The simplest solution to subgoal (iii) is ¢'=c,—1. Trying
this in () vields ¢, #0\x,+c*xd, =y *z,—x'+
c.*d'—d'=y,xz,. Matching expressions across ~*— " gives
x,+c4d,=x'+c,#d'—d' as a necessary and sufficient
condition for validity of (ii). A solution to this is x'=x+d,
and d'=d,.

Example 2 indicates that heuristics similar to those pre-
sented for second-order synthesis in Reference 5 will be
helpful to a PROVER-like system. We are currently con-
structing a PROVER-based synthesis system to use such
heuristics.

CONCLUSION

A program P can be synthesized as a set of programs

{P,, ..., P,}sothat the concatenation P,, . . ., P, com-
putes F,. We have demonstrated that a satisfactory set
{P,, ..., P,}exists such that each member has at most a

single loop of the while—do form. Therefore, the synthesis
of each P, requiring a loop can be stated in terms of proving
lemmas of the form of (4) and (5) (or (7) and (8)) for each P;.
Any loop-free P;s can be directly synthesized from the form
of (3) without the need for inductive proofs. If nested loops
are desired, the synthesis can be performed hierarchically

to expand operations considered primitive during higher-
level synthesis.

We have not addressed the problem of mechanically (or
otherwise) arriving at a good decomposition and finding loop
invariants and variant functions. It has, however, become
part of the general lore of programming methodology that it
is desirable for a programmer to perform such decomposi-
tions before writing programs, and Dijkstra and others have
recommended that the loop invariant and variant function
be discovered by a programmer before he actually writes a
program loop. Thus a successful synthesis system which
operates from a specification of the decomposition and as-
sociated loop invariants and variant functions is a very de-
sirable goal.
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Semantic similarity analysis—A computer-based study of

meaning in noun phrases

by LYNN L. PETERSON

The University of Texas Health Science Center at Dallas
Dallas, Texas

INTRODUCTION

The purpose of this paper is to present a method by which
a computerized data base which contains phrases of natural
language information can be created and interrogated in the
semantic domain for multiple uses and users. The method
takes into account both the individual user's needs and con-
cepts of similarity in meaning of textual material represented
by the stored data. The method is applicable to arbitrary
bodies of natural language text which occur in the syntactic
format of the noun phrase. The method was developed and
tested, however, using noun phrases of medical text since
its capabilities are directly applicable to needs in that area.

Data base containing medical text

Ways of dealing with a data base which contains natural
language information from medical text warrant examina-
tion because of the nature of medical records. There are
several objectives the medical recording process should ful-
fill.! The first and most important in the present usage is to
serve as a self-reminder for the responsible physician. How-
ever, in the modern hospital, the medical record has an
equally important task—it is the primary channel of com-
munication between many individuals working together as
a team. In either case, computer-based files of patient data
are generated and maintained first and foremost to improve
health care delivery for the benefit of the patient. The same
files should also be available for retrieval of that part of the
patient information useful and accessible for research and
educational purposes.

Integral parts of these files of medical records are non-
numeric and best expressed as natural language, e.g. admit-
ting diagnosis, operative procedures, etc. In fact, compo-
nents of a problem-oriented medical record are normally
expressed as noun phrases using large vocabularies.? The
non-numerical component of the medical record serves the
function of interpretation of the numeric data, as well as the
recording of observations and the communication among
medical staff.? As such, this natural language component of
the stored data needs to be handled appropriately.

The simple noun phrase is the construct of which the vast
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majority of entries in a problem-oriented medical record are
composed.* It is therefore appropriate that the simple noun_
phrase serve as the focus of attention in the consideration
of a procedure which would be applicable to a data base
containing medical text.

A data base of medical information will characteristically
be created and interrogated for multiple uses and users. This
requires a procedure for semantic analysis which can deal
accurately with the meaning of words and the relationship
between words, and can recognize and use the distinction
between synonyms and near-synonyms. According to Pratt,
in medicine, the distinction between synonyms and near-
synonyms is important for the proper interpretation of the
medical record, and remains one of the major problems
which will have to be resolved to produce effective systems.?

Presently we can make things that mean the same thing
fall together; we wish to be able to recognize when things
mean nearly the same thing, to quantify this semantic near-
ness in a meaningful and useful way, and to use this knowl-
edge to aid in the retrieval from the data base of semanti-
cally-related information.

Individual concept of similarity

A basic premise of this approach is that similarity in mean-
ing between two pieces of medical text is not an absolute
notion. On the contrary, this approach recognizes that (a)
one user’s concept of similarity may differ from that of
another user, i.e., things may not mean the same thing to
two different people, and (b) an individual user's interests
may differ from one retrieval request to another. At one
time a user of the data base may wish to retrieve all those
records which contain the same operative procedure ignor-
ing all differences in other areas, i.e., similarity sufficient to
retrieve requires an exact match on operative procedure and
ignores differences in, say, topography. At another time,
however, the user may care very much what anatomical
area is involved, i.e., similarity of records will require the
involvement of an anatomical area close to the one specified.
Thus, by applying different weightings, sets of records can
be grouped into different “*semantic subspaces,’” stressing
or ignoring features based on their perceived importance to
the user.
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SEMANTIC SIMILARITY ANALYZER

To address the objective of permitting a data base con-
taining noun phrases of text to be created and interrogated
for multiple uses and users, a Semantic Similarity Analyzer,
SSA, was constructed. Significant features of the system are
highlighted.

MEANINGEX-based system

The system called MEANINGEX, developed by Mishel-
evich in 1970,* takes the simple noun phrase and performs
on it a “*semantic analysis.”” This semantic analysis is com-
posed of (a) a lexical phase in which each input word or
term is recognized and then mapped to a standard term and
a part of speech, (b) a syntactical phase in which the head
term or main noun is identified, the remaining terms are
treated as adjectives, and (c) a semantic parse, or ‘‘sparse,’’
phase in which a tree is constructed with the head term as
root and the structure of the remainder of the tree deter-
mined from entries in a ‘‘tree directory’ for the head term
and its modifiers. The sparse phase is generative of semantic
information in that entries in the tree directory supply re-
lated and relevant terms which are not physically part of the
normalized text.

As an example, let us consider the simple noun phrase

MODERATELY SEVERE PNEUMOCOCCAL
ARTHRITIS OF THE LEFT KNEE.

The normalized text produced by the lexical and syntactical
phases

SEVERE.,ACUTE,PNEUMOCOCCUS,LEFT ,KNEE
ARTHRITIS.

is produced by using a lexicon whose relevant section is
shown in Figure 1. The section of a tree directory which
shows the relationships among the head term in this phrase
and its modifiers is shown in Figure 2, where two types of
terms on next node are indicated:

(a) An inclusive node in which all the terms are used.
(b) A selector node. indicated by the =, in which only one
of the choices is selected.

The tree generated by MEANINGEX from the phrase of
normalized text is then shown in Figure 3, where levels of

TERM STANDARD TERM PART OF SPEECH
MODERATELY SEVERE SEVERE ADJ
SEVERE SEVERE ADJ
PNEUMOCOCCUS PNEUMOCOCCUS ADJ
PNEUMOCOCCAL PNEUMOCOCCUS ADJ
ARTHRITIS ARTHRITIS NOUN
ARTH. ARTHRITIS NOUN
ACUTE ACUTE ADJ

Figure 1—The section of the lexicon dealing with **arthritis’ in the Original
MEANINGEX.

TREE DIRECTORY TERM TERMS ON NEXT NODE

ARTHRITIS JOINT
INFLAMMATION
*GONOCOCCUS
*MENINGOCOCCUS
¥PNEUMOCOCCUS
¥MILD
¥MODERATE
*SEVERE
¥ACUTE
¥SUBACUTE
*CHRONIC
¥INFECTIOUS
*0STEO
*RHEUMATOID
*BACTERIAL
*YIRAL
DEGREE
DURATION
ETIOLOGY
LOCATION
JOINTNAME
SIDE
*SHOULDER
*FINGER
*Ip
*KNEE
*TOE
*POLY
*JOINT
¥CAVITY
*ORGAN
SIDE *LEFT

¥RIGHT

*BOTH
Figure 2-The section of the tree directory dealing with “‘arthritis’’ in the
Original MEANINGEX. Two types of nodes, depending on the terms on the
next node, are indicated: an inclusive node in which all terms are used and
a selector node (indicated by *) in which only one of the choices is selected.

BACTERIAL

DEGREE

DURATION

ETIOLOGY

INFECTIOUS

INFLAMMATION

JOINT

JOINTNAME

LOCATION

ARTHRITIS=
JOINT=
JOINTNAME=
KNEE=
NULL=

INFLAMMATION=
DEGREE=
SEVERE=
NULL=
DURATION=
NULL=
ETIOLOGY=
INFECTIOUS=
BACTERIAL=
PNEUMOCOCCUS =
NULL=
LOCATION=
JOINT=
JOINTNAME=
KNEE=
NULL=
SIDE=
LEFT=
NULL=
Figure 3—The sparse tree in the Original MEANINGEX for the phrase
MOPERATELY SEVERE PNEUMOCOCCAL ARTIIRITIS OF THE
LEFT KNEE.
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indentation indicate levels of hierarchy. The tree constitutes
the primary output from the MEANINGEX semantic ana-
lyzer. From the tree, a linear string of the nodes of the tree
can be constructed by reading the tree bottom up. The string
of nodes, which can then function as descriptors or keys for
information retrieval, is as follows from the current example:

/NULL/LEFT/SIDE/NULL/KNEE/JOINTNAME/
JOINT/LOCATION/NULL/PNEUMOCOCCUS/
BACTERIAL/INFECTIOUS/ETIOLOGY/NULL/
DURATION/NULL/SEVERE/DEGREE/
INFLAMMATION/NULL/LEFT/SIDE/NULL/
KNEE/JOINTNAME/JOINT/ARTHRITIS/

Obviously, then, the information which determines the
resultant semantic parse of a piece of medical text via
MEANINGEX is found primarily in the tree directory. Ad-
ditionally, however, a synonyms list is made available to
MEANINGEX showing terms to be considered to have a
meaning equivalent to that of a term already recognized,
and an implications list is included to indicate how the pres-
ence of one or more recognized terms, Boolean fashion,
implies the presence of another term. The generative prop-
erties of the semantic parse come about as a result of the
semantic information imbedded in the tree directory and the
synonyms and implications lists.

The original MEANINGEX system was implemented in
1970 in assembly language for the CDC 3300 computer at
The Johns Hopkins University. Published material®=® indi-
cates that the system was applied to semantic analysis of
medical records and to bibliographic indexing, but the ap-
proach to semantic analysis was sufficiently general to admit
other applications. Retrieval aspects were not addressed by
the original MEANINGEX per se, but the linear siring of
descriptors generated by MEANINGEX was in the proper
format for processing by the generalized data management
system in use at Johns Hopkins.

In 1976 a new MEANINGEX system was implemented
on the DECsystem-10 computer by Steve Bush at The Uni-
versity of Texas Health Science Center at Dallas
(UTHSCD). The concept and functional description are the
same as those of the original MEANINGEX but the new
computer system is interactive and has added several fea-
tures which increase its usefulness in the study of generated
meaning. It was implemented primarily in the FORTRAN
language, using in addition some well-documented macro-
string manipulation routines, adding a measure of trans-
portability to the MEANINGEX system.

The new MEANINGEX, called UTHSCD MEANIN-
GEX, preserves the basic concepts of the original MEAN-
INGEX system. The domain of semantic interest, i.e., the
set of terms used in the natural language phrases to be
considered together with the relationships among the terms,
is specified by the input lexicon, implications list, and syn-
onyms list. However, in the new system, this information
can be entered from the keyboard or from a file. Further-
more, additions can be made to the implications and syn-
onyms list from the keyboard, adding a dynamic aspect to
the management of this information. Figure 4 shows the list

6COMMENT

PORTION OF LEXICON DEALING WITH ARTHRITIS

BLEXICON
ARTHRITIS == JOINT INFLAMMATION
BACTERIAL ==* GONOCOCCUS MENINGOCOCCUS PNEUMOCOCCUS

DEGREE ==* MILD MODERATE SEVERE

"ETIOLOGY ==* INFECTIOUS OSTEO RHEUMATOID

INFECTIOUS ==* BACTERIAL VIRAL

INFLAMMATION == DEGREE DURATION ETIOLOGY LOCATION
JOINT == JOINTNAME SIDE

JOINTNAME ==* SHOULDER FINGER HIP KNEE TOE POLY
LOCATION ==* JOINT CAVITY ORGAN

SIDE ==* LEFT RIGHT BOTH

Figure 4—The section of a lexicon dealing with "“arthritis™" in the form for

input to UTHSCD MEANINGEX. The presence of the = indicates a selector
node as in Figure 2.

of statements used to convey to UTHSCD MEANINGEX
the same specifications shown in Figure 2 for the *arthritis™
example of the original MEANINGEX.

The SSA utilizes the semantic analysis procedures of
UTHSCD MEANINGEX and thus also makes use of the
input scheme shown in Figure 4. A tree directory can be
output by the SSA in a graphic form shown in Figure 5
which is then available for study, elaboration and correction.
The tree of knowledge represents a composite view of the
terms and hierarchical relationships active in the domain
under consideration. The display itself opens for study the
details of construction of such a hierarchical directory for
a specific domain.

Context weightingsiuser profiles

Fundamental to the understanding of semantic similarity
is the notion that the meaning of a phrase may differ from
individual to individual or even within an individual as times
or purposes differ. In order to permit differing values of
importance or interest to be attached to terms in the vocab-
ulary in a domain of semantic interest, the facility of context
weightings is used.

The SSA allows a user of the system to associate with
each term in the tree directory a numerical value represent-
ing its weight. In some situations, weights are actually as-
signed by the user to all or only some of the terms in the
domain with weightings for the remaining terms derived by
inheritance from parent nodes to which weights were as-
signed. All weights are determined by the user input and the
placement of terms relative to others in the tree representing
the domain, i.e., the context, so the weights are called **con-
text weights.”” The entire set of weights then, in a sense,
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1=---IMPLARMATION  ===---=-c-esmmmmmmnn
1

1~---ORGAN
(--=~CAVITY

....... | f-v--BOTH

' ~--RIGHT
! | ---LEPT
'

1 (----POLY
' t-=--TOE

1==--FINGER
£-=-~SHOULDER
1--=-REEUNATOID

1 1--=-VIRAL

1==--PNEUMOCOCCUS
1----BACTERIAL ' Ccu
1--~~GONOCOCCUS

1-~--CHROMIC

ARTHRITIS —=-=--=-=-=-mcmmmmemmmaas H

1-=--ACUTE
1----SEVERE

'
|
1
1
1
!
]
1

----SIDE

1--=-%1LD

t~=-~BOTH

1----LEFT

1-===POLY
1-==--TOL

1----FINGER
i~---SHOULDER

Figure 5—The section of the tree directory dealing with “‘arthritis™ utilizing display techniques of the SSA.

represents the user’s notions of importance of or interest in
the terms. For this reason, the set of weights together with
a short narrative description of the set is called a “‘user
profile.”

