
• ~ ~• All TECHNICA L REPORT
TR -78~A22

A Com parative Stu dy of Flowcharts and Progr am
Design Languages for the Detail ed Procedural

4 ~~ 
Speci fication of Computer Pro g rams

by ffi! ~~~~~~~~~~~
H. Rud y Ramsey  and Michael E. A twood  . 

SCIENCE APPLICATIONS , INC. -
~~~~~ -~~ &

and

r James R. Van Doren
OKLAHOMA STATE UNIVE RSITY

~~~~~~~~~~~~~~~~~~~~~ ‘•
~~~~~~~~~~~~~~~~~~

SCIENCE APPLICATI ONS , INC.
O_. 7935 East Prent ice Avenue

~~~ Eng lewood , Colorado 80110 ED ED C
f~2~~rnnftfl2.fl

SEPTEMBER 1978 JUN 111919

L T V ~~~ )
Contract  DAHC 19-76-C.0040 i~

Monitored technically by Edgar M. Johnson and Jean Nichols Hooper
Battlefield Information Systems Technical Area, AR l

Prepar ed for

1 r~r~ 
v ;~~~~~~ iON ST~~~~~~~~~X~~

U.S. ARMY RESEARCH IN STITUTE
for the S EH AVIORAL aid SOCIAL SCIEN CES
5001 Else aho wi r  A,....
A I . z u . d r I . , V I r g u le 22333

Approv.d for public rsluss; distribution unhimlt.d

• 

- 
‘ •

• 
• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~

“- ~~~~~~~ ~~~~~~~~~ I •~‘ ~~~~~ 
.—

~~~~ ~
— 

—

—— —— )

U. S. ARM Y RESEARCH INSTITU TE
FOR THE BE HAVIORAL AN D SOCIAL SCI ENCES

A Field Operating Agency under the Jurisdiction of the
Deputy Chief of Staff for Personnel

WILLIAM L. HAUSER
J OSEPH ZEIDNER Colonel , US Army
Technical Director Commander

Research accomplished for the
Department of the Army

Science Applications, Inc.

NOTICES

DISTRIBUTION Primary distribution of this report hu been made by ARt . Please address correspondence
concerning dietribution of reports to: U. S. Army Rs,earch Institute for the Behavioral and Social Sciences,
ATTN PERI-P. 5001 Eisenhower Avenue . Alexandria , Virginia 22333.

FINAL DISPOSITION: This report may be destroyed when it is no longer needed. Please do not return it to
the U. S. Army Rssa.cch Institute for the Behavioral and Social Sciences.

~Qj~ Th. findi ngs in this repor t are not to be construed as an offici al Department of the Army position,
unless so designated by ot her suthorizsd docum ents.

j  j  ~~~~~~~~ ~~~ ~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~



_____  ____ -~~~

p

DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DDC CONTAINE D A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT

REPRODUCE LEGIBLY .

I I ~~: “~

1’
4
a, 

—

—.~ -— ~~~~~~~ &_~ 

—.,-

~~~~~~~

.- 

~~~~~ri3 -
~~ 

-
~~~~

“ ——~.- .-- ~ — -a---



—. 
-
~
- _ _

— 

~:_~
—i•- -V- — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— —

r 
~~

UNCLASSIFIFD
$ECURI1’V CI.ASSIPICATION OP THIS PAG E (~tIai D. Lntm~~

L 
~~~~~ 

w~~~~~~~~~~
,qrtii READ 1~fSTRU CT1ONS

r~ rji~ i u~~~ r~ I ~~ I n~si ~~~ BEFORE COMPL.ET!NG FORM(
~ 

P Ø T N~~MSIR / 2. 30V’l’ ACCESSION NO L *tCIPIENTS CATA L OG NUMIER

‘Ji~ TR-78-.A22] / ~j /1 T<Jj 
_ _ _ _ _ _ _ _ _ _ _ _lYLE (~~ ~~~~~ 

S. TYPE ~ fl REPORT A IC COVERED

J ~0MPARATIVE ,STUDY OF ILOWCHARTS AND T I ~~~~ 1R0GRAM.QESIG(J,ANGUAGE~ FOR THE QETAILED ~ ~c~n cal ~e - 

77
)ROCEDURAL SPEC~rFICATION 0F~ç,OMPU TER PROGRAMS _ J.~,JI41U t1SAI-78- 78-DE~7,’

7. AUTNO a  $ ~QI4TRA C O~ GRAM MUI S(R(a)

~(J I c~udy/Rarnsey,Mlchael E /Atwood]& (
~ ~~~~~~~~~~~~~~~~~~~~~~

C. PERFORMING ORGANIZATION NAM E AND AOORESfr tO. PROGRAM ELEMENT. PROjE CT , TASK
Science Applications , Inc. A RC woRK uNlT NuMac~~E —

Engiewood, Coiorado 80110 ‘
/
,
~
- 

2Q762725A778 ] o .i~t?J~
II. COIjTROLL ING ~~WFICE NAME ANCI ADDRESS ~

,
U. ~~. Army Research Insti tute for the Behaviora’I~ j w~~78)
and Social Sciences (PERI-OS) ..~~~ ~3 NUMSEROP PAGES
5001 Eisenhower Avenue, Arlington , Virginia 22333 103

14. MONITORING AGENCY NAME A ADOAISS(II diilsew.t kcs CantiidUa4 OffIce) IS. SECURITY CLASS. (.1 thai r.pow)

UNCLASSIFIED
IS.. DECLASSIFICATIOIC/OOWNGRA OING

SCHEDULE

IS. DISTRISUTION STATEMENT (.5 hi. R.pwe)

Approved for public release, distr ibution unlimi ted.

17. DISTRISIJTION SrA l’EMCN T (of the .b.tract .n: .,.d las DI.ek 20. 15 dIU.r.Il fra R.pwf)

IS. ~IJpP~,E5IENTAAy NOTES

Monitored technically by Edgar M. Johnson and Jean Nichols Hooper, Battlefield
Information Systems Technical Area , ARI.

IL CCV WORDS (Casthiv. on ever., ild , It i’sc.•aerp aid Id.ntUy by block iuaib.r) 
-

4 computer programing, flowcharting, computer program documentation,
specifications.

• ~~~. ASSTRACY (Cwuffiue a, river. . ala. If n.c.a..vy aid IdasfIfr by block n.~~b.r)

An experiment was performed to assess the relative merits of Program Design
Languages (PDLs) and flowcharts as techniques for the development and documenta-
tion of detailed designs for computer programs.

Twenty students In a computer science graduate course participated in this
experiment. Working Individually, the students designed a two—pass assembler
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for the first pass of the assemb ler in the form of a flowchart, and expressed
their design for the second pass in a Program Design Language . The other
ha l f  of the students used a PDL for pass one, and a flowchart for pass two.
Flowcharts and PDLs were compared on the basis of various measures of overall
design quality , design errors, level of detail of designs , time expended in
deveTO~lng designs, and subjective preferences~~
Having completed this design task, the subjects then performed an imp lementation
task. They were given fairly detailed procedural designs for a program which 4
simulates the function of a fairly sophisticated minicomputer. They were then
required to develop a working version of the program in PL/1. Al though the
designs were logically equivalent, half the students received their simulator
design in flowchart form, and ha l f  in PDL form. Flowcharts and PDLs were
compared on the basis of design comprehension test performance, various measures
of overall Implementation quality , Implementation errors, and subjective pre-
ferences. •

In the context in which this study was performed, the use of a Program Design 1:
Language (PDL ) by a software designer , for the development and description of
a detailed program design , produced better results than did the use of flow-
charts. Specifically, the designs appeared to be of significantly better
quality , Invol ving more algori thmic or procedural detail , than those produced
using flowcharts . In addition , flowchart designs exh ibi ted cons iderably more
abbreviation and other space-saving practices than did PDL designs , wi th a
possible adverse effect on their readability .

When equivalent , highly readable designs were presented to subjects in both PDL
and flowchart form, no pattern of short-term or long-term differences in corn-
prehension of the design was observed. No significant differences were
detected in the quality or other properties of programs wri tten as impl emen-
tations of the designs. Subjective ratings indicated a mild preference for PDLs.

Overall , the results suggest that software design performance and designer—
prograniner comunication might be significantly improved by the adoption of
Informal Program Design Languages , rather than flowcharts, as a standard
documentation method for detailed computer program designs .
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FOR EWORD

The Battlefield Information Systems Technical Area is concerned wi th
the human resource demands of increasingly complex battlefield ~ysteuts
used to acquire, transmit , process, disseminate, and utilize information .

* This increased complexity places greater demands upon the operator inter-
acting with the machine system. Research in this area is focused on

• human performance problems related to interactions within command and

- 
control centers as well as issues of system development.

It is concerned with such areas as software development , topographic
produc ts and procedures , tactical symbology, user oriented systems, infor-
mation management, staff operations and procedures, and sensor systems
integration and utilization.

One area of special interest involves the development of computer
• software to support automated battlefield systems. Software development

is a costly, unreliable , not well understood process. The present
research assessed the relative merits of Program Design Languages (PDLs)
and flowcharts as techniques for the development and documentation of
detailed designs for computer programs. The research is part of a larger
effort to develop a conceptualization of the programming process and

• •~ identify behavioral bottlenecks in software development. Efforts in this
area are directed at improving accuracy and productivity in programming
through the design of procedures, languages, and methods to enhance
programmer performance.

Research in the area of human factors in software development is
• conducted as an in—house effort augmented contractually by organizations

selected as having unique capabilities and facilities. The effort is
responsive to requirements of Army Project 2Q762725A778, and to general
requirements expressed by members of the Integrated Sof tware Research and
Development Working Group (ISRAD).
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Requirement:

This experimental study was performed in an attempt to assess the

relative meri ts of Program Design Languages (PDLs ) and flowcharts as tech-
- niques for the development and documentation of detailed designs for corn-

puter programs .

• Procedure:

Twenty students in a computer science graduate course participated
in an experiment. Working individually, the students designed a two-pass
assembler for a simple minicomputer. Half the students expressed their

• design for the first pass of the assembler in the form of a flowchart,
and expressed their design for the second pass in a Program Design Language.

/ The other half of the students used a PDL for pass one, and a flowchart• I for pass two . Flowcharts and PDLs were compared on the basis of various

I measures of overal l design quality, design errors, level of detail of

t designs , time expended in developing designs , and subjecti ve preferences .

I Having completed this design task , the subjects then performed an
Implementati on task. They were given fairly detailed procedural designs

for a program which simulates the function of a fairly sophisticated
• minicomputer. They were then required to develop a working version of the

program In PL/1. Al though the designs were logically equivalent, half the
students received their simulator design In flowchart form, and half in

41 PDL form. Flowcharts and PDLs were compared on the basis of design com-
prehension test performance , various measures of overall implementation
quality , implementation errors, and subjective preferences.
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Findi ngs :

In the context in which this study was performed, the use of a
Program Design Language (PDL) by a software designer, for the development
and description of a detailed program design , produced better resul ts than 

*

did the use of flowcharts. Specifically, the designs appeared to be of
signifi cantly better quality , involving more al gorithmi c or procedural
detail , than those produced using flowcharts. In addition , flowchart
designs exhibited considerably more abbreviation and other space—saving

• practices than did PDL designs, with a possible adverse effect on their
• readabil ity.

When equivalent , highly readable designs were presented to subjects
• tn both POL and flowchart form , no pattern of short-term or long-term

differences in comprehension of the design was observed. No significant
differences were detected in the quality or other properties of programs
written as implementations of the designs . Subjective ratings indicated
a mild preference for PDLs.

Utilization of Findings :

IOverall , the results suggest that software design performance and

I 
designer-programer conrunication mi ght be signifi cantly improved by the
adoption of Informal Program Design Languages , rather than flowcharts ,
as a standard documentation method for detailed computer program designs .

S

_ _ _ _ _ _ _ _ _  

— - - -•

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~ • • ~~~~~~~~~~~~~~~ ~~~~~~~~~~ —~~~~~ -——-- — —i ~ — --- . . ~~~~~~ ~~~~~~~ ~~~~~~~~~~~ • ••• _~~~~~~~~~~• .~~ —



r~ ~~~~~~~~~~~~~ 
- - - -

~~~

-

~~~~~

_._

~~~~~
—-

~~~~ 
~~~~ •~~~~~~~~•-~

-- -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~

-

TABLE OF CONTENTS
• Page

• INTRODUCTION 1

METHOD 10

Overview 10
I Subjects 11

Preliminary Phase
Design Phase 14
Implementation Phase 16

f~ 14 . RESULTS 21

I Design Phase 21
• Time to Produce Des igns 22

Quality and Properties of Designs 24
V Subjective Ratings of Documentation Methods 35

Implementati on Phase 39

Quality of Implementation 42
• 

‘ 

Comprehension of Simulator Design 39

Subjective Ratings of Documentation Methods 45

DISCUSSION 49

I CONCLUSIONS 54

REFERENCES 55

• APPENDIX - A Schedule of Events A-i
APPENDIX - B Consent Forms B-i• APPENDIX — C Background Questionnaire C-i
APPENDIX - D Software Design Methods Handout 0-1
APPENDIX - E PDL and Flowchart Examples E-i
APPENDI X - F Basic Descripti on of Design Problem F-i

• 
APPENDIX - G Description of Pass 1 Design Problem G-i
APPENDIX - H Description of Pass 2 Design Problem H-i
APPENDIX - I Time Expenditure Questionnaire , Design Phase I-i

. APPENDIX - J P01-Flowchart Questionnaire
APPENDIX - K Simulator Des ign , Flowchart Form K-i
APPENDIX - L Simulator Des ign, PDL Form L-1
APPENDIX - M Simulator Design Revision Memo • M-1

r APPENDIX - N Design Comprehension Test N-i
APPENDIX - 0 Time Expenditure Questionnaire , Implementation Phase 0-i
APPENDIX - P Examples of Subject-Generated Desi gns P-i

• APPENDIX - Q Example of Job-Generated Simulator Program Q-1

I



- ~~~~~~~~~~~~~~~~~~ —-------- ~~~~~~~~- -~~~~•—~~~~ -~~~~ ~~~~~~~~~~~~~‘ ~~~~~ r

TABLES

• Page

Table 1. Suninary of Experimental Conditions 18

Table 2. Means and (in Parentheses) Standard 23 t
Deviations of Reported Design Times (hours)

Table 3. Means and (Standard Deviations) of Design 26
Quality Ratings

Table 4. Analysis of Variance of Total Design Scores 29

Table 5. Means and (in Parentheses) Standard 32
Deviations of “Design Style” and Level-
of-Detail Measures

Table 6. Summary of Abbreviations Used in Pass 1 34
Designs

Table 7. Means and (in Parentheses) Standard 38
Deviations of Questionnaire Ratings

• after Design Phase

Table 8. Results of Multiple -Choice Portion of 40
Design Comprehension Test

Table 9. Means and (Standard Deviations) of 44
Implementation Quality Ratings

Table 10. Means and (Standard Deviattons) of 47
Questionnaire Ratings after Implementation
Phase

~~~~~~ _ _ _



~~~~‘# 
- -

. ‘
~~~~~~~~~ - ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

• _________ -z

FIGURES

Pane

Figure 1. An Example of a POL Specification 6

Figure 2. Grading Criteria for Assembler Designs 25
- 

Figure 3. Mean Total Design Score, by Group 27

Figure 4. Grading Cri teria for Implemented Simula tors 42

I

I

I -
I~ 

-

l’~1

• -- 
•



rIP, 

~~~~~~ 

-

~~~~~~~~~

-

~~

-

~~~

- ____________________________________

1~
ffi ~~~DI~~ PA~~ ~LA~~~JOT nu~~

INTRODUCTION

In recent years , several trends have emerged which have caused the
Department of Defense to direct increasing attention toward the investiga-
tion of the behavioral factors which affect the development of computer

- software. DoD softwa re expenditures , which probably now exceed $5 billion
annually , have been increasing both in absolute terms and as a percentage
of total system development costs (Boehm, 1973). At the same time , the
increasing size and complexity of software systems has caused software
reliability to become a dominating problem in many modern weapon and sup-
port systems (Boehm & Haile , 1972). During the i970s , there has been an
emerging awareness, both in DoD and in the computer science community at
large , that the control of software costs and quality will depend ultimately
on an understanding of the complex behavioral factors affecting software
design , programing, documentation , etc.

The qua lity  of software documentation can signifi cantly infl uence
both the quality and cost of the software (to the extent that the documen-

• / tation is used during the development effort) and its maintainability and
• mt~difiability . Software documentation is an area which has long been sub-

C ject to DoD standards. A number of new software documentation methods have
recently emerged (e.g., HIPO charts, structure charts , program design
languages). DoD is now considering recommendations that some of these
techniques be incorporated more widely in Its standards. One of these

techniques (Program Design Languages) is the subject of this study.
t

The importance of documentation seems to be wi dely recognized in
the software development community . For example , when programming managers

- were asked to identify, via a two-stage Delphi technique , those variables
wh ich most affect programmer productivity, documentation quality was rated
the most Important factor (Scott & Simmons , 1974). Yet, in  spite of t h i s

j —1—
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consensus about the importance of good documentation , there is considerable
disagreement concerning the form it should take.

One of the reasons for the wide diversity of documentation types

is the diversity of purposes for which software documentation can be used.

Judd (1972 ) advocates the development of program design documentation ,

error diagnosis documentation , operational documentation , ma intenance
documentation , development documentation , and market ing documentation,
all as separate products of a software development effort. It is undoubtedly
true that documentation methods appropriate for some of these purposes

• - may not be appropriate for others. This report focuses upon “detailed
program design” documentation, typically developed by a software system
designer and given to a programmer as the specifi cation of his programming

task. It is the formal medium of communication between the designer and
the programmer.

Flowcharts have long been accepted in the computer science com-
munity as the standard medium for detailed program design documentation ,
as well as for archival documentation for later use by maintenance pro-

• graniners . Recently, however, the use of flowcharts for archival documenta-
tion has been questioned by a number of criti cs, who suggest that flow-
charts may not aid program comprehension (Weinberg, 1971), or error diagnosis
(Aron, 1974), and that they are an unnecessary drain on project resources
(Brooks, 1975). Wh ite (1975) has suggested that modern programming languages
provide a more powerful and concise documentation medium , in their own -

. 
-
~~~

right, than do flowcharts which attempt to convey the procedural details

C 
of a program.