Numerous methods of specifying weights have been con-
sidered during the development of the SSA and two general
methods are in use now. The methods fall into the general
categories of explicit weighting, or direct generation of the
weighting set, and implicit weighting, or generation of the
set of weights from general information presented to the
system by the user.

Explicit weighting

The most straight-forward method of generating a weight-
ings set is to have the user explicitly provide the numerical
weights to be used. In this method of generating a set of
context weightings, the user will actually traverse the tree
directory for the entire domain of semantic interest by means
of an interactive display. Each node is displayed in turn,
showing its already established context weight and the
names of each of its subnodes. The user is then asked to
enter a weight for each of the subnodes. Thereafter the
context weight for each node is the product of the context
weight of its parent node and the user-entered weight. By
this means, context weights are generated for all nodes in
the tree directory. As an example, consider a situation in
which a user is interested in those childhood illnesses usually
accompanied by a rash. Within this context, then, we will
wish to carry out the retrieval of those strings similar in
meaning to a reference string. To create this context via a
weightings set, a dialog such as that shown in Figure 6 would
ensue. The result of this dialog is the establishment of a set
of context weights and a narrative description of the set,
represented thereafter by the user profile "RASH.™

However, some drawbacks to explicit weighting do exist.
The method does require the user to interact with the SSA
via a terminal for a significant period of time before even
the simplest retrieval can be tried, if he wishes to use his
own user profile. However, it is true that the unit weight
option can always be selected, that is. all weights can be

XXXXXNOW TO SET UP CONTEXT WEIGHTINGS
TYPE (D) TO DO (CONSTRUCT) A SET OF WEIGHTS
(U) TO USE UNIT WTS ON ALL TERMS
(G) TO GET (USE) AN EXISTING WEIGHTING SET:D
WANT FULL DISPLAY PLUS RECAP?:NC -
**NODE: CHILDHOOD ILLNESS __ WT= 1
TYPE
DEGREE
SYMPTOMS
ENTER WT FOR EACH TERM
TYPE
DEGREE
SYMPTOMS
*¥NODE : SYMPTOMS WT= 1
SWOLLEN PAROTID GLANDS
FEVER
COUGH
RASH
VOMITING
CONJUNCTIVITIS
LYMPHADENOPATHY
ENTER WT FOR EACH TERM
SWOLLEN PAROTID GLANDS
FEVER
COUGH
RASH
VOMITING
CONJUNCTIVITIS
LYMPHADENOPATHY
**NODE : DEGREE WT= 1
MILD
MODERATE
SEVERE
ENTER WT FOR EACH TERM
MILD
MODERATE
SEVERE
*¥¥NODE: TYPE WT= 2
MEASLES
MUMPS
CHICKEN POX
RUBELLA
SCARLET FEVER
WHOOPING COUGH
ENTER WT FOR EACH TERM
MEASLES
MUMPS
CHICKEN POX
RUBELLA
SCARLET FEVER
WHOOPING COUGH :
STORE THIS WT SET UNDER USER PROFILES?:YES
TYPE USER PROFILE: RASH ___
SHOULD THIS REPLACE AN EXISTING PROFILE:NO

Fignre 6&—Dialng ensuing as the SSA is used to create a weightings sct via an
explicit weighting procedure. User responses are underlined.
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assigned the value 1. Also, certain user profiles are provided
in the SSA system for illustration. Secondly, this method
requires the user to ““pick numbers out of the air’” to assign
as weights, to actually enter numeric values, a task which
may be unpleasant to some users. So the explicit weighting
method has not been felt to be entirely successful in provid-
ing a way for a user to generate a user profile.

Implicit weighting via profile-capturing

The difficulties encountered in explicit weighting have led
to a second method which involves an implicit determination
of the numerical weights and the terms to which the non-
unit weights should be assigned. Methods of implicit deter-
mination of weights have been utilized in a variety of theo-
retical and practical settings, and have been referred to by
the general title **policy capturing.”” An admittedly sexist
yet easily understood illustration of **policy-capturing™ can
be seen in the fable of the king who, once upon a time,
decided to select a harem larger than King Solomon’s. . . . .

So the word went out, and soon thousands of young girls
were arriving from the various provinces to seek the king's
approval.

Early one morning the king began his selection process.
As each girl filed by, he looked her over carefully and
then expressed his judgment.

“Excellent!"” he would say. “This one is very pleasing to
my eye.”” Or perhaps he would hum and haw with inde-
cision. Many times he would show his disapproval in no
uncertain terms. ““Never!" he would say. "*Pass on! Pass
on!”

In each instance, the Court Recorder attempted to quan-
tify the king's degree of approval by checking the appro-
priate level on a nine-point scale which had been devised
especially for the occasion by the Chief of the Royal
Psychometricians.

By suppertime the king had considered some 300 girls.
His eyes and his imagination were beginning to tire.

“*Most High First Counselor,”” he said, “"you've been
watching me all day, and by now you should know my
likes and my dislikes. I've decided to leave the selection
of my harem in your hands. But take care! If your choices
do not please me, it will be your head!”

After the king retired, the Most High First Counselor
summoned the Chief of the Royal Psychometricians. “*I'm
passing the job on to you,™ he said. "'If you fail to please
the king, your head will roll along with mine."

The Chief of the Royal Psychometricians called his staff
together and explained the situation.

*We must not fail,”” he said. ““or it will be all of our
heads.™

“"How shall we proceed?’" asked one of the young staff
members who was fresh out of the Royal Academy.

“*Well,”" responded the Chief, *we know how the king
rated the first 300 girls. Right?""

“Right!™
**And we can see everything the king saw when he looked
at the girls. Right?™"

“*Right!""

“*Then all we have to do is to uncover the characteristics
considered by the king and determine how he weighted
them in his judgment. . ."" ®

The point was to use the knowledge or approximation to the
knowledge of how the process was carried out to continue
to carry out the process. Since the goal of utilizing a policy-
capturing technique in the SSA is the determination of a
“‘user profile,”” the general technique of determining a pro-
file in this implicit way is called **profile-capturing.™

Several profile-capturing methods were tried for use in
the SSA. The method currently used makes use of the ca-
pabilities of MEANINGEX to process a natural language
phrase. Phrases are elicited from a user in response to one
or more questions about what the user is or is not interested
in. In each of these phrases, the MEANINGEX analysis
determines the terms which should be weighted. with the
actual weights being assigned by the SSA relative to a user-
selected maximum weight. A sample profile-capturing dialog
is shown in Figure 7.

It appears that in practice the profile-capturing method of
weight determination may not provide enough ability to dis-
criminate between sets of records which are intended to fall
in different ‘*semantic subspaces.”” It may be in practice
that some combination of profile-capturing as a first cut and
explicit weighting for finer discrimination will become the
weighting method of choice.

Similarity measures

The determination of the semantic similarity of a pair of
natural language strings in the SSA basically involves the
application of a type of function called a ““similarity meas-
ure’’ to a pair of vectors representing the semantic charac-
teristics associated with each of the natural language strings.
The semantic characteristics relevant in any application of
a similarity measure to a pair of strings are the terms or
nodes of the smallest tree generated by the MEANINGEX
semantic analyzer which still includes the meanings con-
tained in both phrases. Since MEANINGEX is generative
of semantic information, the full context surrounding the
meaning of both phrases is included in the set of semantic
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¥XEXENOW TO SET UP CONTEXT WEIGHTINGS
H[HLP],U[UNIT],CICHNG],D[DO},S{STOR],G[GET], P[PRO],R[RTN]:P
TO DESCRIBE YOURSELF AS A USER OF THE SS34,

TYPE PHRASE DESCRIBING WHAT TERMS

YOU ARE MOST INTERESTED IN

RESPIRATORY 0K?(YES,NO, SEE
DETAILS):SEE DETAILS
TO DESCRIBE YOURSELF AS A USER OF THE SSA,
TYPE PHRASE DESCRIBING WHAT TERMS
YOU ARE MOST INTERESTED IN
*RESPIRATORY SYSTEM
Tree =
ORGAN SYSTEM
0S2
RESPIRATORY
*UNKNOWN
TERMS SELECTED FOR WEIGHTING ARE:
RESPIRATORY
DETAILS):YES
ENTER MAXIMUM WEIGHT:

0K?(YES,NO,SEE

5
ANYTHING ELSE TO TAKE INTO ACCOUNT?(YES,NO):YES
TYPE PHRASE WHICH DESCRIBES WHAT TERMS
YOU'RE ALSO INTERESTED IN
*INFLAMMATION OR NECROSIS
TERMS SELECTED FOR WEIGHTING ARE:
NECROSIS
INFLAMMATION 0K?:YES
ANYTHING ELSE TO TAKE INTO ACCOUNT?(YES,NO):NO
ANYTHING YOU DON'T WANT TO HEAR ABOUT?(YES,NOJ:YES
TYPE PHRASE DESCRIBING WHAT TERMS
YOU DON'T WANT TO HEAR ABOUT
#DON'T CARE ABOUT PARASITIC INVOLVEMENT
TERMS SELECTED FOR WEIGHTING ARE:
PARASITIC OK?:YES
ANYTHING YOU DON'T WANT TO HEAR ABOUT?{YES,NO):NO
WANT TO DO MORE WITH WEIGHTS?:NO

Figure 7—Sample profile-capturing dialog which results in a weightings set
in which the term ‘‘respiratory’’ and all terms below it in the tree (all its
subnodes and sub-subnodes) are assigned a maximum weight—in this case,
5. Secondly the terms “‘necrosis’” and “inflammation™ and all terms below
them in the tree are assigned a weight of approximately one-half the maximum
value—in this case, 2. Finally, the term ‘*parasitic’’ and all terms below it
are assigned a weight of 0, to decrease in importance any phrase which
contains a component of meaning in this area. Weighting of all terms in the
tree directory not affected by these phrases remains at 1.

characteristics used to construct the vectors. The elements
of the vectors forming a pair are then 0 or 1 depending on
the presence or absence of each semantic characteristic as
part of the generated tree for the phrase it represents. Cer-
tain terms are considered to be “‘structural’’ nodes while
most are “‘content’’ nodes, carrying meaning; an element of
the vector will always be 0 if the corresponding term is a
structural node. It is on vectors constructed in this way that
the similarity measures operate.

The class of similarity measures in use can be character-
ized as correlation measures, as indicators of the interde-
pendence of the semantic characteristics of the two strings.!!
We do not claim or require that these functions measure the
similarity of the two strings in an absolute sense but serve
as indicators of the association in meaning between the two
strings.

The specific similarity measures currently in use in the
SSA are derived from some of those most extensively used
in bibliographic retrieval according to Salton.!?!3 In some
cases, a weighting scheme has been imposed on a familiar
similarity measure to yield a measure more appropriate to
the needs of an individual user or a specific type of retrieval
request. The form of several of the similarity measures is
shown in Figure 8.

For each retrieval request. a determination is made of

similarity between an input string and the set of stored
strings using a similarity measure chosen from the set of
built-in similarity measures. A stored string is then retrieved
if the calculated similarity index is sufficiently high, that is,
exceeds a threshold value which is specified by the user
based on the selected function and the degree of interde-
pendence required.

Some of these functions have proven more useful than
others in similarity determination based on subjective no-
tions of similarity. As utilization of these functions proceeds,
it is anticipated that additions and changes will be made to
the set of similarity measures built into the SSA, working
toward enhancing their utility. However, it is not anticipated
that a selection of the “*best’” function would ever be made.
The use of any one function in retrieval or comparison
studies obviously depends on what the user wishes to con-
sider as the criteria for similarity determination. Hence it is
the philosophy of the SSA to present the features of func-
tions which accomplish similarity determinations based on
a variety of criteria and let the user select the one or ones
which best meet the current needs.

Structure of the semantic similarity analyzer

The structure of the SSA containing the features just de-
scribed is shown in the diagram in Figure 9. The SSA System
code and Reference Manual are available on request.

Function #1

E wt (i) * vi(i) * v2(i)

Function #2

( E v1(i)*v2(1) +§ vi(i)*v2(i) ) / N

where ;ﬁ(j) = 1 - v1(j) is the complement of vi(j) and N is

the number of elements in the vector.

Function #3

Dt I )

Zwt(i)'ﬂ(i) + z:wt(i)'ve(i) - Zwt(i)‘vl(i)'vz(i)

Figure 8—Several similarity measures used in the SSA. In each case, V1 and
V2 are binary vectors representing the semantic characteristics associated
with each of the natural language strings, WT is the vector of weights, and
the summation is over all elements of the vector. Function #1 is a weighted
vector product representing the sum of the weights of the characteristics
occurring in both natural language strings. Function #2 is the unweighted
function which counts the number of matching properties divided by the total
number of such characteristics. Function #3 is a weighted normalized meas-
ure.
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SSA
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I
MEANINGEX
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if lexicon, implications & synonym lists have
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Figure 9—System Components of the SSA System

EXAMPLE OF SEMANTIC SIMILARITY ANALYSIS

The Division of Veterinary Pathology within the
UTHSCD Department of Pathology handles the examination
and analysis of animals and animal tissue from laboratory
specimens and animals brought to the Health Science Center
from other sources. This environment obviously generates
a great deal of data, much of which is descriptive and is best
handled in natural language form. Because of the need for
effective recording of the procedures in the Animal Disease
Laboratory and because of the teaching function which
stems from the Division’s affiliation with the Southwestern
Medical School, a record-keeping system for Veterinary Pa-
thology records which will allow effective information re-
trieval is essential.

A Veterinary Pathology Record Retrieval System is being
developed to collect specified data items, to produce reports
for the investigators from whom the animal material came,
and to provide for the storage of appropriate information.
Much of the data to be handled in the system is in the form
of noun phrases of natural language form. Obviously, one
of the primary considerations in the design of the system is
the handling of this natural language data.

The application of the SSA to this data is to be independ-
ent though parallel to the development of a workable storage
and retrieval system for Veterinary Pathology records.
However, the consideration of the retrieval problem for this
data base using semantic similarity techniques can poten-
tially provide the conventional retrieval s''stem being de-
veloped with the benefit of experience if not also techniques
for the handling of the data being stored.

We have defined the domain of semantic interest in this
case to be the lesion description which occurs in natural
language form in UTHSCD Animal Disease Laboratory Re-
ports. The phrases actually used to describe lesions are in
a rather stylized format illustrated by several examples:

MAMMARY GLAND: FIBROSIS AND CYSTIC
HYPERPLASIA

LUNG:; BRONCHIOLAR HAMARTOMA

LUNG; FOCAL GRANULOMATOUS PNEUMONIA

The phrases in general describe a lesion by giving informa-
tion regarding the organ or organ system affected, the dis-
ease process or lesion type involved, and possibly the le-
sion’s cause or etiology. They are treated merely as natural
language phrases and the SSA does not make use of the
structured nature of the phrases. The vocabulary consists of
the list of all terms recognized as being meaningful in de-
scribing the lesions, or contributing information regarding
the organ system, lesion type or etiology.

As a first look at how well phrases describing lesions were
being handled, a set of phrases from randomly chosen An-
imal Disease Laboratory Reports were processed by the
SSA. In this case, the processing consisted of the storing of
the phrases for later retrieval. Part of the storing process is
the generation of the ““tree’” for that phrase, like the one
seen for the arthritis example, which is normally displayed
on the terminal screen. The user is then invited to review
the tree to determine if the major components of meaning
are represented. If not, the user can respond by making
additions to the synonyms or implications list and then re-
turning to re-store the tree. If all major concepts are present,
the user can indicate acceptance of the string. The siring
and generated tree which is stored is shown by the following
example.

® 0%k ok ow % ¥ %

MAMMARY GLAND: ADENOCARCINOMA

LESION TYPE
NEOPLASIA
ADENOCARCINOMA
ORGAN SYSTEM
0S1
GENITAL
GENI1
MAMMARY GLAND

A review and modification of the *‘tree directory™ was
part of a planned iterative process. However, at some point
the “‘tree directory’ must be fixed and other changes han-
dled via the implications and synonyms capabilities until a
full-scale revision of the lexicon is undertaken. By such an
iterative process. it is possible to ““‘teach™ the system details
of the vocabulary and the relationships it should recognize
and utilize.

Once the vocabulary and set of relationships were estab-
lished, the system was given a set of 65 natural language
phrases taken from the lesion description section of ran-
domly selected Animal Disease Laboratory Reports from
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which to build a data base. Sample retrievals from this data
base demonstrate the differing retrievals resulting from dif-
fering specifications of conditions such as user profiles.
Given the reference string

ACUTE INFLAMMATION OF THE LUNG

the SSA was asked to find and type out all strings in its data
base similar to the reference string, in the sense defined by
the conditions set at the time retrieval was initiated. The
results showed that the SSA runs efficiently on the DEC-
system-10, processing the storage of strings in this domain
in from 0.8 to 1.0 CPU seconds and handling a retrieval
request from this data base yielding three to seven strings
in 2.0 to 2.5 CPU seconds. For this reference string, the set
of strings retrieved differed as the choice of retrieval func-
tion changed, as was to be expected. In particular, for a
function which focused on the occurrence of matching con-
cepts in the pair of phrases, the pattern of retrieval was

all equally good matches

LUNG: FOCAL GRANULOMATOUS
PNEUMONIA

LUNG: MODERATE SUPPURATIVE
PNEUMONIA

LUNG: MILD BRONCHOPNEUMONIA

LUNG: INTERSTITIAL PNEUMONIA,
MODERATE

For functions which penalize the similarity index values for
mismatches, the pattern changes to show:

best match

LUNG: INTERSTITIAL PNEUMONIA.,
MODERATE

next best matches

LUNG: FOCAL GRANULOMATOUS
PNEUMONIA

LUNG: MILD BRONCHOPNEUMONIA

also good matches

LUNG:; MODERATE SUPPURATIVE
BRONCHITIS

LUNG: PULMONARY EDEMA

Secondly, a consideration of a single function as user pro-
files change shows the way in which the weighting system
operates in carrying out weighted retrieval. Utilizing a
weighted vector product measure, Function #1 in Figure 8,
and a weighting system in which all weights are one results
in the retrieval of the strings

best match

LUNG:; ACUTE EDEMA AND
HEMORRHAGE WITH BACTERIAL INVASION

next best matches

LUNG; FOCAL GRANULOMATOUS
PNEUMONIA

LUNG:; MODERATE SUPPURATIVE
PNEUMONIA

LIING: MILD BRONCHOPNEUMONIA

LUNG: INTERSTITIAL PNEUMONIA,
MODERATE

However, using a weighting profile which assigns a weight
of five to "“bacterial etiologic agent,”” a weight of two to
“inflammation,”” a weight of zero to "*non-bacterial etiologic
agent’’ results in the retrieval of the strings just shown with
the addition of the following strings as additional good
matches:

TRACHEA: MILD SUPPURATIVE TRACHEITIS
TRACHEA; NONSUPPURATIVE
TRACHEITIS, MODERATE

representing inflammations of another part of the respiratory
system.

What is retrieved in a request to find all strings similar to
a given string is dependent on what is important to a user
of the system and how the user wishes the retrieval function
to operate. A user-responsive, functionally directed retrieval
technique as part of a system which admits natural language
input can therefore be applicable to a real situation.

Hence, in the Semantic Similarity Analyzer, it appears we
have a system which meets the overall objective of permit-
ting a data base containing phrases of natural language in-
formation to be created and interrogated in the semantic
domain for multiple uses and users. The system is being
applied to the Veterinary Pathology Record Retrieval Sys-
tem currently under development at UTHSCD, and the use-
fulness of the technique in practice will continue to be eval-
uated in this setting.
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INTRODUCTION

This paper describes a class of semantic source-to-source
program transformations called design-directed program
transformations (DDPT) for use in a transformational imple-
mentation (TI) approach to programming. A methodology is
developed for applying such transformations based on sym-
bolic evaluation and experimental computation of programs.
A DDPT is a cognitive model of source-to-source transfor-
mations; it knows whar it is trying to accomplish and con-
tains a strategy of how to accomplish it. A DDPT is more
than a syntactic pattern replacement rule; it is a semantic
program transformation which is intuitively closer to one
that a good programmer would invoke in transforming his
program.

DDPTs are a natural extension to TI systems.!:6-7:8:10:12.13
The importance of a TI approach to programming has been
made earlier, most notably by Balzer ¢t. 4al.! In a TI envi-
ronment, the user interactively constructs and modifies a
program by applying ‘“correctness-preserving’’ transforma-
tions. Viewed as a programming methodology, this approach
strives to relieve the user from worrying about the details
of the actual implementation, thereby transforming his role
to one of "‘designer’’ and “‘optimizer,”" delegating the role
of ““implementer’" to the TI system.

To date, TI systems provide only syntactic transforma-
tions. A syntactic transformation can usually be represented
by a production-like pattern replacement rule of the form
“*LHS-pattern=>RHS-replacement-pattern.”” (LHS is left-
hand side, RHS is right-hand side.) The user selects a par-
ticular rule. The TI system tries to match the LHS-pattern
with a portion of the program to be transformed (called the
target program). I successful, the RHS-replacement-pat-
tern is substituted for the matched portion of the program.

A DDPT is not so easily described as a syntactic replace-
ment rule because the LHS and RHS patterns are not "*one-
to-one’" with the statements in a programming language.
i.e., they contain user-supplied descriptions of what the
program fragment is doing such as “‘update,” “‘put,”
Further, the RHS-replacement-pattern cannot always be
specified a priori. It is instead dynamically generated based
on the interaction of the specific target program and the
specific DDPT. Consequently, a DDPT is defined by 1) an
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input pattern whose language is semantically rich and 2) a
procedure which derives instances of the RHS-replacement-
pattern. This pattern instance encodes the underlying strat-
egy of the transformation. In the next section, we give a
detailed example of a DDPT definition called BYPASS-
LOOP.

What distinguishes the DDPT method from the more syn-
tactic approach is 1) the goal-directedness of a specific
DDPT (e.g., ~bypass’™ a looping computation if possible),
2) the nature of the input pattern (e.g., pattern elements
contain descriptive annotations such as “‘update,”” *‘put,”’
etc.) and 3) the synthesis of replacement program fragments
which when substituted into the program, achieve the over-
all goal of the transformation (e.g., bypass a loop for special
cases).

Considering only syntactic transformations leads to sev-
eral operational difficulties.! They include 1) Size—An enor-
mous number of transformations exist. How can their num-
bers be reduced? 2) Selection—How are transformations
selected/accessed? 3) Control—How are transformations ap-
plied, i.e., in what order should they be tried and how are
they invoked? In this paper we show how these problems
can be alleviated in some instances using DDPTs.

Summary

In the next section, we present several examples of de-
sign-directed program transformations, and compare the de-
sign-directed paradigm to a more traditional syntax based
paradigm. In the third section we relate this work to others
and in the fourth section we give our conclusions.

DDPT EXAMPLES AND COMPARISONS

In this section, we define the steps of the transformation
process. Based on these steps, and using detailed examples
for illustration, we compare the syntax based pattern-re-
placement rule paradigm with the design-directed paradigm.

The process of manipulating a program can be factored
into four steps. They are selection, matching, substitution
and replacement. A transformation *'rule’ is selected (either
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automatically or by the user), and matched to a program
fragment. If the match is successful, the variable portions
of the matched part are substituted for the variable portions
of the replacement pattern. Finally, the replacement pattern
replaces the matched target program fragment. In the next
two examples, we show how the DDPT approach extends
each of these steps by making them more **computational™
in nature.

BYPASSLOOP DDPT

This example illustrates how the DDPT method extends
the matching and substitution processes. We first look at
the syntactic approach.

Consider the sequence of syntactic transformation rules
necessary to transform the program fragment

(a) while i=n do (b[i]:=blil+pHi—1); i:=i+1])
into the program fragment

(b) if p=0 then i:=n+]
else while i=<n do (blil:=blil+pHi—I); i:=i+1).

This transformation takes advantage of the special case for
which the loop does no ‘‘significant’ processing, i.e., for
“p=0." Figure 1 defines six transformation rules, Tl
through T6, to transform (a) into (b).

In this approach, T1 is applied to the target program (a)
by matching the LHS-pattern of T1 to (a). The result of this
match is a list of (argument,value) bindings. e.g..

(A: (bli]:=bli]+ p=(i—1)))

Next, the value for A is substituted in the RHS-replace-
ment-pattern. Note that the predicate “p=0"" which is
bound to R in the RHS-replacement-pattern must somehow
be specified by the user. The RHS-replacement-pattern
replaces the matched portion, producing a new program
fragment to which T2 will be applied, etc. The program
fragment (b) above is the result of applying T1 through T6
to (a).
The problems inherent with this method are:

1. The overall goal to ‘‘bypass the loop for the special
case that the no computation path is taken,”’ is com-
pletely obscured by the details of invoking the correct
sequence of applicable transformations.

2. Six transformation rules are invoked in this case, but
these six are not necessarily the only sequence of
syntactic rules which would transform (a) into (b).
How do we select the applicable ones, and how do we
know which ones are available for selection?

3. The user is completely responsible for the selection of
a correct sequence—the system merely carries out
each selection by matching the appropriate code seg-
ment and accomplishing a straightforward replace-
ment.

4. The user is also responsible for discovering properties
of the program which might be derivable automatically
by a more intelligent system, such as the predicate
“p=0," and the action ‘‘i:=n+/"" in the example
above.

In comparison, the design-directed approach has a single
DDPT called BYPASSLOOP, whose strategy is to bypass
a looping computation for the special cases in which the
loop does no *‘significant’ processing.> We call this strat-
egy the abstract design of the DDPT. It is abstract in that
it does not specify the ‘*details’’ of the target program to
which it applies. It does, however, specify the necessary
constraints of the transformation. The abstract design spec-
ifies that the target loop has a ‘'no computation’’ path, but
it does not specify the specific action sequences of that
loop. This strategy is encoded as the procedure which
generates the replacement program fragment for a DDPT.

A DDPT is defined by giving: 1) An input pattern, and 2)
A replacement fragment constructor procedure which con-
structs an incompletely specified replacement program frag-
ment based on the given target program and the underlying
strategy or goal of the transformation. It contains both
concrete, or known actions and predicates and abstract or
unspecified actions and predicates. The concrete parts are
derived from the matched input pattern; the abstract parts
are exactly those portions of the yet-to-be-transformed
program which must be synthesized to achieve the overall
goal of the transformation.

For BYPASSLOOP, the input pattern is:

do; (transient-updates | non-transient-updates); od

where "*do; . . . ; od"" is a pattern which denotes a looping
computation, ‘‘(transient-updates | non-transient-updates)”’
is an alternation pattern which denotes one of two special-
izations of “‘update.’”” (A transient variable is one with a
non-repetitive value structure, e.g., a non-array. Hence a
transient-update is an assignment to a transient variable,
e.g., ir=i+1.) Note that the input pattern for BPL is consid-
erably more abstract than the patterns T1-T6 in Figure 1.

The BPL replacement fragment constructor procedure
may informally be stated as:

I. Let M be the matched portion of the target program
and the input pattern. Let TU be the transient varia-
bles, and NTU be the non-transient variables. Create
a conditional statement such that:

(a) The else branch is M

(b) The true branch is TU:= F(TU),
(c) The predicate condition is r

= “if r then TU:=F(TU) else M’

2. Define r to be exactly that abstract predicate which is
true for the bypass path to be taken. That is,
P{M}Q=> Pand r{TU:=F(TU)}Q.

3. Define TU:=F(TU) to be those update actions which
may be expressed as non-looping computations. For
all x in TU, F(x) is the value ¥ would have had on exit
from the loop if the loop had executed.
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RULES:

Tl: P{A}Q => P{if R then A else A}Q

T2: P{if R then A else B; C}Q => P{if R then A;C else B;C}Q

T3: Partial evaluation, i.e., symbolic evaluation of the result of

sub-

stituting known values for variables, actual parameters for formal

parameters in procedures, etc.

 P{x:=x}Q => P{noop}Q

T5: P{while R do if S then A else B}Q =>

P{if S then (while R do A) else (while R do B)}Q

when S{A}S and S{B}S.

T6: Computing linear relationships and values of variables.