Shneiderman et al. (1977) performed a series of experiments to
• t determine whether detailed flowcharts might improve the programmer ’s

performance in any of several programing tasks. Flowcharting before

-2-

___________ 
_____ - - - --——-—•..- --I,__~• ~~~~~~~~~~~~

-
~~~

•
~~~~~~~

—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
-

•
- - 

•—
~~~~~

———- -
~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - • 

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ 
- .  _____



— —1’—-~~~
- — _

~

coding did not improve the quality of the resulting program, as graded

by a graduate assistant. When programs were presented with or without
flowcharts, flowcharts did not result in signifi cantly improved perfor-
mance on either comprehension tests or modification tasks. In one study,
comprehension even appeared to be degraded by the presence of a flowchart.
In a study in which some subjects had prior experience with flowcharts

• while others did not, the experienced subjects performed somewhat better

with flowcharts, while the Inexperienced subjects di ’ not.

Flowcharts and similar documentation methods have also been studied

outside the software context. Kamann (1975) reported an experiment
involving a telephone dialing task in which subjects (housewives and tech-
nical personnel) performed better when it was presented in the form of a
flowchart than when presented in the form of a text description . An
experiment by Wright and Reid (1973) has identified what may be a key task
variable in these studies. In their experiment, subjects were required
to memorize a procedure or to execute the procedure by hand wi thout
necessarily memorizing it. When the subjects hand-executed the procedure

while Its description was still availabl e to them, performance was better
for procedures described by flowchart or decision table than for those
described by prose or a series of “short sentences .” But when the sub-
ject ’s task was execution of the procedure from memory, “short sentences ” 

- -

were best, and performance with flowcharts was rather poor. The authors

suggest that rehearsal effects may account for this difference, since
material presented verbally may be more readily rehearsed .

Wright and Reid suggest that information presented in flowchart
form is, at least in part, encoded visually, wi th the result that success-
ful transfer to long-term memory is hindered . On the other hand , informa-

~~ tion presented in short-sentence form is encoded verbally and is more likely
to be successfully integrated into long-term memory. The mechanism suggest-

ed by Wright and Reid (dual encodihg with differential rehearsal effects)

4 
_ _  
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seems plausible (cf. Craik, 1973; Craik and Lockhart, 1972; Palv io,
1969). In any event, the study certainly suggests that these two
information presentation forms have different retention patterns. It
should be noted, however, that exposure time was limited in this study ,
and that the two presentation forms, though equal in logical information
content , differed somewhat in information structure . - 

•
i

i
:

In general these results suggest that flowcharts may aid hand-
execution of a procedure, but may not aid comprehension of the procedure.

Shneiderman et al. (1977) present some data which support this hypothesis.
In one study, they report separately “comprehension ” questions wh ich
involve hand execution and questions which involve interpretation of

the programs. Subjects who were given both flowcharts and programs
did about as well on hand—execution items as those who were given only
the programs. On interpretation items , though, the program-only group
performed somewhat better.

Unfortunately, it may not be legitimate to generalize these
findings to large software projects or to summary design documentation .
Those studies which have addressed programming tasks have not only been
restricted to relatively inexperienced student programmers, but have

also investigated only relatively small , simple programs. Even if the

program itself constitutes a better form of archival documentation than
does a flowchart, the size of a program may be a significant factor.

Beyond a certain size, a program(s) cannot be read directly by one person,
and summary documentation of some sort is , therefore, required in large

-

~~~~ 

software projects. Whether flowcharts or some other form are best
for this purpose is not known . Even for programs of intermediate size,

j the reader might be aided by such sumary documentation.

Al though the referenced studies have been concerned primarily
with archival documentation , rather than with designer-to—programer

-4-
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design communication , they may have implications for the latter.
The data suggest that a computer program, expressed in a high-level
programming language, is more comprehensible than the corresponding
flowchart. If this is true, then an artificial design language , with
a programming-language-like syntax, might also be preferabl e to f low-
charts for the expression of software design information . Such languages,
commonly called Program Design Languages (PDLs) have been discussed in
the literature for several years. POLs have gradually evolved from
the rather informal use of “pseudo-code” to express designs or algori thms.
Gradually, this form of documentation became more formal , evolving into
a PDL form. Although a few presumably successful case studies have
been reported without substantiating data (e.g., Van Leer, 1976), the
authors are unaware of any experimental studies bearing directly on

1~
.

the issue of PDL efficacy.

Figure 1 is an example of PDL specification for a program which
computes social security withholding (FICA) amounts from a payroll
data base, and prints a report of those values . This example is taken

• from a report (Kraly et al., 1975) concerning program design methods
and documentation techniques recommended for adoption by DoD.

PDLs can vary greatly in the degree of formality. At one extreme,
is a “freeform” PDL, such as that in Figure 1. In a freeform PDL , there
is a minimum of syntactic and semantic constraints ; the terms and expres-
sions that are used are determined by the user. In a “formal” PDL,
the syntax and semantics are highly constrained ; the user is restricted
to using keywords (e.g. READ , WRITE , etc.) and elements of an expression
may be syntactical ly identified by underlines , parentheses, etc . In
general , a formal PDL is more precise than an informal P01, but it is
al so more difficult to learn and use. Formal POLs tend to be preferred
especi ally when the design spec ification is subj ect to direct computer
processing, as for consistency checking .

hi~ ~~~~~~~~~~ - • 
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PRINT FICA REPORT HEADER

OBTAIN FICA PERCENT AND FICA LIMIT FROM CONTRAINTS FILE
SET FICA TOTAL TO ZERO
DO FOR EACH RECORD IN SALARY FILE

OBTAIN EMPLOYEE NUMBER AND TOTAL SALARY TO DATE
IF TOTAL SALARY IS LESS THAN FICA LIM IT THEN

SET FICA VALUE TO TOTAL SALARY TIMES FICA PERCENT
ELSE

• SET FICA VALUE TO FICA LIMIT TIMES PICA PERCENT
ENDIF
PRINT EMPLOYEE NUMBER AND FICA VAL UE
ADD FICA VALUE TO FICA TOTAL

ENDDO
PRINT PICA TOTAL

Figure 1. An Example of a PDL Specification

‘ - 4

.
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There are several reasons for believing that PDLs and flowcharts
may differentially affect performance -In design, design documentation,
and design comprehension tasks. First, information presented in these
two media may be encoded in memory In different ways, at ~east with
limi ted exposure time. Notice that PDL design specificati ons are very

similar to the “short sentences” used by Wright and Reid (1973),
while flowcharts are similar to their “algorithms .”

Secondly, PDL and flowchart forms may differ in the processing
effort required to encode them in memory even if they are encoded
similarly. PDL forms are not only already verbal (and thus , perhaps, - 

--
more easily integrable into long—term memory), but also appear to be
more compatible with the hierarchic propositional memory representation
hypothesized by Atwood and Ramsey (in press) for program comprehension.
Program documentation which has a similar structure to the representa-
tion of the program in memory may requlr~ 

1
~ss processing in order to

be encoded in memory. Given sufficient processing time, however ,
flowchart information might be encoded -in the same way as PDL information,

• even if they are encoded differently with brief exposure times, as
suggested by Wright and Reid in (1973) results. In most actual software
development situations, exposure time is not highly constrained ; thus,
if this is the only difference between PDLs and flowcharts from the point
of view of comprehension , it may result in only a mild preference for
one technique over the other.

• Third , PDLs and flowcharts may emphasize different properties 
1

of the underlying software design. At an obvious l evel , flowc harts
appear to emphasize flow of control , while PDLs may have a greater
emphasis on program structure. This may affect the performance of the
designer , as well as the programmer. From the designer ’s viewpoint , It

4 may be that different classes of design probl ems are more easily detect-
able with di f fe ren t  design documentation formats. More basically, It

‘4
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may simply be easier to express the properties which the designer
considers important in one way than in the other. It is even conceiv-
able that some types of design are more amenable to PDLs, while others
are more compatible with flowcharts.

From the viewpoint of the programer, the form in which the
programing problem is expressed may very wel l affect his basic under-
standing of the problem. In various probl em-solving tasks, it has been
shown that the perceptual process is important to the formation of
initial conceptual problem structures (Simon & Barenfield, 1969), and
that the form in which a problem is expressed can thereby affect probl em-
solving strategy (Simon & Hayes, 1976) and performance (Jeffries et al,
1977; Simon & Hayes, 1976).

Fourth, and f nally, it seems fairly-clear that POLs have some
practical advantages, such as decreased production costs and easier
maintainability , relative to flowcharts and other graphical techniques
(Ortega, 1974).

Thus, an analytical comparison of PDLs and flowcharts would
appear, overall , to favor PDLs for detailed design documentation.
Only empirical evaluation , however, can provide really convincing evid-
ence in favor of one or another technique . The following sections
will present an experimental study performed to obtain such evidence.

The experiment reported here was intended to provide empirica l a 
-
‘

evidence which might assist in the selection of flowcharts or PDL5 as a
‘~ medium for detailed program design documentation . The experiment was

• 
Intended to investigate the effects of documentation format both on

-
~~ 

performance of the designer in a software design task and on performance
of the programmer in a program implementation task. Although the study
was confined to one—person design and implementation efforts, the tasks

‘
1 -8-
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(especially the implementation task) were much larger than those which
have typically been employed in behavioral studies of software develop-
ment, and were fairly “realistic ” in terms of both program size and
programmer experience. The study attempted to observe the effects of
documentation format on design quality , detailed design properties,

-

. designer effort , design comprehension by the programmer, resulting
program quality and error properties, programmer effort, and subjective
preferences of the participants.

Ii~i
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METHOD

OVERVIEW

Twenty students In a computer science graduate course par ‘icipa ted
In the experiment. Working individually, the students designed a two-
pass assembler for a s imple minicomputer. Half the students expressed
their design for the first pass of the assembler -In the form of a flow-
chart , and expressed their design for the second pass In a PDL. The other
half of the students used a PDL for pass one , and a flowchart for pass
two. ThIs 2 X 2 repeated-measures Latin square design was employed in an
effort to correct for ind iv idua l  differences and to increase the statis-
tlcal power which could be achieved with the limi ted number of subjects
avaIlable. Although this design has the disadvantage that any chance
group difference Is confounded with interactions, it was felt that the
advantages outweighed this disadvantage. Flowcharts and PDLs were com-
pared on the basis of various measures of overall design quality , design 

a
-

errors , level of de~tai1 of designs, time expended in developing designs ,
and subjective preferen~es.

Having completed this design task, the subjects then performed an 
• 

-

• implementation task. They were given f a i rly detai led procedural designs
for a program which simulates the function of a fairly sophisticated
min icomputer. They were then required to develop a working version of the
program in PL/1. Although the designs were logically equivalent, half
the students received their simulator desig n in fl owchart form , and half
in PDL form. Subjects from each design—phase group were divided equally
into- these two implementation—phase groups. Flowcharts and PDL5 were
compared on the basis of design comprehension test performance, various

t measures of overall Implementation quality , Impl ementation errors , time
expended in developing Implementation, and subjecti ve preferences .

10
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SUBJECTS

Subjects were 1 female and 19 male graduate students at Oklahoma
State University (OSU). Wi th one exception , subjects were Master of
Science candidates majoring in Computer Science and enrolled in the
course, “Computer Structure and Programing,” described below. One
student, who later wi thdrew from the course , was majoring in engineering.
Because of the location of OSU away from large urban centers , and pos-
sibly other factors , students In this curricul um tend to be full-time
students wi th no outside (non-university ) employment. Subjects ranged

• in age from 21 to 40, with a mean age of 26.1 years. They had completed ,
on the average, 8.9 computer science courses (undergraduate and/or
graduate) in addition to current enrollment (range 4-16).

Based on previous knowledge of the faculty , two subject factors
were identi fied as sufficiently relevant to the subjects ’ performance

In the study to warrant a special effort to balance the effects of these
-factors across experimental groups . These factors were native language

(a significant number of foreign students attend OSU ) and participation
In a particular graduate student curriculum , discussed below. Five of
the subjects were not native speakers of English. Two of these five
were considered completely fluent in English by their instructor. The
remaining three were considered competent in Engl sh; all three had
taken prior degrees at English—language universities . As a precautionary
measure , however, these three subjects were assigned (at random) to
different experimental groups.

Three of the subjects were pursuing a specialized curriculum
(the “Programming Language Option”), which emphasizes compilers , as-
semblers , and machine simulators . Since the design and programming

• i problems used in the experiment Involved an assembler and a machine
simulator , these three subjects were assigned (at random) to different

—11—

_ _ _ _ _ _ _ _ _ _ _  

_ _ _ _ _  

— •  -- -

— ~~ -~~ — --~~~~~ -~ ~~~~~~~-
•-•---- — — 

~
-
~~

- — — - __~~~~~ •..i ~ — •— 
~~~
,
~~*—- .~ — ~~~~~~—.4 

—



-
~~~ 

- •
-
~
- 

• TT~~~ ~~~~~~~~ ---~ -~~~ -~~~ 

— - - 
-

exper imental groups . Wi th the two exceptions just described , subject
— ass ignment to experimental groups was entirely random. - 

-

The particular course in which the experiment was perfo rmed was
entitled , “Computer Structure and Programing.” As described in the
department’ s brochure , the course covers the areas of:

Computer structure, flow of control , arithmetic and logical
operations. Machine instructions , indexing, addressing ,
linkages and input—output. Assembly , macro and emulation-
simulation systems.

This particular required course has a reputation, among the students ,
of being the most difficult course in the Master’s curriculum .

PRELI MINARY PHASE

The first phase of the experiment was introductory in nature and
invo l ved the same procedures for all students. The experiment began at
a class session approximately 3 weeks after the start of the course (a
detailed schedule of events can be found in Appendix A). In this class
session , the students were given an introduction to th~. experiment, as
well as an Introduction to the concept of Program Design Languages, and
were asked to provide background information describing their computer
science experi ence and some personal characteristi cs .

The lecture began wi th a brief discussion of the nature of the
experiment. A concerted effort was made to introduce the experiment in
an unbiased way. Statements of specific hypotheses were avoided , and

the experiment was described as an attempt to compare two techniques ,
each of which probably has both advantages and disadvantages. It was
pointed out that participation was entirely voluntary , that the experi-
ment was entirely consistent with course goals and woul d Involve little
additional effort by the subjects, and that subjects completi ng all

—12-
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phases of the experiment would be paid $25. A more detailed impression
of the way in which the experiment was described to the students can be
gained by reading the consent form which they were given (see Appendix B).

Because flowcharts were the standard mechanism for the procedural
description of programs in OSU courses prior to this experiment, most of

• the subjects had had little prior exposure to POLs. Thus, it was neces-
sary to provide them with sufficient training in the use of PDLs that
they would be able to generate and comprehend specifications expressed

in this form. At the same time , it was obviously desirable to minimi ze
the biasing effect that might result from a training session devoted
purely to a discussion of PDLs. We attempted to satisfy both of these
objectives by presenting parallel discussions of PDLs and flowcharts .
After the basic concept of a Program Design Language had been introduced ,
further discussion was directed primarily toward illustrating how a
particular construct might  be express ed, both in POL and in flowchart
form. This presentation took the form of a discussion of two handouts
(Appendices 0 and E) which were given to the students at the start of
the class session . The discussion was recorded on audio tape for later
reference .

Appendix  D served the dual functions of introducing the concept
of a PDL to the student and of defining the particular PDL (and flowchart)
conventions which were to be used in both the design and implementation
stages of the study. The particular PDL used was a relatively unstruc—
tured or “freeform” PDL (cf. Kraly et al, 1975). That is , the user was

required to use a particular basic syntax involving a particular set of
• basic structural constructs (PROCEDURE.. .END, IF. ..THEN.. .ELSE, DO...END,j k . etc.), but was relatively unconstrained with respect to the particular

statements which might appear within these basic structures. He might
say INCREMENT ITERATION_COUNT , ADD ONE TO ITERATION _COUNT , UPDATE
ITERATION_COUNT, ITERATION_COUNT ITERATION_COUNT +1, etc. The

-13-
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particular PDL used in the study was chosen to correspond in many respects - -

to features of PL/1, with which students were familiar. Similarly , the
basic set of flowchart symbols available to the user was specified , and
consisted of the flowchart symbols in general use in OSU computer science
graduate courses. The particular statements which might appear within

flowchart symbols were relatively unconstrained , however.

The second handout (Appendix E) contained the specification for a
very simple minicomputer simulator , expressed in both flowchart and PDL

F form. This handout, and its discussion , served not only to provide a
concrete example of both flowchart and PDL specifi cations, but also to
introduce the students to some of the concepts involved in machine simu-

lators.

When the PDL-flowchart presentation had been completed, each
student was given two consent forms (Appendix B) and a background question-
nafre (Appendix C). The students were asked to sign the consent forms ,
fill out the questionnaire, and return them at the following class

session , if they wished to participate in the experiment. All 20 students
agreed to participate, and returned all of the requested forms .

DESIGN PHASE

In the design phase of the experiment, the subjects were given - 
- -

the task of designing a two-pass assembler for a minicomputer. The
particular minicomputer invol ved was a hypothetical machine (the “small
computer ” which had been defi ned and used as an example earlier in the
course. The subjects were presumably thoroughly familiar with the hard-
ware instruction set of this machine. Earlier in the course they had

• been instructed in the use of the programing language APL as a notation
for concise , rigorous definition of hardware instruction sets. As an4, exercise, they had then developed a complete specifi cation , In APL , of
the instruction set of this particular machine.

-14-
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In addi tion to this familiari zation with the machine , the students
had been given instruct ions concerning the design of assemblers as part

of the course in which the experiment was conducted. ~‘1o prior discussion
had occurred wi th respect to the possible properties of an ass~.~ ler, or
of an assembler language , for the “small computer,” however. At the

• start of the design phase of the experiment, the subjects were given a
handout (Appendix F) which described this assembler language , and which

-
• 

instructed the students that they would be required to design a two-pass
assembler, documenting one pass via flowchart and the other pass via PDL.

Al ong wi th the general assembler design problem description , the
subjects received a brief description of the responsibilities of the first
pass of the assembler (Appendix G). These two handouts constituted the
enti re problem descripti on for pass 1. All subjects designed the pass 1
program first, but half of the subjects were told to prepare their de-
signs in flowchart form, and half in PDL form. A third handout (Appendix
I) accompanied the problem description. This was a form on which the
subjects were asked to record the amount of time expended on the project
in each of several categories (initial design preparation , design
revision, hand-checking , preparation of documentation , etc.). The
subjects were told to prepare their designs and turn them in with the
time questionnaire , whenever they were completed , at which time they
would be given pass 2 Instructions. They were told that they had at
most five days to complete the first pass , and that the second pass
design would be due seven days after the start of the design phase .

When a subject turned in his pass 1 design , he was given a descrip—
tion of the responsibi lities of the pass 2 program (Appendix H), al ong

wi th a time questionnaire essentially identi cal to that shown in
Appendix I. Those subjects who had prepared their pass 1 designs in
flowchart -form were instructed to use the POL form for pass 2 , and vice-
versa.

—15—
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After completion of the pass 2 designs , subjects were given a
take—home questionnaire (Appendix J) which asked them to subjectively
compare flowcharts and PDLs wi th respect to their overall utility to
the software designed and to the programmer, and a number of more
detailed criteria.

In addition to the time and subjective preference data, finished
designs were graded on overall quality by an expert judge, and were
analyzed for the nature of design errors, level of detail of the design ,
and other properties. This judge was an associate professor on the
computer science department faculty, very knowledgable about software
design techniques and methods, and highly experienced in developing L
assemblers and translators. $
IMPLEMENTATION PHASE 

- -

In the implementation phase , the sutjects were given a program
design , expressed in either flowchart or POL form, and were required to
develop a working version of the program in PL/1. This implementation
effort was the major term project for this course. The program was a
simulator for the Data General MicroNova minicomputer. As minicomputers
go, the instruction set and execution behavior of the MicroNova are
fairly complicated . The simulator , which was to run on an IBM 360, was
intended to correctly execute MicroNova machine language programs , with
the exception that console operations were excl uded and input/output

• 
device control wa s somewhat simplified. In addition , the s imulator

design included some specialized capabilities (Trace, Dump , etc.) which
were associated with the simulator itself.

a

-• Prior to the start of the experimental portion of the implementa-
tion phase, the students studied the properties of the Mi croNova, in order

- -
; to gain a thorough understanding of the machine itself. This study in-

cluded lectures, reading of MicroNova reference documents (e.g., Data
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General Corp., 1976), and, in some cases , additional literature research
initiated by the students . Thus , at the time the simu lator designs were
distributed , the students were presumably thoroughly familiar wi th the
MicroNova , but had no knowledge of the detailed simulator design , which
described the program they were to imp lement.