TRANSFORMATIONS:

let target program fragment = while i<=n do (b[i]:=b[i]+p*(i-1);i:=1i+1);

=> while i<=n do (if p=0 then b[i]:=b[i] + p*(i-1)
else b[i]l:=b[1i] + p*(i-1);

Tl
i:=1i+1)

=> while i<=n do (if p=0 then (b[i]:=b[i] + p*(i-1);i:=i+l)
else (b[i)l:=b[i] + p*(i-1);i:=i+1))

T2

=> while i<=n do (if p=0 then (b[il:=b[i]+03i:=i+1)

=> while i<=n do (if p=0 then i:=i+l
else b[i]:=b[i] + p*(i-1);i:=i+1)

=> if p=0 then while i<=n do i:=i+l
else while i<=n do (b[il:=b[i] + p*(i-1);i:=i+1)

=>__. 1f p=0 then i:=ntl

else (b[i]:=b[il+p*(i-1);i:=1i+1))

else while i<=n do (b[il:=b[i] + p*(i-1);i:=i+l1)

Figure 1—The transformation process using syntactic pattern-replacement rules.

Figure 2 shows the DDPT method applied to BYPAS-
SLOOP. The first step matches the input pattern to the
target program fragment, ‘‘while i<n do. ..”” The second
step invokes the BPL replacement fragment constructor pro-
cedure above. This results in an incompletely-specified pro-
gram fragment whose abstract eiemenis r and TU:= F{(TU)
are constrained by the BPL strategy. Finally in Step 3, these
abstract portions are synthesized with p=0for r and i:=n+1
for TU:= F(TU). (The details of the synthesis procedure are
beyond the scope of this paper.)

The advantages of this approach are:

1.

2.

The overall goal (to bypass the loop) directs the trans-
formation process.

Once BYPASSLOOP is selected, any “‘low-level”
analysis is carried out automatically (e.g., partition
variable assignments into types).

. The system derives properties such as the predicate

p=0, instead of requii‘ing the user to specify them.
The input pattern and replacement fragment construc-
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input pattern : "do; (transient-updates | non-transient-updates); od"

target program : while i<= n do (b[i]:=b[1]+p*(i-1);i:=1i+1)

1. MATCH BPL input pattern to target program.

loop. Partition wvariable
transient updates.

=> <doj.ssj;0d : while i<=n do ...>
<transient-updates : i:=i+l1>

assignments into
(See section 2.1.)

Analyze statements in

transient and non-

<non-transient-updates : b[j]l:=b[jl+p*(j-1), 1l<=j<=n>

2. INVOKE BPL replacement fragment constructor procedure.

(a) Bind M to value of <doj...j;od>

(b) Bind TU to {i}
(c) Bind NTU to {b}

(d) CREATE-CONDITIONAL(pred = "r", truepart = "TU:=F(TU)", elsepart =

M)
=> "if r then TU:=F(TU) else M"

3. SYNTHESIZE abstract parts "r",

and "TU:=F(TU)".

(a) Compute F(TU), the final values of x in TU.

=> {:=n+l

(b) Compute predicate "r".
each non-transient variable
predicate r, = AE (x, = xn).

Let r = ry and r, an

Let x, denote the ith value of x. For

X,
(AE 1s abstract evaluation
se e and rnt

for each iteration i, construct a
[BIGG77al.)

=> AE(b0[1]=bn[1]) and ... and AE(bO[n]=bn[n])

=5> AE(b0[1]=b0[1]+0) and ... and AE(bo[n]=b0[n]+p*(n-l))

=>> T and p*1=0 and ... and p*(n-1)=0

D> pso

(¢) Return fﬁlly instantiated program fragment.

=> "if p=0 then i:=n+l else while i<=n do ..."
Figure 2—DDPT method applied to BYPASSLOOP.

tor procedure of the transformation applies to a large
class of target program fragments.

Cancel DDPT

A general selection procedure is yet another important
aspect of our system which is illustrated in this example.
We are experimenting with automating this step of the trans-
formation progess by using the program annotations sup-

plied by the programmer for clarity. A database of related
annotations is maintained. For example, ‘*loop,’” a syntactic
program control structure element, and ‘'update,”” a descrip-
tive action verb element, are related by a relation R-BPL.
The selection procedure essentially constructs a list of those
related elements contained in a target program which are
related in the database. Each relation (e.g., R-BPL) is
suggestive of one or more DDPTs (e.g.. BPL). Hence the
selection procedure returns a list of potential transforma-
tions to be tried.
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The program in Figure 3 processes characters given in an
array text [0:n]. In and out are two integer pointers such
that during execution of the main loop,

(a) text[1:ouf] is the text processed ‘'so far,”" and
(b) text[l:in]is the output or ‘saved™ text.

The text processing 1) replaces linefeeds by blanks, 2) re-

moves redundant blanks and 3) removes non-alphabetic

characters. (This is an example discussed in Reference 1.)
Abstractly, the main loop of the program is:

while moretext do
(get next character from input;
put character in output;
case on character type:
linefeed: (replace character by blank;
if redundant blanks then remove character
from output);
if redundant blanks then remove character
from output;
alpha:  noop;
else: remove character from output);

blank:

In Figure 3 we **fill in the details™" of this abstract program;
the abstract operations above are left as annotations.

An applicable DDPT is the CANCEL transformation.?
Intuitively the strategy of this transformation is to rearrange
the action sequences so as not to have to “‘undo’” or ‘‘can-

procedure processtext(var text:array[0O:n] of char);
var ch:i:char; in,out:integer;
begin
in:=out:=0; text[0]:=" “; /** initialize **/
while out<n do
begin
/** get next character from input **/
out :=out+1;
ch:=text[out];
/** put character in' output **/
in:=in+1;
text[in] :=ch;
/** case on character types *%/
case ch in
linefeed: begin
/** replace character by blank **/
chi=text{in]l:=" "}
/** test for redundant blanks **/
if text[in-1] = 7 *
then /** remove character from output **/
in:=in-1;
end;
space: begin
/** test for redundant blanks **/
if text([in=-1] = 7 °
then /**remove character from output **/

in:=in-1;
end;
alpha: begin /** noop **/ end;
else: /** remove character from output **/
in:=in-1;

end; /** case **/
end; /** while out<n **/
end; /** procedure processtext *k [

Figure 3—Program to process characters.

cel”” any previous action. In this case, CANCEL will elim-
inate action sequences such as [“'put™: . . . ; “remove”’] by
replacing the “‘puts’ and “‘removes™ with “‘noops™. i.e.,
[“put; . . .; “‘remove’ 1= 'noop™; ... “‘noop’’]l. Ap-
plying CANCEL to the abstract program above yields the
transformed abstract program:

while moretext do
(get next character from input;
noop;
case on character type:
linefeed: if not redundant blanks then put blank in out-

put;

blank:  if not redundant blanks then put character in
output;

alpha:  put character in output;

efse: 7100p)

Those portions in italics are program parts affected by the
transformation. The complete program is shown in Figure
4. In this version, note that the “*put”™” is done only when
needed; the “‘replace’ and “‘remove’’ actions have been
eliminated.

How can one use the program’s annotations in Figure 3

procedure processtext(var text:array[0:n)] of char);
var ch:char; in,out:integer;
begin
in:=out:=0; text{0]:="
while out<n do
begin
/** get next character from input **/
out s=out+1}
ch:=text[out];
/** case on character types **/
case ch in
linefeed: begin
/**% replace character by blank **/
ch:=" 73
/** test for redundant blanks **/
if text[in] ~= 7 7

.

5 /**% initialize *%/

then begin
/** put character in output **/
in:=in+l;
text[in] :=chj
end;
end;
space: begin

/** test for redundant blanks **/
if text[in] = 7 ¢
then begin
/** put character in output **/
in:=in+l;
text[in] :=ch;
end;
end;
alpha: begin
/** put character in output **/
in:=intl;
text[in] :=ch;
end;
else: begin /** noop ** / end;
end; /** case **/
end; /** while out<n **/
end; /** procedure processtext **/

Figure 4—Processtext modified by DDPT CANCEL.
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to select the CANCEL DDPT? If the program contains a
“*put”” followed by a ‘‘remove,”’ then there is a chance that
the CANCEL transformation is applicable. A database of
relationships is maintained for potentially related annota-
tions. The system searches the program, constructing a list
of these related elements. For this example, there are several
instances of a relationship named R-CANCEL. In the first
abstract program above, there are three paths containing the
sequence [put; . . . ; remove]. The pair (put, remove) is
contained in the database under the relation R-CANCEL.
The system collects three instances:

R-CANCEL:
{(PUT001,REMOVE001),(PUT001, REMOVE002),
(PUT001,REMOVEO003)}

The presence of these related annotations in the program
causes the corresponding DDPT, CANCEL, to be selected.
Later, these annotations are used to locate the specific in-
stances of these actions in the match input pattern step of
the transformation process. The CANCEL replacement
fragment constructor procedure analyzes the target pro-
gram, reorders and eliminates the offending action se-
quences, and produces an incompletely specified replace-
ment program fragment (as with BPL). The synthesizer fills
in those remaining abstract portions producing the program
shown in Figure 4.

In addition to automating more of the transformation proc-
ess, the advantages to having the transformation system aid
in the selection part include

I. Elimination of the problem of *pointing™" to the places
within the program text where the transformation is to
be applied—these places are pointed to by the anno-
tations and remembered by the system.

2. The program is manipulated at the semantic level, e.g..
manipulate the verbs **put”” and ‘‘remove, " rather than
at the syntactic level, e.g., manipulate ““text[in]:=ch”
and “in:=in—1."

Other DDPTs

Many program manipulations fall naturally into the design-
directed paradigm, because of the ability to analyze the
“*matched’” portion of the program in order to synthesize
replacement program fragments—the replacement fragment
constructor procedure built into each DDPT can be quite
general.

In this section, we list a number of DDPTs of interest.
The reader is referred to Reference 9 for more details.
FLAG-MONITOR—Replaces an arbitrary boolean test with
an equivalent boolean flag variable which “*monitors™ the
original condition.

DO-EITHER—Generates (synthesizes) “"special case’” pro-
gram fragments from a specification of the ‘‘general case.”
GENERALIZE—Synthesizes ‘‘general case’” program frag-
ments from a sequence of *‘special cases.™
EXTEND—Data structure extension.!3 (A form of GEN-
ERALIZation.)

RELATION TO OTHER RESEARCH

As noted earlier, most other transformation systems are
syntax-based and two ‘‘rule-types’’ have emerged. One is
the production-like syntactic pattern replacement rules
shown earlier; 8101213 the other is a system of rules which
manipulate recursive programs.%7:1-1¢ The restrictions im-
posed by these methods have been pointed out in the second
section. Mostly the problems center on control and the de-
gree of complexity allowed in transformations.

The major differences between our rules and their syntax-
based counterparts rests in the degree of flexibility in spec-
ifying the ‘‘patterns’” associated with the transformation
process. Our matching mechanism allows for more general
pattern matching; the substitution and replacement mecha-
nism is more computational in nature, and we provide a
mechanism for automatic selection based on the program’s
annotations. The syntactic rules are both useful and neces-
sary in a TI system; we simply extend the type of rules
available to the user.

Design-directed transformations extend the work of Big-
gerstaff and Johnson,®*in which automatic program synthe-
sis is viewed as a process directed by known abstract pro-
gram designs.

CONCLUSIONS

The design-directed approach to program transformations
is a natural extension to other, more syntactic-oriented ap-
proaches. DDPTs are shown to have more general selection,
matching and replacement procedures than their syntax-
based counterparts. The advantages of this generality are

o Higher degree of automation.

e Each single transformation has a larger scope (it affects
a larger target program fragment).

e Transformations are intuitively closer to ones a good
programmer would select in transforming his program.

e Reduction in the number of transformation rules at the
user level.

® Makes use of system’s ability to analyze and reason
about programs (e.g., using symbolic evaluation and
program synthesis).

e Each transformation applies to a large class of target
programs.

We are currently implementing these transformations and
several others in LISP on a DEC 2020, at the University of
Washington.

ACKNOWLEDGMENT

The author would like to thank Dr. Ted J. Biggerstaff for
his influence, guidance and support in this research. Notable
contributions to portions of this work are attributed to his
continuing interest. The author is also indebted to Protessor
David L. Johnson for his continued support and suggestions.



Heuristic Control of Design-Directed Program Transformations

1077

Finally, thanks is due to the referees whose comments
greatly improved the content of this paper.

REFERENCES

. Balzer, R., N. Goldman and D. Wile, **On the transformational approach
to programming,”” Second International Conference on Software Engi-
neering, 1976.

. Barth, J. M., *"Shifting garbage collection overhead to compile time,™
CACM, Vol. 20, No. 7, July 1977.

. Biggerstaff, T. J., ""C2—A super-compiier approach to automatic pro-
gramming,”” Ph.D. Dissertation, University of Washington, Seattle,
Washington, January 1976.

. Biggerstaff, T. J. and D. L. Johnson, **Design directed program synthe-
sis,”” CSCI Tech. Rep. 77-02-01, University of Washington, February
1977.

. Biggerstaff, T. J. and C. L. Jette, "*Design directed program optimiza-
tion,”” CSCI Tech. Rep. 77-10-01, University of Washington, (October
1977).

13.

14.

. Burstall, R. M. and J. Darlington, **Some transformations for developing

recursive programs,’’ Proc. 1975 International Conference on Reliable
Software, 1975.

. Darlington, 1., **Program transformation and synthesis: present capabil-

ities,”” Pub. 77/43, Impenial College, London, September 1977.

. Gerhart, S. L., ""Correctness preserving program transformations,” Sec-

ond ACM Symposium on POPL, January 1975.

. Jette, C. L., "*Design directed program transformations,”” Ph.D. Disser-

tation, University of Washington. forthcoming.

. Loveman, D. B., “‘Program improvement by source to source transfor-

mation."” Third ACM Symposium on POPL, January 1976.

. Manna, Z. and R. Waldinger, "*The logic of computer programming."

STAN-AIM-298, August 1977.

. Rutter, P. E., “‘Improving programs by source-to-source transforma-

tion,” Ph.D. Dissertation, University of Illinois at Urbana-Champaign,
1977.

Standish, T. A., D. C. Harriman, D. F. Kibler and J. M. Neighbors,
*The Irvine program transformation catalog,”” University of California
at Irvine, January 1976.

Wegbreit, B., "Goal directed program transformation,’ IEEE Trans. on
Soft. Eng., Vol. SE-2, No. 2, June 1976.






A data flow evaluation system based on the concept of

recursive locality*

by A. L. DAVIS

University of Utah
Salt Lake City, Utah

INTRODUCTION

In an attempt to increase the performance of computing
machines, there appears to be two main approaches—(1) to
use faster components in existing architectures and (2) to
design new architectures which are capable of exploiting
some form of concurrency. The first approach is inherently
limited in that the effects of reduced integrated circuit ge-
ometry, new process technology, and new logic families can
be expected to increase overall system performance by only
a couple of orders of magnitude. While this is initially im-
pressive, it does not allow the desired machine performance
projected to be necessary to solve large physics problems,
or needed for accurate weather prediction.’® The second
approach, while being a considerably more difficult organi-
zational problem, is inherently unlimited in nature. There
are numerous levels at which concurrency can be exploited
in digital computers, i.e. multiple data paths, more concur-
rent realization of low-level circuit functions, overlap and
pipeline processing within a single processing element, mul-
tiple processors, etc. In developing any new ‘‘fast as pos-
sible’” machine, it is important to attempt to implement all
of the above suggestions. However the work reported here
will mainly be concerned with solving the problem of how
to utilize and organize systems containing large numbers of
independent processors.

In attempting to escape the fundamental performance
bounds imposed by von Neumann architectures, it is insuf-
ficient to modify only a few aspects of the von Neumann
style system ideas. Alternative proposals to the *‘clock-dri-
ven'' von Neumann architectures are numerous. There are
at least two areas which have some promise. One is the
“*demand-driven”’ approach espoused by Friedman and
Wise, '® Backus® and Berkling.® Another is the **data-driven”

* The work reported in this paper was supported by Burroughs Corporation.
DDMI1 is an operational hard-wired data-driven machine, and was completed
in july 1976 at the Burroughs Interactive Research Center in La Jolla, Cali-
fornia. Many of the early systems ideas were developed in conjunction with
Robert S. Barton. Gary Hodgman, Lawrence Rogers, and Karl Boekelheide
were instrumental in the conceptualization and implementation of the actual
machine. An improved version of DDM1 now resides at the University of
Utah, where the project continues under the support of the Burroughs Cor-
poration.
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approach taken by Dennis,® Bahrs,* Davis®and Arvind, Gos-
telow and Plouffe.2 The work described here is of the data:
driven variety due to the feeling that the demand-driven
approach does not support intra-process pipelining very
well. In addition, the propagation of demands takes time,
and while demand-driven programs do allow for increased
expressive power, the emphasis here is on performance.
The data-driven approach naturally describes both pipelined
(vertical) concurrency and independent operation (horizon-
tal) concurrency.

The intent of this paper is to present an overview of the
**Utah approach’ to data-driven computation. The major
emphasis will be on the architectural aspects of an existing
machine, DDM1 (Data-Driven Machine #1). Details of the
method by which data-flow programs are evaluated on
DDM]1 will also be discussed. The major differences (and
motivations for these differences) between the Utah ap-
proach and other published data flow groups will be consid-
ered. Part of the material presented here has been published
elsewhere in a less general and more detailed form.%? The
new topics presented here are principally concerned with
automatic resource allocation, and the flow balance during
pipelined processing.

It is evident that any machine architecture intended to
have a general commercial appeal must be feasible with
respect to the changing constraints of integrated circuit tech-
nology. For architectures which fit nicely into the VLSI
realm, the advantages are numerous. Among these are lower
cost, increased reliability, increased speed and decreased
power consumption.

The actual machine language of DDMI1 is a linearized
encoding of a directed graph schema calied data-driven nets®
or DDNs. DDNs are very similar to the data flow nets of
Dennis® and Rodriguez.!® The asynchronous nature of DDNs
makes it easy to decompose a given net into a set of con-
current subnets, which can then be allocated to independent
physical resources. The main distinction between the Dennis
nets and DDNs is that in DDNs no distinction is made
between the net tokens which are used for contro! purposes,
and other net tokens. All DDN tokens are considered to be
data items, and no explicit distinction is made to distinguish
between classes of tokens. Another difference is that the
primitive DDN cell types are slightly more high-level than
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the Dennis nets. Finally, some primitive activities which are
explicitly specified in the Dennis schema are implicit in
DDNSs. An example is the Dennis “‘link’" which serves as
both a transmission and copy site. The functions of such
links are implicitly incorporated into the output mechanism
of DDN operators. The result is that both the DDN and
Dennis schemas share the same properties with respect to
ease of program verification, ease of program conceptuali-
zation and ease of machine evaluation. Due to slightly
higher-level primitives and a less explicit schema, a DDN
program graph will typically have less vertices (cells) and
arcs (data paths) than a functionally equivalent net in the
Dennis schema. This difference is mostly one of style and
is not particularly significant, although the differences are
reflected in the respective architectures.

The only sequencing constraint in DDNs is that of data
dependence, and since no weaker sequencing constraint ex-
ists without doing non-productive computation,'* DDNs are
naturally a maximally concurrent representation of a given
algorithm. While such concurrency may add to the “‘natu-
ralness’” of the programming experience, it is operationally
useless as a speed-up mechanism unless it can be mapped
onto a set of physical resources capable of exploiting this
concurrency. If this mapping is done at run-time, then the
time to map must not overshadow the speed-up attained as
a result of the concurrent execution. The attitude about how
and when this mapping gets done marks a major difference
in the Utah approach and that of other data-driven compu-
tation projects.

Lastly, a number of additional goals for the machine struc-
tures presented here are felt to be desirable. Namely, it is

“intended that these machines be general purpose, extensible,
reliable, easily programmable, support very high levels of
concurrency and also be economical with respect to their
performance and existing technology. In particular, this ef-
fort is not concerned with one of a kind or special purpose
machines. Special purpose machines are perhaps ideal for
a given environment, but suffer from inherent limits in their
applicability to other problems.

THE IMPACT OF VLSI

The advantages of high density integrated circuit technol-
ogy are so overwhelming that the constraints of VLSI must
be considered as a primary force on future architectures,
the global influences of which are summarized here. Due to
the tremendous commercial emphasis on MOS VLSI, the
following discussion will mainly be concerned with the prop-
erties of MOS device integration.

The most highly publicized VLSI benefits are those in-
volving cost. A single custom VLSI chip (64-pin package)
currently costs about $80,000 to $300,000 to produce. Even
then, production typically must be guaranteed for about a
quarter of a million parts at an additional cost of $7 to $10
per part. This clearly indicates that VLSI cost advantages
can be obtained only if any given chip can be used in very
large volumes. If a part does not have universal appeal, then

the use of such a part in a new architecture brings about
some high-pressure constraints. Either the part must be used
a large number of times in a single system, or a single system
must have a very high sales volume, or some combination
of the two. The number of part types in a given system is
also a major concern in that it becomes a multiplicative
factor in the system development cost. '

Another factor heavily influenced by a VLSI implemen-
tation is speed. The dominant speed factor is due to the
capacitive effects on a given transmission path. Typical off
chip loads are on the order of 100 picofarads, while on chip
loads are approximately one picofarad. Since delay times
are proportional to the capacitive load (for constant drive
current), this implies that signals which can remain on the
chip will be driven about two orders of magnitude faster
than those which must be driven to destinations off the chip.
Additional speed-up can be obtained from the decreased
geometries of switching elements and conductor path
lengths. This is a very strong argument for architectures
which attempt to maximize locality of processing. For ar-
chitectures in which processing and local storage cannot be
done at the same locality, massive delays must be incurred
as a result. The only way around the slow off chip drive
problem is to drive more current off the chip. This requires
a series of relatively large output drivers, which are ex-
tremely costly in terms of chip real estate and power con-
sumption. In addition, locality of processing will reduce the
amount of contention for a given system transmission path.
This contention is important in a highly parallel system in
that the resultant sequencing will yield reduced system ef-
ficiency.

The number of pins is an important VLSI metric. If chip
types are used in sufficient quantities to amortize the initial
layout cost, then the physical cost to manufacture a machine
becomes approximately linear with pin count. In addition,
increasing the number of pins on a particular chip causes
decreased yield due to bonding problems. Increased pin
count also implies that even more silicon area must be al-
located to connection pads and pin drivers.

VLSI implementation also yields the more commonly dis-
cussed advantages such as (1) increased system reliability
due to reduced part count, (2) decreased system power con-
sumption since voltages on a given chip scale with physical
feature size and (3) decreased system maintenance cost as
chip replacement policies become more effective in highly
integrated systems.

The extent to which these VLSI advantages can be real-
ized is proportional to the logic/pin ratio of the proposed
system modules. If the logic/pin ratio is relatively small then
the situation is very much that of an SSI machine. If the
logic/pin ratio is very high then true VLSI advantages can
be obtained. This is a challenge to architects to devise sys-
tems which can be modularized into high complexity mod-
ules which communicate with their environment infre-
quently, using relatively few signal paths. Furthermore, as
integration technology advances causing feature sizes to
shrink even more, these new architectures must remain vi-
able.
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ARCHITECTURAL PRINCIPLES

The VLSI constraints indicate that future architectures to
support very high levels of concurrency should consist of a
set of processing sites capable of performing localized stor-
age and computation of a reasonable complexity. These sites
should be essentially the same physical module, which ide-
ally can be constructed as a single part type. An additional
goal of the architecture presented here is that of extensibil-
ity. More specifically, the architecture should be extensible
without bound in the following way:

1. Machine power should be enhanced by the addition of
more modules (i.e. allow greater concurrency due to
the increased number of processing sites).

2. The addition of new modules should not require any
change to the existing operating system in order to
manage the resulting larger system.

3. Additional resources should be added simply by *plug-
ging in new modules’’ without any special tuning of the
existing hardware to create consistent system timing
and communication for the expanding system.

4. The extension should be available in small quantums.

The first and last points indicate that a user should be
able to purchase only the power needed and not much more
or much less. The other points indicate that the manufac-
turer should need to support only a single module, rather
than a large number of system configurations.

Systems such as these cannot be implemented in a syn-
chronous, centrally controlled manner. Central control of
arbitrarily extensible systems implies that the control must
be able to function on an arbitrarily large amount of state
information, which either slows the control drastically or
requires controller modification to access the new state in-
formation. In an arbitrarily extensible synchronous system
the problem of unbounded clock skew (maximum difference
in the perceived clock time between any two processing
sites in the system) will cause failure. The systems described
here will therefore be asynchronous, fully distributed sys-
tems. Fully distributed systems are defined here to have the
following characteristics: (1) no module of a fully distributed
system can determine the total system state, and (2) no
module of a fully distributed system can enforce simultaneity
in other modules. Holt*® has shown that the notion of total
system state in complex asynchronous systems is counter-
productive. Furthermore, the enforcement of simultaneity
in physically separate, asynchronous devices is impossible.

There are many ways to organize an extensible set of
modules in a distributed control system. The advantages of
hierarchical organizations are (1) reduction in the amount of
complexity to be dealt with at a given level, (2) verification
by inductive methods can be done for uniform hierarchic
systems and (3) the superior-inferior relationship can be
utilized to resolve problems such as contention and deadlock
in multi-resource systems. It will be seen that hierarchy also
facilitates a nice resource allocation policy. Recursive hier-

archies are of particular interest in that they imply that the
same module can be used at each level.

Recursive systems are nicely extensible. A recursively
structured machine is one which has exactly the same struc-
ture at every level. Clearly physical recursion must termi-
nate at some point. This point will be seen to be the deepest
set of resources in the physical hierarchy. Additional ad-
vantages of recursively structured systems have been dis-
cussed by Glushkov.! It will be shown that the width of a
level in these recursive hierarchic structures can be used to
execute independent operations, whiie the depth of the hi-
erarchy will be used to facilitate pipelined operations.

THE ARCHITECTURE OF DDM]

The architecture consists of a set of asynchronous mod-
ules which communicate by passing messages. The basic
computational unit of the architecture is a processor-store
element (PSE). A PSE consists of a processor module (P)
and its associated local storage module (S). Any PSE can
execute any machine language program, providing that it
has a sufficient amount of local storage. No module that is
not a PSE can perform this function. The architecture is a
recursively organized set of these PSEs. The recursive def-
inition of the structure is

(PSEn)::’_‘ <Pn><sn>

(8y)::=(ASUy)

(Pn)::=(AP,)|{AP,)(PSE.GROUP,.,) .
(PSE.GROUP,,)::=(PSE,};)PSE,,, PSE.GROUP,. )

Subscripts denote the recursive level at which the module
physicaily resides. {AP) is an atomic processor module,
which has no further sub-structure (contains no PSEs). Sim-
ilarly an atomic storage unit {ASU) has no PSE substruc-
ture. The width of a (PSE.GROUP) has a physical bound.
For DDM1 this bound is eight. The structure is depicted in
Figure 1.

This structure allows for a hierarchical distributed storage
organization. Any S or ASU may consist of an arbitrary
amount of storage of any desired medium. Higher levels of
PSEs are considered logically superior to lower-level PSEs.
It is advantageous if higher-level stores (ASUs) are slower
and larger than the stores of lower levels. The interface and
functional ability of any ASU (regardless of size, speed and
level) is the same. The structure also allows for an arbitrary
number of processors that can be used concurrently. It is
important to note that all APs are identical regardless of
level. However, the processors at higher levels will be more
powerful, in that they contain more PSE substructure than
the processors at lower levels. More substructure implies
more internal concurrent processing capability.

When viewed non-recursively this structure is simply a
tree structure with a singie root and a possibility for up to
eight sons at any node. Each node of the tree is a PSE and
is capable of executing any machine language program. The
leaf nodes have no substructure and therefore consist of an
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Figure 1—Recursive definition of PSE at level n.

AP and an ASU. At each node the fan-out is fixed but the
depth of the tree is arbitrary. In this manner the architecture
allows any desired number of PSEs to be configured for a
given machine. The desired goal is for machine performance
to improve with the addition of more PSEs.

There are a number of ways to enforce this logical tree
structure onto a collection of PSEs. All involve some form
of a connection network to implement the desired commu-
nication paths. A number of general interconnect networks
have been considered—busses, crossbars, Banyan nets!?
and permutation networks.!” For tree-like machines, full
connectivity is not required. The expense of crossbar
switches vary as the square of the connected elements. Bus
conflict could drastically reduce actual parallelism in the
machine. Permutation networks present a tremendous prob-
lem in that they may need to be totally reconfigured when
a single new connection is necessary. This is difficult to do
reliably in a multi-path distributed control environment.
Banyan networks have some merit, but do not easily allow
for the desired hierarchic pipelined communication. There-
fore, in DDMI a simple one-to-eight-switch was chosen as
the interface unit between successive levels of PSEs. The
result is that the physical and logical recursive structures
are the same. The structure is fixed and cannot be dynam-
ically changed. .