• Half the subj ects were given a simul ator design expressed in
flowchart form (Appendix K), and half were given a design in PDL form
(Appendix L). Although severa l minor design errors were uncovered later
and were corrected by issuing an errata sheet (Appendix M), those errors
were essentially equiva lent in the two documentation forms . The errata
sheet was issued 12 days after distribution of the designs . A strong
effort was made to ensure complete logical equivalence of the two
versions of the simulator design , and only one minor logical difference
between the two versions has subsequently been detected. This difference
was discovered and corrected 42 days after distribution of the designs.

a

In order to control for any residual d i f fe rent ia l  effect of the

-
. 

earlier (“design phase”) study which might bias the subjects’ performance
in this second experiment, the subjects from each of the earl ier groups
were divided equally between the two experimental groups used in this
phase of the study. Considered overall , then, there were four separate
groups of 5 subjects each (ignoring attrition), which were exposed to
the experimental conditions illustrated in Table 1. Although all 20
subjects successfully completed the design stage of the experiment, 4 -•

subjects withdrew from the course, or wi thdrew altogether from school , -

~~~

and therefore failed to complete the implementation phase , as indicated in
the table.

Simulator designs were handed out at the beginning of a class
session. The subjects were instructed to study the designs for 45 minutes

in preparation for a comprehension test. Then , -In an attempt to determine
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whether PDLs and flowcharts have any detectable differential effect on
early design comprehension, a comprehension test (Appendix N) was ad-
ministered. The subjects were allowed 35 minutes to complete this
test. The test contained a variety of items intended to provide measures
of several comprehension factors:

. understanding of MicroNova function

. ability to distinguish between MicroNova and simul ator functions

. comprehension of modular  structure of simulator design
• 

• comprehension of procedural operation of simulator

• ability to pinpoint probable modular location of error causing
specified simulator malfunction

• ability to specify changes needed to cause a specified change
in simulator function.

(A second administration of this test, which was to have occurred after Ti

one week of study of the designs by the subjects , was inadvertently
delayed until after the subjects had completed their program implemen-
tation task.)

After the designs were distributed, the subjects were given 8 1/2
weeks to develop a complete , working simulator. They were allowed to
establish their own schedules for completing this task. Each subject
was required to maintain , and turn in at the end of the project, a pro-
j ect folder. The folder contained the entire printout of each computer 3
run made in connection wi th the project. Whenever new source programs
were compiled, listings of those programs appear in these printouts ,
along wi th any error messages Issued by the compiler , link/editor , etc .
Input and output of simulator test runs were also included, as was the
computer’s job summary -for each run. These printouts thus provide data
for determination of simple sumary statistics , such as number of runs ,
CPU utilization, etc., as well as more substanti ve analyses of error
types and locations, etc.

—19—
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Each project folder also contained a “run log,” in which the
students recorded the purpose of each run, nature of errors encountered,
etc. This is a fai rly standard practi ce at OSU , and was inc luded in this

project as an aid to later detailed analysis of the individual runs.
Finally, the project folders contained a weekly time questionnaire
(Appendix 0) on which subjects indicated , by category, the time they
had expended on the project in the preceding week. -

In addition to the project folder , subjects turned in , at the end
of the project, their finished simulator source programs in computer- - - •

readable form. A very detailed test procedure was run on each of these
programs in an effort to assess correctness of simulator function and to
detect those kinds of conceptual or semantic errors which the experimenters
were able to anticipate a priori.

-

~

After the subjects had completed the implementation project and
turned in their final programs and project folders , the simulator design
comprehension test (Appendix N) and the PDL-Flowchart preference question-
naire (Appendix J) was readministered. - -

In addition to the various qualitative and quantitative measures
already mentioned, the final simulator programs were rated on overal l
quality by an expert judge, (previously described) who also performed
fairly detailed error analyses of the final programs.

S
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RESULTS

DESIGN PHASE

The allocation to experimental groups of non-native-English—
speakers and of students in a speciali zed programing-language curriculum

- 

- - was explicity constrained. These special inter-subject differences were
dichotomous and affected small numbers of students, so that the assign—

F 
- ment of two such subjects to a single group might signifi cantly bias the

study . Other differences were assumed to be controlled by the otherwi se
random subject—to—group assignment. Unfortunately, this random assign-
ment resulted in a difference in average ability between the two groups - -

in the design phase of the study. This difference is reflected, for
example, in their Grade Point Averages (GPAs ) for all computer science

-. graduate courses.

There is at least a sugges t ion , in the available data , that this
group difference may be related more to ability than to experience . The
two groups are almost identical with respect to average number of computer

- science courses taken (8.7 for the group designing the fi rst pass using
a PDL versus 9.1 for the other group), average number of graduate computer
science courses taken (4.2 versus 3.5), and number reporting past experience
with translator implementation and related tasks (5 each).

For convenience of reference, let us refer to the group which used j
a PDL -for pass 1 of the assembler, and flowcharts for pass 2, as the PDL-
FL group. The other group will be referred to as the FL-PDL group . Then 

- 1
the mean GPA for the PDL-FL group was 2.986 , while the FL-PDL mean was
3.587. Standard deviations were .606 and .334, respectively. Statistical ~. -~~

tests indicate signifi cant di fferences in both the means (t(15) 2.71,
p < .02) and variances (F(9,8) = 3.30, p < .10). The PDL-FL group included

several students whose overall per-f::ance was relatively low , both wi thin 
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I ’
this course and in graduate school in general , and who had no counterparts
in the FL-PDL group , thus accounting for both differences.

This group difference does not greatly interfere with our ability
to analyze the study results and draw reasonable conclusions. No such
difference occurred between experimental groups in the implementation
phase of the study. The use of a Latin square design in the design phase
of the study sharply reduces the impact of the group difference on the
analysis of that phase . In fact, the Latin—square analysis of variance
employed for most of the design-phase analyses is conservative in this
situation (McNema 1— . 1969, p. 387). The group difference should be kept
in mind by the reader, however. If either flowchart or PDL is consistently
preferable in the design of both pass 1 and pass 2 of the assembler , such
a difference can be detected by statisti cal analysis. However , if for

some reason a PDL is better for one pass and flowcharting for the other ,
perhaps due to differences -In the design tasks, that interaction is
confounded wi th the group differences in this study and cannot be detected.
Based on a careful considerati on of the design tasks in passes I and 2 , no

such interaction was expected.

Time to Produce Designs

Table 2 presents a summary of the students’ responses to the design
phase time expendi ture questi onnaire . On the average , the students re-
ported spending about 7.6 hours on the pass 1 design task and about 5.4
hours on pass 2. The reported times for pass 1 include some general
problem familiarization not repeated In pass 2. No statistica l dif- —

ferences exist between PDL or flowchart conditions or between experimental
- I groups on either the total time or any of its components. It should be -1

- 
I 

noted that subjective reports of time expenditures are not generally a - 1- -
very reliable or sensiti ve measure . In any event, these data provide no
basis for concluding that either documentation technique requires more
time than the other. -
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Quality and Properties of Designs

Unlike an implemented program, which can , at least conceivably, be
evaluated by subjecting it to obj ective test , the quality of unimplemented
software designs can be assessed only by subjective evaluation . Further-
more, in this particular study, the use of different documentation methods
precluded “blind” ratings . Clearly, the individua l evaluating the design
would be aware of the experimental condition In which the design was gen-
erated. Mapping all the designs into a common notation was considered ,
but was not feasible without at least reducing the “naturalness ” of the
transformed designs.

Within these constraints, quality ratings were obtained qui te
carefully, with considerable attention by the rater (JRV ) to the possi-
bility of experimenter bias. A priori grading criteria were developed P
(Figure .2 ) and applied to the designs. The resul ting design quality
scores are sumar lzed in Table 3. Because the pass 1 and pass 2
assembler designs were dissimilar in function, the grading categories
do not correspond. The total scores , however , are intended to be com- J
parable in significance , and are on a scale from zero to 100, where a

higher score represents better performance. -.

Although it would have been preferable to use additional raters ,
both to improve rating reliability and to provide a measure of that
reliability, the only other available person with the requisite qualifi-
cati ons was the course instructor. Since it was necessary to separate
the administrat ion of the experiment from the course being taught, the
instructor could not be used as a rater. Since this task requires a
large amount of time and resources , additional raters were not sought.

4 ~
- 

Figure 3 provides a graphical i llustrat ion of the effect of the i t

experimental conditions on total design score . A corresponding analysis
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Pass 1 grading categories
100 point total
1) 20 points

- - Location counter logic
2) 30 points

Error detectio n
Invalid operation codes
Labels — req ired

- Multiple label definitions
Out of range location counter

I Premature end of file

- 
3) 20 points

Symbol table entry for defined symbols
4) 1.5 points

L Output for input to pass 2

I 5) 15 points
General logic

Pass 2 grading categories

- 
100 point total

- 1) 20 points
Error detection

Undefined Symbols

— 
Out of range absolute addresses

and constants
Premature end of file

2) 25 points
Object word creation

3) 40 points
Text buffer management

f Initialization

- 
Conditions for buffer output
Logic for building buffer
Trailer record

4) 15 points
- General logic

Note : “General logic” categories arc ’ intended for factors which do not fall
under the other specified categories.

- - 1
Figure 2. GradIng Cri teria for Assembler Designs
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of variance Is shown in Table 4. Rated performance is significantly lower
on pass 2 than on pass 1 (p < .05). These design tasks are dissimilar ,
although related, and we had no parti culay expectation with respect to
their relative difficulty . The grading categories and cri teria are neces-
sarily different, and any temporal effects are confounded wi th the pass 1 -

pass 2 difference. As one might expect, given the difference in ability
between the groups (more precisely) the difference In GPAs), the FL-PDL
group performed somewhat better, although not significantly better, than
the PDL—FL group (p < .10).

The most relevant result of this analysis, however , is the signifi-
cant difference In performance as a function of documentation method
(p < .025). Overal l performance was better when the design was specified
in PDL form than when it was specified in flowchart form.

It should be noted that for Latin square designs, such as that used
here, it is assumed that all interactions will be zero . This is a neces-
sary assumption , since main effects are confounded with interactions , and
there are not enough degrees of freedom to statistically separate the
interaction effects . For example, in the present design , any P01-FL vs.
FL-PDL group diffe rence is not separable from a documentation-method-by-
pass interaction . Although such an interaction may be theoretically very
interesting, the observed signifi cant difference between the GPAs for
these two groups leads us to conclude that this is , in fact, a group
difference and not an interaction.

In either case, however, whether this -Is interpreted as a group
difference or an Interaction , Its presence reduces the probability of 1. -

observing significant effects on the other variables , Inclu ding documen—
tation method. That Is, this results in a conservative analysis and the - -

actual s ignif icance  levels obtained for documentation method are somewhat

lower than those reported, although -ft ca nnot be determi ned how much
lower (cf. McNemar, 1969, pp. 383—387).
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Based on the total design scores, a single design was selected
from each of the four groups for inclusion in this report. These designs
constitute Appendix P, and represent the most nearly “average” design
(in terms of design score only) from each condition .

The designs were analyzed for differences In style, level of detail ,
and types of constructs used which mi ght be related to documentation
method. Factors analyzed included the number of modules used in the
design , the number of Boolean expressions (conditional tests), sub-
routine call operations , and other executable operations used, and the
extent and type of abbreviation used in the design . The results , suninar-
i zed in Table 5, are discussed in the following paragraphs.

PDL and flowchart conditions differed somewhat with respect to the
number of modules defi ned in the designs. Subjects tended to use more
modules in designs produced in PDL form than in designs produced in flow-
chart form (F(1,18) = 3 .436, p < .10).

a

It seems possible with different documentation methods that de-
signers might vary the kinds of information contained in the design and

the constructs used to express It. Such differences are very difficult
to detect in an objective manner. Several manual scoring algorithms were
developed and rejected for measuring usage of particular design con-
structs (number of conditional expressions , transfers of control , call
statements , etc.) before adopting one which seemed meaningful , unbiased ,
and relatively unambiguous when applied to either design documentation
type. By way of Il lustrating the problems encountered , consider transfer
of control operations. In the context of either documentation type con-
sidered In isolation , it is relatively easy to count transfer of control

4 .  operations. In a P01, one might count GOTO and RETURN statements, while 
- 

-1

in flowcharts one might count RETURN operations and arcs emanating from
decision diamonds. The difficulty -is that these measures are not equiva-

— 

~ 
lent , across documentation methods , in any meaningful sense. Many

. 
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transfer-of—contro l operations which are represented explicitly in a
flowchart may be represented implicitly in a P01 (as in an IF...THEN
statement, DO WHILE , procedure block wi th an END but no RETURN, etc. ).
There are other complicating considerations too detailed to warrant
discussion here.

The approach actually employed was to count the conditional
(Boolean ) expressions , call operations, and other executable operations
In each design. Conditional expressions are easily recognized in dec -f—
sion diamonds and DO WHILE blocks -in flowcharts and in IF...THEN , DO

WHILE , and similar constructs in a POL . The number of conditional
expressions is probably related to the number of transfers of control
required to Implement the design , although it may clearly be affected by
the level of detail of the design. The number of subroutine call opera-
tions might be related to modular structure, but may also be affected by
the provision of an explicit called—subroutine convention in the flow-
chart method used. The three categories, taken together, include all
the executable operations of each design , but exclude such purely ‘I

structural statements as non-iterative DO, END statements, etc. The sum
of the three counts is the best metric we were able to devise for
measuring the level of detail of the designs.

Table 5 contains the results of this analysis. The principal
difference observed was a highly signifi cant tendency for PDL designs
to contain more conditional expressions than flowchart designs
(F( 1,18) = 11.44, p < .005). Although the PDL—FL and FL—PCI groups
differed in their frequency of use of call operations (F(1,18) = 7.21,
p < .05) and other executable operations (F(1.18) = 4 . 5 4, p < .05),
frequency of use of these constructs was not related to documentation
type. POL-FL and FL-PCI groups also differed with respect to total
number of constructs used (F( 1,18) = 6.28, p < .05), but on that measure

there was also a documentation type difference (F(1,18) = 4.30 , p < .06).
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Table 5. Means and (in Parentheses) Standard Deviations
of “Design Style” and Level-of—Detail Measures

Pass i Pass 2

Factor FL POL PDL FL

Number of modules 3.50 3.40 4.80 2.20
(2.68 ) (1.58 ) (3.12) (1.62)

Constructs used 15.8 16.3 19.0 10.9
Conditional expressions (5.96 ) (8.22) (6.04) (6.38 ) 

.

~~~~

Call operations 9.50 3.60 8.20 3.00
(7.62 ) (3.41 ) (6.30) (2.67) 

a

Other executable 37.4 31.7 40.5 28.2
operations (8.04) (12.82 ) (13.97) (9.70) I 4
Total 62.7 51.8 67.7 42.1

(17.9) (18.3) (20.0) (16.1)

Number of variable 7.70 2.90 6.40 4.80
names abbreviated (6.00) (3.11) (4.86) (3.85)

-
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The latter di fference, which suggests a trend toward more detail -in the
PDL des igns than In the FL designs , is partially, but not enti rely,
attributable to the di fference already noted in usage of conditional
expressions .

Detailed s tudy of the designs produced wi th  the two documentation

methods leads to a somewhat clearer picture , and suggests that the dif—
ferences in design quality scores and level of detail are related.
Designs expressed in flowchart form tended to contain greater detail
in such areas as initialization than those expressed in a PDL , but much
less algorithmic detail. For example, a flowchart design might specify
“X O” , “Y~0”, “Z=l” , while a PDL design might merely say “INITIALIZE X ,
Y ,Z” . The flowchart design mi ght only say ‘tCOMPUTE LOCATION COUNTER
ADDRESS”, though , while the PDL design describes the actual procedure
for this computation. Somehow, these two documentation media seem to
lead to a different emphasis on the part of the designer. It is important
to note that this observation holds true even though the same subjects
used both methods, and Is not a result of the group difference .

Designs expressed in flowchart form exhibited a marked tendency
toward the use of abbreviated vari able names and other space—conserving
practices. This tendency Is probably related to the need to compress
a lot of information into the rather confined space available in flow-
chart blocks , and was observed to a much lesser degree in PDL designs .
In pass 1, flowchart subjects abbreviated an average of 7.7 unique variable
names in their designs, while PDL designs contained an average of only 2.9
abbreviated symbols. This- difference Is signifi cant (F(15) = 2.246, p < .05).
Data -from pass 2 are ambiguous , since subjects tended to continue usage of
the abbreviations developed In pass 1, even though they switched documen—
tation methods. - 

- 

:~
It -Is informative to consider also the way in which subjects

abbreviated variable names. Table 6 lists the abbreviations used , and
the number of subjects, ~y documentation type, whose designs contained

-
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- - Nu.ber of Designs
Us ing Abbr.vlaCio n Table 6. Suninary of

Morev iatlon P01 FL Abbreviations Used in
1 Pass 1 Designs

~~X JNSTR
I~ Z VALUC 1
ZNPUTJ.OC 1
LOC CTR 1
*JLT S1148 1
,u,_OpcOot 1

P 1
Sc 1

Sm 1
sm_opcooc 1
VAL 1
(IC

* 1 —

MON 4 8
ERR 1 4

HEX INAOE 1

~ X_LOC 1 1
1 1

LX 3 S
IC 1 1

NSIZ 1 1
OP 1 6

MOR I 1
AOOR2 I

N I
L 1

LCTR .1
3 a

HOP 1
MR 1

~~OO 1
MO 1
NIX 1
LCN T I’
£NCR I
ILX 1
18. 1
IL 1

INSTR 3

K I -~~~~

Ii 1 
- 

-

61 1
p - 62 I

63
64 1

TAILE_VAI. 1
OPEN

1 3
Oflt 2
1I%RGE ,LOC 2 

- -

IPIAG E INSTR 1

-~~~ ICXLOC I
cc 1

INST 1
LX 011R 1

• NIOC 1
NIX 

_________ 
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these abbreviations. There appears to be a tendency for flowchart designs
to contain a larger proportion of abbreviated variable names whose signI-
ficance is not clear from the names themselves (i.e. , “non-mnemonic”
variable names like HL, Ii , etc.).

_  Another observation by the rater was that the selection of appro-
priate data structures by the designers was very strongly related to
their overall design scores . The rater divided the subjects into two

groups (best half , wdrst half) on the basis of data structure usage .
The average overall design scores (both passes ) for these groups , 155.6
and 104.0, respecti vely, differ significantly (t(18) = 4.24, p < .001).
Clearly, this is not an a prior-i hypothesis, nor are these two subjecti ve
assessments (ratings of data structure usage, overall design qual ity)

In any sense independent. Even if they were, it would not be clear to
what degree data structure usage is a causative factor in design performance
and to what degree both are j ust similarly affected by subject differences
-In ability , background, etc. The observation is interesting, though ,
and suggests an area for further investigation.

SUBJECTIVE RATINGS OF DOCUMENTATiON METHODS

A statistical analysis of the Flowchart-PDL comparative question-
naire (Appendi x J) revealed several significant preferences or opinions ,
by the subjects , with respect to the two documentation methods. Each

response to items 1-27 and 29 was encoded on a scale of 1-8, where a
score of 1 represents an extreme preference for flowcharts and 8 represents
an extreme preference for PDLs . Since the ratings were obtained after
all subjects had been exposed to the use of both documentation methods ,

• the P01-FL group and the FL-PDL group were not expected to differ sig-
nificantly in their responses to the questionnaire . This was veri fied
by a series of t-tests , comparing the responses of the two groups on each

item. No overall pattern of differences emerged, and the number of
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significant group diffe rences was at the chance level. This allowed
us to combine the groups for the purpose of analyzing overal l pre-
ferences . Means and standard deviations of the ratings by all 20 subjects
are shown in Table 7.

The questionnaire items were incl uded because they might
generate some insight into designer and programmer perceptions of the
documentation methods . In most cases , no clear basis existed for an
a priori hypothesis concerning the direction , or even the occurrence ,
of a preference . In eight cases , though , an a priori hypothesis was
made, and the direction of expected preference is indicated in paren-
theses in the corresponding row of Table 7.

Statistical analyses indicated that four of these items showed
at least a moderate (p < .10) deviation from 4.50 , the value expected if
subjects have no preference or opinion. These four items are among the
eight on which a priori hypotheses were stated , and are in the expected
direction. Subjects felt that PDLs were preferable to flowcharts with
respect to ease of implementation in a programming language (t(19 ) = 2.76 ,
p < .02), ease of documentation (t(19) = 2.68, p < .02), encouragement of

“good” design practices (t(19) = 2.45, p < .05), and ease of modification
of documentation (t(19) = 1.77 , p < .10). On overal l preference measures,

the subjects exhibited mild (non-signifi cant) preferences for PDLs for
use by the designer , but indicated an expectation that flowcharts are
preferable from the viewpoint of the programer. It should be noted that
this questionnaire administration preceded the programming task. This is
the only Item (of eight) on which the direction of prefe rence was opposite

— that predicted a priori.

Questionnaire i tems 16-27 asked how PDLs and flowcharts compare
with respect to helping the designer notice problems with the design .
Question 28 was intended to determine whether the students understood
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the design properties refer red to in those quest ions. Seven subjects

reported that questions 16~27 were easy to answer, eight students 
in-

dicated that they were difficult to answer because the subjects saw no
I difference between the documentation methods , and fi ve Indicated diffi-

cul ty understanding the design errors and problems referred to In the
-~~ - questions.

p 
-
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- Table 7. Means and (in Parentheses) Standard Deviations
of Questionnaire Ratings after Design Phase

- . 
Item Mean (Standard Deviation)

1. Ease of use by designer (PDL)** 5.00 (1.95) .. 
-

2. Ease of use by programmer (PDL ) 4.15 (1.79)
3. Helping designer understand problem - 4.35 (1.79)
4. Encouragement of “good” design practices (PDL ) 5.40*(l.64)
5. Ease of documentation (PDL ) 5.50*(l.67)
6. Ease of ‘modification of documentation (PDL) 5.05*(l.39)

7. Ease of modification of design 4.00 (1.70)

8.. Expression of control flow (FL ) 3.80 (2.24)

9. ExpressIon of data flow 4.15 (1.87 )
10. ComprehensIbility of design 4.95 (1.93 )
11. Ease of reading 4.65 (1.95 )
12. Understanding gf control flow 4.35 (1.98 )
13. Understanding of data flow - 4.40 (1.79)
14. Ease of Implementation in programming lan~uage 6.O0*.(l.62) a

15. Detection of desi gn probl ems ~PDL) 4.30 (1.84)
16. Detection of redundant operations 4.25 (1.86 )

- I l .  Noticing that module is too big 4.95 (1.50 ) 
- -

18. Noticing that module is too complex 4.45 (1.67 )
19. Module has too many or too few submodules 4.55 (1.54 )
20. Module is not cohesive 5.03 (1.44 )
21. Definition Is not detailed enough 4.35 (1.57 )
22. Definition has too much detail 4.35 (1.53)
23. Detection of Incomplete module 4.30 (1.75)
24. Modules tightly coupled 4.55 (1.70) 

—

25. Design too complex 4.05 (1.67 )

j - 26. Data Fragmentation 4.30 (1.22 )
- . 27. Module is trivial 4.80 (1.70 )

29. Overall impression (PDL) 4.55 (1.64)

* Significantly different from chance (4.5). See text .

• 
- ** Indicates an a priori hypothesis that PDL would be preferred.
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IMPLEMENTATION PHASE

In the -implementation phase, each group was exposed to only one

documentation method. I~ the two groups of subjects had been found to
differ with respect to relevant ability or background variables , as
occurred in the design phase, that difference would have been confounded
wi th the effect of documentation type. However, the two implementation-
phase experimental groups (FL, PDL) did not differ signifi cantly on any
known background or ability factors. Any performance differences in the
implementation phase may therefore be attributed to the effects of docu-
mentat lon type .

The subjects from each design phase group were distributed equally
into FL and PDL Implementation phase groups. Experience during the design
phase is therefore counterbalanced in the implementation phase. Factorial
analyses of several key implementation-phase variables (e.g., scores on
design comprehension test, grades on implementation project, properties
of implemented program) reveals no pattern of interaction between design
and implementation conditions. Therefore, implementation—phase results
will be reported only by implementation condition (FL or P01). Because of
missing data and other indications by subjects that they were unable to
produce reliable estimates of their time expenditure during the implemen-
tat-Ion phase, these data will not be reported.

Comprehension of Simulator Design

Observed effects of documentation type on design comprehension were
— 

- small and not statistically significant. Table 8 shows the results of the
multiple-choice portion of the design comprehension test administered after

i ‘ 45 minutes ’ study of the design (first test) and again at the end of the
- . 4 entire implementation phase (second test). It is important to note that

results reported for the first test are based on all 20 subjects, while
those for the second test exclude subjects who did not complete the study .
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Table 8. Results of Multiple-Choice
Portion of Design Comprehension Test

First Test Second Test

Category Items FL PDL FL PDL

Total Score All 17.0 17.1 21.9 20.6
(3.86) (5.72) (3.48) (4.90)

Comprehension of Micro 5, 14, 26 1.80 2.50 2.75 2.75
Nova (.789) (.707) (.463) (.463)

Distinction between Micro— 11 , 12, 24 1.90 1 .80 2.00 1.63
Nova and SImulator (.738) (.919) (.535) (.916)

Debugging of Simulator 2, 10, 20, 1 .80 2.00 2.88 2.13
29 (1.03) (1.25) (.641 ) (1.13)

Comprehension of Impact 6, 9, 19, 2.20 1.50 2.63 3.13
of Changes 27 (.919) (1.18) (1.06) (.991 )

Comprehension of Gen- 4, 8, 15, 4.10 4.60. 4.75 5.00
eral Structure 16, 21, 23, (.876) (1.90) (1.04) (1.69)

25, 28

Comprehension of Pro— 1 , 3, 7, 13, 5.20 4.70 6.50 6.00
cedural Detail 17, 18, 22 , 30 (2.26) (2.26) (1.77) (1.60)

:
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3
On the total score , and most of the subscores, statistically significant

improvement was observed from the first test to the second , as might be -

expected.

On the first test, students using a PDL scored somewhat better than
FL subjects on comprehension of the MicroNova (t(18) = 2.090, p < .06);
this difference disappeared entirely on the second test. It should be
noted that this test category (as well as the next category, Distinction
between MicroNova and Simulator) was intended as a measure of background
knowledge, rather than of information contained in the design itself. It
is possible, however, that the PDL design somehow aided rehearsal of
this information, or otherwise reinforced it more than did the flowchart
design. The MicroNova information is derivable from the design ; it was
considered background information primarily because the student was ex-

• pected to know it already.

Repeated—measures analyses of variance on the total score and each
subscore (using data for. the 16 subjects who completed the study) found no 

a

flowchart-PDL differences which were consistent across both test adminis-
• trations.

As a priori - hypothesis relating to subscores was that flowcharts
might aid comprehension of procedural detail , while PDLs mi ght improve
comprehension of the general structure and function of the design . The
data indicate mi ld, but statistically insignificant, tendencies in the
expected directions.

t .

- - 1 1 No signifi cant di fferences were observed between PDL and FL subjects
with respect to the number of modules they were able to correctly identi fy
from the design , or wi th respect to the number of calling-module/called -
module relationships correctly identified. These are probably not

- 
1 sensitive measures of design comprehension. ;

-7
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Quality of Implementations

We originally Intended to evaluate the simulator programs by the -

method of Youngs (1974), in which the final and all earlier runs are
analyzed for errors in reverse chronological order. This method is very
effective in detecting a variety of error types, by the programmer, in-
cluding clerical , snytactic, and various types of conceptual error.
However, the number of runs involved was much larger than anticipated
(1192), and such an approach would have been an overwhelming task, par-
ticularly given the size of the programs (average length , 1030 source
statements). As a result, only the final , completed programs were
evaluated.

The completed simulator programs were evaluated by an expert rater
(JRV) on the basis of the a priori grading criteria shown in Figure 4.
These ratings were done on the basis of: (1) the finished source programs
(as compiled , wi th symbol table, cross-reference table , etc.), (2) resu~ts
of a fairly extensive test program, and (3) reference to earlier simulator
development runs as needed. The results of this evaluation are shown in
Table 9. Statistical analysis indicates that there are no sign ificant
di fferences between flowchart and PDL groups on total score or on any of
the subscores. No particular classes of implementation error were noted
which seemed to be attributable to design documentatior~ type.

Appendi x Q contains the program which was most ‘nearly average in
quality . This particular Implementation was developed from a flowchart
design. 

~- -
~:

- 
-

The final programs were also evaluated wi th respect to several
simple measures of programming style or programming practice. No dif-
ferences were observed between FL and POL subjects wi th respect to
number of unique variable names , total number of variable name references,

-42-
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Implementation Eyal uation Categories

Category 1 (50 points )

Location counter modification and referencing logic
Incremen-tatlon as~ociated with fetchingConditional modification based on s-kip indicator
Relati ve addressing
Jumps and subroutine calls
Traps and interrupts
Subroutine returns
Two word block I/O instructions
Setting and testing active trace location

Category 2 (50 points)
• ) Effective address computation and usage

Indexing and displacement addressing
Indirect addressing including chaining

and auto indexing
Usage of effective addresses

-
• ‘- Interrupts and traps

I/O
Memory reference instructions

Category 3 (15 points )

Dump and trace control logic

Category 4 (25 points)

Interrupt detection and generation including real time clock
management and interrupt enable/disable logic.

Category 5 (15 points)

Instruction class resolution and invocation .

- 

• Category 6 (25 points )

Instruction simulati on excl uding logic covered by previous categories.

Total - 180 points

- i4 ~

Figure 4. Grading Criteria for Implemented Simulators
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or number of usages of each variable. The flowchart group used 26%

more “GO TO” statements than did the PDL group (means were 36.75 and
29.13, respectIvely), and this difference remained when adj ustments we re
made from program length . However , the variances were very large , and
this mean diffe rence does not approach statistical signifi cance.

The FL and PDL groups also exhibited differences in average program
length and in the number of runs made during program development. As in
the case of “GO TO” statements, the mean differences are fai rly large,
but are not statistically significant. The FL and PDL subjects averaged

63 and 86 runs , respectively , but this difference is not significant
(F (1, 14) = 2.272, p > .10). The average program length (number of

• source statements) for FL and PDL subjects, respectively, was 1136 and

924 , a non—significant difference (F (1, 14) = 1.893, p > .10).

~~ jective Ratings of Documenta ti on Methods
a

Results of the post-implementation comparative questi onnaire are

shown in Table 10. Overall , subjects indicated signifi cant preference

for PDL over flowchart documentation (t (15) = 2.15, p < .05). Specifi-

cally, si gnifi cant PDL preferences were noted wi th respect to ease of

documentation (t (15) = 4.04, p < .01), ease of modi fication of documen-

tation (t (14) = 2.40, p < .05), ease of imp lementation in a programing

language (t (15) = 3.95, p < .01), and ability to detect an insufficiently

detailed module in the design Ct (15) = 2.18, p < .05). Students tended
also to prefer PDLs with respect to encouragement of “good” design

practices (t (15) = 2.06, p < .10). On questionnaire items involving
a priori hypotheses, eight out of eight preferences were in the hypothe- -Sj - sized direction , with four si gnificant at the P < .05 level (and one trend
at P .10).

4’The subjective ratings may have been biased by a lecture delivered
at OSU by well-known computer scientist Daniel McCracken shortly before

j -45-
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the questionnaire was administe red. In the lecture , McCracken extolled
the virtues of PDLs at some length. With respect to overall preference

(item 29), subjects attending the lecture produced a mean rating of 6.25, 
—

as compared wi th 4.75 for those not attending the lecture. Variances
• were large , however (standard deviations were 1.28 and 2.12, respectIvely),

and th!s mean difference does not achieve statistical significance
(t (13) = 1.71, p > .10). The cause and effect are not entirely clear ,
as the more highly motivated students were probably more prone to attend

the lecture. Nonetheless, this biasing factor must be considered in

interpreting the resul ts .

The results shown in Table 10 actually represent two groups (PDL,
FL) which were not entirely in agreement. As one might expect, subjects’

preferences tended to be infl uenced by the documentation method they
actually used during the imp lementation phase. On most questionnaire
items , PDL subjects indicated stronger preference for PDLs than did FL
subjects . These group differences were only signifi cant on a few items ,
however, on item 12, understanding of control flow, mean ratings were 5.75

and 3.63, respectively (t(14) = 2.26, p < .05). On i tem 15, detection of

design problems , means were 5.88 and 4.13 (t (14) = 3.30, p < .01).

Immediately after the Initial study of the designs and administra-
tion of the first comprehension test , several students using flowcharts
commented spontaneously that their  impression of the relative readability
of the two documentation methods had changed considerably as a result of
their attempt to understand the flowchart design. This was reflected
later In their responses on item 11 of the questionnaire . Between admln-
Istrations of the questionnaire , the ratings on th is  i tem, by studentsj using flowcharts , changed by an average of 1.38 poin ts in favor of PDLs
(by a difference test, (t (7) = 4.88, p < .01). The responses of both —

POL and FL subjects also changed an average of .94 points in favor of
PDLs on item 21, detection of insufficiently detailed module (t (15) = 4.04,

-46-
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Table 10. Means and (Standard Deviations) of Questionnaire
Ratings after Implementation Phase

Item Mean (Standard Deviation)

1. Ease of use by designer (pDL)** 5.25 (1.77)
2. Ease of use by programmer (PDL ) 5.13 (2.06)
3. Helping des igner understand problem 5.0 (1.79)
4. Encouragement of “good” design practices (P01) 5.56*(2.O6)
5. Ease of documentation (PDL ) 5.88*(l.36)

• 6. Ease of modification of documentation (P01) 5.4 *(~~45)
7. Ease of modification of design 4.73 (1.8’)
8. Expression of control flow (FL) 3.80 (1.86)
9. Expression of data flow 4.0 (1.52)
10. ComprehensIbili-~y of design 5.0 (1.96)
11. Ease of reading 5.0 (1.78)
12. Understanding of control flow 4.69 (2.12)
13. Understanding of data flow 4.47 (1.46)
14. Ease of implementation in programing language 6.25*(l.77)
15. Detection of design problems (P01) 5.0 (1.37)
16. Detection of redundant operations 4.38 (1.45)
17. Noticing that module is too big 4.75 (1.44)
18. Noticing that module is too complex 4.38 (1.50)
19. Module has too many or too few submodules 4.81 (1.47)
20. Module Is not cphesive 4.63 (1.26)
21. Definition is not detailed enough 5.31*(l.49)
22. DefinItion has too much detaIl 4.81 (1.42)

23. Detection of incomplete module 4.63 (1.41)
24. Modules tightly coupled 4.33 (1.40)

25. Design too complex 4.25 (1.53)
26. Data Fragmentation 4.20 (1.21 )

1 
- 

27. Module Is trivial 4.81 (1.38 )
29. Overall impression (POL) 5.50*(l.86)

* Significantly different from chance (4.5). See text.

** Indicates an a priori hypotriesis that P01 would be preferred
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p < .01). Student comments seem to indicate that these rating changes
reflect problems encountered by the students during the implementation
task. -
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DISCUSSION

The results, indicate that designs produced in P01 form had

higher overall quality than those produced in flowchart form. PDL

designs were more detailed , particularly with respect to algorithmi c
detail , and involved much less abbreviat ion of var iable names than

j flowchart designs. When designs were presented to subjects in PDL or
flowchart form, however, no pattern of short or long-term differences
was detected on measures of design comprehension. No signifi cant
differences were detected in the quality or other properties of the
programs written as implementations of the designs . Subjective ratings
indicated a mild overall preference for PDLs, as well as several speci-
fic criteria on which students found PDLs preferable to flowcharts.

- The measures of design quality which were used to assess subject-
generated designs can be criticized as too subjective. However, it Is

not clear that any more objective approach is available, given our
current level of understanding of the software design process. In any

event, the differences in logical quality of the designs were fairly
large, favored PDLs fairly consistently, and were generally consistent
with other, more objective observations concerning the level of detail

and readability of the produced designs.

The observed di fference in leve l of detail between flowchart and

PDL designs is particularly interesting . The fact that PDL designs con-

tained 32% more conditional expressions than did flowchart designs
suggests that they contain a greater degree of algorithmic or procedural

‘ detail. This may, In fact , be a signif i cant factor In their higher
assessed quality . The finding that PDL designs contained 44% more

modules than did flowchart designs Is also suggestive of greater detail ,
although it -Is possible that PDLs simply encourage modularization.

Notice , however, that a higher level of procedural detail -Implies the
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existence of a larger number of non-conditi onal expressions , as well as
a larger number of conditional expressions. Yet, a 32% difference in
condi tional expressions was accompanied by only a 10% difference in

“other executable operations ” . Examination of the designs suggests
that the flowchart designs contain more detailed information concerning - -

some aspect of the design which is not associated wi th condition- - -

testing. A particularly prevalent difference concerns initialization
of variables. While P01 designs tend to specify initialization wi th a

single ambiguous statement (“INITIALIZE VAR IABLES” , or something similar),
flowchart designs tend to contain explicit , unambiguous specifications
of each initialization operation (e.g., “SET X=O , “ s ET Y=O” , SET Z 1” ) .

Informal program design languages are similar to natural language

to a much greater degree than are flowcharts. Studies of query formula-

tion by non—programmers (Gould,et al 1976; Miller and Becker, 1974) have
observed the frequent use of procedurally ambiguous statements which re-
quire interpretation by the reader. The use of such statements as
“INITIALIZE VARIABLES” in PDL designs may be related to those observa-

tions . In using natural language , people apparently tend to assume

• that the recipient of the comunication will possess sufficient semantic
- 

information to correctly interpret such imprecise statements . The flow-
chart “language” , on the other hand , is much more formal and may encourage
the use of detailed , unambiguous individual statements .