Information is passed between PSEs as messages which
are variable length character strings. Upward traveling mes-
sages are passed on by the switch in an arbiter-like manner.
Downward going messages contain header fields which in-
dicate their destination. This header is deleted by the switch
as the message is passed. Downward and upward messages
are dealt with by independent hardware, and therefore are
controlled concurrently. This character serial nature of the
machine has the following advantages:

1. Hardware modules are made simpler and more appli-
cable for VLSI implementation due to the reduced pin
count.

2. Hardware communication paths are more general in
that variable length information units can be transmit-

ted as varying numbers of fixed-width base characters.
This facilitates a hardware substitution strategy for
modules. Each module can interpret the variable length
message and perform the indicated function.

These advantages aid in greatly reducing the cost of the
hardware modules. Some low-level performance is lost by
doing everything serially. The philosophy is to regain that
lost performance many times over by providing a systems
organization that allows for highly concurrent levels of ac-
tivity.

Physical queues are placed between levels of PSEs in
order to facilitate pipelining and increase physical module
independence. Without queues, the sender of a message
would need to wait on receiver availability. If a queue be-
comes full, only then must the sender wait until the receiver
has freed up some queue space. If queue sizes are adjusted
so that a sender is rarely required to wait for space, then
the system would be well tuned for efficient processing.
Optimal queue size depends on the average message length.
It is therefore impossible to guarantee that no waiting will
occur. Strict hierarchical control and a restricted process
structure insures that the system does not deadlock. A block
diagram of the PSE structure is shown in Figure 2. All
DDM1 paths, except for the path between the ASU and the
AP, consist of six wires (a two-wire request-acknowledge
control link and a character-width data bus; in the DDMI1
prototype four-bit characters are used).

The variable length, character serial message structure
and DDN representation indicate that the ASU should be a
highly flexible storage structure. Further requirements are
that the ASU deal with pipelining of data items and their
continual destruction upon cell firings. In order to increase
efficiency of the PSE, all storage management functions are
performed internally by the ASU. The ASU appears as a
variable field length file system. which directly executes
commands, such as initialize, skip, insert, read, write, delete
and index. The free space is managed automatically by the
ASU.

This PSE structure allows for a high degree of processing
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Figure 2—PSE structure.

locality in that any PSE can execute any DDN program
(assuming that there is sufficient storage in its local ASU).
In addition, the PSE admits nicely to VLSI implementation.
The one-tc-eight-switch can be implemented using a set of
one to two switches of similar function. Using 1:2 switches,
DDM1 module complexities (pin and gate count) are shown
in Figure 3. The pin counts include pins for power, ground,
initialization and extension. The indicated module pin counts
are rounded up to coincide with standard package sizes.

These complexities are all within reason for current VLSI
designs, and are attractive with respect to the logic/pin ratio.
Approximately 30% of the AP and ASU gates are used in
statistics and maintenance circuits.

AUTOMATIC RESOURCE ALLOCATION AND
EVALUATION

When a message corresponding to a DDN program enters
a PSE at any level, the PSE may take one of two actions:

1. Decomposition and allocation—If the PSE has sub-
structure and if there exists some set of concurrent
subnets in the DDN process, then the PSE may split
the DDN and send concurrent subnets to PSEs at the
next lower level.

2. Execution—If the PSE has no subresources, or if there
is no exploitable concurrency in the DDN, then the
PSE executes the DDN at that level.

To aid the decomposition process, a structural descriptor
may precede the incoming DDN in the message structure.
This additional storage can greatly reduce time required for
decomposition decisions in the PSE. In addition, each PSE
must contain information about the number of available
PSEs and the sizes of their respective stores. Problems
would result if a DDN were sent to a PSE that was too large
to fit in its local store. Only the local store sizes of immediate
subresources are known. This ensures the recursive nature
of the decomposition process.

The decomposition process takes some time. It is impor-
tant that the speed-up gained by the extra concurrency re-
sulting from decomposition is not overshadowed by the time
to decompose. Experiments have indicated that a “*first fit”
decomposition is almost always better than a “*best fit”
decomposition strategy. It also appears not to be generally
worthwhile to decompose the DDN structure completely on
this architecture. At-fine granularities,.the slowdown result-
ing from loss of locality is not regained by the concurrent
execution of very small subtasks. The exception to this rule
is in the case of pipelining, where subtasks remain allocated
for relatively long periods of time and sustain high activity
at each site.

If decomposition and resource allocation occur at run-
time, it is important that they be simplified as much as
possible. It is possible to perform these tasks completely at
compile-time. This however is inadvisable since it depends
on knowing the run-time availability of PSEs in the system.
In a system containing large numbers of PSEs, the proba-
bility is high that some PSEs will fail or be busy doing other
things. In addition, large portions of a process may only be
evaluated conditionally. A compile-time allocation would
have to allocate tasks which may never be executed. The
strategy is taken here to split the decomposition task into
two phases—(1) at compile time do all of the resource and
condition independent work and (2) at run-time, dynamically
make the actual allocation of executable tasks to available
physical resources.

DDNs are quite randomly structured graphs and DDM1
is a very regularly structured set of resources. Direct run-
time allocation would be too slow, due to the structural
disparity between program and machine. At compile-time,
the two-terminal DDN process structure is transformed into
a well structured and functionally equivalent series parallel
graph (SP-graph). Two-terminal means that the graph con-
tains a single “‘first”” cell and a single ‘‘last cell. This

Module Gate Count Pin Count
1Q, 0Q (1K Characters) 3,000 16
Ap 20,000 64
ASU (4K Characters) 47,000 64
1:2 Switch 2,000 40
Ap + ASU 67,000 64
Ap + ASU + IQ + 0Q 73,000 64
Ap + ASU + Switch 69,000 64
PSE 75,000 64

Figure 3—PSE module complexities.
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facilitates the determination of net termination and initiation.
SP-graphs are acyclic, two-terminal, directed graph struc-
tures which can be formed by successively combining cells
and/or SP-graphs in series or in parallel. The SP-graph struc-
tures are then allocated as necessary at run-time. Data flow
graphs in general admit nicely to arbitrary restructuring due
to their asynchronous and local control characteristics.

A detailed description of the compiler algorithms to con-
vert a DDN to a functionally equivalent SP-graph is too
lengthy to be presented here. An English description of the
process is given, describing the nature of the algorithms.
The first steps are:

1. Encapsulate all cycles at the outermost level into single
cells. The result is a two-terminal acyclic graph at the
outermost level. This can be done since DDNs are
required to have well nested cycles.

2. Remove all transitive paths. That is if there exists a
path from Ato B, Bto C, and A to C, remove the A
to C path and cause it to pass from A through Bto C.
This requires the semantics of cell B to be modified
slightly. The original inputs are treated the same, while
the new inputs are merely passed on unmodified when
the cell fires. These new inputs are known as the pass
set and may be attached to any cell as a result of this
phase of compilation. At this point the graph is a lat-
tice.

For a lattice to be transformed into a functionally equiv-
alent SP-graph, some degree of freedom must be given.
There are two meaningful freedoms investigated so far—
work and time. If time is free to be changed, then work
remains fixed and the resulting graph is called the least-work
SP-graph. Conversely, if work is the degree of freedom,
then the result is a least-time SP-graph. **Least’’ is not used
in any formal sense but only to indicate that the resultant
work or time is equivalent to the original lattice net. Work
is defined to be the number of cells which must fire to cause
the net to terminate. It will be seen that some additional
synchronization cells will need to be executed to enforce
the SP topology in the least-work nets. Time is defined to
be the critical path length from the first to the last cell at the
outermost level (inner levels being those which were encap-
sulated in Step 1).

For the least-work transformation:

Number of paths from the first to the last cell.

Make a cut across all paths of equal number.

Place a synch cell across all cuts which are not already
SP. Non-SP cuts are those which have (1) a set of
sender nodes S={s, ... sn} and a set of receiver
nodes R={r, . . . rm}such that n>1and m>1 and (2)
there exists a pair of sender cells si. sj and a pair of
receiver nodes ra, rb such that there are at least three
connection paths between {s/, sj} and {ra, rb}. The
result at this point is a least-work SP-graph.

(TSI S

For the least time net, an SP-graph is built fivin sendei-

receiver relationships in the lattice graph as follows:

1. Clear the TODO and SENDER lists.

2. Place the last cell in the TODO list and in the
LTSPGRAPH list.

3. Place all cells (which send messages to cells in the
TODO list) into the SENDER and LTSPGRAPH lists.

4. For every cell in the SENDER list which is the only
sender to the set of cells {ril, ... rik}=Ri in the
TODO list, and where si sends to no cell outside of
Ri, build links in the LTSPGRAPH list from si to ril,

. rik.

5. Delete {ril, ..
SENDER list.

6. For all remaining cells sj in the SENDER list, add
n—1 copies of sjto the LTSPGRAPH list, where nis
the number of output paths of cell sj. Build links in
LTSPGRAPH from senders sjto the receivers sjsuch
that each copy of sj has only one outpath. (This step
performs the typical node splitting operation which is
done in finite state machine reduction. The idea is to
duplicate work in order to regularize the structure in
a least-time fashion.)

7. Clear the SENDER and TODO lists. Place the T list
cells into the TODO list. Clear the T list.

8. Repeat the process starting at Step 2 until all cells in
the original lattice graph have been processed. The
resulting LTSPGRAPH list is the desired least-time
net.

. rik} from TODO list and si from

Examples of the lattice to least-time and least-work SP-
graphs are shown in Figure 4.

It is interesting to note that the algebraic SP expressions
in Figure 4 can be (1) shown to be functionally equivalent
and (2) transformed from one form to the other, using tech-
niques similar to algebraic factorization and distribution (of
the series and parallel relations). In DDM1 the decision to
produce the least-time or least-work SP-graph is made at
compile-time by the user. It would be nice to make this
decision at run-time based on resource cost and availability.
This, however, would increase the run-time overhead to a
level which is currently felt to be excessive. The previous
procedures are applied recursively to the levels defined by
loop encapsulation, and are performed down to the desired
granularity.

The allocation of SP-graphs onto tree-structured physical
resources is an easy task. If the SP-graph of Figure 5 is
folded back onto itself about the middle, the result is a tree-
structured SP-graph. The SP-graph, its folding, and the al-
location onto a tree of physical resources are all shown in
Figure S.

In this way full upward and downward communication
can be carried on concurrently to achieve pipelining. Hori-
zontal parallelism can be achieved by spreading independent
subtasks across a given level of the architecture. Resource
allocation is performed automatically by the hardware in
DDMI1 to achieve very high degrees of parallelism. The
amount of obtainable concurrency is a function of available
hardware resources and the program structure.
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CONCLUSIONS

An architecture and evaluation scheme for data-flow pro-
grams has been presented. The architecture exploits recur-
sive hierarchy to reduce complexity and allows for the ar-
bitrary expansion of system resources. Physical resources
are organized such that they can be used to exploit both
pipelined and independent tasks. The system exploits the
notion of locality that is important for both increased speed
and decreased cost aspects of a VLSI implementation. This
notion of locality also indicates that this system is not in-
tended to exploit concurrency at the lowest possible level.
It is felt that the additional overhead involved to do this
would actually reduce overall performance levels.

Current status of the project is that DDM1 is operational
and executes DDN programs. DDMI communicates with a
DEC-20/40, which is used to support conventional software
tools such as compilers, simulators, and measurement pro-
grams. The current programming language is a statement
description of a DDN. An interactive graphical programming
language is in the works (in both a high-level and a low-level
form). A simulator is being written on the DEC-20 which
will manage any specified tree of resources (virtual) and use
the DDMI1 for actual evaluation. A number of large appli-
cation programs are being written for DDM1. Detailed sta-
tistics will be taken during the execution of these programs
to aid in formal evaluation of the DDM]1 hardware.

The main points of departure of the **Utah’’ approach and
that of Dennis?® is the use of a recursive hierarchy of physical
resources, the exploitation of physical locality to decrease
message frequency and increase the speed of VLSI imple-
mentations, dynamic hierarchical resource allocation, the
lack of specialized functional modules to reduce the chip
type count and a slight difference in the structure of the low-
level schema. The architecture of DDM1 differs from that
of Arvind and Gostelow! in that it does not try to achieve
concurrency at all possible levels (because of the locality
issue), the interconnection scheme is much simpler and no
bus contention is possible, no special address space man-
agement needs to be done, allocated tasks may consist of
many cells rather than just a single operation, and tasks are
allocated only when all of their necessary input operands
are present.

The disadvantages of the system described here are:

1. The current ASU design is not nicely extensible to
allow more storage capacity to just be ‘‘plugged in.”

2. The fixed, hard-wire tree structure is not flexible and
results in certain PSEs in one subtree remaining idle
when another heavily loaded subtree badly needs more
resources.

3. There is currently not enough empirical data from test
runs on very large programs to accurately quantify the
overhead involved in decomposition.

4. Failure of a PSE will cause the entire subtree below
the failure to become unusable. In general, the issues
of fault tolerance have not been properly attended to.

5. Certain ‘‘perverse’” SP-graph topologies can not be
allocated such that full pipelining can be supported.
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INTRODUCTION

There are several computer system architectures which have
the goal of exploiting parallelism—multiprocessors, vector
machines and array processors. For each of these architec-
tures there have been attempts to design compilers to optim-
ize programs written in conventional languages (e.g. **vec-
torizing’’ compilers for the FORTRAN language). There
have also been new language designs to facilitate using these
systems, such as Concurrent PASCAL for multiprocessors,®
and languages that utilize the features of such systems di-
rectly, such as GLYPNIR for the Illiac IV array processor!®
and various ‘‘vectorizing’’ dialects of FORTRAN. These
languages almost always make the multiprocessor, vector,
or array properties of the computer visible to the program-
mer—that is, they are actually vehicles whereby the pro-
grammer helps the compiler uncover parallelism. Many of
these languages or dialects are “‘unnatural”’ in that they
closely reflect the behavior of the system for which they
were designed, rather than reflecting the way programmers
think about problem solutions.

Data flow computers also have the goal of taking advan-
tage of parallelism. As will be seen below, the parallelism
in a data flow computer is both microscopic (much more so
than in a multiprocessor) and all-encompassing (much more
so than in a vector processor). Like the other forms of
parallel computer, data flow computers are best pro-
grammed in special languages. In fact, their need for such
languages is stronger—most data flow designs would be
extremely inefficient if programmed in conventional lan-
guages such as FORTRAN or PL/I. However, languages
suitable for data flow computers can be very elegant. The
language properties that a data flow computer requires are
beneficial in their own right, and are very similar to some
of the properties that are known to facilitate understandable
and maintainable software, such as the absence of undiscip-
lined control structures and module interactions. In fact,
languages having many of these properties have been in
existence since long before data flow computers were con-
ceived. The principal property of a language suitable for
data flow is freedom from side effects, which will be de-
scribed below. The (pure) LISP language? is the best known
example of a language without side effects. The connection
between freedom from side effects and efficient parallel
computation has been known for over ten years.?