P01 and flowchart usage differed not only in overall level of
detail , but also in the aspects of the designs selected for detailed
specification . Many would argue that it is the algorithmic detail that
is most important in the specif icat ion of these designs , and that details
in initialization and similar information can be provided by the program-
mer. If true, the data suggests that the designer ’s use of PDLs encourages -~~~~

‘4- more detailed specification of relevant aspects of the design than does
his use of flowcharts .
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When subjects were presented with logically equivalent designs
expressed either In P01 or flowchart form, no differences were observed
In either “short-term” (45 minutes) or long-term comprehension of the
designs . The lack of a short-term comprehension difference seems Incon-
sistent wi th the findings of Wright and Reid (1973), whose subjects
remembered a procedure better when expressed in a form somewhat similar
to a PDL than when expressed in flowchart-like form. It should be
noted , however, that comprehension of this simulator design Is quite a

• formidable task when compared with their simple algori thms , which •

typically involved only three binary decisions. It is questionable
whether 45 minutes ’ exposure to the simulator design represent a “short-
term” presentation in the same sense as the much shorter exposure to 

- 
-

simple algori thms in the Wright and Reid study. Furthermore, their
recall measure (execution of algorithm from memory) is probably a more
sensit ive performance measure than our design comprehension test. Finally,
the specialized background of our programmer-subjects may have led them
to develop more efficient methods for processing flowchart informati on
and encoding it in memory.

This experiment Is a conservative test of the relative comprehen—
s-Ib-Illty of the two documentation methods. In order to -investigate dif-
ferences in documentation method in isolation from other factors, it was
neces sary to carefully control the way in which design statements were
worded. Wherever possible, complete statements were expressed identically
in PDL and flowchart designs. This resulted in flowcharts which were
more “wordy” than usual , but which were locally (i.e., at the level of
individual statements ) quite  readable. The primary issue addressed in
the experiment was the effect of documentation type on global compre-
hensibility . 

I

The results suggest that flowcharts and PDLs are equally
comprehensible If they contain similar , readable, unabbreviated statements.

-51— 

~~~~~~~ _ • 
-

- 
- - - - • -

- 
- - 

~~~~~~~~~~
- -



— 
~~~~~~~

—__
~~—-- - - - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ --- - — - • -

7

If used well , either method may allow effecti ve communication wi th the
programmer. In actual practice, however, the use of flowcharts ap—

pears to encourage the use of highly abbreviated symbols and other
space— saving techniques . Although the present study has not attempted

to determine whether or not such abbreviations adversely affect the
comprehensibility of designs, it would be surprising if they did not do
so , at least in the short term. Thus, in actual practice flowchart
designs may be less comprehensible because of the medium’s effect on
the behavior of the designer , rather than its effect on the programmer.

• Design documentation method was not found to affect the quality
or style of Implementation by th~ programmer. It might be suggested

that a good programmer should be able to understand a good design ex-
pressed in any reasonable form. In fact , such a suggestion was made by

several of the students who participated in the study. The issue may
not be that simple, however. The fact that the flowchart and PDL designs
were logically equivalent does not Imply that they were psychologically
equivalent. If the programmer’s perception of the design is altered by
the form -In which the design is presented -- for example, by causing him
to attend more to control structure, or more to modularizatlon -- he may,
in effect, solve a different problem. There is evidence of such phenomena
in the literature of other task domains (e.g., Simon & Hayes , 1976). There
was a no a priori justification for assuming that the peculiar properties
of PDLs and flowcharts woul d not exert such differential effects . Based

• on the data obtained in this experiment, however , such differential ef-
fects appear to be either insignificant in magnitude or of a type to
which the analyses employed are insensitive . The latter possibility is
certainly not to be ignored. -

Subjecti ve preferences , as expressed in responses to both question—
- - 4 nalres , and especially the post-implementation questionnaires , ind icate a

,, ~~ 
mild but somewhat consistent preference for POLs over flowcharts. Subjects
also indicated several cri teria on which PDLs are particularly to be

F !
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preferred , including encouragement of “good” design practices , ease of

- - 
documentation and of modification of documentation , and ease of imple-

mentation in a programing language .

Overall , the results appear to provide a fairly strong case for
the use of program design languages, in preference to flowcharts, for
the expression of detailed software designs by the designer. As with
all studies, it must be kept in mind that this study was done using a

* particular design and programming task , a particular class of designers
and programmers , and a particular experimental setting. The degree to
which similar resul ts might be obtained in other software design and
programming situations depends in part upon their similari ty to the

• conditions under which this experiment was conducted . General ization to
meaningful software development settings was , of course , the primary

consideration in our decision to study the behavior of experienced
programmers involved in software development efforts of significant
size .

L

1 ,

iI
.
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CONCLUS IONS

In the context in which this study was performed, the use of
a Program Design Language (PDL ) by a software designer , for the develop-
ment and description of a detailed program design , produced better
quality designs than did the use of flowcharts . In particular , the PDL

designs invol ved more algori thmic or procedural detail than those pro-
duced using flowcharts . In addition, flowchart designs exhibited
considerably more abbreviation and other space-saving practices than
did PDL des igns , wi th a possible adverse effect on their readability .

When equi valent , highly readable designs were presented to subjects
in both P01 and flowchart form, no pattern of short-term or long-term

p differences in comprehension of the design was observed . No signifi cant
differences were detected in the quality or other properties of programs ‘

1

written as implementations of the designs. Subjective ratings indicated
a mild preference for PDLs.

Overall , the results suggest that software design performance and
designer-programmer communication might be significantly improved by the
adoption of informal Program Design Languages , rather than flowcharts ,
as a standard documentation method for detailed computer program designs.

~~~~~~~~~~~~~~~~
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APPENDIX A - SCHEDULE OF EVENTS

Event Date Appendices

1. Start of course 18 Jan

2. Expl anation of experiment 18 Jan . B,C

• 3. Lecture on PDLs , flowcharts 8 Feb. D,E

4. Pass 1 design started 8 Feb. F,G,I
- 

- 
5. Pass 1 collected, pass 2 started wi thin 5 H

— days of 4

6. Pass 2 collected 15 Feb.

7. P01 vs. FL questi onnaire 17 Feb .— J 
- 

-

due 22 Feb .
8. Simulator design distributed 22 Feb. K,L,0

9. Design comprehension test 1 hr. N
after 8

10. Design revision distributed 24 Feb. M
- 

-
~ 11. Simulator programs collected 21 Apr.

12. Second comprehension test 28 Apr. N

13. PDL vs. FL questionnaire 28 Apr . J

p •
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APPENDIX B - CONSENT FORMS
INFORMED CONSENT FORM

The purpose of this study -Is to examine the relative merits of two forms
of design specification, flowcharts and program design languages , on the
design and implementation of software systems. This study will in no way
interfere with the stated objectives of this course. We will observe and
record your performance on required course projects; you will not be required
to perform significant activities In addition to normal course assignments.

• We will observe -your performance on two major assignments -- a design task
and an Implementation task. In addition , you will be given course exams and
asked to complete a questionnaire describing your background In computer
science. Participants in this study will remain anonymous. The sole purpose
of this research is to examine alternative -forms of design specification ; -It Is
not a test of your intelligence or personality. You are not required to partici-
pate in this study, and you may change your mind about participating at any time
during the experiment. However, payment or other rewards can only be given to
those who complete all experimental requirements. At the conclusion of this
study, a complete description of this research will be given to you.

Although course grades will be determined , in part, on the basis of informa-
tion collected during this experiment , experimental manipulations will not in-

- 
fluence grades. Your performance will be compared , for grading purposes, only
wi th that of students under identical experimental conditions. The experimental
manipulations are not intended to make your task more difficult or to degrade
your performance -In any way. There is no reason to believe that the experimental
materials that are presented to you will either help or hinder your performance
relative to students given other materials. In order to insure an accurate
assessment of the experimental manipulations to be performed, we ask that you
do not compare materials, problems or solutions with fellow students.

Any questions concerning the procedures of this study can be discussed with
Dr. Van Doren. These procedures were designed to be consistent with guidelines
established by the Department of Health , Education and Wel fare concerning the
use of human subjects and with Oklahoma State University policies .

The results of this study are expected to be of considerable importance
to the software development community . Previous studies have generally In-
volved undergraduates with little , if any, computer science background and very
small projects. The results obtained from such studies are frequently equivo-
cal. The study in which you will participate offers the significant opportunity
to observe the performance of well-qualified computer scientists on non-trivial

- projects. This increases the probability of finding meaningful results that can
be used to improve computer science training and practices.

Your cooperation Is invaluable and greatly appreciated . Because the
study Is expected to be interesting and beneficial to you, as wel l as to the
software development community at large , we hope you will want to participate .4 However , as an additional reward for your participation , you will be paid S25.OO
upon successful completion of all experimental requirements .
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Dr. H. Rudy Ramsey
SCIENCE APPL ICATIOr~S, INC .
40 Denver Technological Center West
7935 East Prentice Avenue -

Englewood , Colorado 80110 F 

I have read and understand the above statement and agree to participate 
-

in this study.

Name (please print)

I 
Signature

1
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In analyzing the results of this study, it would be useful to have a record
of your previous and current courses and the grades received . All information
about grades will be treated as confidential and identified only by a code number .

- A master list assigning code numbers to names wi ll be maintained only by Dr.
Van Doren and will be destroyed as soon as possible after completion of this

- study .

Subject to the conditions stated above , I agree to the release of the infor—
mation contained in my academic record.

S

Name (please print)

- 

Signature

S

H
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APPENDIX C - BACKGROUND QUESTIONNAIRE• I
- - 1

Name:____________________________

INSTRUCTIONS
- 

- This questionnaire is designed solely for experimental purposes; your
responses will in no way affect your course grade . Since we will be
observing your performance on course projects , it wou ld be very useful
to us to have a brief description of your background in computer science .
We ask that you complete these questions accurately and honestly.

a

-1!
4

1)

c-i 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- p~~ -



F” ~ 
- - - _____ • - - •  

~~~~~~~ 

—

~~~~~~

‘ - - -

~~~~~

-

~~~~~

— - 7

-

- Code: _______________________

- 1. List previous computer science courses.

Undergraduate

Graduate

2. Are you enrolled in the computer science program? Yes_ No_
If no , which program are you enrolled in?___________________________
If ~~~~~~~ which graduate option?_______________________________________
How many hours have you completed in this option?____________________

- How many graduate hours have you completed in computer science?

3. List previous degrees received

4. When do you expect to graduate from this program and what degree will
you receive? 

•

5. Are you a native speaker of English? Yes_ No_ 3 ~If ~~~~ how long have you lived in English speaking countries?
Years_________ Months
Were your previou s degrees obtained at universities where English

~ was used? Yes No Some
If no or some , briefly describe your educational background in terms
of universities , language , years enrolled and degrees received . • 

-
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6. Briefly describe your experiences , outside of normal course work with the

- 
~
- following (list types of experience , length , where received , etc.):

PL/1

Flowcharts

Proqram Design Languages

-

• 
Other Design Specification Methods (specify )

f Assemblers , Transla tors , and Compi lers

Machine Simula tors

Mini/Micro Computers :~
I 

•

- - I

Date General NOVA Computers
F-

Other Related Experiences

:: ::
_______ 

C-3
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APPENDIX D - SOFTWARE DESIGN METHODS HANDOUT

Notes on Software Des ign Methods (Flowchar ts and PDL’s)

The mM erial presented is similar but not identical to material
contained in:

Structured Programm i ng Series , Vol. 8:
Program Design Study
IBM Federal Systems Center
Gathersburg, Narylard

produced under U.S . Air Force ccntract
and available from
National Technical Information Service — 

~~~~~~ .

Ref. // RADC_TR_7L1._300 .~~~~— s ’~ 
-

- r
It is assumed that you are familiar with f’f~~charting and the ~~ L

conventions in use at Oklahoma State Un~ ersi~y. It is not assumed
that you are familiar with ~ rogram _efinition Languages (PDL’ s).

- PDL’s typically have control struct~~es in iar to those available
in block structured languages such as PL/1 and ALGOL. However,
a PDL is used for software design, not as a programi ing language .
Of course ~there may be dir ect correspondence with some features
in your programming iá.nguage just as there may be with flowcharts.
PDL’s may be informal or formal. The latter have a very formal
and strict definition. The former have certain well defined control
structures but much of the processing can be specified. in an informal
way just ~as flowchart procesing blocks may have varying degrees
of precision and formality depending on the level of ‘ogic or design.

For purposes of the software design study being conducted in
this course an informal F~L will be used . As part of yc’ur computer
science knowledge you should become aware of PDL’s as alternative
methods for software design (and docum entation as well).

The rema inder of the material comrrises a parellel presentation
of the control stru c~tur es for the informa l PDL and corr esponding
flowchartthg treatments.

i
‘4

.
;~

j

D— i

T~I~~ :T~~ TT~~~_. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~ 

iT .



--. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~

— 

-

-

Mo~1ul~s or ~rr~cedures:

• 1 PDL Floizchart

Module name : PROCEDUR E optional parameter list; \ Optional /
• \parameter/
• \ list /
Sequence of PDL and/or
English Langauge statements module names ENTRY 

-- 

-

R~11JR~ TO CALLEN ;
Graphical disp1~~r

. of processing blocks,
END module name; decision blocks and

flow lines

_ _  

- e

)~odule invocation:

PDL Flowchart

CA LL module name optional parameter list ; 1 module name

optional
parameter

list

Elementary decision logic:

PDL Flowchart

IF condition THEN
English language or PDL statement; F condition I 

~~
.

English language or PDL statement;

H
•I? condition Then

English language or PDL statement ; condition 1’ 
~~

-

(

V

0-2
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PDL Flowchart

— DO WHILE condition;
— Sequence of English language

and/or PDL statements ;
END; condition

DO UNTIL condition ;
Sequence of English language

END~ 
PDL statements;

< T condition ______

DO index = initial value TO final value BY incr.
Sequence of English language Ft.~~~1•\ r -I
and/or PDL statements ; ~~~~ ~END ; I

t• _ ___

M ultiwa y decision: I
PDL Flowchart

DO CASE arithmetic value;-
CASED : •~~

English language statement
or PDL control statement ; /

CASE1: ~
Engltah language statement /
or PDL control statement ; / ~• Arithmetic • 

—

. - value? •

CASEn:
English language statement

~~D CASE; —

Notel : If the arithmetic value is “ out of range” nothingis specified .
Some conventions establish a default control Dath for this . Please

~~

- 4 observe that a zero arithmetic value is considered in range for this PDL. - 

-

Note2: Mult~way decisions such as illustrated may easily be simulated - 4
inPL/1 with  the use of a LABEL vector, the PL/1. equivalent of a “computed
GO TO” and a GO TO after each CASE block.

• 0-3
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Secuence of desiitn snecificiatlons;

PDL Flowchart 
-~

DO;
Sequence of English language
and/or PDL statements; -

Additional comments :
Note that semicolons “

;
“ are used to terminate all statments in

a PDL design. This may be particularly important in making clear a
se~ence of processing givne in the form of English language statements. - -Further note that indentation schemes..f or nested PDL specifications
are consid ered part of the PDL method .

I

a

1,:

I

• 
0-4
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APPENDIX E - PDL AND FLOWCHART EXAMPLES

PDL AND FLOWCHA RT SOFTWARE D~~ICN ILLUSTRATIONS

The illustrations are given in terms of a. simulator design for
the “small computer” discussed in class via APL functional descriptions .
There are several items about this design to be stressed:

1) For design illustration reasons it is assumed that an op code of
0000 (binary bits) represents a “HALT” instruction and that op cod es
of 0011, 0100 ani 0111 are invalid . The APL functional description
does not include these items, It is further assumed that op codes of
1100 and. 1111. represent “TRA CE ON” and “TRACE CFF” sinulator instructions.
These two instructions are not part of the “small computer” instruction
set but rather are simulator design provisions for tracing the flow of
sinulated execution of “small computer” programs.

2) The simulator design is a software design which contains features
that are not part of the functional characteristics of the simulated
machine, Obviously there are some similarities between the simulator
design- and the APL functional characteristics.

- 
3) Neither of the software designs include the mathematical precision
of the the APL functional specificatIons. Precise details for
simulating certain functional characteristics should be deduced from
the APL sp”ctfications. Programming details do not require direct
correspondence to APL features • You need only assure logical
equivalence. - The software design shows where the detailed programning
for these items belongs in the general scheme of things. The notion
of logical equivalence of the implemented program applies as well to
software design features as it does to APL description features.

4) Memory access (MAC) is not shown explicitly as a module of the
design, Some form of simulated memory access is certainly implied by
provisions for instruction fttching :, retrieving an operand for adding
or subtracting and for loading or storing the accumulator. Also
instruction tracing is not shown as an explicit module. It may be
highly desirable to implement these features, and others, as explicit
subprograms. They are not shown explicitly in the sample design

- - given because it was not deemed necessary to show any logical design
• for them. (Perhaps such designs would be included in the next step

for “top down” design advocates,)
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SMALL CCMFU’E ~ SINULATOR ; PROC~~ URE;

INLTIALIZE SIMULATOR ;
DO WHILE RUN CODE ~~ CONT INUE EX ECUTION CODE;

FTI’CH INSTRUCTION ;
INCRE!~~ T LOCATION COUNTER PART OF PROGRAM STATUS WORD ;

— IF INSTRUCTION IS “HA LT’ INSTRUCTION THEN RUN CODE 4 HA LT TERM INATICN CODE;
—

~ ELSE
DO;

DET~~M INE INSTR UCTION CLASS , INSTRUCTION SUBCLASS AND
OPERAND ADDRES S FROM INSTRUCT ION ;
DO CASE( II~STRUCTICN CLASS ) ;

CA SEO s
CALL PROCESS_LOAD_STORE;

CASE1: -

CALL PROCESS_ADD_SUBTRA CT ;
CAS~2s

CALL PROCESS_BRANCH ;
CASE3 s

CALL PROCESS_REA D_WRITE_TRACE;
END CASE;

END;
IF TRACE IS R EQU~ST~~ THEN PERFORM TRACE;
INGREN EN T INSTRUCTION EXECUTION COUNT;
IF INSTRUCTION EXECUTICN COUNT EXCEI~ S EXECUTION LIMIT THEN

• RUN CODE 4 EXECUTION LIMIT TERMINATION CODE;
END;
PRINT SIMULATOR STATUS INF ORMATION UPON TERMINATION ;

END SMALL COMPUTER SIMULATOR ;

• PROCESS_LOAD STOREs PROCEDURE;
DO CASET INSTRUCTION SUBCLASS ) ;

CASEO s
RUN CODE 4SIMULATOR FAILURE CODE;

CASE1 s
STORE ACCUMULATOR IN MAIN MEM ORY(OPERAND ADDRESS) ; —

CASE2 s
LOAD ACCUMULATOR FROM MAIN MEMORY(OP ERAND ADDRES S);

CASE3* -~~~~

RUN CODE 
~~~~
‘ INVALID INSTRUCTION CODE;

END CASE;
RETURN TC CA LLER ;

END PRC-CESS_LOAD_STORE;

- I

~.1~
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PROCESS_ADD_SUBTRAC Ti PROCEDURE;
RETRIEVE OPERAND FROM M AIN MEM CRY(O PE RAND ADDRESS);
DO CASE( INSTRUCTION SUBCLASS ) ;

CASEO s
RUN CODE 4 INVALID INSTRUCTION CODE;

CASE1 s
SUBTR A CT OPERAND FROM ACCUMULATOR WITH RESULT L~~’T
IN ACCUMU LATOR AN D CARR Y BIT ASSIGNED TO
PROGRA M STATUS WORD ;

CASE2 s
ADD OPERAND TO ACCUMU LATC-R WITH RESULT LEFT IN
ACCUMULATOR AND CARRY BIT ASSIGNED TO PROGRAM
STATUS WORD;

CASE3:
RUN CODE 4INVALID INSTRUCTION CODE;

END CASE;
RETURN TO CAlLER ;

RND PEOCESS ADD SUBTRACT ;

PROCESS_BRANCH s PRCC CDTJRE;
INTERPRET CPERAND ADDRESS AS BRANCH TARGET ;
INTERPR ET INSTRUCTION SUBCLASS AS INSTRUCTION CONDITION CODE ;

-

~~~ 
- j IF INSTRUCTION CONDITION CODE MATCHES PROGRAM STATUS WORD

CCNDITICN CODE THEN ASSIGN BRANCH TARGET TO LOCATION
COUNTER PART OF PROGRAM STATUS WORD ;

- 
- - 

RETURN TO CALLER ;
END PROCESS_BRANCH ;

PROCESS_READ_WRITE_TRACE ;
• DETERMINE MAIN IOR Y BLOCK A DDRESS AND EXTERNAL MEMOR Y BLOCK

• ADDRESS FROM INSTR UCTION ;
DO CASE( INSTRUCTION SUBCLASS ) ;

CASEOs
TURN TRACE R~~ UEST ON;

CASE1:
TRANSMIT 64 CONTIGUOUS WORDS FROM ADDRESSED MAIN MEM ORY(. BLOCK TO ADDRESSED EXTERNAL MEMORY BLOCK;

CASE2 s
TRANSMIT ADDRES SED EXTERNA L MEMORY BLOCK TO 64 CONTIGUOUS - :
WORDS OF ADDRESS ED MAIN MEM ORY BLOCK;

CASE3;
- • TURN OFF TRACE R~~ UEST;

END CASE
RETURN TO CALLER ;

END PROCESS_READ_WRITE TRACE;

4 E—3
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INITIALIZE ( EXIT I
SEMULA’rOR

BUN CODE
N0 ~ijNT SIMULATOR

CONTINUE TATUS INFCRMATION
EXECUTION ~t~~ t .- ~wzi~i~’ ~• DE?

FETCH I
INSTRUCTION

IN~~~~~ 4T LOCATION CC~SS LOAD STORE
UNTER PART OF PRCX~RAM —

N STATUS WORD
•~ r—•-----~- —- — - — 

I

RUN CODE ~ ~ROC~~S ADD SUBTRACr

TERMINATION ~ s NSTRUCTION ~~~~~~~~~XoN ~~~~~~~~CODE ________________

~ RCC~~ S BRA:~CI~ L

_ _ _In
P~~5’ORM THACE _________________

TRACE R~~ U~~ TED . RCC~~S_R~~ C_W~IT1J
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~~~~~~~~ INSTRU~~ ICN
EXECUTION COUNT NSTBUCTIC C? ‘
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PROCESS_LOAD_STORE: I~~TER

USTR U CTIO
SUBCLASS?

RUN CODE STORE LOAD RUN CODE
AC CUMULATOR ACCUMULA TOR

SIMULATOR IN MAIN FROM MAIN IN VALID
FAILUR E ME~1ORY (OPERAND ME~4ORY (OPERANI ) I INSTFWCTION
CODE ADDRESS) ADDRESS) CODE

RETU RN

PROCESS_ADD_SUBTRA CT ENTER

RETRIEVE OPERAND
FRCM MAIN M~~ORY
(oP~R~ND ADDRESS)

NSTRUCTIO~ -

UBCLASS?

a g

RUN CODE SUBTRACT OPERAND ADD OPERAND 1 RUN CoDi 1
-4 FROM ACCUMULATOR TO A .C 1JNULATOR I

INVALID WITH RESULT L~~’T WITH RESULT L~~’T INVALID
-
, INSTR UCTION IN ACCUMU LATOR AND IN A CCUMULA TOR AN D INSTR UCTION

CODE CARRY BIT ASSIGNED CARRY BIT ASSIGNED CODE
TO PROGRAM STATUS TO PROGRAM STATUS
WORD WORD

______ — — 
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PROCES3_B~ AN CH~

I IN TERP RE T OPF~RAND ADDR ES S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~A~S BRANCH TARG ET AS INST RU CTION CONDITI ON CC~ E

INSTRUO TTON
CON D ITION CODE

ASSIGN BRANCH TARGET k MATCH~~ PR OGRAM
TO LOCATION COUNTER STATUS ‘•!ORD
PART OF PROGRAM STATU CONDITION CODE
WORD ?

Wo

RETURN

PROCESS R EED WRITE TRA CE: ENTER

D ETER MINE MAIN M~ 4ORY BLOCK ADDRESS
AND EXI ER~IAL MEMOR Y BLOCK ADDRESS INSTRUCTION
FROM INSTRUCTION SUBCLASS?

a

TURN TRACE TRANSM IT 64 CCNTIOUOUS RANSM IT ADDRES SED IJRN OFF
REQUES T ON WORDS FROM A DDRESSED EXT ERNAL ME M OR Y BLOCK TRACE R~~UEs r

MAIN MEM ORY TO ADDRESSE D TO 64 CONTIGUOUS WORDS
EXTERNAL MEMORY BLOCK ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~ - RETURN
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APPENDIX F - BASIC DESCRIPTION OF DESIGN PROBLEM
Assembler Language Thrinslator Design Problem

An assembler language for the hypoth etical “small computer ”
(Small Conputer Assembler ~~rgu~ge — ScAL) is outlined below. You
will be given a software design assignment requirement for a two
pass translator for SCAL. One pass of the translator is to be
designed with one of the two software design method s presented in
class (flowcharts and PDL’s).  The other pass is to be designed
usinI~ the other method .

Half the class will be required to use flowcharts for the
first pass and half the class will be required to use PDL. The
designs from those students consenting to participate in the
software design stud y being conducted this semester will be used
(anonymously) for part of this study.

Written req uirements for each pass are given on a separate
handout. The pass one assignment wIll be distributed in class
Feb. 10 and will be due Feb . 15. (Turn it in to Dr. Fisher ’s
secretary.) The pass two assignment is to be picked up in Dr. Fisher ’s
office when you turn in the pass one part. The pass two design will
be due Feb . 17.

SCAL features :

- 1) Symbolic machine instructions with instruction formats

Optional label HALT Optional symbolic or absolute address

LOAD Symbolic or absolute address

STORE ‘S

• ‘S ADD ‘S *1 ‘S

‘S ‘S S1.JB “ ‘S ‘S IS

‘S ‘S B Numeric condition code(O-3) , symbolic or
absolute address

‘S “ REA D Symbolic or absolute address
~~~~ -

-

2) Constant definitions with formats

Optional label DC Integer constant

‘S ‘S DIO Symbolic or absolute symbolic or absolute
memory block address ‘ externa l store address

Note: DI~ is intend ed for defining the addresses for REA D or WRITE
oprrations . Ord inarily a DIO would be referenced only by
a READ or ‘~TRITE . Ordirarily t~~ymbolic reference in a READ or
WRITE would be a reference to a DIO . Neither of these are
required , ho;:ever.

F-i
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3) Assembler instructions with formats

PROC Absolute address (starting location of program)

Required label ~~UATE Absolute address (address value of label symbol)

LOC Absolute address (reassigns assembler locaticn
counter for location of
following instructions)

Optional label DS Positive integer value
(number of words of
storage rescrved)

END Symbolic or absolute address
(address of first irstructj on
to be executed)

The symbolic addresses are very si-ple in form and do not allow
address expressions such as *+3 or SUM+2 . Neither are literal operands
allowed, All absolute addresses or numeric constants are assumed to
be in decimal form.

Comments and observations about the assignment:

You are encouraged to design your logic at a level similar to that
displayed in the software design illustrations. For example , don ’t be
concerned with the detailed logic for ‘S recognizing” a valid symbol or
constant (lexical analysis or scanning~ . YQu should be able to complete
your design in £ 8j- x 11 pages or less.

Assume that symbol table design and processing algorithms already
exists that is to say, do not attempt to design them. Further assume
that the symbol table structure is very simple in that no “type” codes
are required - just symbols and absolute addresses .

Neither , the PDL nor the flowchart design method provides for data
structure definition. For the most part data structure requirements 4

for the assembler are elementary and may be implied by appropriate
wordage and symbolism. If certain tables or data structures used in
your design are sufficiently complex that separate descriptions of them
are need ed , then provide them. I ~

I
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APPENDIX G - DESCRIPTION OF PASS 1 DESIGN PROBLEM

Assembler lang~.age Translator Design Problem, Pass I

Name, 
_____________________ 

Design Method s Flowchart / PDL

Pass one has the following respomsibilities s

To read , process and copy the SCA L program to a secondary storage
file in the form suggested in the example handout.

To fill in the symbol table for defined symbols .

To detect invalid operation codes . (Substitute a “HALT 0’ Image
for these.)

To detect multiple definitions of a symbolic address.

To detect “out of range address” situatu r-ns.

To detect other errors and take error action consistent with your
overall software design.

Note 1: The copy of the SCAL program will servE as input to the second
pass.

Note 2: Assume that all necessary information is passed in a global
sense to pass two; that is , it isn’t necessary to identify
explicit parameters .

Note 3: Make sure you fill out and turn in the time questionaire if
you are participating in the software design experiment . This
information is needed for the study.

4
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APPENDIX H - DESCRIPTIO N OF PASS 2 DESIGN PROBLEM

Assembler Language Translator Design Problem , Pass 2

Names 
_____________________ 

Design Method : Flowchart / PDL

Pass two has the follwoing responsibilities:

To generate absolute object code In the format indicated below on
a secondary file.

To create a prthted form of the orginal program with machine code
information and error codes as suggested by the example handout.

To detect undefined symbolic addresses . (Substitute a zero for such
an address in the generated code.)

To detect “ out of range” absolute addresses and constants.

To detect errors that shouldn’t occur if the first pass is working
correctly.

To detect other errors and take error action consistent with your
overall software design.

Format of generated cod e — 1~O word records - 

-

1st word — absolute addres where machine language text
is to be loaded

2nd word — number of wort of machine language text following
Words 3 to LiO - machine language text

“trailer” record
1st word — “0”
2nd word “0”
3rd word - Absolute address of starting instruction

Note: Make sure you fill out and turn in the time questionaire .
This informatIon is needed for the software design study. “

-
, 

— -
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- Ii~~ EDING PAQL

APPENDIX I - TIME EXPENDITURE QUESTIONNAIRE , DESIGN PHASE
TIME QUSSTIONAIRE

-; ASS~~LBL~~ DEZIGN PRCBLEM , PASS 1

- Name:____________________________

Date:_ Code:_____________________________

(Leave blank)

Please record the time you have spent on your class project in the last week ,
excluding time spent in class. Record time in hours and/or minutes by category.

hrs : mm

- - 

~ 

Time spent in:

IS ‘
~ Preparing initial design _________

- - Revising design __________

Hand-checking design _________

Preparing documentation _________

Just thinking about project _________

Other (indicate nature of activity)

- This information is solely for experimental purposes; your responses will in

- 
no way affect your course grade. Please be as accurate as possible.

I
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APPENDIX J - PDL-FLOWCHART QUESTIONNAIRE

Name :

INSTR U CTIONS

This questionnaire is designed solely for experimental purposes ;
• your responses will in no way affect your course grade. The goal

of this questionnaire is to provide us with an objective, unbiased
comparison of flowcharts and program design languages (PDLs) as - - -

methods for the development and documentation of software designs.
Please complete these questions honestly and thoughtfully, so
that your answers reflect your opinions about these methods
based on the experience you have had with them.

Most of the questions which follow ask you to compare the two
methods by checking a box on a scale. In every case , check one
and only one box , and place your checks within the box , rather
than on boundaries between boxes.

t -4

- ‘ 4
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Code: ______________________________

1. From the viewpoint of the software designer who must use flowcharts
or a program design language to document his design , how do the two
COI~Pd re?

Flowchart Flowchar t Flowchart Flowchart P01. P01. P01 P01.
abs olutely much moderately s li ght ly sl ightly moder ately much absolu t e ly

b.ttCr bett ir better better better better better better

2. From the viewpoint of the programmer who must understand and implement
a design expressed in either a program design language or flowcharts ,
how do the two compare?

P01. P01 1 P01 P01. 
- 

Flowchart Flow ch art Flowchart Flowchart
absolutely much I moderately slightly s lightly mode ra te ly much absolutely

better better better better better better better bette r

I____ 
_ _ _ _  _ _ _ _  

-‘ 
_ _ _  _ _ _ _

-
~~ 

3. How do the methods compare with respect to helping the software designer
understand his problem?

Flowc hart Flowchart Flowchart Flowchart P01 P01 P01 P01
absolutely much mode rately sl ightly slightly mode rately much absolutely

bett er bette r better bette r better better bette r better

4. With respect to encouraging the use of “good” design practices?

Pet. P01 P01 P01 Flowchart Flowchart Flowchart Flowchart
absolutely myth moderately sl ightly ‘sli g htly moderately much absolut ely

better better bette r better bette r better better bette r

I
5. Ease of preparation of design documentation? 

-

Flowchart Flowchart Flowchart Flowchart P01 P01 P01 P01
absolutely much moderately sl i ghtly slig h tly moderately much absolut e ly

tetter better better better better better be tter better

J-2 
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6. Ease of modification of design documentation?

Put P01. P01 P01 Fl owchart Flow chart Flowchart Flowchart
absolutely much moderately slightly slightl y moderately much absolutely

bette r better better better better better better better

7. Ease of modification of design?

Flow chart Flowchart Flowchart Flowchart P01 P01. P01 P01.
absolutely much moderately slightly slightly moderately much absolutely

better better better better bette r batter better better

• 8. Ease of expression of control fl ow by designer?
P01 P01. P01 P01 Flowchart Flowchart Flowchart Flowchart

absolutely much modera tely slightly slightly mode rately much absolu tely
better better bette r better better better bette r better

i~
..

9. Ease of expression of data flow?
Flowchart Flowchart Flowchart Flowchar t P01 P01. P01 P01

absolutely much moderately slightly slightly moderately much absolutely
better better better bette r better better better better

10. From the viewpoint of the programmer who must understand and implement
the design , how do the methods compare on comprehensibility ?

P01. P01 rot 
- 

P01. Flowchart Flowchart Flowchart Flowc h art
absolutely much moderately sl ightl y sl ig htly moderately much a,s olute ly

better better bette r better better better better better 
- 

-

11. How do they compare on ease of reading (i.e., effort- involved , speed , etc.)?
Flowchart Flowchart Flowchart Flowchart P01 P01 P01 P01.

absolutel y much moderetel y sligh tly Sl ightl y moderately much absolutely
batter better better better bette r better better better

-
~

~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~
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12. Ease of understanding control flow?

PLI1 POt POt. POt Flo wchart Flowchart Flowchart Flowchart
absolutely much moderately slightly slig htly moderatel y much absolu tely

better better bette r better better better better bet ter

13. Ease of understanding data flow?

Flowc hart Flowchart Flowchart Flowchart P01 P01 P01. P01
absolutely much moderately slightly slightly moderately much absolutely

bett er better better bette r better better better ba tter

1

~~~~~~~ 

_______ ________ 

—•—-- 

________ ________ _______ ________

14. Ease of implementing in a programing language?

put. P01 P01 P01 Flowchart Flowchart Flowchart Flowchart 
-

absolu tely much moderately slight ly slightly mode rately much absolute ly

• bette r better better bet ter better better bett er better

15. As the designer develops his design , he may notice that it conta ins
errors or undesirable properties . How do the documentation methods
comoare with respect to helping the designer detect such problen~

’s in
hi s des ign?
[~i~~chart Flowchart flowchart Flowchart POt. PD!. POt. Pot. -

absolutely much moderately slightly slightly moderately much abso lutely

[better 
better bett er better better better better bette r

t 16. How do the methods compare with respect to helping the designer notice
that the same operation is being performed redundantly at severa l points
in the system he is designing?

P01. P01 P01 F lowchart Flowchart Flowchart Flowchart
absolu tely much mode rate ly sl i g h tly sJ i g I ~tly mode rately such abso lute ly

‘4 - 

bette r better bet ter better bett Or be tter better be tter

4 J-4
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17. With respect to helping him/her notice that a module is too big , and
should be broken into several modules?

Flowchart Flowchart Flowchart Flowc hart P01 P01 1 P01 PCI
absolutely much moderately slightly slightly moderately I much absolutely
better better better better better better better better

18. Helping him/her notice that a module is log ically too complex?

P01 P01 P01 P01 Flowchart Flowchart Flowchart Flowchart
absolutely much moderately slightly slightly moderately much absolutely
better better better better better better better better

_ _ _  _ _  _ _ _  _ _ _ _ _ _  _ _ _  _ _  _ _ _

19. That a module has too many or too few submodules?

Flowchart Flowchart Flowchart Flowchart P01 P01 P01 P01
absolutely much moderately slightly slightly moderately much absolutely

better better better better better better better better

20. That a module contains several logically unrelated functions (i.e., that
the module is not cohesive)?

P01 P01 P01 Flowchart Flowchart Flowchart Flowc~’art
absolutely much moderately slightly slightly moderately much absolutely
better better better better better better better better

21. That a module has not been defined in enough detail?

Flowchart Flowchart Flowchart Flowchart P01 P01 P01 POt.
ibsolutely much moderately slightly slightly moderately much absolute l y

better better better better better better better better

______________________________ _ _ _ _ _ _ _ _ _  :~- t
I -