1087

To see why data flow computers require languages free of
side effects, we must examine the nature of data flow com-
putation and the nature of side-effects. A detailed descrip-
tion of the mechanism of data flow computers is beyond the
scope of this paper. The interested reader is referred to
References 2, 12, 15, 21, 22, 23.

There are three ‘“data flow’’ languages that will be dis-
cussed in this paper. VAL! and ID? were developed by the
data flow projects at the Massachusetts Institute of Tech-
nology and the University of California at Irvine, respec-
tively. LUCID* was developed for program verification, not
for programming data flow computers. It nevertheless is a
suitable language for data flow computation.

Let us begin by examining a simple sequence of assign-
ment statements written in a conventional programming lan-
guage such as FORTRAN:

P=X+Y
Q=P/Y
R=Xx*P
S=R-Q
T=R+P
RESULT=S/T

ANV AW -

A straightforward analysis of this program will show that
many of these instructions can be executed concurrently, as
long as certain constraints are met. These constraints can
be represented by a graph (see Figure 1) in which nodes
represent instructions and an arrow from one instruction to
another means that the second may not be executed until
the first has completed. So the permissible computation
sequences include, among others:

(1,3,5,2,4,6)
(1,2,3,5,4,6)
(1, [2 and 3 simultaneously], [4 and 5 simultaneously], 6)

This type of analysis (commonly called data flow analysis,
a term which long predates data flow computers) is fre-
quently performed in two situations—at run-time in the
arithmetic processing units of high performance conven-
tional computers such as the IBM 360/91, and at compile
time in optimizing compilers. In optimizing compilers, data
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[NP=X+Y

4)S=R-Q

l’

()T=R*P

((6)RESULT=5/T)

Figure 1

flow analysis yields improved utilization of temporary mem-
ory locations. For example, on a computer with high-speed
general purpose or floating point registers, this program can
be compiled to use the registers instead of core memory for
P, Q. R, S and T, if it can be determined that they will not
be used again. (This determination is very difficult, princi-
pally because of GO TOs, which is one of the reasons why
it is very difficult to write optimizing compilers for languages
such as FORTRAN.)

In the graph representation, an instruction can be exe-
cuted as soon as all the instructions with arrows pointing
into it have completed. On a multiprocessor system;, we
could allocate a processor for each instruction, with appro-
priate instructions (such as semaphore operations'd) to en-
force the sequencing constraints, but execution would be
hopelessly inefficient because the parallelism of this example
is far too **fine grained’" for a multiprocessor. The overhead
in the process scheduling and in the wair and signal instruc-
tions would be many times greater than the execution time
of the arithmetic operations. A data flow computer, on the
other hand, is designed to execute algorithms with such a
fine grain of parallelism efficiently. In these machines, par-
allelism is exploited at the level of individual instructions,
as in the previous example, and at all coarser levels as well;
in most programs there are typically many parts, often far
removed from each other, at which computation may pro-
ceed simultaneously.

To exploit parallelism at all levels, the instruction se-
quencing constraints must be deducible from the program
itself. Let us refer again to the previous program to see how
this may be done.

The sequencing constraints in Figure | are given by ar-
rows. It is not difficult to see that these arrows coincide
with data transmission from one instruction to its successor
through variables. In fact, the graph could be redrawn with
the arrows labeled by the variables that they represent, as
in Figure 2.

@s) RESULT = S/T)

RESULT

Figure 2

In a data flow computer, the machine level program is
represented essentially in this form—a graph with pointers
between nodes, the pointers representing both the flow of
data and the sequencing constraints. Each instruction is kept
in a hardware device (an extremely simple '‘processor’’)
that is capable of “‘*firing’” or executing an instruction when
all of the necessary data values have arrived, and sending
the result to the processors that hold destination instruc-
tions.*

The programming language for a data flow computer must
therefore satisfy two criteria:

1. It must be possible to deduce the data dependencies of
the program operations.

2. The sequencing constraints must always be exactly the
same as the data dependencies, so that the instruction
firing rule can be based simply on the availability of
data.**

There are two general properties of a language which
make it possible to meet these criteria: locality of effect and
freedom from side effects.

* Although the language concepts presented in this paper assume that the

computer exploits parallelism at a microscopic level, not all **data flow™ or
**data driven’” computers do so. Designs of data flow computers that exploit
parallelism only at the subroutine level may be found in References 10 and
24.

** Not all designs for data flow computers accept the second of these criteria
or its consequences. The LAU language ° is intended for execution on a data
flow computer, but it was designed to support data base updating and re-
trieval, so it has side effects on certain operations. The sequencing of these
operations must therefore be constrained by means other than data depend-
encies, and so it does not satisfy the second criterion. The extra constraints
in LAU are specified by path expressions 7 written into the source program.
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LOCALITY OF EFFECT

Locality of effect means that instructions do not have
unnecessary far-reaching data dependencies. For example,
the FORTRAN program fragment given previously appears
to use variables P, Q, R, S and T only as temporaries. A
similar program fragment appearing elsewhere in the pro-
gram might use the same temporaries for some unrelated
computation. The logic of the program might be such that
the two fragments could be executed concurrently were it
not for this overuse of names. (Unfortunately, many con-
ventional languages encourage this style of programming.)
Any attempt to execute the program fragments concurrently
would be impossible because of the apparent data depend-
encies arising from overuse of these temporaries, unless the
compiler can deduce that the conflict is not real and remove
it by using different sets of temporaries.. L

In languages such as FORTRAN and PL/1, this is not so
easy to determine. A reference to a variable in one part of
the program does not necessarily imply dependence on the
value computed in another part—the variable might be ov-
erwritten before it is next read. Careful analysis is required
to determine whether a variable is actually transmitting data
or is ‘*dead.”” This analysis is made much more difficult if
unrestricted GO TOs or other undisciplined control struc-
tures are allowed.

The problem can be simplified by making every variable
have a definite ‘“scope,’’ or region of the program in which
it is active, and carefully restricting the entry to and exit
from the blocks that constitute scopes. It is also helpful to
deny procedures access to any data items that are not trans-
mitted as arguments, though this is not really necessary if
global variables are avoided and procedure definitions are
carefully “*block structured’” as in PASCAL.

SIDE EFFECTS

Freedom from side effects is a necessary property to en-
sure that the data dependencies are the same as the sequenc-
ing constraints. It is much more difficult to achieve than
locality of effect. This is because locality only requires su-
perficial restrictions on the language, whereas freedom from
side effects requires fundamental changes in the way the
language’s *‘virtual machine’” processes data.

Side effects come in many forms—the most well known
examples are procedures that modify variables in the calling
program, as in the following PASCAL example:

procedure GETRS(X, Y :real):
begin RS:=X*X+Y*Y
end:

(* RS is declared in
an outer block *)

.

Absence of global or “‘common’ variables and careful
control of the scopes of variables make it possible for a
compiler to prohibit this sort of thing, but a data flow com-
puter imposes much stricter prohibitions against side ef-
fects—a procedure may not even modify its own arguments.
In fact, in a sense nothing may ever be modified at all.

To determine what kind of prohibitions against side effects
are needed to achieve concurrent computation, we must
examine programs that manipulate structured data such as
arrays or records, since the problem does not arise when
only simple data values are used.

Consider the following procedure which modifies its ar-
guments by a conventional "“call by reference’’ mechanism.
SORT?2 is a procedure to sort two elements, J and J+1, of
array A into ascending order by exchanging them if neces-
sary.

procedure SORT2(var A:array[l. .10] of real:

J:integer):

var T:real;

begin if A[J]>A[J+1] then begin
T:=A[J]:
All:=A[J+1];
AfJ+1]:=T+
end

end;

(1) SORT2(AA, )):
(2) SORT2(AA, K);
(3) P:=AA[L]:

Statements 1 and 2 might interfere with each other and
with Statement 3. Since the values of J, K, and L are not
known to the compiler, it must assume that the statements
will conflict, and execute them in the exact order specified.
Any attempt at parallel execution might result in the incor-
rect results, depending on J, K, L, and unpredictable fluc-
tuations in timing.

A phenomenon known as “‘aliasing’’ makes the problem
even more difficult. This occurs when different formal pa-
rameters to a procedure refer to the same actual parameter,
that is, they are “‘aliases’ of each other:

procedure SORTREAD(var A, B:array[l. .10] of real;
I, J:integer):

begin SORT2(A, I): (* SORT2 is defined above *)
RESULT:=B[J]:

end:

In this program it would appear that, since A and B are
different arrays, the invocation of SORT2 and the reference
to B{J] could proceed concurrently. However, if this were
part of a larger program and SORTREAD were invoked in
the statement

SORTREAD(Q,Q,M,N);

the arrays A and B would actually be the same. Languages
such as FORTRAN and PL/I, in which external procedures
are not available to the compiler when the calling program
is being compiled, make the problem harder still. Facilities
for manipulating data structures by pointers, such as the
“pointer’” data type in PL/I and the record manipulating
operations of PASCAL make it possible for all of these
problems to arise without using procedures.
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Even if procedures and pointers are not used, the se-
quencing constraints may be far from clear, as in

(1) A[J]:=3;
(2) X:=A[KI:

If the convention is made that any statement modifying any
element of an array constitutes a ““writing"’ of the array,
then Statement | clearly passes array A to Statement 2. But
then a statement such as the assignment in

for J:=1to 10 do
AlJ+H1]:=AlJ]+1.

depends on itself!

The inescapable conclusion is that, if arrays and records
exist as global objects in a memory and are manipulated by
statements and passed as procedure parameters, it is vir-
tually impossible to tell, when an array element is modified,
what effects that modification may have elsewhere in the
program.

One way to solve some of these problems is to use ““call
by value’’ instead of the more common “‘call by reference.”
This solves the aliasing problem and the problem of proce-
dures modifying their arguments. In a “‘call by value”
scheme, a procedure copies its arguments (even if they are
arrays). This way it can never modify the actual argument
in the calling program. Call by reference has traditionally
been used instead of call by value because it is a more
natural way of thinking about computation (and is more
efficient) on von Neumann computers.

APPLICATIVE LANGUAGES

For data flow languages, a scheme is used which goes far
beyond call by value: all arrays are values rather than ob-
Jjects, and are treated as such at all times, not just when
being passed as procedure arguments. Arrays are not mod-
ified by subscripted assignment statements such as

A[J]:=S:

Instead, they are processed by operators which create new
array values. The simplest operator to perform the nearest
equivalent of modifying an array takes three arguments—an
array, an index, and a new data value. The result of the
operation is a new array, containing the given data value at

function SORT2(A, 1)
if AlJJ]J<A[J+1]then A
else (A[J:AJ+IINUI+1:A]
end
end

Note that the array construction operator may be composed
with itself and with other operators in the same way as
arithmetic operators.

Figure 3

the given index, and the same data as the original array at
all other indices.

In the VAL language,' the syntax for this elementary
operator is

AlJ:S]
In the ID language.? it is
A+[JIS

This operation does not modify its argument. Hence, in this
VAL program:

() B:=A[:S]:
(2) C:=A[K:T];
3) P:=A[L]:
4) Q:=B[M]
(5) R:=C[N}:

Statements 1 and 2 do not interfere with each other or with
array A. Statement 3 may be executed immediately, whether
1 and/or 2 have completed or not, since they would have no
effect on Statement 3 anyway. Statement 4 can be executed
as soon as Statement 1 completes, whether Statement 2 has
completed or not. The sequencing constraints are shown in
Figure 3.

Note that this situation is similar to the one in the simple
FORTRAN example of the first section. The sequencing
constraints are exactly the same as the data dependencies,
which is the property we seek for data flow.

An operator-based handling of arrays and records auto-
matically accomplishes call by value. As in a call by value
scheme, a routine such as SORT2 would not accomplish its
purpose. SORT2 must return the new array as its value. It
could be written in VAL (omitting type declarations) as:

% No temporary needed during this
% exchange because A is not modified.

In conventional languages, procedures do most, if not all,
of their work through side effects—a procedure might be
designed to alter dozens of variables in the calling program.
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Functions, on the other hand, are typically limited to re-
turning a single value, which typically may not be an array
or record. To make functions as powerful and flexible as
procedures in conventional languages, applicative languages
often allow functions to return several values, or entire
records or arrays, or both. If a function returns several
values, its call can be used in a “*multiple assignment™’ such
as

X,Y,Z:=FUNC(P,Q.R) % FUNC returns 3 values

Treating arrays and records as values instead of objects
is perhaps the most profound difference in the way people
must think when writing programs in data flow languages
instead of conventional languages. The customary view is
of arrays as objects residing in static locations of memory,
and being manipulated by statements that are executed in
some sequence. -As we have seen, this view is incompatible
with detection of parallelism among the statements. The
correct view for data flow is of arrays and records as values
manipulated by operations just as simple values (integers,
reals) are. Then the parallelism among the operators can be

deduced from the data dependencies just as for simple val-

ues.

The value-oriented approach to arrays is confusing to
some at first, but it need not be. An integer array should be
thought of as a string of integers, just as an integer can be
thought of as a string of digits. If J has the value 31416, the
statement

K:=1-400;

leaves K equal to 31016: no programmer would expect the
value of J to be affected. If A is an array with elements
[3,1,4,1,6], the statement

B:=A[3:0]:

is completely analogous: it leaves B with elements [3,1,0,1,6]
and of course does not change A.

Languages which do all processing by means of operators
applied to values are called applicative languages, and are
thus the natural languages for data flow computation. The
earliest well known applicative language implemented on a
computer is LISP.2° (It is applicative only if RPLACA,
RPLACD, and all other functions with side effects are
avoided; this subset of the language is often called *‘pure”
LISP.) The connection between applicative languages and
the detection of parallelism has been reproted by Tesler and
Enea® and by Friedman and Wise.!'* The development of
LISP and other applicative languages, and the Tesler/Enea
paper, all predate the data flow computer concept by several
years. The concept of computation by applicative evaluation
of expressions goes back to the invention of the lambda
calculus in 1941.8

EFFICIENCY CONSIDERATIONS IN APPLICATIVE
LANGUAGES

Applicative languages have recently given rise to contro-
versy concerning their time efficiency in practical situations.