~~~~

22. That a module has been defined in too much detail?

PUt. P01. ‘DI. PCI. Flowchart Flowchart Flowchart Flow c hart
absolutely much moderately sli ghtly slightly .‘.odera tely rnuch absolute l y

f ~~~ better better better better better better bmttsr bette r

J..5

bi ~~~~~~ 
—

~~~~ .ó~1lI. ~~~~~~~



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

23. T:~at a module is not functionally complete (i.e., that necessary opera—tions ~re missing)?
Flcwchart Flowchart Flowchart Flowchart P01. P01. P01. P01.

absolutely much moderately slightly slIØtly moderately much absolutely
better better better better better better better better

24. That modules are not sufficiently Independent, and are comunicatlng
with each other more than they should (i.e., that modules are tightly
coupled)? *

P0~. P01. flowchart Flowchart flCwChart Flowchart
absolutely muCh moderately slightly slightly moderately much absolutely

better better better better better better better better

25. That the overall design is too complex?
Flowchart Flowchart Flowchart Flowchart P01 P01. P01. P01.

absolutely much moderately slightly slightly moderately much abc4li~teiy
better better better better better better better better

26. That v’~dules which access the same data are widely separated In the
design (data fragmentation)?

P~. P01. P01. P01 Flowchart Flowchart Flowchart Flowchart
absolutely much moderately slightly slightly moderately much absolut ely
better better better better better better better better

27. That a module is trivial , and should be compressed Into another module?

Flowcbert Flowcmorg Flowchart Flowchart P01. Pp4 P01. 1 PP4
absolutely much moderately sl ightly slightly moderately much (abtelutely

better better better better better better tetter better

_ _ _ _ _ _ _ _ _ _  __________  ___I___

-~~~ — ~~~~~~~~ ~~~~~~~~~~~~~~~~~~ - - ____________
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28. Questions 16 through 27 have asked you how flowcharts and program design
languages compare with respect to helping the designer notice a number
of specific problems in his/her design. In general , did you find these
questions (pick one):

( ) easy to answer.

( ). difficult to answer because you don ’t see any difference
between the documentation methods wi th respect to these
criteria.

• 

- 

( ) Difficult to answer because you couldn ’t visualize the
kinds of design errors and problems referred to in the
questions.

29. Overall , how do you think the two documentation methods compare?

Pot. P01. P01... P01.. Flowchart Flowchart Flowchart Flowchart
absolutely much .oderataly sligbtly slightly moderately much absolutely

better better better better betti? better better better

30. Are there any other documentation methods you think are better than
either of these?

0

~
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31. Please write any other comments you have on these two methods (or
others you think are superior). In using both methods for .a design

• problem , you may very well have acquired some insights we don ’t have.
Therefore, please coment on even obvious things if they have not been
addressed in this questionnaire.

-

•

•
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APPENDIX K SIMULATOR DESIGN, FLOWCHART FOPiI

Name_____ ________________

- COMSC 5113 SIMULATOR DESIGN Sp ing 1977

Explanatory notes:

1) The location counter in this design generally points to the next
instruction in contrast to the current instruction as stated
in the microNova manual. This tends to simplify the design but
has implications concerning tracing and dumping.

2) There are no deliberate errors in the design. If errors are
detected or clarification of tnicroNova functional characteristics
occurs then revision information will be distributed in the form
of memoranda.

3) Input/output devices are not fully simulated. A simulator block
Input and block output scheme is used instead.

4) Console operations are not simulated in the design.

5) Half of the class is receiving a PDL design and half of the class
is receiving a flowchart design. These two designs contain equivalent
information. If you are participating in the software design study
you are requested to use only the design given you for your
simulator implementation.

6) Questions concerning the design should be directed to Dr. J.R.
Van Doren. Dr. D.D. Fisher should be consulted concerning questions
about aicroNova functional characteristics.
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APPENDIX L - SDIULATOR DESIGN , PDL FORt 1

- Name___________________

co~isc 5113 SIMULATOR DESIGN Spring 1977

Explanatory notes:

1) The location counter in this design generally points to the next
Instruction in contrast to the current instruction as stated
in the microNova manual. This tends to simplify the design but
has implications concerning tracing and dumping.

2) There are no deliberate errors in the design. If errors are
detected or clarification of tnicroNova functional characteristics
occurs then revision information will be distributed in the form
of memoranda.

3) Input/output devices are not fully simulated. A simulator block
input and block output scheme is used instead. 

A

4) Console operations are not simulated in the design.

5) Half of the class is receiving a PDL design and half of the class
is receiving a flowchart design . These two designs cbntain equivalent
information. If you are participating in the software design study
you are requested to use only the design given you for your
simulator implementation.

6) Questions concerning the design should be directed to Dr. J.R.
Van Doren . Dr. D.D. Fisher should be consulted concerning questions
about microNova functional characteristics.

.4-
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NICROUOVA _SII:ULATOR s
PROCEDURE;

CALL INiTIALIZE SThULATOR ; • 
-

DO ~a11II.E TEREIN ATICN CODE = 0;
FgrCu IN~TRUCTICN ;
IN~R~~ENT LC~ATICN COUUT~~ ;
IF PRIOR INS TRUCrION WAS “MASK OUT” TH~ I

TURN ON PRI ORITY MASK UPDATE SWITCH ;
CALL EXECUT E INSTRUCTION ;
IF PRIORITY MASK UPDATE SWITCH IS ON TH1~

DO;
CURRE~1T PRICRITY MASK = NEW PRIORITY MASK;
TUR N OFF PRIORITY NASK UPDATE SWITCH ;

END;
IN~R~ 1ENT CURRENT CYCLE COUNT BY INSTRUCTION CYCLE CCUHT;
IF CURREN T CYCLE COUNT > CYCLE LIMIT THEN

TEN1INATION CODE = EXC~~3IVE CYCLE CODE;
IF TRACE IS REQUESTED THEN

DO;
PENFORM INSTRUCTION TRACE;
DECREMENT TRACE CCUNT BY 1; :• -

~IF TRACE COUNT = 0 THEN TURN OFF TRACE R~~U!ST;
END;

• IF SKIP INDICATOR IS ON THEN
DO;

TURN OFF SKIP INDICATOR ;
INCREMENT LOCATION COI NTER ;

END ;
IF REAL TINE CLOCK IS ENABLE THEN

DO;
DECREMEN T CLOCK CYCLE COUNT BY INSTRUCTI ON CYCLE COUNT;
IF CLOCK CYCLE COUNT ~ O THEN

DO;
S~ FUP INTENRUPT CONDITION ;
~~~sgr REA L TIME CLOCK ;

END;
END;

INSTRUCTION CYCLE COUNT = 0; j
DO WHILE INTENRUN’ CYCLE COUNT ~ CURRENT CYCLE COUNT ; ‘-i

IF DEVICE CODE IS ON AND CURRENT PRIORITY MASK A LLOWS
DEVICE INTERRUPT THEN S~ TUP INTERRUPT FRCN INTERRUP’F LIST ;

UPDATE INTERRU PT CYCLE COUNT TO NEXT Ii~TERRUFr;
END; ‘H

• IF AN INTERRUPT IS R~~ESTED AND INTERRUPTS ARE ENABL~~
AND INSTRUCTION EXECUTED WAS NOT “iNTERRUPT ENABLE’ 

-~~~~~

THEN CALL PROCESS INTERRUPT;
• END; —

• PRINT SIMULATCR STATUS INFORMATION UPON TERNINATION ;
END MICRO N OVA_SIMULATOR ;

a ’
L-2,

~~~~~ ~~~ ~~ ______  ~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ -~~~~::~~~ - ____



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- _~~

_ — ~~~~~~~~~~~~~~

INITIALIZE SIMULATOR i PRCC~DURE;
LOAD MICRO~,’OVA pH~~nM.; FRCM CARD DECK ;
INITIAL.I~E LOCATION CCUNT!~ 

AND MAIN MF~CRY SIZE;
]NITIAI.IZE ALL INThRRU?I’ FLAr S, UIPUT/OUTPUT FLACS , PRIORITY MA SKS ,
SIMULATOR CONTROL FLAGS , ~~C • ;
INITIALIZE T:~X~INATICN CODE , CURREN T CYCLE COUNT , INSTRUCTION CYCLE
COUNT TO ZER O;
INITIALIZE CYCLE COUNT TABLE AND CYCLE LIMIT ;
INITIALiZE INTERRUPT LIST FOR INT ER RUiT SIMULATION ;
INITIALIZE REAL TIME CLOCK R~Z~~ VA LU E AND RANDOM RESET VA LUE;
PERFORM MISCELIJtNEOUS INrrIALIZATION ;
n~~runt; TO CALLER ;

END INITIA LIZE_SIMULATOR ;

EXECUTE INSTRUCTION ; PROC EDURE;
CYCL! TABLE INDEX = 1; a
IF LEFTMOST BIT OF INSTRUC TION IS ‘1’ THEN CALL TWO_ACCUMULA TOR INST ;
ELSE IF NEXT TWO BITS CF INSTRUCTION ARE NCT ‘11.’ THEN

CALL MEMORY_REF ERENCE_INST ;
ELSE

DO;
ASSIGN RIGHTKOST SIX BITS OF INSTRUCTIO~1 TO DEVICE CODE;
II? DEVICE CODE = 1 THEM CALL STA CK_ORj~UL_DIV ;
~~SE IF DEVICE CODE = 62 TH~~ CALL TRACE DUMP;

ELSE IF DEVICE CODE = 63 THEN CALL ~PU FUNCTION ;
ELSE CALL IO_INST ;

END;
INcRP1~1ENT INSTRUOTION CYCLE COUNT BY CYCLE TABLE(CYCLE TABLE INDEX) ;
REFURN TO CALLER;

END EXECUTE_INSTRUCTION ;

PROCENS INTERR UPT; PROCEDURE ;
DISABLE INTERRUPTS;
INCREMEN T INSTRU CTION CYCLE COUN T BY INTERRUPT CYCLE CCUNT ;
STORE LCCATION COUNTER IN ZER O POSITION OF MAIN MEMOR Y VECTOR ; •
DO RE~U~ST LINE = 3 70 1 BY -1; - -

~

IF’ INTERRU PT R~ .L UEST(R QUEST LINE) IS ON THEN
DO;

• 
- ~ ‘FECflVE ADDRERS = RE~U~~T LINE;

CALL FIND_INDIRECT ADDRESS ;
ASSIGN EFFECTIVE ADDRESS TO LOCATION COUNTER ;
RETURN TO CALLER, -

•

END;
TERMINATION COD! = INTERRUI~ SIMULATION FAILURE CODE;
RETURN TO CALLER ;

END PROC~~S_INT!RRUPT ;

L-3
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NEN ORY_R ! FEk! NCE_IN :T :  PROC EDURE;
• CALL CC PUT!~_~F CTIVE_ADD~I~ S;

IF BITS I AND 2 OF IN~T 1IUCTION ARE ‘00’ THEM CA LL NO_ACC UMUL tTCR_INST ;
ELSE CALL ON ~_A CCUVUL\TOR_INST ;
RET URN TO CALLER ;

END 1~~1CR Y_R~FEREN CE_INST;

ONE ACCU;.:ULATOR_ flIST ; PROC~~VR E;
EXTRACT 0? CODE AND ACC-’/;:
DO CASE (op CODE) ;

OAS EO:
TERMINATION CODE = SII4IIATOR. FAILURE CODE;

• CASE1: •

DO;
CYCLE TABLE INDEX — 2;
LOAD ACCUFLULATCR(ACC#) FRO~1 MAIN tIEM CRY(EFFECTIVE ADDRESS) ;

END;
CASE2 s

- 
• DO;

CYCLE TABLE INDEX = 3;
STORE ACCUNULATCR(ACC#) IN MA IN MEMORY(EFFECT IVE ADDR ES S);

-END ;
CASE3~~TERMINATION CODE = SIMULATOR FAILUR E CODE;

END CASE;
RETURN TO CALLER ;

END ONE_A CCUMULATOR_INST;

NO_ACCUNULATOR_INSTi PRCC~~URE;
EXTRACT OP CODE; • -~

DO CASE ( OP C O D E ) ;
CASEO s

DO;
CYCLE TABLE INDEX = 2; • • 

-
ASSIGN ERFECTIVE ADDRESS RO LCCATION COUNTER ;

CASE1:
DO;

CYCLE TABLE INDEX = 3;
ASSIGN LOCATION COUNT~-R TO A CCUMULATOR (3) ;

• ASSIGN ~ ‘FECTIVE ADDRESS TO LOCATION COtJNTER ;
j  END ;

CASE2 ,
DO;

CYCLE TABLE INDEX =
INCREMENT MAIM M!I•~c-RY(EF1’ECTIVE ADDRESS) BY 1;
IF BENULT IS ZERO THEN TURN ON SKIP INDI~ATOfi ;

END;
• CASE3i

DO;
CYCLE TABLE INDEX = Z~;• 

- 
DECnr~iENT MAIN I- EMCRY (~~ F’EcT VE ADZ)R .SS) BY 1;
IF RESULT IS ZERO THEN TURN ON SKIP IND 1CATCR ;

• END;
~HD CASE;
RErt ’RN TO CALLER ; L-4

END NO_ACC’JMULATOR_INST~
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COMPUTE ‘FECTIVE_ADDR~SS z PROC EDURE;
— DEcO4FOS E 11 AD!)RFS~ B1’I~3 INTO INDIRZ~CT BIT, INDEXI;;G CODE,

SIGN~ D ~IspLAcr~-:!~NT , tl~1SICNED DI~ PLAC 1~i1ENT ;
DO CASE (IN D I ~XIN G CODE) ;

CAS~O;
• EFr~-EcrIVE ADDRESS = UNSIGNED DISPIAC~ 4ERT ;

CASE1 ;
EFF ECTIVE ADDRESS = LOCATION COUNTER - 1 + SIGNED DISPLA C~~ENT ;

CASE2 ;
EFVECTIVE ADDRES S ACCUM ULAT OR (2) + SICN~D DISPLA C~~ EN T;

CASE) : 
- -

EFFECTIVE ADDRESS = ACCUMU LATOB() ) + SIGNED DISPL;CEME~;T;
END CASE;
RETAIN RIGHTMOST 15 BITS OF EFFECTIVE ADDRESS ;
IF INDiRECT BIT IS ON THEN CALL FIND_INDIRECT_ADDRESS;
RETURN TO CALLER ; -

END CCNPUTE_EFFECTIVE_ADDRESS;

FIND_INDIRECT_A DDRESS : PRCC~~URE ;
INITIALIZE REFERENCE COUNT TO 2;
DO WHiLE REFERENCE COUNT ~ 15;INcREN~~T INSTRUCTION CYCLE COUNT BY INDIRE CT ADDRESS CYCLE COUNT ;

RETRIEVE INDIRECT WORD FROM MAIN M~~ORY(EFFECTIVE ADDRESS);
IF 16 ~~EFPECTIVE ADDRESS ~ 31 THEN

DO; -

IF EFFECTIVE ADDRESS ~ 2) THEN INCREMEN T INDIRECT WORD BY 1;
ELSE DECRENENT INDIR ECT WCRD BY 1;
STORE INDIRECT WORD IN MAIN NEM CRY(EF~ECTIVE ADDR ES S);
INOR~~ENT INSTRUCTION CYCLE COUNT BY AUTO Ii DEX CYCLE COUNT;
IN RE~ EW~’ R~~EREN C~ COUNT BY 1;
IF REF1~~ENCE COUN T > 15 THEN

DO; -

TERMINATION CODE = INDIRECT OVERFLOW CODE
RETURN TO CALLER;

END;
END;

• I ASSIGN RIGHTMOST 15 BITS OF INDIRECT WOR D TO EFFECTIVE ADDRESS ;
IF L~~ MOST BIT OF INDIRECT WORD 0 THEN RETURN TO CALLER ;

( IN~R~~ENT REFEREN CE COUNT BY 2;
- )  END;

TERMINATION CODE = INDIRECT OVERFLOW CODE; .5 .
t RETURN TO CALLER;

END FIND INDIRECT ADDRESS;

‘ 1’
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TWO ACCUMULATOR_INSTR z I’ROCED ’JRE;— DECCMPOSE INs’rR~crroN INTO SOURCE ACCY , D~STIN~VrION ACCII , OP CODE ,
SH.t~1’ ACTION , CARR BIT ACrICi; :, RESUL T ACTICN , SKIP A CTION ;
IF RESULT ACTION 0 AND SKI]’ ACTIQN = 0 THEN

DO;
CALL TRA P INST ;
CYCLE TABL~I INDEX = 4;
RETURN TO CALLER ;

END ;
SET CARRY BIT ACCORDING TO CARR Y BIT ACTION ;
OPERAND =A CCU !ULATCR ( SOURCE A CC/I) ;
DO CASE (0? CODE);

CASE~);
PERFORM COMPLEMENT OF OPERAND WITH RESULT ASSIGNED TO SHIFTER ;

CASE1s
PERFORM TWo’S COMPLEMENT N~~ATION OF OPERAND WITH RESULT
ASSIGNED TO SHIFTER ;

CAS~~ :
ASSIGN OPERAND TO SHIFTER;

CASE3 :
ADD 1 TO OPERAND WITH RESULT ASSIGNED TO SHIFTER ;

CASE I- :
ADD COMPL~~ENT OF OPERA ND TO ACCUi’!ULATOR(DESTINATION ACQ~) WITH
RESULT ASSIGNED TO SHIFTER ;

SUBTRACT OPERAND FROM ACCU~-iULATOR(DESTINATION ACC#) WITH
RESULT ASSIGNED TO SHIFTER ;

CASE6 s
ADD OPERAND TO ACCUMULATOR(DISTINATION ACC#) WITH RESULT
ASSIGNED TO SHLFTER;

CASE7
• LOGICA LLY “AND” OPERAND BITS WITH ACCUMULA TCR(DFSTINATION ACC#)

BITS WITH RESULT ASSIGNED TO SHIFTER ;
END CASE;
SET LEFTI OST BIT OF SHIFTER ACCORDING TO FUNCTIONA L SPECIFICATIONS ;
PERFORM SPECIFIED SHIFT ACTION ON SHIFTER ;
SET SKIP INDICATOR ACCORDING TO SKIP ACTION SPECIFICATIONS ;
IF RESULT ACTION = 1 THEN ACCUMULATOR(DESTINATION ACC#) =

RIGHTMOST 16 BITS OF SHIFTER ; .
•
l

ELSE IF SKIP ACTION = 0 THEN TERMINATION CODE = SIMULATOR FAILURE CODE ;
CYCLE TABLE INDEX = 1;
R ETURN TO CALLER ;

END_TWO_ACCUNULATOR_INSTR ;

-‘ 3-

TRAP INST : PROCEDURE;
— ASSIGN LOCATION COUNTER TO MAIN MEMORI(38) ;
• I EFFECTIVE ADDRESS = 39;

CALL FIND_INDIRECT_ADDRES S;
• I ASSIGN EFFECTIVE ADDR ES S TO LOCATION COUNTER ;

RETURN TO CA lLER ;
END TRA P_INST ;

L-6
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f
t STACK_CRJIULJ)IVI FROC~DUfl E ;

1? MULTIPLY O~ DIVIDE INSTBUCTIO~I THEN
DO;

IF DIVIDE IN~TRUCTICU T1I~~ 
- •

• 
- DO;

IF ACCU MULATOB(O) ) ACCUMULATOR(2) THE?-i
• DO;

CARRY BIT = 1;
OVERFLOW CODE = 1;
RETURN TO CALLER ;

END;
• PERFORM DIVISI ON OF’ CATENATED ACCUMULATORS 0 AND 1

BY ACCI MULATOR(2);
ASSIGN ~U~Y~IENT AND H~~AINDER TO ACCUMULATORS 0 AND 1,
RESPECTIVELY ;
RETUR N TO CALL ER ;

END;
PERFORM MULTIPLICATION OF ACCW~ULATOR( 1) BY ACCU MULATOR(2) WITH

• ACCUMULATOR(O) ADD ED TO RESULT ;
ASSIGN RESULT TO ACCUMULATOR S 0 AND 1;
RETURN TO CALLER ;

END;
DE~C*iPOS E INSTRUCTION INTO STACK OP CODE AND ACG~;
DO CASE (STACK OP CODE) ;

CASED :
DO;

CYCLE TABLE INDEX = 1;
- • 

ASSIGN ACCUNULATOR(ACC4 ’) TO FRAME POINTER ;
END;

CASE1:
DO;

CYCLE TABLE INDEX = 1;
• ASSIGN FRAME POINTER TO AC~UMULATOR (ACc#);END;

CASE2 ;
• DO;

DO LOOP = 0 TO 2 BY 1;
INCREMENT STACK POINTER~~Y 1;

• IF STACK OVERFLOW THEN
DO;

SETUP STACK IIITERRUP~~ R~~JEST;
R ETURN TO CALLER ;

END; H
— 

- 
ASSIGN ACCUMULATOR(LCCP) TO MAIN MEMORY(STAC K POINTER) ;

END;
INCREMEN T STACK POINTER BY 1;
CYCLE TABLE INDEX = 7;
ASSIGN FRAME POINT ER TO MAIN M~~CRY(STACK POINTER);- INCREMENT STACK POINTER BY 1;• 4 ASSIGN CARRY BIT AND ACcU~:ULATOR(3) TO MAIN MEMORY (STACK POINTER);

~ASSIGN STA CK POINT ER TO FRAME POINTER AND TO ACCU MULATOR( 3) ;
END ;

L-7
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CASE3s
DO;

CYCLE TABLE INTJEX = 6;
— 

ASSIGN FRAI •1H POI NTER TO STA CK POINTER ;
ASSIGN CARRY BiT AND: LOCATION COUNTER FROM MAIN MEMOflY(STA CK POINTER) ;
DECR~~~~T STACK POINTER BY 1;

* DC L O O P = 3 T O O BY -1;
ASSIGN MAIN NEM CRY(ST ACK POINTER) TO ACCUMULATOR (LOCP) ;
DECR~ 4ENT STACK POINTER BY 1;

END ;
END ;

CASE4 $
DO;

CYCLE TABLE INDEX 1;
• , ASSIGN ACCUMULATC ;R(ACC#) .TO STACK POINTER ;

END;
CASE5 s

DO;
CYCLE TABLE INDEX = 1;
ASSIGN STACK POINTER TO ACCUMMULATOR(ACC#); • -

END;r CASE6 s
DO;

CYCLE TABLE INDEX 3;
INCR~ 1ENT STA CX POINTER BY 1;
IF STACK OVERFLOW THEN SETUP STA CK INTERRUPT;
ElSE ASSIGN ACCUMULAT OR(ACC ’/) TO MAIN MENORY(ST ACK POINTER) ;

END ;
CA SE7:

DO;
CYCLE TABLE INDEX = 3;
ASSIGN MAIN MEMCRY(STACK POINT ER) TO ACCUMULkTOR(ACC#) j
DCC RENEN T STACK POINTER BY 1;

END;
END CASE;
RETURN TO CA LLER ;

END STACK OR MUL_DIV;

~
. I —
I
4

~
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CPU FUNCTIO NS : F’RCCEDUF~~;— DECOMPOSE IN~TF ’UCTICU INTO OP CODE, ACC//, IN TERRUPT SPECIFICATION ;
DO CASE (‘0? CODE) ;

CASED:
IF INSTRUCTIO N IS “IN T~RRhiVI~ !~ AB LE” AND INTERRUPTS ARE NOT

ENABLED THEN ID~~TIFY INSTR’JCTICN FOR MAIN SIEULATCR LCO?;
CASE1:

EXECUTE “CAS~~” CODE ;
CAS~~ s

DO CASE (ACC#) ;
INN ER CA SEQ I

R~~ ZF BUSY FlAGS , DONE FLAGS, DEVICE OIl FLAGS ,
CURREN T PRIORITY MASK ;

INN ER CASE1 :
DISABLE REA L TIME CLOCK;

INNER CA SE? Z
DO;

ENABLE RFJ~L TIME CLOCK ;
INITIALIZE REA L TIME CLCCK TO RANDOM RESEr VA LUE;

END;
INN ER_CASE3

TERMINATION CODE = INVALID INSTRUCTION CODE;
END tASE; -

CASE3:
SET ACCUMUL. tTOR(ACC#) BITS ACCORDING TO “INTERRUPT ACKNC-~LEDGE”
SPECIFICATIONS ;

CASELI :
DO;

ASSIGN ACCU~ULATOR(ACC#) TO NEW PRIORITY MASK ;
IDENTIFY “MASK OUT” INSTRUCTION FOR MAIN SIMULATOR LOOP;

END ;
• CASE5:

TERMINATI ON CODE = INVA LID INSTRUCTION CODE;
CASE6 :

DO;
TERMINATION CODE = “HA LT” INSTRUCTION CODE;
ENABLE INTERRUPTS :
RETURN TO CALLER ;

END ;
END CASE;
ENABLE OR DISABLE INTERRUPTS ACCORDING TO INTERRUPT SPECIFICATION ;
RETURN TO CALLER ;

END CPU_FUNCTIONS ;
‘4,
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10 IN~Ts PROCEDURE ;
— DECOMPOSE INSTRUCT ION INTO 10 0? COD E AND DEVICE CODE;

IF 10 0? CODE = 7 TH EN
DO;

S~.T SKIP INDICATOR ACCORDIN G TO “IOSKIP” INSTRUCTION S?E~IFICATICNS ;
RETURN TO CALL~H;

END;
IF 10 0? CODE IS A ‘~DATA IN” OPERATION THEN

DO;
IF DEVICE CODE = ~40 THEN

DO;
PERFORM SIMUlATOR BLCCK INPUT ACCORDING TO THE
FOLLOWING ThSTRUCTIONS;
~ ‘FECTIVE ADDRESS = LOCATION COUNTER ;
INCR IT LOCATION COUNTER BY 1;
CALL FIND INDIRECT ADDRESS ;
INPUT 16 WORDS FROM SYSIN ASSIGNING THEM TO MAIN MEM ORY
STARTING AT ~‘FECTIVE ADDRESS;

END;
ELSE IGNORE “DATA IN OPERATION FOR SIMULATION PURPOSES;

END;
ELSE IF 10 OP CODE IS A “DATA OUT” OPERATION THEN

DO;
IF DEVICE CODE = 114 THEN

DO;
PERFORM S I UVLATOR BLOCK OUTPUT ACCORDING TO THE
FOLLOWING INSTRUCTICNS ;
~?FECTIVE ADDR~~S = LO~ATION COUNTER ;
INCREMENT LOCATION COUNTER BY 1;
CALL FIND_INDIRE~T_~ DDRESS ;
STARTING AT EFFECTIVE ADDRESS IN MA IN Ma~1CRY
OUTPUT 16 WORDS TO SYSPRINT;

END;
ELSE IGNORE “DATA OUT” OPERATICN FOR SINULATION PURPCSES;

END;
SET BUSY AND DONE FLAGS ACCORDIN ( TO SPECIFICATIONS ;
RETURN TO CALLER ;

END IO_INST ;

I
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• TRACE DUMP: 1:ROC~’DUfl~ ;

• I~XTRACT 10 FCR 1AT /tCC.’/ FROM INSTRUCTION ;
EXTRA CT COUNT FROM BITS 5 TO 9 OF iNSTRUCTION;
DO CASE (ACC//) ; 

-
- 

• CASED~ 
-

DO;
- 

• IF TRA CE R~~UEST IS N~ 1’ ON TH~ i
• DO;

r IF COUNT = 0 THEN RETURN TO CALLER ;
f ~ ASSIGN LOCATION COUNT R — 1 TO ACTIVE TRACE LOCATION ;r TURN ON TRACE RE~ U~ZT;

- TRACE COUNT = COUNT ;
• RETURN TO C.ALLER ;
END;

IF ACTIVE T~ACE LOCATION ~ LOCATION COUNTER — 1 THEN
I RETURN TO CALLER ;

DECREMENT COUNT BY 1;
- STORE COUNT BITS BACK INTO CORRESPONDING INSTRUCTION BITS

-
~ AND RESTORE MODIFIED INSTRUCTION TO MAIN MEMORY;

IF COUNT = 0 THEN
• DO; ACTIVE TRACE LOCATION = 0; TURN OFF TRACE R~~UEST ; END ;

f END;
• CASE1 s

DO; ACTIVE TRACE LOCATION = 0; TURN OFF TRACE REQUEST; END ; •

CASE2 z
- PERFORM DUMP;

‘~ 
- CASE3: L i

• DO; PERFORM DUMP; TERMINATION CODE = DUMP EXIT CODE; END ;
END CASE;
RET URN TO CA LLER ;

• END TRACE DUNP;

I
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I APPENDIX N - DESIGN COMPREHENSION TEST

Name: 
_______________ ______________

• QUIZ

This quiz consists of thirty mul tiple—choice questions and two fill— in
questions. Please pace yourself so that you can complete all questions
In the time allowed. Answer all questions. If you don ’t know the answer

F - to a multiple—choice question , eliminate any responses which are clearly
wrong, and guess among the remaining responses.

lii-

~

Fl
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~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _
Code: ___________________________

DO NOT TURN THE PAGE unti l you have completed the work on this page.
Then do not return to this page.

List below the names of all the modules in the simulator. List them
exactly if you can; if you are unable to reproduce a module name
exactly, then come as cl ose as you can.
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For each of the multiple—choice questions which follow , select the
one best alternative by circling the letter which precedes it.

Example: Most automobiles are powered by
(a) steam engines .

turbine engines.
c Internal-combustion engines.

horses.

1. According to the design , a simulator entity called DEVICE CODE

(a) is used to identify a peripheral device for I/O instructions.
(b) is used to prevent some instruction classes from being

interpreted as I/O instructions .
(c) both (a) and (b).
(d) none of these.

2. Assume that the microNova simulator has been implemented in
accordance with the design you have been given , and that you are
now debugging the simulator. You observe that the “Load Accumulator”
instruction works correctly, but the “Store Accumulator” instruction
does not. Which module probably contains the error?

(a) EXECUTE INSTRUCTION
(b) CPU FUN~TIONS
(c) COMV1JTE EFFECTIVE ADDRESS
(d) MEMORYJEFERENCE_TNST

3. AccordIng to the design , the location counter is incremented

(a) immediately before instruction fetching.
(b) immediately after instruction fetching.
Cc) immediately after instruction execution.• (d) if and only if the skip indicator is on.

4. The multiway branch specifications used in the design specify
- 

• for an “out of range” condition that

(a) a precise , but variable, action is always to be taken.
(b) nothing is to be done as a consequence.
(c) an error message is to be printed and execution continued .

• (d) the termination code is to be set to an “abort” code.

5. How many input/output device codes does the microNova allow ?

(a) 16
(b) 32
(c)64

• (d) 128

____________________ 
JL~~~~ 
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6. Suppose the MEMORY REFERENCE INST module is invoked immediately
upon entry to the rXECUIE IN~TRUCTION module. (Assume the invocation
in the current design is removed.) The implication s are that

(a) redundant processing wil l occur but logical equivalence wi th
the current design results.

(b) logical equivalence will result with no redundant processing .
(c) the CYCLE TABLE INDEX value may be incorrectly set.
(d) Incorrect simulation may result.

7. The manner in which the current cycle count is used in the simulator
will

(a) prevent infinite loops in the simulator program.
(b) prevent infinite loops in the microNova program.
(c) both (a) and (b).
(d) none of these.

8. Suppose the simulator will eventually be used to simulate microNova
programs in object deck form whose format is not yet known. In
order to simulate these programs

(a.)~the jnstruction execution module will have to be redesigned.
(b) simulation of interrupts and I/O will need revision.
(c) simulator initialization will require revision.
(d) the simulator main procedure will need revision.

9. If the specifications for FETCH INSTRUCTION and invocation of
EXECUTE_INSTRUCTION are interchanged , the implications are that

(a) logical equivalence with the current design will result.
• (b) logical equivalence with the current design will result

if simulator initialization is modified to fetch the first
instruction.

(c) logical equivalence with the current design will result
if all location counter value references are changed and
simulator initialization is modified to fetch the first
instruction.

(d) logical equivalence with the current design will require
substantial redesign of several modules .

10. Suppose you are debugging the simulator , and you observe that
- ‘4 you can successfully turn the trace on , that trace information is

correctly printed , but that you cannot turn the trace off. Which
~•~~‘ module probably contains the error?

(a) MICRONOVA SIMULATOR (main procedure)
(b) EXECUTE ITTSTRUCTION

• (c) TRACE DUMP
(d) zO IN~ r

N-4
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ii. In the interrupt processing procedure there is a section of logic
for assigning a failure code to the termination code. If this
logic is executed the meaning is that

(a) there is an error in the microNova program.
(b) there is an error in the indirect address computation.
Cc) there is an error in the simulator program .
Cd) none of these.

12. The failure code reference in question 11 represents

(a) a simulation of a microNova hardware feature.
(b) a simulation of a feature In the microNova interrupt service

program.
(c) a feature of the simulati on design.
(d) all of the above.

13. The current cycle count represents

(a) the number of microNova instructions simulated.
(b) the index of the main simulator loop.
(c) an approximation to the time of execution of the simulator

program.
(d)-. an approximation to the time of execution of the microNova

program. -

14. In microNova instructions which involve relative addressing , a- .
part of the instruction word contains displacement Information .
How Is that information represented?

(a) one ’s complement
(b) two’s complement
(c) excess-64
(d) excess 128

15. If an effective address is computed which is outside the range of
addresses of the machine being simulated , the design

(a) clearly specifies that “wraparound” addressing results.
(b) specifies that an “abort” termination code is to be set.
(c) Is not very precise about the action to be taken.

- (d) none of these.

,