It is claimed that many algorithms cannot be executed as
efficiently in applicative languages as in conventional state-
ment-oriented languages. The issue is only one of exploiting
parallelism, not any fundamental limitation in the computing
power of applicative systems. This is because any program
written for a conventional von Neumann computer can be
rewritten in an applicative language by treating the entire
memory space as one array. Statements that manipulate the
memory then become operations on that array. The array
must be passed from each operation to the next, so execu-
tion in such an applicative system must be strictiy sequen-
tial—no parallelism can be exploited. However, in the orig-
inal program written in a conventional language, a
knowledgeable programmer might be able to explicitly spec-
ify parallelism, making the program run more efficiently than
in the applicative system.
Consider the conventional program

(h AJL:=S
(@ A[K]:=T:
() P:=A[MI;
(4) Q:=A[N):

If the programmer knows that the set of indices for the array
A can be divided into two disjoint sets, with J and M in one
set and K and N in the other, then Statements 1 and 2 could
be executed simultaneously, 3 would only need to follow 1,
and 4 would only need to follow 2. If the programmer has
the ability to control parallelism explicitly (say, by sema-
phores, monitors, or path expressions), he could specify
exactly those constraints. This is not possible in a data flow
language without some additional mechanism. However, the
problem can often be avoided by dividing the array into
separate parts, manipulating them separateiy, and combining
them only when necessary. For example, suppose array Al
contains only those elements that J and M are known to
index, and A2 contains those that K and N index. Then

Bl:=A1[J:S]:
B2:=A2[K:TI;
P:=B1{M];
Q:=B2[N].

exploits the parallelism exactly. There are other ways of
overcoming the tendency for arrays to limit parallelism,
which will be discussed later. The question of how to exploit
parallelism in applicative languages for a wide variety of
programming problems is an active area of research.

DEFINITIONAL LANGUAGES AND THE SINGLE
ASSIGNMENT RULE

Having accepted an applicative programming style and a
value-oriented rather than object-oriented execution model,
we next examine the implications of this style upon the
meaning of assignment statements.

Except in iterations, (which will be discussed later), an
assignment statement has no effect except to provide a value
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and bind that value to the name appearing on its left hand
side. The result of the assignment is accessible only in sub-
sequent expressions in which that name appears. If the lan-
guage uses blocks in which all variables are local to the
block for which they are declared, the places where a vari-
able is used can be determined by inspection. If the expres-
sion on the right hand side of an assignment is substituted
for the variable on the left hand side in all places where that
variable appears within its scope, the resultant program will
be completely equivalent.

S:=X+Y:
D:=3xS: is equivalent to D:=3#(X+Y):
E:=S12+F(S): E:=X+Y)2+F(X+Y):

(The program on the left is clearly more efficient, requiring
only two additions instead of four. We are not proposing
that the substitution be made in practice.)

Now this situation is the same as a system of mathematical
equations. If a system of equations contains "S=X+Y". it
is clear that ~"3*S"" and ""3*(X+Y)" are equivalent. Hence
the statement

S:=X+Y:

means the same thing in the program that the equation
*S=X+Y'" means in a system of equations, namely that, in
the scope of these variables, S is the sum of X and Y. The
correspondence can be thought of as holding for all time; it
is not necessary to think of the statements as being executed
at particular instants. (In fact, perhaps the word **variable™
is an inappropriate term.) Of course, the addition of X and
Y to form S must take place before any of the operations
that use S can be performed, but the programmer doesn’t
need to be directly concerned with this.

Hence the statement S:=X+Y should be thought of as a
definition, not an assignment. Languages which use this
interpretation of assignments are called definitional lan-
guages as opposed to conventional imperative languages.
Such languages are well suited to program verification be-
cause the assertions one makes in proving correctness are
exactly the same as the definitions appearing in the program
itself. In conventional languages one must follow the flow
of control to determine where in the program text assertions
such as "*S=X+Y’" are true, because the variables S, X,
and Y can be changed many times. Assertions must there-
fore be associated with points in the program.

In a definitional language the situation is extremely sim-
ple: If a program block contains the statement

S:=X+Y;

then the assertion S=X+Y is true. Of course, care must be
taken to prevent circular definitions such as

X:=Y:
Y:=X+3:

We can either have the compiler aliow definitions to ap-

pear in any order as long as there is some consistent order,
or we can require them to appear in a consistent order. A
consistent order is one in which no name is referred to (on
the right hand side of a definition) before it is defined. This
condition is easily checked by a compiler. So the actual
proof rule is: If a program block contains the statement

S:=X+Y;

and the program compiles correctly, then S=X+Y is true.
Strictly speaking, it is only true in the statements after the
one defining S, but, since S does not appear in any earlier
statements, the assertion can be treated as being true
throughout the block.

The power of definitional languages for program verifi-
cation is well known outside of the data flow field. LUCID*
is an example of an applicative definitional language de-
signed expressly for ease of program verification.

There is a problem that could ruin the elegance of defi-
nitional languages—multiple definition of the same name.
Definitional languages almost invariably obey the single as-
signment rule: A name may appear on the left hand side of
an assignment (definition) only once within its scope. The
single assignment rule prevents program constructs which
imply mathematical abominations, such as

J=J+1

Since the appearance of J on the right hand side precedes
the definition of J, it implies an inconsistent statement se-
quencing that the compiler would diagnose. The prevention
of such abominations is of course necessary if the definitions
in the program are to be carried directly into assertions used
in proving correctness, because the assertion "‘J=J+1"" is
absurd.

It is not actually necessary that a data flow language
conform to the single assignment rule. A data flow language
with multiple assignments could be designed in which the
scope of a variable extends only from its definition to the
next definition of the same variable. The next definition in
effect introduces a new variable that simply happens to have
the same name. A program written in such a way can be
easily transformed into one obeying the single assignment
rule: simply choose a new name for any redefined variable,
and change all subsequent references to the new name.
However, the advantages of single assignment languages,
namely, clarity and ease of verification, generally outweigh
the “‘convenience’’.of re-using the same name.

ITERATIONS
There remains one area in which statements such as
L=I-1;
or

A =A[): X+Y]:

seem to be necessary, explicitly or implicitly. in conven-
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tional languages, and that is in iterations. The technique of
renaming variables to make a program conform to the single
assignment rule only works for straight-line programs: If a
statement appears in a loop, renaming its variables will not
preserve the programmer’s intentions. For example:

for I:=1 to 10 do
JI:=J+1:

cannot be
transformed to

for I:=1 to 10 do
J:=J+1;

If the language allows general GO TOs, with the resulting
possibility of complex and unstructured loops, the problem
is indeed difficult. However, data flow languages generally
have no GO TO statement, and require loops to be created
only by specific program structures such as the
“while. . .do. . .”” and similar statements found in PL/I and
PASCAL. This makes the problem easy to solve, and makes
it possible to give iterations a very simple and straightfor-
ward meaning.

To develop the data flow equivalent of a “*while. . .do. . .
type of iteration, we must consider what the **do’” part of
such a structure contains. Since there are no side effects,
the only state information in an iteration is the bindings of
the loop variables, and the only activity that can take place
is the redefinition of those variables through functional op-
erators. An iteration therefore consists of

LR}

1. Definitions of the initial values of the loop variables.

2. A predicate to determine whether, for any given values
of the loop variables, the loop is to terminate or to
cycle again.

3. Ifitis to terminate, some expression giving the value(s)
to be returned. These values typically depend on the
current values of the loop variables.

4. If it is to cycle again, some expressions giving the new
values to be assigned to the loop variables. These also
typically depend on the current values of the loop var-
iables.

An iteration to compute the factorial of N could be written
(omitting type declarations) in VAL as follows:
for I, J:=N, 1. % Give loop variables I and
% ¥ initial
% values N and |
% respectively. I will
% count downward. J will
% keep
% accumulated product.
% Decide whether to
% terminate.
then I % Yes, final result is current
% J.
else iter I, J:=1-1, J=I;
% No, compute new values
% of I and J,
end % and cycle again.

It could be written in ID as follows:

initial T«~N: J<I
while I#0 do
new I<I—1:
new J<J*I;
return J

Its representation in LUCID is similar to that in ID.

Although the values of the loop variables do change, they
change only between one iteration cycle and the next. The
single assignment rule, with its prohibition against things
like "I=I-1" is still in force within any one cycle. All
redefinitions take place precisely at the boundary between
iteration cycles (though they need not actually occur simul-
taneously). This is enforced in VAL by allowing redefini-
tioms only after the word iter, which is the command to
begin a new iteration cycle. In ID and LUCID, the “"new”
values become the ‘‘current’’ values at the boundary be-
tween cycles.

Since the single assignment rule is obeyed, and names
have single values, within any one iteration cycle the math-
ematical simplicity of assertions about values still exists.
The assertions typically take the form

“In any cycle, S=X+Y"’

Assertions used in proving correctness of an iteration are
usually proved inductively. Because assertions take such a
simple form, such proofs are usually simpler than in con-
ventional languages. For example, the assertion

1=0 and J=(I!)=N!

is used to prove correctness of the previous program. The
basis of the induction is that it is true for the initial values
I=Nand J=1. (We assume N=0.) The induction step is that,
if another cycle is started with the values I—1 and J=I, they
will obey the assertion, that is,

[-1=0 and (J*D#*((I-D!N)=N!

which is clearly true if we observe that a new cycle will only
be started if I>0 and hence I-1=0.

ERRORS AND EXCEPTIONAL CONDITIONS

Locality of effect requires that errors such as arithmetic
overflow be handled by error values rather than by program
interruptions or manipulation of global status flags. If an
error occurs in an operation, that fact must be transmitted
to the destinations of that operation and nowhere else. This
can be easily accomplished by enlarging the set of values to
include error values such as overflow, underflow, or zero-
divide.

If the intention is to abort the computation when an error
occurs, this can be achieved by making the error values
propagate—if an argument to an arithmetic operation is an
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error, the result is an error. When an error propagates to
the end of an iteration body, that iteration always terminates
rather than cycling again. In this way the entire computation
will come to a stop quickly, yielding an error value as the
result. If the computer keeps a record of every error gen-
eration and propagation, that record will provide a detailed
trace of when and where the error occurred, and what it-
erations and procedures were active.

If the intention is to correct an error when it occurs (per-
haps keeping a list of such errors in some array), that can
be accomplished through operations that test for errors. For
example, a program to set Z to the quotient of X and Y, or
to zero if an error occurs, could be written in VAL as
follows:

Z7:=X/Y;
Z:=if is__error(ZZ) then 0 else ZZ end;

METHODS OF OBTAINING MAXIMUM
PARALLELISM

To achieve the greatest parallelism, it is necessary that
computations not be performed sequentially unless neces-
sary. The iteration constructs described previously imply a
sequential execution of the various cycles. If the values of
the iteration variables in one cycle depend on those of the
previous cycles (as they do in the factorial example given
previously), nothing can be done about it, although a data
flow computer can often execute part of a cycle before the
previous one has completed. If the values in one cycle do
not depend on those of the previous cycles, the cycles can
be performed in parallel. In VAL this is accomplished with
a forall program construct which does not allow one cycle
to depend on the others, and directs the computer to perform
all cycles simultaneously. In ID the same effect is achieved
automatically by tagging the values of the iteration variables
with their cycle number. and allowing them to be processed
out of sequence, or simultaneously, whenever they do not
depend on each other.

Another potential **bottleneck’” in data flow computation
is the requirement that all elements of an array be computed
before any element of that array may be accessed. If func-
tion “"F'" creates an array value by filling the array one
element at a time, and then passes the array to "*G,”" which
reads the elements one at a time, G cannot begin until F
completes. In many instances this delay is unnecessary, and
various techniques have been proposed for eliminating it
without departing from the principle that the sequencing
constraints are exactly the data dependencies. One method,
mentioned in the fifth section, is to explicitly divide the
array into pieces, or use separate data items instead of an
array. This method is quite general, but it requires specific
calculation by the programmer of which parts of the array
are needed at which time.

Streams

A method of overcoming the array bottleneck is the use
of “’streams.”” ¥ A stream may be thought of as an array

that is fragmented in time and is processed one element at
a time.

In the previous example of F creating an array one ele-
ment at a time and passing it to G, a stream would be the
natural way to do this. G would receive each element as
soon as F created it, so G would be processing the N'
element while F computes the N+1*, resulting in parallel
“pipelined’” computation of F and G.

The constraint that stream elements be created and con-
sumed in strict sequence may be enforced by placing some
restrictions on the source program to prevent “‘random ac-
cess.”” A program to manipulate streams may be written in
a recursive style,!-2¢ in which a stream is treated like a list
in LISP, or in an iterative style® in which the rebinding of
an iteration variable denoting a stream causes that stream
to advance to the next element. Either method enforces the
sequencing constraint if certain rules are followed regarding
the permissible recursions or iterations.

When streams are viewed not as temporally separated
arrays but as sequences of data items, functions that process
streams have a few interesting and useful properties that
pure mathematical functions do not have: they can emit
more (or fewer) outputs than their inputs, and they can
exhibit “*“memory’’ from one element to another. This makes
stream functions suitable for “*on-line’’ applications such as
updating a data base. Stream functions are also useful for
operations normally performed by coroutines, such as a
function to remove all (newline) characters from its input,
or insert a (newline) after every 80 characters. A stream
function is equivalent to a coroutine that communicates by
transmission and reception of data values. A data flow pro-
gram using streams is a network of parallel communicating
coroutines, a computational model that has been of some
theoretical interest in the last few years.1¢718

Streams and inputloutput operations

Streams form a natural mechanism for handling input and
output. By treating the sequence of characters read in from
an external medium as a stream, it is possible for a program
to operate on the data as it is read in. The program can
generate an output stream, which is printed as it is produced.

CONCLUSION

There have recently been calls for the abandonment of
the traditional **von Neumann'~ computer architecture as a
good way of realizing the enormous potential of VLSI tech-
nology.® There has also been widespread recognition that
proper language design is essential if the high cost of soft-
ware is to be brought under control, and that most existing
languages are seriously deficient in this area.

Fortunately, the implications of these trends for language
design are similar—languages must avoid an execution
model (the “'von Neumann™ model) that involves a global
memory whose state is manipulated by sequential execution
of commands. Such a global memory makes realization of
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the potential of VLSI technology difficult because it creates

a*

‘bottleneck’ between the computer’s control unit and the

memory. Languages that use a global memory in their exe-
cution model also exacerbate the software problem by al-
lowing program modules to interact with each other in ways
that are difficult to understand, rather than through simple
transmission of argument and result values. Future language
designs based on concepts of applicative programming
should be able to help control the high cost of software and
to meet the needs of fuiure computer designs.
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