~~~~~~~ 
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16. According to the design , the procedure label l ed FIND_INDIRECT_ADDRESS

(a) may be used to follow a chain of indirect addresses.
(b) is always used to retrieve the contents of exactly one word ;

thus a chain of indirect addresses is processed by repeated
invocation of the named procedure. - 

-

F Cc) may not be invoked until address modifi cation due to indexing
(if any) has been performed.

(d) could easily be absorbed into the design of the module for
memory reference instructions.

17. The cycle table index is used for

(a) indexing a tabl e used for recording statistics about the j 
-

simulation process.
(b) retrieving approximate instruction execution times.
(c) a loop index duri ng cycle table processing .
(d) none of these.

18. The index bits for memory reference instructions , interpreted as a
nonnegative integer value are used in the simulator design

(a.) as an index to a vector of size four used for simulating the
accumulators used as index registers.

(b) to modify the signed displacement. 
-

(c) as a decrement value for auto index word references.
Cd) to determine an “intermediate” effective address just before

possible modification due to indirect addressing .

• 19. If the skip indicator is removed from the design , then it will be
necessary to make which one of the following additional changes in
the design?

(a) immediately after returning from the instruction execution
routine, the instruction just executed should be tested to
determine whether the location counter is to be incremented .

(b) modify the design for simulation of the JUMP instruction .
Cc) whenever an instruction is fetched, it should be tested

Immediately for a skip specification; If one is present, the
location counter should be incremented .

Cd) wherever the skip indicator is turned on in the current design ,
replace that wi th a location counter increment.

20. Suppose you are debugging the simulator , and you observe that “Trap”
a instructions work correctly, and that “Load Accumulator ” and “Jump ”

instructions do not work when they use indirect addressing, but
succeed otherwise. Which module probably contains the error?

(a) FIND INDIRECT ADDRESS
(b) COMPUTE EFFECTIVE ADDRESS
(c) MEMORY ifEFERENCE TNST

• 

- 
(d) EXECUTr INSTRUCTTON 

N-
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21. For purposes of illustration , suppose there are 25 instructions in
the microNova instruction set. An alternative way of designing the • 

-

simulator might be to provide a procedure to determine which one of
the 25 instructions is to be simulated and then have a 25—way
branch to 25 different sets of code which perform the actual
simulation. Compared to the design given to you , the implications
of such an approach are that

(a) substantial duplication of code might result unless such
duplication is removed to subprograms .

(b) modification of the resulting simulator would be simpler ,
although initial implementation would take longer.

(c) execution time for the simulator would be significantly
shorter.

(d) none of these.

22. The purpose of the CPU_FUNCTIONS module is to

(a) assign values to CPU registers from a special input device.
(b) simulate instructions associated wi th interrupts.
(c) simulate the microNova CPU.
Cd) none of these.

23. The- outermost loop of the simulator is controlled by

(a) the instruction cycle count.
I (b) pending Interrupts .

(c) a loop index.
(d) a termination code.

24. The tracing and dumping features may be used for -

(a) debugging microNova programs.
(b) debugging the simulator.
(c) both (a) and (b).
(d) none of these.

25. If an interrupt is to be simulated , the interrupt processing
procedure
(a) fetches the first instruction of the interrupt service routine.
(b) decrements a value in simulated memory by one.
(c) invokes the procedure for computation of effective addresses

for proper determination of the location counter value .
(d) none of the above.

I
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26. The function of the microNova shifter, when executing a left shift
• operation, can best be described as a

(a) 16-bit end—around shift.
(b) 16—bit no—end-around shift.
(c) 17-bit end—around shift.
(d) 17—bit no—end—around shift.

27. Suppose the design is to be revised so the body of the outer loop
of the simulator is shorter but the entire design is logically
equivalent to the original design . Without changing any other
procedures, it would be possible to put some of the processing in

(a) the simulator initialization module.
(b) the instruction execution module.
(c) the module which computes effective addresses.

• (d) any of the above.

28. The purpose of the simulator initialization procedure is to

(a) load a microNova machine language program into simulated
• memory.

(bJ initialize simulated machine flags and registers.
(c) initialize simulator program control variables .
(d) all of the above.

• 29. Suppose you are debugging the simu lator, and you observe that
“Interrupt Enable” instructions do not work correctly. Which
module probably contains the error?

(a) CPU FUNCTIONS
(b) PROCESS INTERRUPT
(c) tO INST
(d) EXtCUTE_INSTRUCTION

30. The maximum number of microNova instructions simulated in one —

- - 
pass through the body of the outermost simulator loop is

(a) 1.
(b) 2.
(c) 3. -

(d)4or more.

.11
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Shown on the next page is an adjacency matrix. The matrix is to be
used to indicate which modules invoke which other modules directly.
Rows represent calling modules , while columns represent called modules.
You are to enter an “X” In each cell which represents a calling-module/

• called-module relation in the simulator design. Be sure you understand
the example below before you fill in the matrix on the next page.

Example: Suppose that a design contains modules A , B, C, and D.
Suppose that A calls B and C, and that B calls C and 0. Then the matrix
for this design has the form:

Called module
~~

-s

4.
a

N-9
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TRACE_DUMP

INITIALIZE _SIMULATOR -

COMPUTE_EFFECTiVE_ADDRESS

10_INST

MICRONOVA_SIMULATOR

MEMORY_REFERENCE_INST 
—

- 

FIND_INDIRECT_ADDRESS 
—

TRAP_INST 
—

CPU_FUNCTIONS

EXECUTE_INSTRUCTION 
— 

• 

- 

STACK OR MUL DIV

TWO_ACCUMULATOR_INSTR

4 PROCESS INTERRUPT

i
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APPENDIX 0 - TIME EXPENDITURE QUESTIONNAIRE , IMPLEMENTATION PHASE

WEEKLY TIME QUESTIONNAIRE (Implementati on Phase)

Name:_______________________

Date:___________________ Code:________________________

Please record the time you have spent on your class project in the last week,
• excluding time spent In class. Record time in hours and/or mi nutes by

category.

hrs : mm
Time spent in:

Initial code preparation 
________

Modification of existing code

Keypunching :

Preparation of test cases 
_________

Execution and interpretation of test runs 
_________

Preparation of documentation 
________

Just thinking about project :

Other (indicate nature of activity )

This information is solely for experimenta l purposes ; your responses will in
no way affect your course grade . Please be as accurate as possible.

1~
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